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PREFACE

Annual Reports continues to provide timely reviews on traditional
aspects of medicinal chemistry and seeks to describe new approaches to
medicinal research which are likely to have increasing importance for drug
discovery and development. Many of the chapters discuss the mechanisms of
action of drugs and present concepts of the nature of disease which may
assist in the design of agents for its control.

The importance of drug metabolism for medicinal chemists is
emphasized this year with one chapter describing its use in drug discovery
and development and a second chapter on the use of stable isotopes in drug
metabolism. A chapter on animal models for memory and learning augments
the more traditional CNS topics. Cerebral vasodilators are described this
year in the section on pharmacodynamic agents. Other new topics include
discussion of the biosynthesis of antibiotics, psoriasis, adenylate
cyclases, biochemical procedures for syntheses and computer assisted
syntheses. As expressed in the section editorial in Topics in Biology,
chapters are included which describe pathophysiology at the molecular and
biochemical level. Of special interest is the chapter on tests for the
detection of mutagens and the correlation between mutagenicity and carcin-
ogenicity of chemicals.

The Editors of Annual Reports in Medicinal Chemistry continue to
welcome comments from its readers. We are especially interested in
suggestions for new topics which will make future volumes more useful.

Ardsley, New York
June, 1977
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Section I - CNS Agents

Editor: John Krapcho, Squibb Institute, Princeton, N.J.

Chapter 1. Antidepressants and Antipsychotic Agents

Robert A. Lahti, The Upjohn Company, Kalamazoo, Michigan

Introduction - This review article covers the pharmacological, biochemical
and clinical advances during the past year in the area of antidepressant
and antipsychotic agents. Past issues of this series 1:2 as well as re-
views of greater depth are recommended to the reader. 3=5

Antidepressant Agents - The past year has produced a number of agents
which block either serotonin (5-HT) or norepinephrine (NE) uptake selec-
tively. This direction is an extension of the interest in subclasses of
depression based on altered excretion rates of indoles or catechols in de-
pressed patients.® Pirandamine (1), an indenopyran, has been shown to be
a very selective blocker of 5-HT uptake? using the blockade of brain 5-HT
depletion by H75/12 (4-methyl-alpha-ethyl-m-tyramine). A closely related
compound, tandamine (2), which is a thiopyranoindole, is a strong blocker
of NE uptake but has no effect on 5-HT uptake8 and only weakly potentiates
the effects of 5-HTP,®

CH3
|
CH, CH, CH -CHZ—N(CH

\%. 3 2

CH3 CHZ_CHZ—N(CHB)Z 3)2

2

Synthesis of the tandamine analog (3) containing an N-methyl group
produced a compound with strong NE uptake blocking activity as well as a
strong potentiator of 5-HTP.® A pyranoindole analog (4) of pirandamine
was found to be a strong blocker of NE uptake, in contrast to pirandamine,
but retained the 5-HTP potentiating activity. Interestingly, the thio-
pyranoindole (3) and the pyranoindole (4) had very similar pharmacological

activity.

CH, CH, CH —CHZ—N(CH

3 3 2 3)2

&
>
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o

Other variations of tandamine (2) in the form of cycloalkylindoles
proved to be of considerable interest.l0 The structurally closest analog
(5) to tandamine was very potent in reversing reserpine ptosis, while the
é;cloheptyl (6) and cyclopentyl (7) derivatives were progressively weaker
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in reversing reserpine-induced ptosis. All three of these compounds were
more potent than imipramine or amitriptyline in reversing ptosis.

CH, CH, CH —CHZ—N(CH3)2

\2\ 3 2
N 5 n=2
[ | li 6 n=3
(CHZ)n 7 n=1

A number of variations of a tricyclic indole structure were prepared.
Compound (8) was comparable in activity to imipramine in reversing ptosis
and anticholinergic activity. Compound (9), which has the terminal N-
benzyl function, was active in reversing reserpine ptosis and showed no
anticholinergic and antihistaminic activity. Compound (10) was signifi-
cant in that it demonstrated the importance of the location of the side
chain, this form being inactive. 11

C o 00
/N, . 10

= CH2 _
R - —_

7/
—N- -N
2),-N-CH, CH,,-N(CH

38
o |oo
i |

(cH 32
The spiroisobenzofuran piperidine derivative (11) has potency
greater than imipramine in reversing tetrabenazine ptosis. 12

H
N ‘
c1 1z
(rt "

Org 6582 (12) was found to be a strong, long lasting blocker of 5-HT
uptake, five times chlorimipramine, with no apparent effect on NE uptake
systems.13 Compound 12 also caused a decrease in 5-HT turnover and low-
ered brain 5-HIAA (5-hydroxyindole acetic acid).

Deviations from the standard tricyclic structures were frequent dur-
ing this period as demonstrated by DIV-154 (13) which antagonized reser-
pine, potentiated the effects of NE, and had little anticholinergic acti-
vity. *4 Deximafen (l4) was reported to be a potent reserpine and tetra-
benazine antagonist with little overt activity of its own. 15
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H
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RGNS ha
o C-N N-CH2
13 14

A series of benzofuranyl amidoximes was found to inhibit reserpine
ptosis, potentiate yohimbine toxicity, and potentiate the effects of am-
phetamine. 18 Compound (15) appeared to be the most interesting structure.

M3 N-on
0-CH-C”_
NH
15 2

O0f a number of phenylcycloalkylamines, compounds (16) and (17) had
similar activity in blocking NE and 5-HT uptake and in potentiating the
behavioral effects of DOPA (3,4-dihydroxyphenylalanine) and 5-HTP (5-
hydroxytryptophan). However, compound (18), a cyclohexylamine, was inac-
tive except for DOPA potentiation and the cyclohexeneylamine (13) retained
the activity of the cyclopentane analogs (16) and (17). i7

SO VN

NH, NH,

SO S
NHZ

NH,

H-102-09 (20) was tested in parallel with chlorimipramine for its 5-
HT uptake blocking activity as measured by observing decreases in 53-HT in
whole blood. 18 Compound 20 was more potent than chlorimipramine in re-
ducing blood 5-HT and initial clinical studies suggest good antidepressant
activity. The antianxiety agent, trazodone (21), has also been found to
be a blocker of 5-HT uptake into rat brain synaptosomes. 19 The activity
of trazodone was slightly less than that of chlorimipramine, but it had
greater selectivity when NE uptake inhibition was determined.
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=CH-CH,_-N(CH,) | /\
2 372 J——— - - N
Cc1

20 21
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A drug metabolism study in man 20 showed that lofepramine (22) was
rapidly converted to desmethylimipramine, which probably accounts for the
observed blockade of NE uptake.

(CHZ) 3 //0 22
CH3-N—CH2—CO c1

Numerous studies have attempted to define biochemical parameters
which would assist in selecting the method of treatment of depression. Sub-
groups of depression have been defined by urinary MHPG 21 (3-methoxy-4-—
hydroxyphenylglycol) excretion rates and by the levels of biogenic amines
or their metabolites in CSF 22 (cerebrospinal fluid). Low urinary MHPG ex-
cretors respond well to imipramine, desmethylimipramine and nortriptyline,
whereas high MHPG excretors respond well to amitriptyline. €523 Patients
with low CSF 5-HIAA respond well to chlorimipramine or 5-HTP but not to
nortriptyline.

It has been shown that some unipolar depressed female patients have
high COMT (catechol-O-methyl transferase) activity in their red blood
cells, and that this observation correlates with a poor response to imi-
pramine. 2¢ On the other hand, high COMT activity may correspond to high
MHPG excretion. This finding supports the previous disclosure that low
MHPG excretors respond to imipramine.

During the past year several studies have appeared in the literature
bearing on the relationship of 5-HT and/or its precursor to depression.
Shopsin et al., in two studies, were able to show that the positive thera-
peutic response of depressed patients to imipramine25 or tranylcyromine 26
could be reversed by co-administration of the tryptophan hydroxylase inhi-
bitor PCPA (p-chlorophenylalanine). These same investigators could not
show any effect of alpha-methyltyrosine, a tyrosine hydroxylase inhibitor,
on the positive clinical response to imipramine.25 These data seem to in-
dicate that serotonin, rather than catecholamines, is involved in depres-
sion.

It was reported 27that 1lithium, ECT and tricyclic antidepressants
were all associated with a decreased accumulation of 5-HIAA in CSF of pro-
benecid-treated patients, suggesting that antidepressant therapy may alter
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5-HT turnover. Others 28 have shown that chlorimipramine lowers CSF 5-HIAA
in depressed patients, and it was reportedzg that chlorimipramine, ami-
triptyline, and desipramine all reduce blood tryptophan levels. Earlier
it had been mentioned that chlorimipramine lowered whole blood 5-HT. *& It
has also been shown that chlorimipramine and tryptophan were better in
treating depression than chlorimipramine alone,®® however elsewhere 2@ it
was reported that no significant difference between any of the following
treatment modalities was found: chlorimipramine, chlorimipramine plus
tryptophan, desipramine plus tryptophan, and chlorimipramine plus desipra-
mine.

Investigators ®° found no distinct relationship between either total
plasma tryptophan or tyrosine and depression. However, they 3°did report
that free plasma tryptophan in depressed patients was always higher than
controls and returned to normal upon good clinical improvement. In con-
trast, other investigators 22,31 found lower plasma tryptophan levels in
depressed patients than they did in controls.

Utilizing platelets from depressed patients, it was shown 32that a
significant reduction in mean 5-HT and DA uptake occurred in endogenously
depressed patients but not in neurotic depressives. In this same study 32
it was reported that chlorimipramine caused a rapid reduction in 5-HT up-
take, whereas protriptyline administration had no effect.

Tuomisto and Tukiainen 33 studied the platelet 5~-HT uptake system in
a well-defined study and found that 5-HT uptake in platelets from de-
pressed patients had one-half the initial uptake value and Vmax of nor-
mals; Kms were the same for both groups. Following antidepressant treat-
ment, the Vmax moved towards normal, and the Km remained the same. These
results were interpreted to mean that there are less 5-HT transport mole-
cules or some inactive ones in membranes of depressed patients, but those
5-HT transport molecules which are there are completely functional, as
demonstrated by the constant Km. Clinical improvement was accompanied by
a return of Vmax to normal. Of most interest was the finding that imipra-
mine added in vitro to the platelets increased the Km but had no effect on
the Vmax.

In summary, the numerous clinical studies cited here and reviewed
elsewhere 34 do little to strengthen the catecholamine hypothesis of depres-
sion. The profusion of data relating tryptaminergic systems to depres-
sion 31”33 {5 most interesting and hopefully reflects progress in this area.
The abundance of new compounds which are selective NE or 5-HT uptake
blockers should do much to confirm or deny the role of biogenic amines in
depression and the significance of blocking amine uptake as a mode of ac-
tion of antidepressants.

Antipsychotic Agents — In acute schizophrenia patients, the potent, long-
lasting tranquilizer, AL 1965 (23) showed neurolgptic activity and a high
incidence of extrapyramidal side effects (EPS).3
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L2}

0 c1
0

[ X ~CH,~CH,-N )kN Q 23
0 ] c1

In acute schizophrenic patients, MJ9022 (24) was a weak, short-
lasting neuroleptic. 36 Clinical activity correlated with the blocking of
amphetamine stereotypy in dogs.

0
S\ N=
DCraeO4)
0

A simple butyrophenone, azabuperone (25), was found to produce cata-
lepsy, give a positive response in conditioned avoidance responding, and
block amphetamine stereotyped behavior in rats. The compound is currently
being used clinically as an antipsychotic agent. 37

0

| i 25
k/N-CH ~cH, CHZ—COF

A series of novel neuroleptic agents derived from alpha-tetralone
and N-arylpiperazine has been prepared. 38 Moderate activity in inhibiting
amphetamine hypermobility and in producing hypothermia was found, with
compound (26) being the most active. Another N-arylpiperazine analog (27)
also had neuroleptic activity in antagonizing amphetamine and apomorphine
stereotypy and production of catalepsy. 3

oy OO0 OO0

OCH OCH
0

26 21
DBN (28) is an inhibitor of indoleamine-N-methyltransferase and ef-
fectively blocks the synthesis of N,N'-dimethyltryptamine (DMT) in vitro
and in vivo 40 DMT has been considered as an endogenous psychotogenic
agent.4Y Therefore, based on a rationa% approach to drug therapy, com-
pound 28 may be an antipsychotic agent.
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Sulpiride (29) has been tested as an antipsychotic agent 42343 gnd ig
atypical in its pharmacological profile. Sulpiride does not block DA~
stimulated adenylate cyclase either in vitro or in vivo, %4 it does not
produce catalepsy 45 nor antagonize amphetamlne45 Sulpiride does block
apomorphine-induced emesis in dogs44 but only weakly antagonizes other ef-
fects of apomorphine,?® yet it causes an increased turnover of DA in
vivo. 45

The 3H-haloperidol binding assay 47»>48has proven to be a most effec~-
tive in vitro test system for detecting neuroleptic agents (see Chapter
25). Results from this test correlate well with human clinical doses,47’48
inhibition of apomorphine stereotypy,%7? inhibition of apomorphine-induced
emesis in dogs%7? and inhibition of amphetamine stereotyped behavior in
rats., 47 3H—Haloperidol binding data did not correlate well with inhibi-
tion of DA-stimulated adenylate cyclase *®nor with the inhibition of 3H-DA
binding. 47,48 The lack of correlation between inhibition of 3H-haloperi-
dol and H—dopamine binding may be indicative of a two-state model of the
receptor 42 or it may indicate that the two receptors are not the same, 48
The good correlations between most neuroleptic test methods and human
clinical dose may reflect the strength of the DA hypothesis 5Cor the de-
gree to which the hypothesis has not been tested.

Although much evidence supports the DA hypothesis of schizophrenia,
there have been some viable concerns regarding the theory, such as: the
clinical efficacy of clozapine as related by Burki gg_gl., 1 the time de-
pendent effect of neuroleptics on dopamine turnover in psychiatric pa-
tients 52 and the lack of correlation between results obtained with neuro-
leptic agents in the 3H—haloperidol and 3H-dopamine binding systems.‘”’48
Also, the dopamine blockade hypothesis may explain the effectiveness of
the neuroleptic drugs, however, there is little evidence to support DA
overactivity in schizophrenia.53
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Chapter 2  Anti-Anxiety Agents, Anticonvulsants and Sedative-Hypnotics

William ). Houlihan and Gregory B. Bennett
Pharmaceuticals Div., Sandoz, Inc., East Hanover, New Jersey

Benzodiazepines and Related Compounds

Studies in cats, mice and rats failed to support the interaction of benzodiazepines and mam-
malian central glycine receptors which had been proposed on the basis of in vitro studies of
strychnine binding.1:2 The binding of 11 benzodiazepines to bovine serum albumin (BSA) revealed
that most have 2—3 binding sites on BSA in contrast to a single site in human SA.3

Metabolic studies of lorazepam* (1a) in man and animals, pinazepam? (2a) in man, diazepam
(2b) in human kidney cortex microsomes® and bile,” and nitrazepam (2c) in rabbit urine® have been
reported. N-Desmethyldiazepam (2d) is a new human metabolite of chlorodiazepoxide.? Diazepam
and its main active metabolite desmethyldiazepam pass into the breast milk of nursing mothers
during repeated oral administration.' Pharmacokinetic studies of lorazepam' and chlorazepate'?
{1b) in humans and diazepam in humans and animals'? have appeared.

Lorazepam (1a), diazepam and chlorodiazepoxide seem to induce some amnesia in rats as evi-
denced by learning or noxious events and extinction,4
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Anti-Anxiety Agents — The use of benzodiazepines in the treatment of neurotic anxiety has been
reviewed.’> Diazepam (2b) i.v. was beneficial in treating anxiety symptoms associated with vagin-
ismus.’® D-Oxazepam hemisuccinate (RV1208, 1c) was superior to the racemic form in human
anxiolytic studies.”” Ripazepam™ (Cl-683, 3} at 40—80 mg. and ketazolam™ (4} at 46.9 mg were
clinically effective in treatment of anxiety and bromazepam (2e) reduced gastric acid secretion
related in induced anxiety.?0 A clinical study with BU-1014 (5) in anxiety patients uncovered signifi-
cant side-effects that lasted two weeks.?"
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In animal studies the 4, 5-dihydro analog of diazepam (2b) was of equal activity % and CRC 2015
(1d) was especially effective against agressive behavior in rodents.2

™
.HS
5
H .5.
3 — R N\
L d
1//
];: :[ — Ci —N
H3 [ Hs R,
6 1 8a R,=CH, Ry:C¢H,-2-Cl
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8c R7CH; Ry=CyH,

Anticonvulsant Agents — Clonazepam (2f) was clinically useful in the treatment of akinetic and
myoclonic seizures,22 intention myoclonus,? tic douloureux? and has been recorded as the drug of
choice for status epilepticus.?

Diazepam (2b) was completely effective against penicillin-induced convulsions in rabbits.26 The
hydroxyamino compounds 2g were generally less active as anticonvulsants than their nitro analogs
in mice.Z Compound 6 was ca. as potent as diazepam (2b) against metrazole included convul-
sions?in mice and the pyrrolobenzodiazepines such as Z were effective against pentylenetetrazole
induced convulsions. 2

Sedative-Hypnotics — The benzodiazepines have superceded the barbiturates in hypnotic usage30
with diazepam (2b) the hypnotic of choice for medical ward patients.3!

Triazolam (U-33,030; Ba) was an effective hypnotic in insomniacs32~%at 0.5-0.6 mg, but showed
loss of effectiveness with intermediate term usage and its withdrawal was followed by worsening
of sieep.¥ Estazolam38 (8b) at 3 mg and D-40TA (8c) at 2 mg. provided sound sleep for preoper-
ative patients.

Lorazepam (1a) in 2 or 4 mg doses showed hypnotic activity in insomniacs®and good sedation in
surgical premedication.#! Flurazepam (2h) is useful in the long term treatment of insomnia42and
shows no rebound effect after withdrawal.®3 Flunitrazepam (2i) has hypnotic activity in man at 2.5
mg, but does not induce physiological sleep.* Fosazepam (2]) at 60-80 mg decreased sleep onset
and awakening in healthy subjects.*5 Quazepam (Sch 16134; 2k} has been entered in the USAN list-
ing as a sedative, hypnotic.# Clobazam (9a) at 10—20 mg, but not triflubazam (9b) was useful for
limited sleep difficulties in healthy males.4” -
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A series of aminomethyltriazolyl-, oxotriazolyl- and imidazolybenzophenones were found to be
active sedatives, in mice. The potency of triazoles such as 10 which can be regarded as prodrugs of
8a and 8¢ approached that of diazepam.48

Non-Benzodiazepine Compounds

Anti-Anxiety Agents — Cartazolate (SQ 65, 396; 11) at 100 mg daily was less effective than diaze-
pam at 20 mg on various anxiety rating scales*? and GPA 2640 (12) at 1100—1300 mg daily failed to
alleviate anxiety in anxious non-psychotics.50 Trazodone (13) at 75—150 mg daily was equivalent

to 30—60 mg of chlordiazepoxide in relieving symptoms caused by anxiety.5!

Evaluation in cats suggests Sch 12679 (14) is effective in reducing many forms of agression52
DL-254 (15) appears similar to diazepam.53
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Anticonvulsants — The diagnosis, treatment and most frequent etiologic factors involved in
status epilepticus were reported.3 The effect of antiepileptic drugs on epileptogenesis55and the
clinical pharmacology of anticonvulsant agents*have been reviewed. Anticonvulsant drugs appear
to limit the propagation of seizures through the balance of excitatory glutamate pathways and
inhibitory GABA and norepinephrin (NE) pathways.5 A reciprocal relationship between NE levels
at receptor sites and audiogenic seizure susceptibility in mice has been observed.3® A modified
maximal metrazole seizure test in mice that can define three main groups of anticonvulsants has
been developed.5?

Carbamazepine (16) at plasma levels of 4—10 ug/ml exerted a remarkable drop in seizure fre-
quency,® showed no tolerance after six days at 50 mg/kg daily,67 was equivalent to diphenyl-
hydantoin62 and primidone®3 (17) in preventing psychomoter seizures and improved alcohol with-
drawal symptoms in male outpatients.64 Eterobarb (18) is a safe and potent anticonvulsant with a
low hypnotic effect.65

The pharmacokinetics of vinylbarbital (19) in man® as well as 16 and its major metabolite, the 10,
11-epoxide, were studied in children.
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The R isomers of glutarimides such as 20 in mice provide a more rapid onset of action and greater
anticonvulsant activity and neurotoxicity than the S analogs.88 Compounds 21—24 were effective in
mice against tetrazole induced seizures$®—7land TMD (22) significantly reduced grand mal convul-
sions’2 Pentetrazole convulsions in mice were protected against by 2473 TMHT74(25), 267527,76 28 and
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Compound 30 had a better therapeutic index than phenobarbital (PB) but appeared less active”’
and 31 was comparable to PB against electrochock, but less effective against pentetrazole con-
vulsions.”8

Aminoethers such as 32 protected against maximal electroshock seizures in rats.?9
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Several piperazinoimines with anticonvulsant activity such as 338 in light sensitive baboons,
348 and 35% against tetrazoles, and 363 against electroshock, were reported. Structurally related
imines such as 37 exhibited inhibition of pentylenetetrazole induced convulsions.
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GAG (RMI 71675; 38), an irreversible GABA transaminase inhibitor, protected mice against
audiogenic seizures, thiosemicabazide (TSC) and electroshock.85 The anticonvulsant activity of
aminoxyacetic acid (39) is manifested through two mechanisms, one involving GABA metabolism /%6
and against TSC it has been shown to be fast in onset and of short duration.?”

Dipropylacetic acid (40) protected rats against picrotoxin and pentetrazole.8 The chelating agent
D-penicillamine (41) markedly reduced seizures in P. Papio baboons, a primate with high serum
Zn levels.®

CH, 'I*‘Hz
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Y
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Lactone 42 proved equivalent to A%-THC (43) against electroshock in rats.% The anticonvulsant
activity of A42574 (44) in photosensitive baboons was poor in comparison to its activity in rodents?

Sedative-Hypnotics — The clinical aspects of sleep and psychotropic drugs were reviewed and
standardized methodology for measurement was recommended.9 A model study for obtaining a
detailed clinical profile of a hypnotic was proposed.®? Studies have appeared on the effect of
anxiolytic drugs on objective and subjective sleep parameters in healthy normal volunteers,? the
behavioral performance of habitual long sleepers after an alteration in their sleep schedules, % and
the induction of symptoms mimicking those of insomnia by coffee and caffeine in normal sub-
jects. Clinical and experimental arguments are summarized in favor of a possible relationship be-
tween sleep and memory and between the capacities for learning and paradoxical sleep.%The drug
interactions of a number of hypnotics and sedatives in clinical use were reviewed.9 Physostigmine
injected during non-REM sleep induced the REM stage, suggesting the role of a cholinergic mech-
anism in the induction of REM sleep.98

The neuroleptic sulpiride (47) at 200—400 mg. i.m decreased time to sleep and awakening, and
increased all sleep phases with no significant change in distribution.? Diphenylhydramine (48) was
a safe and effective sleep aid for pediatric patients at 1 mg/kg.1% Single doses of 1—2.5 mg. of
nabilone (45) induced sedative effects with no appreciable effect on heart rate, lending support to
the hypothesis that one can separate out the desirable effects of the cannabinoid class of com-
pounds.  L-Tryptophan (49) at 1—5 g orally decreased sleep latency in mild insomniacs and
latency and wakenings in normal volunteers.92 Preoperative sedation with oxypertine (50} was
achieved at 20 mg oral dosage.13 A three week sleep study with mesoridazine (51) gave encourag-
ing results'™and a new glutarimide, biglumide (52) has entered clinical trials.105
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Heterocannabinoids 46 have shown sedative-hypnotic and analgesic activity in cats and rodents.
106.107 Compound 53 showed sedation and anticonvulsant activity in mice.1%® Kessoglycol mono-
acetate (54) was reported to have a sedative-hypnotic profile in animals.10?
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Chapter 3. Analgesics,Antagonists,the Oplate Receptor and Endogenous Opioids

M. Gordon and J. A. Vida, Bristol-Myers Company, Syracuse, New York

The term "opiate receptor" is used to designate areas of the brainhav-
ing a specific affinity for opiate agonists and antagonists.l=17 Endogenous
peptides called enkephalins and endorphins can react with the opiate recep-
torl8,19 o produce opiate effects; the effects of these peptides are anta-
gonized by naloxone. In elaboration of the opilate receptor concept, Fein-
berg et al.20 have reported a potential model explaining the structure-
activity relationships of opiate agonists and antagonists.

The finding that synthetic analgesics like the morphinans and the ben-
zomorphans are capable of interacting in a quite specific way with recep-
tors in the central nervous system, depending on their relative agonist or
antagonist properties, suggests that further studies with such synthetic
analgesics may provide as useful a tool in unraveling the mysteries of the
oplate receptor as the current approaches involving peptide research.

The past year has seen the isolation from mammals of a number of opi-
oid substances in addition to the previously discovered enkephalins and
endorphins Z4Among the substances reported are MLC (morphine-like compound,
Levy et al.25,26), anodynin (Pertet al.27), MLF (morphine-like factor,
Pasternak et al.28), and pituitary opioid peptide (POP, Goldstein2%). All
of these are peptides with the exception of MLC, which appears to be mor-
phine-like based on the fact that it reacts with antibodies generated
against morphine; however, the effects of MLC are not antagonized by nalo-
xone. A number of known peptides have been found either to have partial
agonist-like properties (i.e., substance P,30 somatostatin and ACTH31) or
to act as prohormones (i.e., B-lipotropin3Z,33)

The intensive research now ongoing in the opiate receptor area has led
to suggestions that the endogenous opioids are not only involved in anal-
gesia but may also play a role in mental diseases such as schizophrenia and
depression. Some recent reviews in the area have been published.2l,22gyil-
lemin34has suggested that brain peptides are linked to schizophrenia since
the catatonia produced by these peptides in animals35 is very reminiscent
of schizophrenic catatonia. Naloxone reverses the catatonia and hypother-
mia produced by brain peptides iIn animals and in humans. Indeed Gunne36
has reported that naloxone antagonizes auditory hallucinations in schizo-
phrenic patients. Byck37 has suggested that the actions of morphine (anal-
gesia, sleep, euphoria, and respiratory depression) are simulated by various
transmitter or modulator substances in the brain. Thus, enkephalin is pro-
posed as a neurotransmitter and its binding to opiate receptors determines
mood state and influences respiratory and sleep patterns. Lithium may act
through modification of the binding of the endogenous morphine-like sub-
stances at the opiate receptor. This theory would also predict the block-
ing of mania and most drug-induced euphorias by naloxone.

Endorphins. The endorphins have been defined as a class of opioid-
acting peptides isolated from brain, all of which seem to be fragments of
Blipotropin,22,39 The endor?hins have the following structures:40
o-Endorphin (B—lipotropin61- 6)

H-Tyr-Gly-Gly~Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Leu-Val-Thr-0OH
B-Endorphin (B-lipotropin6l-91)
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a~Endorphin-Leu-Phe-Lys-Asn-Ala-Ile-Ile-Lys-~Asn—~Ala-Tyr-Lys-Lys-Gly-Glu-OH
Y-Endorphin(B-lipotropin 61-77)

H-Tyr-Gly-~-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln~-Thr-Pro-Leu-Val-Thr-Leu-0OH
The brain-derived B-lipotropin fragment o—endorphin has analgesic and tran-
quilizing activity in animals, whereas y-endorphin, which differs from a-
endorphin only in having a leucine residue added to the C-terminal end of
a-endorphin, induces violent behavior when injected into animals. Finally,
the larger fragment, R-endorphin, also produces analgesia,41 profound seda-
tion and catalepsy42 in animals. B-Endorphin has 48-400 times the analgesic
or catalepsy producing activity of morphine when injected into the brain,43
44 three times the activity of morphine when injected intravenously, and
its effects are blocked by naloxone. The interest in B-lipotropin is fur-
ther stimulated by the fact that its 61 to 65 sequence is identical to that
of Met—enkephalin.45 However, no precursor has yet been found to Leu-enke-
phalin.

A totally synthetics-endorphin46 was shown to be identical with
the natural material both chemically and biologically,using the membrane
fraction from rat brain homogenate to assay for receptor binding and the
rat tail flick test for analgesic activity. Synthetic oc-endorphin and y-
endorphin have been synthesized47 and these have been shown to be identical
with the natural materials. It has been reported that B-endorphin not only
is a potent analgesic agent but also is capable of inducing physical de-
pendence of the opiate type.l3,48-50,52,53 yhen infused for 70 hrs into
the periacqueductal gray-~fourth ventricle spaces of the rat brain, methio-
nine~enkephalin and B-endorphin produce a typical morphine-like withdrawal
syndromewhen challengedw:f.thn.aloxone?9955 B-Endorphin can also produce anal-
gesia when injected into mice intravenouslg.56 B-Endorphin is found in
considerable quantity in the pituitary.zz’ 8 The B-endorphin found in the
sheep and camel pituitary is identical with that found in man, except the
latter has tyrosine replacing histidine at the 27th position, and glutamic
acid replacing glutamine at the C-terminal end (position 31). B-Endorphin
has a high affinity for brain opiate receptors as measured by competition
with tritiated naloxone and dihydromorphine for binding to a washed membrane
preparation.59 The removal of residues 30 and 31 (Gly-Glu) had little
effect and 28 and 29 (Lys-Lys) removal had a profound (20-fold reduction)
effect on the binding properties of B-endorphin. Other pituitary and brain
factors differ from B-endorphin in their greater potency,60 destruction by
trypsin and insensitivity to cyanogen bromide. Thus, the entire endorphin
puzzle is a long way from being solved.

It has been speculated60 that classical hormonal feedback mechanisms
might act to suppress endogenous opioid synthesis when the receptors are
occupied by an endogenous opiate-like morphine, 61 Enkephalin levels in the
brain of morphine-tolerant rats are increased, 1 and there is cross—toler-
ance between morphine and Met-enkephalin.62

Although the block of both opiate and endorphin effects by naloxone
shows a similarity between them, there are still some observations relating
to the opiate receptor that cannot be put in any context. Thus, it is
difficult to explain why naloxone antagonizes the analgesia produced by
focal electrical stimulation of the brain63 or by acupuncture, b4 yet does
not antagonize analgesia in man produced by hypnotic suggestion. Nor does
naloxone show any significant disruptive effects on shock escape threshhold
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or temperature control under cold stress in rats. On the other hand, nal-
oxone does block food-seeking and water-seeking behavior in hungry or thirs-
ty rats. The fact that biogenic amine modifiers do not affect morphine
analgesia and naloxone antagonism by a similar pattern also indicates that
our concepts of the opiate receptor interactions are incomplete.65a66 All
three endorphin peptides and Met-enkephalin produce in drug-free animals
the "wet-dog'" shaking seen in opiate withdrawal, and these responses are
antagonized by naloxone.43 It has been suggested that B-endorphin and Met-
enkephalin play a role in growth hormone secretionb7 and in cyclic AMP, 68
Stimulation of the central gray region in humans has produced marked
analgesia which is antagonized by naloxone. Thils phenomenon has led to
speculation that there is ongoing release in the brain of morphine-like
compounds which is partially responsible for elevating pain thresholds.
However, perception of experlmentallg induced pain in human subjects is not
altered by naloxone administration.® Perhaps an interaction with acetgl
choline, with nor-adrenalin release,51 with the adenylcyclase system
86 or neural firing38,71 is leading to these complex, unexplained phenome-
na.’2,73 Finally, an electrically induced release of endogenous opiate
receptor ligand has been reported, including reversal by naloxone. /4

Enkephalins. A subset of the endorphins are called enkephalins. 75-80,
82-88 Although the various enkephalins have agonist activity on appropriate
administratlon,62 90 they are less potent than the endorphins and are
thought to be enzymatic degradation products of endorphins, or perhaps even
artifacts produced in the isolation technique. Endorphins may be produced
by enzymatic cleavage of B-lipotropin, and there is speculation91 that a
lack of this enzyme "may be an etiological factor in those psychopathologi-
cal states for which the exogenous neuroleptics exert an ameliorative in-
fluence."

Met-enkephalin92 (Tyr-Gly-Gly-Phe-Met) and Leu-enkephalin (Tyr-Gly-
Gly-Phe-Leu) have lower in vivo potency of any of the endorphins. 94 The
enkephalins are quite short-act. —acting in vivo because they are degraded by
peptidases in blood and brain.95 Synthetlc enkephalins have been prepared
which are identical to the natural materials.96,97 Goldstein98 has pre-
pared a heptapeptide H~Tyr-Gly-Gly-~Gly-Lys-Met-Gly-OH based on its spatial
resemblance to morphine. However, its potency was very low. Steric ana-
lyses of the enkephalins have been publishedd4, 89,99-101, 159 and it is
concluded that there is no single conformation in solution. A series of
enkephalin analogs were synthesized and their affinities for opilate recep-
tors compared. Met-enkephalin has 1/3rd the potency of morphine, but three
times the potency of Leu-enkephalin.l00,104 A synthetic enkephalin81,102
[D—Ala2]—Met—enkephalinamide (DALA) binds to opiate receptors almost as
strongly as Met-enkephalin. Since DALA is not susceptible to degradation
by brain enzymes doses of 5-10 mcg cause profound, long-lasting, morphine-
like analgesia when injected into rat brain. Resistance to enzyme degra-
dationlO3 is retained if D-Alanine is replaced by other D-amino acids, by
L-proline or by sarcosine.

Replacement of methionine by norleucine gave an analog with about 507%
of the potency of the parent, but replacement of glycine or -OH led to
marked loss of activity., Substitution of tyrosine by phenylalanine, block-~
ing of the hydroxyl, or removal of the amino group practically abolished
activity. Replacement of the Phe- by Tyr- also practically abolished acti-
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vity.104,105 The peptides larger than Met-enkephalin are not appreciably
more active when measured on the isolated guinea pig ileum. However,the
much greater activity of the endorphins compared with Met-enkephalin invivo
is probably due to the protective effect of the longer chain. Additional
receptor binding sites may also be present within residues 80-91 of LPH
(61~91).105

Anodynin. Of major importance to the current of research on opioid
peptides in brain is the finding of an endogenous opiate analgesic, anody-
nin, in human plasmalo6 and in rat brain. Anodynin differs from the enke-
phalins in its longer duration of action, its lack of susceptibility to
enzymatic splitting, its thin layer mobility, its behavioral effects and
its apparant ability to cross the blood brain barrier. It has in common
with enkephalin its reversal by naloxone. The pituitary origin of anodynin
is suggested by the greatly reduced levels found in rat blood after hypo-
physectomy. It is unlike enkephalin in this respect.

Miscellaneous. A long-acting, polymer-bound form of naloxonel07 has
been prepared. Naloxone, attached to a hydrazine-substituted polysaccha-
ride by a hydrazone bond, antagonizes morphine analgesia more than 25 times
longer than free naloxone.

Using the spinal dog as a research tool, Martinl08 has postulated at
least three different agonist receptor sites, each associated with a parti-
cular agonist syndrome. According to Martin's classification:

1) (n) agonist receptor -~ morphine-like effects like euphoria and sedation
2) (k) agonist receptor - nalorphine or cyclazocine-like agonist activity
3) (o) agonist receptor - associated with psychotomimetic effects. Cycla-
zocine and nalorphine are mixed (x) and (o) agonist, ethyl keto-cyclazocine
is a pure (x) agonist, and morphine is a pure (u) agonist.

Prodines and Related Structures. Among analogs of the prodine-type,the
most potent compound (1) was found to be half as potent as an analgesic,109
but twice as toxic as alphaprodine (2). The EDgp (tail flick) for 1 and 2
are 3.1 and 1.4 mg/kg, respectively. Only one of the three isomers of 4-

-CH3 OCOCZH5
0COC_H
i 25 g C6H5
CH
65 CH3 N CH3

acetoxy-1,2,6-trimethyl-4-phenylpiperidine was an effective analgesic in
mice (2.3 x meperidine) as judged by the hot-plate test.ll0 Alpha(+)alliyl-
prodine was 40 times more potent than morphine, 260 times more potent than
(-)allylprodine and 460 times more potent than its B diastereomer.lll The
relative brain levels of meperidine and three N-alkyl homologues determined
at equal analgesic iv doses in mice were found to be closely proportional
to their ED5qg doses in spite of the wide differences in partition coeffici-
ents and in rates of metabolic N-dealkylation. It was postulated, there-
fore, that the observed EDgg potencies provide a fair comparison of the re-~
lative receptor affinities of the four homologues.112

Benzomorphans. The 9Banalog (3a) of the isomeric 2,9-dimethyl-2'-hydro-
xy-6, 7-benzomorphans was 4 times as potent (ED50=1.1 mg/kg) as the 9a analog
(3b) by the hot plate test,ll3
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= G = N~
3a R =Cil;, R)=H CH,
3 3b Rl =H, Ry = C'H3 4
3¢ Ry = C4H,, R, = H
3d Rl = H, R2 = C31~l7
HO HO

The 98-propyl levo isomer (3c) was considerably more potent subcutane-
ously than morphine, while the %g—propyl levo isomer (3d) was equipotent
with morphine as an analgesic.l None of the optical isomers suppressed
withdrawal signs in monkeys; the 9B8-propyl levo isomer exacerbated the
withdrawal syndrome, indicating that it possesses some narcotic antagonist
activity.114 The most active compound (4) of six homobenzomorphans was as
potent subcutaneously as morphine (measured by pressure stimuli on mouse
tail).lls’ll6 Simplified procedures for the synthesis of the 6,7-benzomor-
phan series have been described.1l17,118 Several 11-hydroxy and 1ll-alkoxy-
2,6-methano-3-benzazocines disElay as potent analgesic and narcotic antago-
nist activity as cyclazocine.l 9

Morphinans. Only one of the two enantiomeric quaternary iodides, N-
methyl-levorphanol exhibited specific opilate effects while the other enan-
tiomer, N-methyl-dextrorphan was, as expected, inactive.l In a series of
l4-hydroxymorphinans, the epimeric isomorphinan (6) was a more potent anta-
gonist than oxilorphan (_2)(BC—2605).121 A review on the Bharmacology of
butorphanol (cyclobutyl analog of 5) has been published12 and clinical
investigation of both the oral and—ﬁarenteral forms is continuing.v,.lz:‘}'12

N- CH,—<] N- cuz—q

.-0H

1%
|on

e
| OH
~ d
HO \/' HO
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Morphines. It has been shown that removal of the N-methyl group leads
to a considerable loss in agonist activity as measured by the guinea-pig
ileum method with two exceptions; morphine and normorghine, as well as
codeine and norcodeine, are equiactive in this test,12

Morphine was found to be 6 times more potent as an analgesic and ap-
proximately twice as lethal as morphine-6-hemisuccinate after ip adminis-
tration.130

Examination of the role of the gut in the metabolism of three phenolic
analgesics, dihydromorphine, etorphine (7a), and buprenorphine (7b), which
possess widely differing partition coefficients (k) (heptane/phosphate
buffer pH 7.4), revealed that a major pathway (conjugation) exists in the
gastrointestinal tract for the protection of the organism from the poten-—
tial toxic effects of phenolic substances and that a determining factor in

(7a) R=CH_, R =nPr, X=—CH=CH-, k= 0.15)

3 R
(26)  R=c,<J,R =tBu, X=-CH,-CH,-, k=1.78)

(7c) R=CH2CH=CH2, Rl=n-—Bu, X=-CH2CH2—
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the efficiency of this pathway is the lipophilicity of the substance.l31

The results of this study suggest that the role of the liver in the
deactivation of potent agonists after oral administration has sometimes
been overemphasized, for it has been shown that this organ is not essential
for the "first pass" metabolism of the lipophilic compounds buprenorphine
and etorphine in the rat. Dihydromorphine (K=5.0) appears not to be readi-
ly conjugated by rat intestine and the liver must be regarded as the prime
site of metabolism of this relatively polar compound.l31

The analgesic effects of R+S 218-M (alletorphine) (7c) administered in
a dose of 0.56 mg/70 kg was as effective as 10.5 mg/70 kg of morphine sul-
fate. No evidence was found to support the claim that alletorphine (7c)
causes less respiratory depression when compared with morphine sulfate, 136

The relative agonistic and antagonistic potencies of naloxone, nal-
trexone and their 6-methylene derivatives were evaluated in the guinea-pig
ileum. All compounds were competitive antagonists of azidomorphine, the
morphine-like agonist used in the experiments. The 6-methylene substitu-
tion caused approximately 50 and 100% increases of the antagonistic activi-
ty of naloxone and naltrexone, respectively. All compounds have little or
no agonistic activity.132

In man, azidomorphine constricted pupils, produced morphine-like sub-
jective effects and euphoria, and suppressed the morphine abstinence syn-
drome. It was concluded that in man azidomorphine is a typical morphine-
like drug.133

The a(8) and B-halomorphides (9) possessing a C-6 axial and C-8 equa-
torial halide, respectively, were found to be more potent analgesics and

also more toxic than morphine.l
NCH

oo

The disposition, metabolism and effects after acute and chronic dosing
of naltrexone were investigated in 4 subjects, showing that narcotic anta-
gonism was related to plasma levels of naltrexone. 13

Aminotetralins. In continuing studies on new bridged aminotetralin
analgesics, the best activity among esters, N-oxides, and compounds con-
taining a butenyl or a benzo-bridge was seen for (10), which was 2.5 times
as potent as morphine.137 Resolution of the more Egtent analgesics of the
bridged aminotetralin type produce WY-16225 (the (-) enantiomer of (11))
which was 8 to 15 times as potent as morphine when administered parenteral-
ly. Desocine (11) was judged to be a morphine antagonist slightly less
potent but longer acting than nalorphine based on physical dependence
studies carried out in morphine-dependent Rhesus monkeys.13 This compound

Gl iy
. 11 HO
{Dezocine) O‘
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is currently undergoing clinical trials.
In continuing studies on aminotetralin derivatives the best compound,
(12), was found to possess slightly more than half of the oral analgesic

potency of morphine as measured by the acetic acid writhing test.13 CH,
CHs ¢ Hg N—cuzcn=?
12 H X2 13 .
NH HO 3
2
CH3 CH3

Miscellaneous. In the seventh publication of ongoing studies on tetra-
hydro-4,4~di-methylisoquinoline type analgesics, the analgesic activity of
(13) was found to be slightly more potent than that of codeine.140

In an attempt to enhance the analgesic activity of fentanyl (l4),cycli-
zation of the acyl group with C-2 of the aromatic ring was carried out. Com-
pound (15) did not show an{ analgesic activity. It did show, however,strong
antihistaminic activity

Qe
O
CCH,CH (Cﬂz)z— 0
0/

The best analgesic activity of a series of 10,1l-dihydrodibenzo[b,f]
thiepin derivatives was displayed by (16), without listing a comparative
value of a reference standard.l42 The compound also displayed other pharma-
cological activities. CHy, o,

S N/
< O .
Cl
H Zt:zkgjt\ oH
< Me
H

In a series of azabicycloalkanes, (17) and its dextro isomer exhibited
analgesic activity comparable to meperidine and morphine, respectively.143
The two compounds also exhibited narcotic antagonist activity. (17) Pro-
duced slight physical dependence capacity in the Rhesus monkey.

The relative binding affinities of the optical isomers of methadone,
ao-methadol, o~acetylmethadol and their N-demethylated derivatives to the
opiate receptors of rat brain confirmed the agonistic nature of this series
of drugs.l44

In azabicyclo[3,3,1]non~6-ene series some comiounds showed analgetic
activity in the acetic acid induced writhing test.

Sufentanyl (R-30,730)(18) was the most potent compound in a novel
series of 4-substituted fentanyl derivatives. Sufentanil, which is 4500
times more potent than morphine, has a rapid onset but relatively short
duration of action and its margin of safety is reported to be unusually high
(LD, /ED50>25000) 146

Eorts on research with phenylmorphans,l147 meptazinol (a homopiperi-
dine), 148,149 jysoxazoloquinazolinones,l28 biphenyl Mannich bases, 151 5-



Chap. 3 Analgesics, Antagonists, the Opiate Receptor Gordon, Vida 27

7\ .
18 (}/\/\x\ 0
N
Sufentanyl C":l-30—CH \O

2

methyl methadone diastereoisomers,152 3—isothujone,153 o-promedol enanti-
omers, 154 benzoisoquinolines,155 diphenylethylpiperazines,156 and piritra-
midel57 have appeared.

Cannabinoid Compounds. The continuing studies on heterocyclic and

carbocyclic analogs of cannabinoids yielded compounds which show signifi-
cant analgesic activity. Many of these compounds also exhibit sedative,
antihypertensive or anticonvulsant activity.82,93,150,158

1.
2.
3.
4.
3.
6.
7.
8.
9.
10.
11.
12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
33.
34,
35.
36.
37.
38.
39.
40.
41.

References

Lamotte, C. R. Pert & S. H. Snyder, Brain Res. 112, 407 (1976).

Hollt, I. Haarman & H. Herz, Arzneimittel-Forsch. 26, 1102 (1976).

A. Clay & L. R. Brougham, Biochem. Pharmacol. 24, 1363 (1975).

A. Mannino, Life Sciences, 15, 2089 (1975)

J. Simon, Bull. N.Y. Acad. Sci. 51,1190 (1975); Brit.J.Pharmacol. 59,523P (1977).
B. Pert, M. J. Kuhar & S. H. Snyder, Life Sciences 16, 1849 (1975).

Schulz & A. Goldstein, Life Sciences 16, 1843 (1975).

G. Jaureguibbery, Biophys. Res. Commun. 71, 558 (1976).

Fishman, E. F. Hahn & B. I. Norton, Nature 261, 64 (1976).

L. Craviso & J. M. Masacchio, Life Sciences 18, 821 (1976).

Creese, A. P. Feinberg & S. H. Snyder, Eur. J. Pharmacol. 36, 231 (1976).

B. Pert, M. J. Kuhar & S. H. Snyder, Proc. Natl. Acad. Sci. 73 3729 (1976).
F. Tseng, H. H. Loh & S. H. Li, Proc. Natl. Acad. Sci. 73, 4187 (1976);

Biochem. Biophys. Res. Commun. 74, No. 2 (1977).

R.
T.
I.
W.
I.
C.
A.
J.
B.
C.
L.

Simantov & S. H. Snyder, Proc. Natl. Acad. Sci. 73, 2515 (1976).

M. Cho, J. S. Cho & H. H. Loh, Life Sciences 18, 231 (1976).

Creese, Abstr. ACS Mtg. New York, p. MEDI 31, April (1976).

A. Klee, ACS Mtg. New York p. MEDI 32, April (1976).

Creese, G. W. Pasternak, C. B. Pert & S. H. Snyder, Life Sciences, 16,1837 (1976).
B. Pert & S. H. Snyder, Biochem. Pharmacol. 25, 847 (1976).

P. Feinberg, I. Creese & S. H. Snyder, Proc. Natl. Acad. Sci. 73, 4215 (1976).
L. Marx, Science 193, 1227 (1976).

M. Cox, S. Gentleman, T. P, Su & A. Goldstein, Brain Res. 106, 285 (1976).

B. Pert, S. H. Snyder & P. S. Portoghese, J. Med. Chem. 19, 1248 (1976).
Terenius & A. Wahlstrom, Acta Physol. Scand. 94, 74 (1975)

Levy, A. R. Gintzler & S. Spector, Fed. Prod. Abstr. 35, 318 (1976)

. R. Ginzler, A. Levy & S. Spector, Prod. Natl. Acad. Sci. 73, 2132 (1976).

B. Pert, A. Pert & J. F. Tallmann, Proc. Natl, Acad. Sci. 73 2226 (1976).
W. Pasternak, R. Goodman & S. H. Snyder, Life Scilences, ;g 1765 (1975).
Goldstein, Science 193, 1081 (1976).

. M. Steward, Nature 262, 784 (1976).

Terenius, Europ. J. Pharmacol. 38, 211 (1976).
M. Cox, A. Goldstein & C. H. Li, Proc. Natl. Acad. Sci. 73, 1821 (1976).
H. Lazarus, N. Ling & R. Guilleman, Proc. Natl. Acad. Sci. 73, 2156 (1976).

R.Guillemin,1l0th International Congress of Biochemistry, Hamburg, July 26, 1976.
C.D. King, J.M. Masserano,N.N. Santo, E.E. Codd & W.L. Byrne, Fed. Proc. 35,570(1976)

L.
R.
R.
R.
R.
C.

M. Gunne, Science, 193, 1229 (1976); L.M.Guone et al., J.Neurotransmission, InPr.
Byck, Lancet, 2, 72 (1976).

A. North, MNature, 264, 460 (1976).

Simantov & S.H. Snyder, Abstr. ACS Mtg. New York. P. MEDI 30, April (1976).
Guillemin, N. Ling & R. Burgus, Comte Rend. Acad. Sci. 282, 783 (1976).

H. L1, D. Chung & B. Z. Donnen, Biochenm. Biophys. Res. Communs. 72, 1542 (1976).



28 Sect. I - CNS Agents Krapcho, Ed.

42. Y. F. Jacquet & N. Marks, Science, 194, 632 (1976).

43. F. Bloom, D. Segal, N. Ling and R. Guillemin, Science 194, 630 (1976).

44. H. H. Loh, L. F. Tseng, E. Wei & C. H. Li, Proc. Natl. Acad. Sci. 73, 2895 (1976).

45. M. Chretien, Canad. Med. Assoc. J. 115, 485 (1976).

46. C.H. Li, S.Lemaire, D.Yamashiro & B.A.Donee,Biochem.Biophys.Res.Communs.71,19(1976).

47. N. Ling, R. Burgus & R. Guillemin, Proc. Natl. Acad. Sci. 73, 3942 (1976);
Biochem. Biophys. Res. Commun. 74, 248 (1977); J. Med. Chem. 20, 325 (1977).

48. H.H. Loh, L.F.Tseng, E. Wei & C.H. Li, Proc. Natl. Acad. Sci. 73, 2895 (1976).

49. E. Wei & H. Loh, Science, 193, 1262 (1976).

50. L.F. Tseng, H.H. Loh, & C. H. Li, Nature, 263, 239 (1976).

51. H. D. Tanbe, E. Borowski, T. Endo & K. Starke, Eur. J. Pharmacol. 38, 377 (1976).

52. J. M. VanRee, Nature 264, 792 (1976).

533. W. H. Gispen, Nature 264, 794 (1976).

54. Y. Isogai, Prod. Nat. Acad. Sci. 74, 414 (1977).

55. J. Hughes, Brit. J. Addiction, 71, 199 (1976).

56. Anonymous, New Scientist 72, 159 (1976).

57. K. P. Minneman & L. L. Iversen, Nature 262, 313 (1976).

58. G. Queen, C. Pinsky & F. LaBella, Biochem, Biophys.Res. Commun.72,1021(1976).

59. N. J. M. Birdsall, Brit, J. Pharmacol. 58, 4608 (1976).

60. A. Goldstein, Science, 193, 1081 (1976);H.N.Bhargava, Eur.J. Pharmacol.41,81(1977)

61. R. Simantov & S. H. Snyder, Nature, 262, 505 (1976).

62. J.D.Belluzi, N.Grant,V.Garsky,D.Sarantakis,C.D.Wise&L.Stein, Nature 260,625(1976).

63. H. Akil, D. J. Mayer & J. C. Liebeskind, Science, 191, 961 (1976).

64. D. D. Price & D. J. Mayer, Chem. & Eng. News, 54, 30 (1976).

65. F.C. Tulunay, I. Yano & A.E. Takemori, Eur. J. Pharmacol. 35, 285 (1976).

66. C.B. Pert, S.H. Snyder, E.L. May, J.Pharmacol.Expt.Theory 196, 316 (1976).

67. J. Hughes, Opioids and Endogenous Opioid Peptides, North Holland Press, 1976.

68. A. Goldstein, B. M. Cox, W. A. Klee & M. Nirenberg, Nature 265, 362 (1977).

69. A. El-Sobky, J. 0. Dostrovsky & P. D. Walts, Nature 263, 783 (1976).

70. M. Brandt, Nature 262, 311 (1976).

71. R. C. A. Frederickson & F. H. Norris, Science 194, 440 (1976).

72. N. J. M. Birdsall, Nature 263, 629 (1976).

73. K. P. Minneman & L. L. Iverson, Nature 262, 313 (1976).

74. 3. M. VanNeuten, Europ. J. Pharmacol. 41, 341 (1977).

75. L. lversen & R. Dingledine, Nature 262, 738 (1976).

76. R. Simantov & S. H. Snyder, Life Sciences, 18, 781 (1976).

77. A. F. Bradbury, D. G. Smyth & C. R. Snell, Nature, 260, 166 (1976).

78. R. Simantov, M.J. Kuhar, G.W. Pasternak & S.H. Snyder, Brain Res. 106, 189 (1976).

79. G.V. Pasternak, R. Simantov & S.H. Snyder, Molecular Pharmacol. 12, 504 (1976).

80. H. E. Bleich, Proc. Natl. Acad. Sci. 73, 2589 (197s6).

81. J.M. Walker, G.G. Bernston, C.A. Sandman,et al., Science 196, 85 (1977).

82. M. Winn, J.Med.Chem. 19, 461 (1976)

83. A. S. Horn & J. R. Rodgers, Nature 260, 795 (1976).

84, J. H. Poupaert, P. S. Portoghese, V. Garsky, J. Med. Chem. 18, 1354 (1976).

85. B.P.Rogues,C.G.Jaureguiberry,R.Oberlin,M. Aneunis&A.K.Lala,Nature, 262,778 (1976).

86. M. Brandt, Nature 262, 311 (1976).

87. C. R. Jones, W. A. Gibbons & V. Garsky, Nature 262, 779 (1976).

88. H. W. Kosterlitz & J. Hughes, Life Sciences 17, 91 (1975).

89. H. E. Bleich, Biochem. Biophys. Res. Commun. 74, 592 (1977)

90. A. Gero, Life Sciences 19, 479 (1976).

91. Y. F. Jacquet & N. Marks, Science, 194, 632 (1976).

92. L. Graf, J.I.Szekely,A.Z.Ronai,Z.D.Kovacs & S.Bajusz, Nature 263,240 (1976).

93. R. K. Razdan, J.Med.Chem. 19, 549 (1976)

94. R.G. Hill, C.M. Pepper & J.F. Mitchell, Nature 2562, 604 (1976).

95. J.M. Hambrook, B.A. Morgan, M.J. Rance & C.F.C. Smith, Nature 262, 782 (1976).

96. W. Voelter, H. Kalbacher & E. Pietrzik, Z. Naturw.B. 31, 1015 (1976).

97. W.Voelter,C.Burveaich,H.Horn,H.Kuhlbacker&E.Pietrzik,Ang.Chem,Eng.Ed.15,297(1976).

98. A. Goldstein, J.S. Goldstein & B.M. Cox, Life Sciences, 17, 1643 (1975).

99. C. Garbay-Jaureguiberry, Blochem. Biophys.Res. Commun. 71 (1976).




Chap. 3 Analgesics, Antagonists, the Opiate Receptor Gordon, Vida 29

100. L. Terenius, Biochem.Biophys.Res.Commun. 71, 175 (1976).

101. A. S. Horn & J. R. Rodgers, Nature 260, 795 (1976).

102. C.B. Pert, A. Pert, J. K. Chang & B. T. Fong, Science, 194, 330 (1976).

103. J.K. Chang, B.T.W. Fong, A.Pert & C.B. Pert, Life Sciences 18, 1473 (1976).
104. A.R. Day, Res. Communs.Chem. Path. Pharmacol. 14, 597 (1976).

105. B.A. Morgan, J. Pharm. Pharmac. 28, 660 (1976).

106. C.B. Pert, A. Pert & J. F. Tallman, Proc. Natl. Acad. Sci. 73, 2226 (1976).
107.G.W.Pasternak, S.C.March,I.Parikh, S.H.Snyder & P.Cuatrecasas, Life Sci.18,997(1976)
108. W. R. Martin et al., J.Pharmacol.Exptl.Therap. 197, 517 (1976)

109. C. R. Clark, J. M. Holbrook & R. F. Borne, J. Med.Chem. 19, 852 (1976).

110. A. F. Casy, J. E. Coates & C. Rostron, J. Pharm. Pharmac. 28, 106 (1976).

111. P. S. Portoghese & E. Shefter, J. Med. Chem. 19, 55 (1976).

112. D. L. Larson & P. S. Portoghese, J. Med. Chem. 19, 16 (1976).

113. H. Inoue & E. L. May, J. Med. Chem. 19 259 (1976).

114. K. C. Rice & A. E. Jacobson, J. Med. Chem. 19, 430 (1976).

115. S. Shiotani, J. Med. Chem. 19, 803 (1976).

116. M.P.Wentland, A.K. Pierson & N.F. Albertson, see ref. 147, p. 321.

117. E. Bellora, E. Cereda & A. Donetti, Organic Preparations & Prod.Intern.8,143(1976).
118. T. Kametani, S.P. Huang, M. Ihara & K. Fukomoto, J.Org. Chem. 41, 2545 (1976).
119. T.A. Montzka, Abstr.Am.Chem.Soc.Mtg. MEDI 35 (1976).

120. K.E. Opheim & B.M. Cox, J.Med.Chem. 19, 857 (1976).

121. M.Menard,P.Rivest,B.Belleau,J.P.Davis&Y.G.Perron,Can.J.Chem. 54, 429 (1976).
122. A.W.Pirclo, Arch. Int. Pharmacodyn. 220, 231 (1976).

123. M.S. Gilbert, J.Intl.Med.Res. 4, 255 (1976);Res.Comm.Chem.Pathol.16,187(1977)
124. A.DelPizzo, Curr.Ther.Res. 20, 763 (1976). -

125. F.M.Galloway, Canad.Anesth.Soc.J. 24, 90 (1977).

126. T.Kallos & F.S. Caruso, Clin, Pharm. Ther. Abstr. 21, 112 (1977).

127. W.C. North & D, R. Tielens, ibid. p. 107.

128. B.N.Banerjee,N.J.Ivins,R.D.Sofia,Toxicol.Appl.Pharmacol. 37, 164 (1976).

129. HW.Kosterlitz & A.A.Waterfield, J.Pharm.Pharmac, 28, 325 (1976).

130. G.F.Gebhart & J.L. Spratt, Life Sciences 18, 829 (1976).

131. M.J.Rance &J.S5.Shillingford, Biochem. Pharmacol. 25, 735 (1976).

132, E.S.Vizi, F.F.Foldes, J.Rich & J.Knoll, Pharmacol 14, 76 (1976).

133. s.C.Clark,D.R.Jasinski,J.S.Pevnick&J.D.Griffith, Clin.Pharm.Ther.19,295(1976).
134. H.J.C.Yeh, R.S. Wilson, W.A.Klee & A.E. Jacobson, J.Pharm.Sci. 65,902 (1976).
135. R.Verebey, J. Volavka, S.J.Mule & R.B.Resnick, Clin. Pharm. Ther. 20,315(1976).
136. J.T.Macbeath & B.A.Morre, Br.J.Anaesth. 48, 97 (1976).

137. M.E.Freed,J.R.Potoski,E.H.Fred,G.L.Conklin&S.C.Bell,J.Med.Chem.19,476(1976).
138. H.E.Freed,J.R.Potoski,G.L.Conklin&S.C.Bell,J.Med.Chem.l.g,560(1976) .

139. N.Hirose,S.Kuriyama,M.Fujimoto & S.Toyoshima,J.Pharm.Soc.Jap. 96,185 (1976).
140. Y.Sawa,T.Masuda,M.Hori&H.Fujimura,J.Pharm.Soc.Jap. 96, 401 (1976).

141. W.Kelin, W. Black & E.Mutschler, Arch.Pharm. 308, Dec. Issue, 910 (1975).

142, D.T.Witiak, B.R.Vishnuvajjala, T.K.Gupta & M.C.Gerald,J.Med.Chem. 19,40 (1976).
143. M.Takeda, Chem. Pharm. Bull. 24, 1002 (1976).

144. J.S.Horng,S.E.Smits&D.T.Wong,Res.Commun,Chem.Path.Pharmacol. 14,621 (1976).
145. M.Kimura,T.Nakajima,S.InabaéH.Yamamoto, Chem.Pharm.Bull. 24, 515 (1976).

146. W.F.M.VanBever, Arzneim.Forsch. 26,1548 (1976).

147. H.Tecle & G. Hita,172nd Natl.ACS Mtg. SanFran.,Calif. 8/29-9/3,1976,Abst.MEDI 27,
148. R.A.Franklin,A.Aldridge &C.B.White, Brit.J.Clin.Pharmacol. 3,497 (1976).

149. M.T. Rosseel, Pharmatherap. 1, 270 (1976).

150. R.K. Razdan, J.Med.Chem.19,552 (1976);ibid. 1165(1976).

151. N.Mann& E.Mutschler, Arch. Pharm. 309, 320 (1976).

152. J.G. Henkel, E.P.Berg & P.S.Portoghese, J.Med.Chem. 19, 1308 (1976).

153. K.C. Rice & R.S. Wilson, J.Med. Chem. 19, 1054 (1976).

154. D.S. Fries & P. S. Portoghese, J. Med. Chem. 19 1155 (1976).

155. W.F. Michne, J. Med. Chem. 19, 1159 (1976).

156. H. Nakamura and M. Shimizu, Arch. Int. Pharmacodyn. 221, 105 (1976).

157. M. Catelin, Anesth. Analg. Reanim. 33, 443 (1976).

158. R.K. Razdan, J.Med.Chem. 19, 454 (1976).

159. J.L. DeCoen, FEBS Letters 73, 38 (1977).



Chapter 4. Memory and Learning - Animal Models
Paul E. Gold, University of Virginia, Charlottesville, Va.

Introduction. This review focuses primarily on the effects on memory of
hormones and central norepinephrine. There has been considerable interest
lately in the roles of hormonal and catecholaminergic systems in the stor-
age of information provided by a new learning experience. Many treatments,
including hormones, drugs which alter neurotransmitter functions, electro-
shock, and 1nia%i§eg gigect electrical stimulation of the brain, can modi-
fy retention.”’"’7° " ’7’" In these studies, a treatment is typically admin-
istered at some relatively short time after training (e.g., 0 - 6 hrs) and
animals are tested for retention at a later time (usually more than 24 hr
after training). The general finding is that, if a treatment affects re-
tention, the effectiveness of the treatment decreases as the time after
training is increased. Depending on the treatment and on the specific
experimental procedures, the effect, on retention, may be either impairment
(retrograde amnesia) or enhancement of memory. The time after training
during which retention loses its susceptibility to modification by a parti-
cular treatment is termed the retrograde amnesia (or enhancement) gradient.
In the past, a great deal of theoretical interssg in this research focused
on the time-dependent nature of these effects. *> It was thought that the
time-course of retrograde amnesia enhancement gradients reflected a bio-
logical constraint on the time necessary to complete memory storage, i.e.,
the time required to form long-~term memory. A time-constant of this sort
would have critical implications in terms of the neurobiological mechanisms
which might be assigned the function of memory storage. Obviously, differ-
ent mechanisms of storage would be involved for a process which required
only a few seconds as compared to. one which required several hours to

reach completion.

It is therefore somewhat unfortunate that this information is not
likely to be forthcoming from studies of retrograde amnesia or enhancement.
Rather, it now appears that for any learning situation, the time after
training during which memory may be modified is determined to a large
extent by the severity (i.e., drug dose, electroshock intensity, number of
treatments) of the treatment. In some studie§ Tﬁi&g animals, the gradient
may vary from a few seconds to hours or days.”’” ’ In humans, there are
indicaf}ons that the retrograde amnesia gradient may be as long as several
years. Because the gradients are not "fixed" (biologically) for a parti-
cular learning situation, it is preferable to think of the time-dependent
effects on memory as refl Sting decreasing susceptibility to modification
with time after training. An extension of this view is that the treat-
ments are modulators of memory processing, altering the activity of systf&s
which are responsible for promoting the storage of specific information.

In addition to the theoretical implications of this research, there is
also a practical advantage to the use of the general experimental proce-
dures described above. Studies which examine the effects of a treatment
on memory processing are perhaps best suited to do so if the treatment is
administered shortly after training. This design assures that all animals
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are untreated at the time of training. Furthermore, with the addition of
delayed treatments which do not alter retention performance, one can con-

clude that any effects on retention performance are the result of retro-
active modification of memory storage processing and are not the consequence
of a direct proactive influence of the treatment at the time of memory.
Thus, the general experimental design excludes possible alterations in
perception or motor capabilities at the time of trgining or testing as a
viable interpretation of the changes in retention.

Hormonal manipulation. The general interest in the study of hormonal
manipulation effects on memory was fostered by the recognitionlghaiethi§e 18
systems are responsive to many if not all training situations ’ ’ ’
and therefore have the potential of participating in both physiological
adaptation to fBViESUmETtal demands as well as the behavioral adaptation to
these demands.” ~’ ’ Furthermore, the,hormonal role in adaptive
behaviors may include effects on %Earagng, on memory storage, or on
maintenance of learned responses.” '’

ACTH, ACTH analogs, and vasopressin. gichzgf §9e ﬁgrligr literature in
this area has been reviewed previously.’ ? ’ ? These studies
clearly indicate that ACTH injections may delay extinction of learned
responses (i.e., a decrease in a previously learned response in the absence
of reward or punishment), although it is not clear whether this result is
due to potentiation of previously learned responses or to impaired acquisi-
tion of the extinction training. These behaviorailefgscts have been
observed during extinction,of oig nce responses as well,_ as extinc-
-tonspl 399743
tion of rewarded behavior. In one study for example, rats were
trained to approach food in an alleyway. Following training, animals
received daily injections of porcine ACTH1_39, synthetic ACTH, 4 (both of
which have adrenocortical activity), ACTH, (which does not hive adreno-
cortical stimulating activity) or corticosterone, prior to extinction
training. ACTH and its analogs retarded extinction, while corticosterone
accelerated extinction, as compared to placebo-treated controls. In
addigi?n35ACTH injections may alter acquisition rates of avoidance train-
ing.

A series of experiments examined the role of pituitary-adrenal hggmo§7s

}g acquisition and extinction of conditioned taste aversion learning.” ’ ’

In this behavioral situation, an animal is allowed to ingest a solution
with a specific (typically novel) taste. At some time within the next
several hours, the animal receives an injection of lithium chloride or other
agent. When tested at a subsequent time, the animal will show an aversion
for the solution. The findings of this set of experiments revealed that
plasma corticosterone levels in male rats were elevated for up to 4 hrs
after an appropriate injection of lithium chloride, indicating activation of
the pituitary-adrenal system under these training conditions. Pretreatment
with dexamethosone, a steroid which inhibits ACTH secretion, blocked the
corticosterone response to training and, further, diminished the extent of
aversion to the test solution as measured at later time. Under comparable
training conditions, ACTH administered prior to the lithium chloride injec-
tions had no effect on acquisition, although potentially enhanced acquisi-



32 Sect. I - CNS Agents Krapcho, Ed.

tion may have been masked by the fact that control animals ingested very
little of the test solution. However, ACTH injections administered prior
to extinction sessions did delay the recovery from taste aversion.

Another set of experiments examined the possible modulatory effects of
ACTH on memory processing. The possibility, discussed in the introduction,
that some treatments may modulate memory storage predicts that there may
be endogenous memory modulatory systems which are activated by those post-
trial treatments which act to impalr or to enhance memory; one such set of
systems might include hormonal responses to training. The rationale
guiding these studies is as follows: If, for example, an animal is trained
in a one-trial inhibitory (passive) avoidance task, retention performance
will vary with the footshock intensity. 1In addition, the extent of the
hormonal response to training with different shock levels will vary. The
question posed here was: To what extent is better retention performance
after training with high footshock a function of the hormonal response to
training? The approach used to address this question was to train animals
with a weak footshock and to follow the training with subcutaneous
injections of ACTH. The hypothesis guiding this study was that posttrial
ACTH injections should enhance retention performance by adding to the
normal hormonal consequences of training, thereby mimicking the conse-
quences of more intense training3§nd46ncreasing retention performance.

The findings of such experiments™ ™’ are generally consistent with this
view. Animals which received immediate posttrial injections of ACTH had
enhanced retention performance. Delayed injections were ineffective.
Somewhat surprisingly, high ACTH doses produced amnesia. The doses used
proved to be critical; the dose-response curve was an inverted-U function.
Furthermore, the optimal doses for enhancing retention varied in a mean-
ingful manner with the stress (shock level) used in training. A single
dose of ACTH enhanced retention of weak footshock training and impaired
retention of strong footshock training. Such data support the view that
there is an inverted-U relationship between posttrial circulating ACTH
levels (endogenous ACTH + injected ACTH) and memory processing. The
inverted-U doseziesaansg3cugxe is characteristic of other treatments which
enhance memory. ’ ’ ’ Also, the interaction of the optimally
enhancing dose of these drugs and other treatments4¥it25tr2gnigg—related
stress seems to have some considerable generality. ° ? i Such
findings may be related to the inverted—H8re%atigﬁship between stress and
performance which has been noted before, °’ ? and may suggest that
the biological dimension underlying the inverted-U may be hormonally
mediated. More generally, these findings support the view that hormonal
responses to training may modulate memory storage processing.

The mechanism by which ACTH acts on learning and memory is not clear.

The hormonal action does not, however, appear to depend on adrenocortical
activity. Many studies have demonstrated that melanonyte stimulating
hormone, which shares a behaviorally active peptide sequence with ACTH, as
well as several N-terminal ACTH analogs (e.g., ACTH [Met-Glu-His-Phe-Arg-
Try-Glyl) which have no corticotrophic activity, have effects on learning,
memory, and maintenance 2§ 1§irn§3 performance which are quite comparable
to those of ACTH itself. ° ’ Recent studies have examined the
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behavioral and biological effects of these agents. The agents do not
appear to affect spontaneous motor behavior’1:% but there is some
evidence that the agents may enhance attention in rats33,56 and in
man.>7,58 ACTH%-lO alters the frequency and excitability of hippocampal
theta waves,59a 0 and alters visual evoked responses in rats when in-
jected subcutaneously. Some ACTH analogs (e.g., ACTH4.9 containing amino
acid substitutions [Met(O)-His-Phe~dLys-Phe ]) are effective behaviorally
at far lower doses than those needed for ACTH itself.®l The peptide doses
which are effective appear to be related to an increase in in vitro
half-1ife.61,62 ACTH and some analogs appear to increase brain RNA and
protein metabolism,63,64,65 glucose metabolismb® and noradrenaline turn-
over.67,68 Thus, it is clear that the ACTH analogs which enhance learn-
ing and memory have the capacity to act on the brain, possibly at the
level of the posterior thalamic nucleus parafascicularis, 70 put

the multiple biological effects complicate the issue of which mechanism
of action is related to the behavioral effects obtained with these agents.

Other examinations of the relation of ACTH and memory studied the
effect of ACTH (or its analogs) on animals rendered amnestic by carbon
dioxide exposure (to respiratory arrest) or electroconvulsive shock., If
amnestic animals receive an injection of ACTH4.10 1 hour prior to reten-
tion testing, the amnesia is significantly attentuated.’*:

Vasopressin. Vasopgessin (a posterior pituitary peptide [H-Cys-Tyr-Phe-
GlU(NHz)-Asp(NHz)-Cys-Pro-Lys-Gly-NH2]) has many behavioral effects com-
parable to thosé observed with ACTH. A posttrial ingection of vasopressin
enhances retention of inhibitorg avoidance training7 and impairs extinc-
tion of avoidance training.74’7 In general, the major difference between
the effects of ACTH and vasopressin on learning and memory is that ACTH
must be administered throughout training or extinction trials to enhance
acquisition or retard the development of extinction. However, a single
injection of vasopressin prior to training or extinction trials has com-
parable effects., Thus, vasopressin effects on learning and memory seem

to be of much longer duration than those of ACTH.73

It was recently reported that a posttrial injection of vasopressin
may enhance later retention of inhibitory (passive)avoidance training in
rats with hereditary hygothalamic diabetes insipidus that are not able to
synthesize vasopressin.’6,77,78 This effect is time-dependent; delayed
injections do not affect later retention performance. Furthermore, in
normal Wistar rats, intraventricular injections of antibodies to arginine-
8-vasopressin 30 min prior to or immediately after the training trial
produce amnesia in dose-dependent manner.

Catecholamines., Peripheral catecholamines have generally received less
attention than pituitary hormones in terms of involvement in learning and
memory. However, the effects on memory of posttrial epinephrine and nor-
epineghrine appear comparable to those obtained with ACTH or vasopres-
sin.37,79 Epinephrine injections administered shortly after inhibitory
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avoidance training enhance later retention performance and dglayed
injections (e.g., by 2 hrs after training) are ineffective. Further-
more, the dose-response curve for the effects of epinephrine on memory is
an inverted-U; high doses produce retrograde amnesia. The memory en-
hancing effects of epinephrine are blocked by pretrial injections of the
beta-adrenergic blocking agent, propanolol, but are unaffected by pretrial
injections of the alpha-adrenergic blocking agent, phenoxybenzamine. Con-
versely, the amnesia produced by epinephrine is blocked by phenoxybenza-
mine but not propanolol. Thus, the rising and falling portions of the
inverted-U dose-response curveggay be mediated by different pharmacologi-
cal mechanisms of epinephrine.

The role of central norepinephrine and cagichgﬁam§§es, particularly in
memory, has been investigated in more detail. ~’ ? Many of the
recent studies testing the view that central epinephrine is important to
memory processing have used synthesis inhibitors such as diethyldithio-
carbamate (DDC), a dopamine beta-hydroxylase inhibitor. This drug is a
potent amnestic agent which produces retrograde,gmnesia in rats, for
example, even if injected 24 hr after training, at an intraperitoneal
dose (900 mg/kg) which reduces whole brain norepinephrine concentrations
to approximately 15% of control levels, The drug produces amnesia in rgSS
ggd g%cesgorsyotgsinhibitory avoidance and visual discrimination tasks. ~°

? > ? ’ Furthermore, the amnestic effects of a pretraining
DDC injection can be attenuatgg with immediate posttrial intraventricular
injections of norepinephrine. It should be noted that although these
collective results are consistent with the view that the effects of DDC
on memory are a consequence of the decrease in norepinephrine concentra-
tions, there are other effects of the drug which may be important as well.
For example, DDC produces a short-term increase in whole brain dopamine
and, because DDC chelates zinc, the drug injection resultssan bleaching
of a sulfide silver stain in the hippocampal mossy fibers. It is there-
fore possible that the effects on memory of this drug may be related not
only to the interference with norepinephrine synthesis but also to inter-
ference with the activity of other neurobiological systems.

The evidence that treatments which acutely interfere with central
noradrenergic systems also impair memory processing seemswell founded.
However, chronic depletion of central norepinephrine (e.g., with 6-hydro-
xydopamine or locus coeruéguss%esion) does not reliably result in impaired
acquisition or retention. 7? Therefore, although telecephalic nor-
epinephrine is not necessary for learning and retention, it appears that,
if available, the central noradrenergic systems may modulate memory
processing.

Conclusions. There is now considerable evidence that peptide hormones and
catecholamines have the potential to act on acquisition, on the mainte-
nance of learned responses, and on memory processing. The neurobiological
mechanisms by which these systems act is less clear. The problem is not
that central effects of the hormones and drugs are unknown but, rather,
that too many effects are recognized. Therefore, it is difficult to as-
sess which of this large set of events mediates the hormonal and aminergic
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modulation of learning and memory. However, we can presumably look to the
future for studies which pursue these biological mechanisms, perhaps using
the strategy of selectively manipulating a particular consequence of a
hormonal or catecholaminergic activity independently to assess which
neurobiological effects of these systems are related to learning and
memory.
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Antiarrhythmic Agents

It has long been believed that cardiac arrhythmias result from
changes in the conducting properties and/or automaticity of the myocardium,
Normally, each cardiac impulse arises in the sinoatrial node in the right
atrium and then is rapidly transmitted throughout the atria and via the
atrioventricular node, His bundle, bundle branches and specialized con-
duction fibers (Purkinje fibers) to all regions of the ventricles to
assure coordinated activation and contraction,

The concentration of potassium is considerably higher and that of
sodium lower within cardiac cells than in the extracellular fluid. Exter=-
nal membranes of cardiac cells are selectively permeable to ions and con-
tain biochemical pumping mechanisms which can transport ions against elec-
trical and concentration gradients, These factors lead to an electrical
potential difference across the membrane with the inside negative with re-
spect to the outside. An impulse can arise in the sinoatrial node or
other "automatic'" or "'pacemaker' cells as a result of slow spontaneous de-
polarization., Usually, when the level of depolarization reaches a criti-
cal "threshold" level, self perpetuating changes occur which tend to de-
polarize the cell completely and even reverse the potential to inside
positive, The juxtaposition of depolarized and polarized regions alters
the membrane characteristics of the latter and, in turn, causes their de-
polarization and results in the development of a propagated impulse., Re-
polarization occurs after a certain period and the cycle recurs, }=3

As just outlined, both impulse initiation (automaticity) and conduc-
tion result from changes in the permeability of the external membrane of
cardiac cells to various ions., Normally, impulse propagation in most car-
diac cells results from a rapid but brief increase in sodium permeability
which permits an Influx of that ion and produces rapid depolarization., As
cells become partially depolarized, either as a result of the normal
"fast" sodium inward current or for other reasons, other changes in mem-
brane permeability occur leading to a more slowly developing and smaller
inward ion flow composed primarily of calcium, In diseased and/or par-
tially depolarized cells this "slow" calcium current may be the only mech-
anism available for impulse propagation. It may also be responsible for
impulse initiation in areas not normally automatic,l=5

The electrophysiological characteristics, e.g., excitability,
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refractory period, conduction velocity, etc., of even the normal ventri-
cular conduction system are not uniform. Factors which enhance this dis=-
parity foster the development of arrhythmias,l,3,5=7 1Ischemia, stretch,
catecholamines, potassium, etc. can cause nonuniform or regional suppres=
sion of normal conduction mediated by the '"fast" response and result in
the predominance of the "slow'" response with its attendant susceptibility
to blockade and automaticity. For example,_ coronary artery occlusion in
dogs results in highly complex arrhythmias, 3335=7 "The 1initial phase
occurring within the first few hours is probably due to depressed conduc-
tion and reexcitation in the ischemic area. The later phase starting at
12 to 16 hr is probably the result of repetitive impulse initiation in
ischemic Purkinje fibers,

Antiarrhythmic drugs have been classified on the basis of their ef-
fects on the rate of depolarization, action potential duration, inhibition
of the '"slow" current, beta-adrenergic blockade, etc.® However, it has be-
come apparent that the conditions under which drugs are assessed, i,e.,
potassium concentration, perfusion with blood in contrast to Tyrode's solu=
tion or the gse of diseased rather than normal tissue, can affect results
greatly.l’gi For example, lidocaine and propranolol markedly depress con-
duction selectively in ischemic zones but not in normal regions during the
early phase following coronary artery occlusion in dogs and thereby sup-
press arrhythmias,

Clinical reports - Beneficial effects of disopyramide (1) in various human
arrhythmias were described in recently published symposia.9,10 Prophylac-
tic administration of the compound following myocardial infarction was re-
ported to reduce the incidence of ventricular arrhythmias as well as the
occurrence of reinfarction during the hospital stay.11 Mexilitine (KB
1173, 2) and procainamide were compared in a 12 day study in a group of
acute myocardial infarction patients.l2? Both drugs suppressed arrhythmias
but the former exerted fewer side effects. Mexilitine was also evaluated
in an extended study of 1 to 16 months, 15 Satisfactory control of ar-
rhythmias was achieved in 79% of patients. Side effects included tremors,
dizziness, nausea and blurred vision, although the authors concluded that
the drug was well tolerated in most patients, A recent symposium detailed
the efficacy of aprindine (2) in ventricular and supraventricular arrhyth-
mias. 1% The drug suppressed the former in particular. Troublesome
neurological side effects occurred in some patients,
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In a recent study intravenous verapamil (4), an agent which inhibits
transmembrane influx of calcium, effectively suppressed supraventricular
tachycardias but proved much less beneficial in ventricular tachycardiaslb
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The orally active lidocaine analog tocainide (W-36095, 5) suppressed pre=-
mature ventricular contragtions following single doses as well as during
several days of therapy.l s17  Although the compound was generally well
tolerated, side effectsof central nervous system origin appeared in some
patients at blood levels not greatly above the therapeutic range,
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Plasma free fatty acids (FFA) are elevated during the early phase of
myocardial infarction. Rapid reduction of FFA following the administration
of the nicotinic acid analog 5-fluoro-3 hydroxymethylpyridine hydrochloride
(6) to patients with inf% ction was associated with decreased incidence of
ventricular arrhythmias, Amiodarone (7) was reported to be effective in
the treatment of atrial and ventricular arrhythmias in a recent trial.l9
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Newer antiarrhythmic agents - A comprehensive review of new agents has
appeared recently.=Y» Results of detailed experimental evaluation of
several newer compounds were also published recently. BL~3677A (8) sup~
pressed ventricular arrhythmias produced by ouabain in dogs and proved to
be more potent than lidocaine.22 It also antagonized ventricular arrhyth-
mias occurring 24 hours after coronary artery occlusion in dogs. The com=-
pound possesses local anesthetic activity and briefly reduced blood pres-
sure, MK=-251 (2) antagonized ventricular arrhythmias following myocardial
infarction produced by the intracoronary injection of a sclerosing agent
or by coronary artery occlusion in dogs.23 It increased the dose of digox-
in required to induce cardiac dysrhythmias in cats, The compound is re-
ported to lack significant hemodynamic effects.
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The aminosteroid ORG 6001 (1l0a) inhibited arrhythmias produced by
aconitine in rats and by ouabain and coronary artery occlusion in dogs3ﬂ525
The compound also reduced the biochemical changes resulting from myocardial
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0 ischemia, ORG 6001l has a tendency to depress
myocardial contractile force, 1Its dimethyl
analog (ORG MA 13, 10b) also exerted anti-

108 R:H arrhythmic activity but could not suppress

100 R:CH, conduction disturbances produced by ouabain.?

Interest in the antiarrhythmic activity of quaternary ammonium com-
pounds continues. Unlike bretylium (1lla), its o-iodobenzyl trimethyl-
ammonium analog (UM-360, 11b) did not inhibit release of norepinephrine
from sym Bathetlc nerve endings and did not cause adrenergic stimulation on
its own, UM-360 effectively antagonized ventricular arrhythmias produc-
ed by ouabain in dogs, an action bretylium did not possess. Both agents
elevated the threshold to electrically induced ventricular fibrillation.
The same group of workers also_studied the profile of a quaternary propan-
2-0l derivative (UM-42k, 12),2° 1In contrast to tertiary compounds of

CH, CH,
R ®| 3
! CHy lla b OCH,CHIOHICH, N- CH
QCHZN R Rl : Br I CH CH3
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generally similar structure, UM-42L did not block cardiac B-adrenergic re-
ceptors. The compound suppressed ventricular arrhythmias produced by
ouabain and coronary occlusion and elevated ventricular fibrillatory thres-
hold., It produced only brief depression of blood pressure and cardiac
contractility.

The potential role of the calcium current in the genesis of arrhyth-
mias was discussed above. Verapamil (h{ which inhibits calecium influx,
can suppress experimental arrhythmias. Another calcium blocker,
nifedipine (13a), inhibits_irregular rhythms produced by calcium in iso-
lated atrial preparations.51 The calcium antagonist TMB-6( 14) was report-
ed to be as effective as lidocaine in suppressing digoxin-induced ar~-
rhythmias in dogs.’2 As expected, inhibition of calcium influx leads to
depression of cardiac contractility and atrioventricular conduction,
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The antiarrhythmic activity of newer B-adrenergic blocking agents
was reviewed recently.20,29:50 Most B-blockers exhibit at least some de~-
gree of antiarrhythmic activity since catecholamines contribute to the de-
velopment of experimental and, particularly, clinical arrhythmias.1,3,5
In addition, some of these agents affect the conduction system directly.
1,2,7,8,20 However, considerable quantitative as well as qualitative
differences exist in regard to antiarrhythmic efficacy,

McN-28L0-46 (l%) suppressed experimental atrial arrhythmias pre-
ferentially in dogs.?3 Higher doses were required to antagonize conduc-
tion disturbances following coronary occlusion., MI~9067 (16) antagonizes
ventricular arrhythmias in dogs and exerts membrane depressant activity
in isolated Purkinje fibers.3+,35
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QCH,CF5 R-818 (17) prevented chloroform-induced
Jiij ventricular fibrillation in mice as well as ar-
CONHCH, = rhythmias caused by hydrocarbon-epinephrine,
oercr H ouabaip, aconitine and coronary occlusion in
273 dogs., The activity of numerous analogs_in the

= mouse chloroform test has been described.

A series of dibenzazepines (18a, 18b) were compared to disopyramide
(l).58 The compounds suppressed ventricular arrhythmias in dogs but may
have been more toxic than the latter. Preliminary reports on a series of
3-amino-3~methyloxindoles indicate that one member (lﬁ) is as effective as
lidocaine in the mouse chloroform test and possesses a higher LDsp.
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MG 8926 (20a), & substance closely related to prenylamine (20b},
antagonized ventricular arrhythmias which followed abrupt occlusion of a
coronary artery in dogs as well as conduction disturbances produced by
ouabain in guinea pigs. 1In general, prenylamine exerted similar effects.LLO
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A group of 2, 2=disubstituted-1,3-benzodioxoles were evaluated for their
ability to inhibit arrhythmias in rats resulting from the i,v. injection
of calcium chloride. Compound 21 was effective and possessed a relatively
high therapeutic ratio.

CH
CH 0 Ptk

@\ s , CH,CONHCH,CHN
HCH,CH,NHCHCH R Za R: Ceyy ©( >( 2 272 Nen
b R: CH o/ on, s

65
2

Antianginal Agents

The major determinants of cardiac oxygen consumption are heart rate,
myocardial wall tension (directly related to ventricular cavity pressure
and volume) and force and velocity of contraction. Under normal condi-
tions, the heart extracts oxygen at a near-maximal rate and added require-
ments are met by a reduction in coronary vascular resistance and an in-
crease in blood flow. 1In the atherosclerotic heart, coronary vessels in
the ischemic region and particularly in the subendocarium are already di-
lated and their ability to increase flow by further dilatation is severely
compromised, Thus, under these conditions, increasing oxygen demand may

exceed supply, myoc&rdial ischemia ensuesand the patient manifests symptoms
of angina pectoris,*2

Development of novel antianginal therapy has suffered from the lack
of predictive animal models., Some of the more interesting newer approach-
es include direct measurement of myocardial oxygen tension Y54l electro-
cardiographic analysis in normallt5,46 and diseased hearts,h7 regional
vascular resistance studies,*8 blood flow distribution#9,50 and functional
evaluation in normal heartsdl as well as in animals subjected to chronic
coronary artery occlusion.?2,53 The clinical predictability of these
models remains undetermined.

Clinical reports - Organic nitrates and the B-adrenergic receptor blocking
agents constitute the mainstay of therapy.“2;5h'58 The mechanism of
action of nitroglycerin remains uncertain, Although recent evidence tends
to underline its peripheral vascular activity,54,55 several stud&esugavg
also implicated a direct coronary artery or collateral response, 3,46,52,
59,60 (Clinical data generally support the hypothesis that primary
coronary vasodilators are of limited value in this disease gince vessels
in ischemic areas are already dilated, 2 However, beneficial gesults have
been reported in gatients with the vasodilators chromonar (22) 1 and
lidoflazine (23),°92,63
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Perhexilene (24) coptinues to demonstrate
[/j]_ /<::> antianginal efficacy,®%,65 Although the com-

N UQCH pound dilates coronary vessels, other mecha-
H nisms such as a reduction in exercise tachy-
cardia and myocardial flow redistribution may
2z be responsible for its effectiveness,00,07

Favorable clinical results have been reported recently with the cal-
cium antagonists nifedipine (_jL) »69 and verapamil (4).70 Again, al-
though these drugs increase coronary blood flow experimentally, their
clinical effects probably result from other mechanisms, Nifedipine can re-~
duce myocardial contractility and oxygen consumption following intracoro-
nary injection in dogs and can promote collateral development,““:s{*s 2 An
analog (YC-93, 13b) produces marked vasodilatation in animals,73 Prenyl-
amine (20b) has also been reported to reduce the frequency of anginal epi-

sodes,

Newer experimental agents - The dimethyl quaternary analog of propranolol,

UM=-272 { 5C=27761, 25), a non beta-blocker, has been shown to reduce myo-
cardial oxygen consumption and infarct size
in dogs, presumably via a non-specific reduc-
tion in heart rate and contractility.

|3
Q OCHZ?HC%\IICH(C%)? The cardiovascular effects of a new
O OH  CHy "benign" coronary vasodilator, cinepazide (26),
were recently reported.77;78 The compound in-
5 creased perfusion of ischemic areas in the dog

heart., Specific coronary vasodilation was de-
monstrated in the dog heart with a new chromonar derivative morocromen
(27).79 Coronary activity was also noted in humans following oral admin-
istration.
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The adenosine derivative, Agbott L0557 (28) produced sustained
O A reduction in feline myocardial

oxygen consumption was reported with the Russian antianginal agent,
chloracyzine (29).

The prenylamine analog MG 8926 (20a) inhibited electrocardiographic

manifestations of cardiac ilschemia, i.,e., S-T segment elevation, in dogs
following coronary artery occlusion.
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Chapter 6 Cerebral Vasodilators
H. Hauth and B,P. Richardson, Sandoz Ltd.,, 4002 Basle, Switzerland,

Introduction

Physiology of cerebral blood flow -Despite fluctuations in systemic blood
pressure, blood flow to the brain is maintained within very narrow limits
by a process known as autoregulationl, This involves changes in the cali-
ber of the cerebral vessels and thus in cerebrovascular resistance which
are brought about by a variety of neurogenic and humoral factors®™*, It is
nov generally believed that the caliber of larger extraparenchymal vessels
is controlled by nerve tone alone,whilst that ofthe smaller intraparenchy-
mal vessels is controlled by both nerve tone and by local prevailing meta-
bolic conditions such as tissue COp, Op and Ht concentrations3s2,6, Inner-
vation of the extraparenchymal vessels isby sympathetic fibers originating
from the superior cervical ganglion and by parasympathetic fibers carried
in the facial nerve2:h. Adrenergic brain stem neurones are considered sole-
ly responsible for innervation of the intraparenchymal vessels,7, In vivo
and in vitrostudies with catecholamines have shown that c-adrenergic agonists
cause cerebrsl vasoconstriction whilst P-adrenergic agonists cause vasodi-
latation8,9,10, In addition it has been suggested that physiological acti-
vation of the parasympathetic component ofthe innervation to theextraparen-
chymal vessels also results in vasodilatationl0-12, As well as these adre-
nergic and cholinergic mechanisms, itis possible thatthe vasodilatory poly-
peptide (VIP) recently identified in cerebrovascular nerves also plays an
important part in the regulation of cerebral blood flowl3,

Pathological changes in cerebral blood flow - A reduction in regional bloocd
flow has been recorded in several acute and chronic cerebral diseases, The
acute conditions include apoplexy, intracranialtumors, head trauma,hypoxia,
compression of the brain, highly increased intracranial pressure and cere=~
bral infarctionl¥,15, Autoregulation is usually severely impaired because
of vasomotor paralysis which results from the extreme tissue acidosis pre-
vailing in each of these conditionsl¥, Cerebral blood flow is also reduced
in a variety of chronic diseases suchas senile and presenile dementia16‘18,
schizophrenial9, and cerebral arteriosclerosis20, The exact cause of the
reduced regional cerebral blood flow in dementia and schizophrenia is not
clear, but may be related to a primary decrease in local neuronal metabol-
ism18,21, Inthe case of cerebrovascular sclerosis the reduction is related
to theocclusive nature of the lesions and to the reduced reactivity of cere-
bral blood vessels to physiological stimuli?2,

Clinical aspects of cerebral vasodilator therapy - Although cerebral vaso-
dilators normally induce increases in cerebral blood flow under physiolo-
gical circumstances, clinical results are often disappointing, Sometimes
even a paradoxical reduction in the flow rate through a diseased brain area
is recorded, or alternatively, the drug-induced increase in perfusion may
be far in excess of the tissues metabolic requirements., These phenomena,
known as the 'Intracranial steal phenomenon' and the'luxury perfusion syn-
drome' respectively23 are important complicating factors in the treatment
of cerebral ischaemia. The therapeutic rationale of prescribing vasodila-
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tor drugs in the light of such observations has recently been critically

reviewed2h-28, It was generally concluded that those compounds with & pri-
mary vascular action (i.e. those classified as vasotropic dilators below)
seldom prove to be of substantial clinical benefit.,

Methodology for testing potential cerebral vasodilators -Methods for the
pharmacological and cliniecal testing of cerebrovascular active substances
have been discussed in several recent reviews26,29,30and symposial8,31,32,
The ability to detect changes in local cerebrel blood flow related to in-
creased neuronal activity and glucose metabolism is a particularly impor-
tant recent methodological advance33, Various books22,34,35 and symposia
proceedings18,31,32,36-L0 dealing with many aspects of cerebrovascular cir-
culation have recently been published.

Specific Cerebrovasodilating Agents

Basically two groups of cerebrovasodilators can beidentified accord-
ing totheir site of action.In the first group are those which have primary
vascular action,dilatation usually being effected either bya direct relax-
ant action of the drug on the smooth muscle cells in arteriolar walls or
by an inhibitory effect on the endogenous vasoconstrictive nerve fibers,
A majority ofthese agents have been developedinitially as peripheral vaso-
dilators which have then been tested fortheir ability to increase cerebral
blood flow onquite empirical grounds, The second group contains those which
stimulate neuronal metabolism, the resultant increase inlocal perivascular
COp production consequently causing vasodilatation. The former group will
be referred to as 'Vasotropic dilators'and the latter as 'Cerebrometabolic
stimulants'.

(A) Vasotropic dilators

Chemistry ~Of the five compounds discussed in detail below the first,papa-
verine, is 8 long recognized alkaloidof the benzylisoquinoline group which
was originally isoclated from opium., The remaining four compounds are all
synthetie, There sre nostriking structural similarities between any members
of this group which could indicate a structure activity relationship.

1. Papaverine - Papaverine (1) is a non-specific smooth muscle relaxant.
CH O This action probably relates toits potent abi-
3 O N lity toinhibit pissphodiesteraseshtl,t2, By re-
CH o Z laxing vescular smc.thmuscle and thus causing
3 vasodilatation, papaverme increases mean cere~
bral blood flow in both animals®6,43,4L ang
O manl5,46, Wnether papaverine produces useful
CH30 clinical improvements in conditions of decreased
OCH3 cerebral blood flow isnevertheless debatable,
Most studies have involved long termpapaverine
L edministration togeriatric patients suffering
from 'chronic brain syndrome' due to longstanding cerebrovascular insuffi-
ciency. Infour double blindstudies papaverinewas shown to improve various
neurological andpsychological symptoms®7-50, whilst intwo further studies
no such beneficial effects could be demonstrated5l,52, Pspaverine has not
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been widely employed in the treatment of acute cerebrovaescular disorders,
but preliminary studies seem to suggest that it may have beneficial action
in the treatment of certain sequelae53,5k4, The reportedside effectsof papa-
verine therapy are typical of those encountered with peripheral vasodila-
tory agents generally.

2, Bencyclane - The pharmacological profile of bencyclane (2) has received
comprehensive coverage’ 1,70, Basically bencyc-
lane possesses direct musculotropic spasmoly-
tic effects like papaverine, although it does

0"y (cH.) . not inhibit phosphodiesterasessg. Bencyclane
372 may block the uptake of caleiumions into vascu~
lar smoothmuscle cells58, thereby dilating both
2 peripheral and cerebral vessels and consequently
increasing cerebral blood flow in animals59,60and man5T,61, Whether bencyc-
lane is really effective in increasing cerebral blood flow in situations
where flowis pathologically reduced is still questionable62,63, Bencyclane
also inhibits platelet aggregation both in vivo and in vitro, although it
is not certain whether this effect occurs at the dosages currently used
clinically3Ts =67, Ina double blind study bencyclane was shown to improve
symptoms relatedto acute cerebral ischaemia67, whilst in two further studies
no drug related improvement could be demonstrated5T,68, Studies in patients
with chronic cerebrovescular insufficiency have alsc yielded conflicting
results. In a series of double-blind studies, bencyclane either improved
the symptoms?7s69-T20r failed to have a clear effect5T,68,73, This inconsi-
stency is rather difficult to understand since dosage, duration of medica-
tion andthe target symptoms studied were often very similar. The negative
inotropic and chronotropic effects of bencyclane on the heart and the pro-~
longation of the ref‘ractori period of heart muscle cells may be related to
effects on calcium fluxesTH,

3., Cyclandelate —Like both papaverine and bencyclane, cyclandelate (;) has
direct smooth muscle relaxant propertieswhich
account for its potent vasodilating effectsld.

@-(EH-COO Its exact mechanism of action isstill not clear.
OH On the basis of its known effects on the peri-
pheral circulation, elinical studieswvere insti-~
3 gated totest fora possible cerebrovasodilating

= action., The results of a double blind study
showed cyclandelate bothto increase brain blood volume and to rectifypatho-
logically prolonged circulation timesT70, These results were later confirmed
by measurements of cerebral blood flow employingl33Xe clearance techniquesTT,
An early double blind study demonstrated botha significant decreasse in mean
cerebral circulation time and an improvement in the mental function of el-
derly patients receiving cyclandelate compared with those administeredpla-
ceboT8, Five similar double blind studies on geriatric patients have subse-
quently yielded extremely variable results79-83 Those conducted over longer
periods were the more successful in showing a drug-related improvement and
it has therefore been suggested that cyclandelate may prove more effective
in the prophylaxis of progressive mental decline than in its treatment.
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i, Betahistine —Betahistine is an orally active histamine analogue (),
Its actions on periphersaland cerebrsl vessels

z | u are thus similar to those of histamine and can
S s be antagonized by entihistaminic compounds84,
N\CH3 Its predominant vasoaction is enhancement of

the microcirculation, presumably by a relaxant
effect onthe smoothmuscle cells of the precapil-
lary arterioles,Themolecular mechanismby which
histamine itself induces such effects is not fully elucidated,but may in-
volve a lowering of the intracellular ionized calcium concentration 5, Un-
like histamine, the vascular actions of betahistine are long lasting and

it does not markedly stimulate gastric secretionBY, Betahistine increases
cerebral microcirculation, thereby increasing mean cerebral blood flow in
both animals86 and man87 ,85' Recent clinical results have been variable and
often conflicting. In one double blind cross-over study involving patients
with dementia relatedto vertebrobasilarinsufficiency,betahistine increased
both mean and regional blood flow values and improved the neurological and
psychological status of the patient589. In a second study, again involving
patients with cerebrobasilar insufficiency, but where transient ischaemic
attacks were the target symptoms investigated, there was no such clear drug-
related benefit990, Yet another study seemsto suggest that patientsexperien-
cing vertigo due to cerebrobasilar insufficiency derive benefit from beta-
histine9l,

|

5. Cinnarizine - Cinnarizine (5) increases cerebral blood flow in both man92
and animals93by causingcerebrovasodilatatiordh
The mechanism of action of cinnarizine relates
O —\ to its ability to inhibit depolarization-depen-
H-N N dent celciumuptake into arterial smoothmuscled?
O —/ Conversely the release of calcium ions from
bound intracellular stores within the muscle
fibres by noradenalineis unaffected, This sug-
3 gests that cinnarizine specifically blocks cal-
cium uptake atthe outer membrane, thereby pre-
venting or reducingmuscle tension andso producingvasodilatation. Clinical
results with cinnarizine, as with the other vasotropic dilators,have been
variable.In three double blind studies conductedon patients with cerebral
arteriosclerosis, medication produced aclear-cut improvement in their clini-
cal status92,93,96, In a fourth study where cinnarizine and digoxin were
given together, the combination produced considerably better results than
cinnarizine alone97, In contrast to the foregoing, a multilocational study
performed in Britain failed to demonstrate any beneficial actiopof cinnari-
zine in patients with longstanding cerebral arteriosclerosis?°,

{B) Cerebrometsbolic stimulants

Chemistry - All the well established, clinically active compounds in this
category are naturally occurring, or derived from naturally occurring er-
got and vincamine alkaloids. Although both chemical groups are the subject
of intense chemical investigation and molecular manipulation no structure-
activity relationships for their cerebrometebolic stimulating properties
have yet been published.
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1. Hydergine ®—Hydergine®(§) contains dihydroergotoxine mesylate as the
active principle, which is an association of
the mesylates of dihydroergocornine(6a) dihyd-

.- roergocristine(6b), dihydro-a-ergocryptine(6e),
N;/k and dihydro-$-ergocryptine (6d) in the ratio
“ O 3:3:2:1 (ref.99). Hydergine ® possesses a-ad-

H R renergic blockingactivity and thus induces some
degree of vasodilatation by inhibiting the ac-

tion of noradrenaline tonically released from

nerve endings within vessel walls. However,the

greater part ofits overall peripheral vasodi-

OH

6a R=CHC.H lating action probably results from a central
- 27675 PR : 00.
R = CH(CH inhibitory actionon the vasomotor center00s
b B ( 3)2 Under conditions of experimentally reduced cere-
R = CH,.CH(CH.) bral blood flow Hydergine & induces dilate-
2 372 tion of the brain capillaries thereby lowering
d R=

CH(CH;)CH,CH,  yagscular resistance and improving both blood

flow and glucose utilizationl02, The mechanism
by which Hydergine ® effects this is probably quite different from that
involved in its dilatation of the peripheral cirulation. Based on recent
experimental results it has been suggested that Hydergine® primarily pro-
tects neuronal metabolism under conditions of inadequate cerebral perfu-—
sionm‘,loa. The observed increase in blood flow isthus considered entirely
secondary to the local increases in COp production that accompany improved
neuronal metabolisml02-105,

That the increased blood flow is a consequence of effects on neuro-
nal metebolism and not the cause of them is further supported by the ob--
servation that Hydergine ® increases the reduced EEG activity occurring
in both animals and man with pathologically reduced cerebral blood flow.,
Simply correcting the flow rate bg cerebrovasodilatation with papaverine
does not produce such an effect100,107, The exact mechanism by which Hyder-
gine ® stimulates neuronal metabolism is not clear,but may relate to its
ability to activate dopamine receptors in the pontomedullary reticular for-
mation or to its central serotonergic propertiesl08,109, Preliminary stu-

dies withthe semi~synthetic dihydrogenated er-

Ry ?H got alkaloids dihydroergonine (DN 16-457, T)
ONH”'I: AN and dihydro-B-ergosin (DQ 27-k22, 8) suggest

\H/k that these compounds may possess cerebral sti-

o )0 mulating groperties similar to those of Hyder-

CHq B "R gine ® 108, Recent studies on its molecular me-
chanism of action suggest an important effect

of Hydergine ® on neuronal cAMP levelsllO, By

inhibiting a low Kp-phosphodiesterase, Hyder-

gine may prevent neuronal cAMP concentrations
R Rl from falling excessively in certain pathologi~

7 C.H CH(CH. ) cal situations, Converg,ely both in slices of
- 275 3°2 rat cerebral cortex andin cat brain homogenates,

norepinephrine-induced increases in cAMP levels
8 CH, CH(CH3)CH20H3 are aptagonized by low concentrations of Hyder
gineB& ,brobably through its ability to block

the o—-adrenergic effects of norepinephrine at the post synaptic membrane.
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Hydergine ® also partially inhibits norepinephrine-induced activation of
neuronal Na*-K+ ATPase by a similar anti-adrenergic mechanismlll,

HydergineQD effectively decreases cerebral circulationtimes in pa-
tients with prolonged values and increases both cerebral oxygen utilization
and COp productioni0O4,112,113 Several recent double blind studies have de-
monstrated auseful action of Hydergine@b inthe treatment of senile demen-
tia In three such studies Hydergine® was shown to be significantly bet-
ter then placeboin ameliorating many of the neurological and psychological
symptoms114-116, In two further studies conducted overa twelve week period,
it was possible to correlate such improvementsin the patients'mental sta-
tus with drug-related changes in their EEGpatternslO7,117, In five of the
most recent studies comparisons with papaverinehave been made. In each case
Hydergine has been found to be superior for the treatment_of the vari-
ous mental manifestations studied. In these studiesHydergine!¥ ameliorated
such symptoms as confusion,irritability and depression,whilst mental alert-
ness and motivation were consistently improved5l,118-121, The improvements
in intellegtual function and cognition were always among the most striking.
Hydergine also had a beneficial effect on certain physicel symptoms such
as fatigue, dizziness, noctural cramps and anorexia,

2, Nicergoline -Nicergoline (9)is an ester of l0u-methoxy-dihydrolysergol.
It possesses considerable 0 -adrenergic block-
ing action and consequently induces dilatation
of the peripheral microvasculaturel22, Like
Hydergine , it increases cerebral microcir-
culation by primary protective effects on neu-
ronal metabolisml23, Under conditions of experi-
mental ischaemin, nicergoline increases both
neuronal glucose upteke and reduces pyruvate
and lactate formationl2h, In animals these ef-
fects are reflected ina more rapid post ischae-
mic recovery of EEG activityl25, Its molecular
mechanism of action seems related toeffects on brainATP levels,which are
more rapidly restored after experimental ischaemis when pretreatment with
nicergoline has been performedl26, Like HydergineG§ and dihydroergotamine,
nicergoline stimulates cAMP accumulation in rat cerebral cortex slices by
an inhibitory action on phosphodiesterase, Part of this rise in cAMP may
be mediated via a direct stimulation of adenylate cyclasel?7, Nicergoline
also increases cerebral oxygen and glucose consumption in elderly patients
suffering from cerebral arteriosclerosisl28, In one study it was claimed
that nicergoline increases cerebral blood flow and the symptoms associated
with acute or chronic reduction of brain perfusion ratesl29, However this
must still remain conjectursl since, although another study has confirmed
a drug-induced increase in cerebral blood flow in patients with recent apo-
plexy, no such increase was detected in those with chronic or diffuse cere-
brovascular pathologyl30, No carefully controlled clinical studies with nie-
ergoline have yet been reported. In one open, uncontrolled study, fifteen
elderly patients suffering from cerebral arteriosclerosis were considered
to have benefited from nicergoline therapyl3l,
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3. Vincamine - Vincamine (10) is a plant alkaloid, which has been shown
to increase cerebral blood flow in both man®l
and animalsl32, Recent animal studies suggest
that vincamine stimulates neuronal metabolism,
thereby increasing glucose utilization and COp
production. The resulting rise in pCO2 of the
perivascular neurones is thus believed to be
10 the definitive vasodilating stimulusl33, There
— are very few recent, well documented clinical
studies with vincamine. In one double blind study conducted on geriatric
patients sufferingadvanced cerebral arteriosclerosis, vincamine apparently
improved the EEG patternas well as the associated neurological symptomsl3®,
In a second study it was claimed that a redistribution of cerebral blood
flow to pathologically affected areas accompanied such improvements in cli-
nical statusl35,

Recently the chemical, pharmacoclogical
and clinical aspects of a new vincamine ana-
logue havebeen reported(Ca.vinton@ RGH-LkLOS,
£)136. It isa simple ester of apovincaminate,
This agent appears to possess useful clinical
action for the treatment of various cerebrova-
scular disorders.

11
{c) Miscellaneous Compounds

Butalamine (12)is a compound which induces vasodilatation by relax-
ing vascular smooth muscle and which seems promisingelinicallyl37, Dextran,
a polysaccharide whichimproves the flow qualities of the blood by a volume
expansion effect, and should not perhaps be considered a true cerebral vaso-
dilator, is nevertheless still one of the most efficacious compounds for
the treatment of acute cerebral ischaemial38, Fenoxedil (13) seems to in-
duce cerebral vesodilatation by both vasculotropic and cerebrometabolic ac-
tions139,140, Isoxsuprine (14)is an adrenaline derivative with pure p-adre-
nergic stimulating action. It causes cerebral vasodilatation by this mecha
nism and improves various symptoms related to decreased cerebral perfu-
sionl4l Moxisylate (15)is a specific a-adrenergic antagonist with benefi-
eial elinical actionl®2, Nafronyl oxalate (16) possesses cerebral meBabolic
stimulant activity and therebybrings about cerebral vasodilatationli3, Nico-
tinyl aleohol (17) is a primary cerebrometabolic stimulant whihh improves
clinical symptoms associatedwith decreased cerebralblood flowl L, Pentoxi-
fylline (18),1like theophylline (19)possesses phosphodiesterase inhibiting
action, Both compounds relax vascular smooth muscle by this mechanism ang
tﬁus cause vasodilatation, They may also have effectson neuronalmetabolisml®5=
147, Piracetam (20) is a primary cerebrometﬁ‘golic stimulant with claimed
efficacy inthe treatment of senile demential*S, Proxazole (21)is papaverine-
like in action. It causes increases in cerebral blood flowld9 and improves
the symptoms of cerebrovascular insufficiencyl®0, Raubasine (22)is an o-adre-
nergic blocking agent and possibly possesses neurometabolié stimulating
properties. Inpatients with reduced cerebral blood flowdue toarteriosclero-
sis, raubasine increases blood flow and improves their clinical statusl51,152,
Viquidil (23), increases cerebral blood flow by inducing vasodilation in
a similar Way to papaverinel53 Hexobendine Slgﬁ is a cerebrometabolic sti-
mulant that increases cerebral blood flowl5H,
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Chapter 7. Antihypertensive Agents

Craig W. Thornber and Andrew Shaw, ICI Ltd.,
Pharmaceuticals Division, Macclesfield, Cheshire, U.K.

Introduction - Reviews have been published on the physiology of cardio-
vascular regulationl and the biochemical etiology of hypertension.2 It
has been proposed that hypertension results from a repeated sequence of
small rises in blood pressure, due to sympathetic hyperactivity, which
produce changes in the kidney.3 The roles of cadmium, lead® and
catecholamines® in the development of hypertension and the cardiovascular
and renal actions of prostaglandins® have been reviewed. The drugs used
in the clinical management of hypertension have been surveyed.’

Central Mechanisms - A useful review of the physiology of central cardio-
vascular regulation has appearedl:L and two reviews®:9 deal concisely with
the central noradrenergic control of blood pressure. Less well-understood
aspects of the pharmacology of central control, including the central
effects of angiotensin, are dealt with in a congress report.lo

Clonidine (1)(Boehringer-Ingelheim) has continued to attract
attention. A stud§11 of 22 congeners of clonidine has correlated the
peripheral a-stimulant properties with physicochemical parameters; however,
the central hypotensive action using i.v. or intracerebroventricular
(i.c.v.) dosing, could not be so correlated. Indeed, the nature of the
central receptors and their relationship to peripheral a-receptors remains
unclear. It has been suggested12 that clonidine may activate central H,
receptors, since i.c.v. metiamide, a specific Hy-blocker, was able to )
reverse and antagonize the hypotensive but not the bradycardiac effect of
i.v. clonidine in anaesthetized rats. Clonidine was also shownl3 to
stimulate at relatively high concentration an Hp-receptor-coupled adenyl-
ate cyclase in the hippocampus of guinea pigs. However, there is no
evidence to suggest a histaminergic action of clonidine in conscious
hypertensive cats.1% (Histamine itself given centrally is pressor in
conscious cats via an Hy mechanisml®). The striking finding that clonidine
acts purely as an antagonist to noradrengline stimulated increases in cAMP
in rat brain slices has been amplified.1 A comprehensive study in ratsl?
of the functional and biochemical actions of clonidine and the effects of
different antagonists has given further support to the developing concept
that pre-synaptic a-stimulation is involved in some responses. The central
sympatho-inhibitory effect, however, is probably a post-synaptic action.l
A novel technique involving the measurement of electrodermal responses to
demonstrate clonidine-induced central sympathetic inhibition has been
described.19 The water diuresis produced in conscious dogs by clonidine
appears to be consequent upon an increase in renal PGE synthesis, which
has an anti-ADH (antidiuretic hormone) effect.20 The ability of very low
doses of clonidine to reduce vascular reactivity has again been demon-
strated.@l A well-described clinical investigation of the effects of
300 pg p.o. clonidine in normotensive volunteers has given useful data on
the sedation and hyposalivation side effects against which similar agents
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might be compared.22 The first clinical investigation of the hypertensive
rebound phenomenon on abrupt cessation of clonidine therapy failed to find
evidence of the effect in a small number of mild-to-moderate hypertensives
after short term treatment.23

Clinical data on BS-100-141 (2)(Sandoz) are now readily avail-
able.24:25 The compound is as effective an antihypertensive in man as
clonidine but ten times less potent. Sedation and dry mouth appeared with
the same frequency as with clonidine. The central a-stimulant action of
guanabenz (3) in cats appears distinct from that of clonidine in that
baroreceptor mechanisms are not involved in the hypotensive response. 26 1p
the clinic, guanabenz (24-48mg) produced modest blood pressure reduction
with sedation as the major side-effect.’

SNH
CH,CONH- c CH=N-NH-C_
NH

1 2 2

Central hypotensive mechanisms not involving a-stimulation remain
ill-defined. Janssen R28935 (4) was last year's major development in this
area and the suggestion has been made recently that central a-blockade is
responsible for the hypotensive response to intracisternal injection in
rabbits of R28935, BE2254 (5) and phentolamine.28

@@”\@‘ @@J“@

The mechanism of the clinical hypotensive action of B-blockers
remains contentious, but several paper829 have demonstrated further the
ability of centrally-administered blockers to lower blood pressure in
experimental animals. It is not certain that this effect results from
B-blockade, however.

Further evidence that central S5-hydroxytryptamine (5-HT) neurones
are involved in cardiovascular control systems is found in the observation
that a central administration of the selective neurotoxin 5,6-dihydroxy-
tryptamine causes a significant delay in the development of hypertension in
young spontaneously hypertensive rats (SHRs). 30 A further demonstration of
the centrally-mediated hypotensive effect of methysergide has appeared;>l
this may not be a result of 5-HT antagonism.

Tetrahydrocannabinol is considered a lead for novel centrally-acting
hypotensives., Cardiovascular activity was found frequently in a wide-
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ranging series of variations of the cannabinoid structure.?2 As an example,
6 produced long-lasting hypotension with bradycardia upon oral administra-
tion to SHRs and neurogenically hypertensive dogs.

CHipC=CH

CH3

|
\/N\H

H—?H-(CH2)4CH3
CH4CHy

< ya

Levels of phenylethanolamine-N-methyltransferase (PNMT) have been
found to be significantly raised in discrete brain stem regions in both
SHR and DOCA-salt hypertensive rats.’? Administration of SKF 7698 (7), a
PNMT inhibitor, normalized pressure in DOCA rats. The possibility that the
effect was due to the adrenolytic action of (z) was not excluded. The best
of a new series of PNMT inhibitors with much reduced a-blocking properties

is SKF 64139 (8).3h

In two hypertensive rat models, whole brain tyrosine hydroxylase
levels correlated well with systolic blood pressure.>> The hypertensive
response to the phosphodiesterase inhibitor RA-642 (2) administered in the
vertebral artery to cats .originates in the medulla oblongata36 and is a
result of activation of the sympathetic outflow. Conversely, a preliminary
report3/ suggests that central administration of a phosphodiesterase
activator such as imidazole lowers blood pressure.

N(Et),

N : ~NoH
N CHz0 /l£;> (:)
1
Hd/\\/ N (Et),

8 2

The Renin-Angiotensin System -~ The regulation of renin release,38’39 its
biochemistry,40 clinical significance39,41 and the role of the renin-
angiotensin system in extra-~renal tissue"2 have been reviewed. The effects
of antihyﬁertensive agents on the renin-angiotensin system have been
surveyed,43 Evidence has been obtained for a renal o-adrenergic receptor
inhibiting renin release in rats4 and man.45 Dopamine and apomorphine
induce renin secretion; the effect of apomorphine is blocked by pimozide.6
In man,47 rats and rabbits48 plasma renin activity is suppressed by
indomethacin concomitantly with a reduction in prostaglandin synthesis. In
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rats and rabbits arachidonic acid stimulates plasma renin activity.48
Lysophosphatidylethanolamine derivatives inhibit renin release in rats.49
Low renin essential hypertension has been found to be associated with a
suppression of sympathetic nervous activity.50

Angiotensin converting enzyme has been reviewed.?l It is a single
peptide chain associated with polysaccharide and contains a zinc atom. On
the basis of a suggestion that the active site of this enzyme may resemble
that of carboxypeptidase A, novel orally active angiotensin converting
enzyme inhibitors have been designed such as 3-mercapto-2-D-methyl-
propancyl-L-proline (Squibb 14,225).92 This compound has a marked and
sustained antihypertensive effect on renal hypertensive rats at doses of 3
to 10mg/kg. A new enzyme, tonin, has been described which can produce
angiotensin II (AII) from AI. Its activity appears to be under the
influence of B-adrenergic receptors.53 The structure activity relations of
peptide antagonists of the renin-angiotensin system such as substrate
analogues, converting enzyme inhibitors and angiotensin II antiagonists
have been reviewed,54 and the clinical significance of angiotensin blockade
has been surveyed.>5>

Beta-Adrenergic Blocking Agents (B-Blockers) - Studies on the identi-
fication and characterisation of B-adrenergic receptors have been
reviewed.56 B-Receptors have been identiféed in the rat braind7 and
localised using a fluorescent B—blocker.5 The clinical pharmacology of
B-blockers has been summarised.?9 The use of propranolol (ICI) (10) in
hypertension has been reviewed.60 It is now available in the U.S.A. for
this indication.bla Atenolol (ICI 66082, 'Tenormin') (11) has been
launched®lb in the U.K. for the treatment of hypertenéggh.62 It is a
cardioselective P~blocker without intrinsic sympathomimetic activity. Its
duration of activity allows once a day dosing.6§ Bunitrolol (Ko 1366
'Stresson')(12) a cardigselective B-blocker has been marketed in Austria
by Boehringer-Ingelheim. The medicinal chemistry of the compounds
related to acebutolol (13)(May and Baker) has been describedb5 and the
first clinical report of talinolol (14)(Veb Arzneimittelwerke Dresden) a
cardioselective agent has appeared.

ArOCH,CHOHCH,NHR

Ar R
10 Propranclol 1-naphthyl iPr
11 Atenolol L-HoNCOCH5~phenyl iPr
12 Bunitrolol 2-cyanophenyl tBu
13 Acebutolol 4-butyramido-2-acetyl-phenyl iPr
14 Talinolol L-[3-cyclohexylureido-]-phenyl tBu
15 2-[3-cyanopyridyl] iPr

Although a large number of B-blockers have been investigated in the
clinic, their mode of action in hypertension is still unknown.50 It is
unclear whether all agents act by the same or the same combination of
effects and whether all the observed effects are due to B-adrenergic
receptor antagonism. The role of renin continues 7 to be argued without new
conclusions.68 The central depressor effects have been reviewed.b9 It has



64 Sect. II - Pharmacodynamic Agents Francis, Ed.
been suggested that damping sensory input to the CNS from the heart may
diminish sympathetic nerve efferent activity.”0 p-Blockers may act by
controlling the surges in blood pressure resulting from stress,7l The
effects of p-blockers on adrenergic transmission have been discussed.”22
It has been proposed that f-blockers may act by reducing noradrenaline
release by blocking presynaptic B-receptors mediating positive feedback./2b
Presynaptic effects have also been described for prostaglandins, dopamine,
histamine, nicotine and angiotensin.73

In addition to their common use in combination with vasodilators and
diuretics,’* p-blockers have been used with a-adrenergic blockers?5
although it might be argued76 that this combination would give a similar
effect to adrenergic neurone blockers. Labetalol (Allen and Hanbury 5158)
(16) is a non-selective B-blocker with weak a-adrenergic blocking
properties.77 It is h4-8 times more potent at the B than at the a-receptor.
In man it causes a rapid fall in blood pressure with reduced peripheral
resistance but little change in cardiac output. The relative effects of
the a- and P-blockade appear to vary with the dose used.’® Postural
hypotension is noted particularly at higher doses but is said to be reduced

I
H CHOH-CH,-NH-CH=- (CH,) 2@ \ 0
NN

HoNOC tBuNH-CHZCHOH-CHZ H
16 17

with chronic treatment. It could be a useful agent in hypertensive
emergencies and in patients with moderate hypertension who do not respond
to B-blockers and diuretics. Compounds with B-blocking activity and vaso-
dilating properties such as lé?ga and 1778b have been patented.

Antihypertensive Vasodilators - Prazosin®? (Pfizer) has been introduced®lc
into the U.S. Unlike other vasodilators it causes a decrease in plasma
renin levels.”9 The use of hydralazine has been reviewed, O and the
structure-activity relations of hydrazinopyridazines and phthalazines have
been studied using molecular orbital calculationsB8l and Hansch analysis. 2
Animal pharmacology has been summarised and the first clinical data
reportedd3 for Lepetit 6150 (18). In 20 patients it was found to be & times

(HO(CH,) 51N -—(@——NHNH2 NC

N—N
18 19

more potent than hydralazine in lowering diastolic blood pressure but only
2-4 times more potent in raising heart rate. CL90,3%94 (Lederle)(19) has a
long duration of action in rats, lowering blood pressure with tazﬁycardia
at 10 mg/kg p.o. The vasodilation and tachycardia are partially blocked by
propranolol. b No a-adrenergic, neurone or ganglion blockade was observed
and the compound did not inhibit MAO, tyrosine hydroxylase or dopade-
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carboxylase. Bupicomide (5-butylpicolinamide)(Schering 10,595) reduced
systolic and diastolic blood pressure in 6 out of 10 patients., Peripheral
resistance fell and there was an increase in heart rate.®5 There is
evidence in rats that fusaric acid (5-butylpicolinic acid) the main
metabolite of bugicomide, causes tachycardia by indirect release of
catecholamines.8

Nifedipine ('Adalat', Bayer 1040)(20), used for the treatment of
angina,®? is a powerful peripheral vasodilator and has hypotensive
properties in man. A dose of 30mg sublingually lowered blood pressure
substantially in 14 essential hypertensives for more than 4 hrs. with a
rise in heart rate and plasma renin activity. Nifedipine interferes with
the transmemgrage calcium flux causing a reduction in vascular smooth
muscle tone.®7199 The conformational requirement for dopamine induced renal

Me HO,

s OGN
— HO NH,
2Me e 21

vasodilation has been identifiedgo as the fully extended form related to
21. The mode of action of organic nitrates as vasodilators has been
reviewed.9l Some amides of adenosine-5'-carboxylic acid lower blood
pressure in SHRs., They may act directly on an adenosine receptor.92 Some
vasodilators may act as adenosine deaminase inhibitors,93

Me02C

NOp
20 C

Miscellaneous Agents - A number of bisbenzyltetrahydroisoquinolines from
Thalictrum species have been found to lower blood pressure in dogs.9
H

22 NHCO 23

Amides of the pyrrolizidine retronamine, such as 22, have been found to be
hypotensive95 and the decahydroisoguinolines 23 lTower blood pressure in
SHRs. 9% A new antihypertensive dopamine-B-
hydroxylase inhibitor, BRL-8242 (24) has
been described.97 In metacorticoid and
normotensive rats, the hypotensive response H
to oral administration was dose-related in N \\N
the range 3-100 mg/kg and was shown to iS
correlate with the reduction of endogenous N~——J<>~N
noradrenaline in the tissues examined. Heart N l
rate was not changed significantly. BRL- |
8242 was shown to have Cu*t-complexing H
properties, in vitro.

24
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CHE—(B—naphthyl) Another Beecham compound, BRL 13776 (22)
| has shown antihypertensive properties due to
N noradrenaline depletion in DOCA rats and renal
\1 hypertensive cats.98 Only the medulla/pons region
y of brain showed significant drops in noradren-
H aline, in contrast to reserpine. There were no

behavioural effects and the compound is being
taken to clinical trial. A novel hypotensive

CHz peptide, hypotensin, has been isolated from the
o) CSHll venom of the Western diamondback rattlesnake.99
CH5 25 It contains approximately 20 amino-acid residues

and appears unrelated to the kinins. The
hypotensive effect is said to be dose-related after oral administration in
normal rats and SHRs and is not consequent upon histamine release. Brief
details of a clinical trial of a PGE, analogue (26) are available,100
Eleven of seventeen hypertensives responded with lower blood pressure to
oral doses (10-20 pg) of 26. A recent studylOl of the marked anti-
hypertensive properties of the diuretic Indapamide (27)(SE 1520, Servier)
in rats and cats shows it to reduce vascnlar reactivity on chronic dosing.

Hy

C1 CONH —N
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Chapter 8. Pulmonary and Anti-Allergy Drugs

Arnold L. Oronsky* and Jan W.F. Wasley, Pharmaceuticals Div., CIBA-GEIGY Corp., Summit, NJ
*Present Address: Lederle Laboratories, Pearl River, NY

General — Work in the area of immediate hypersensitivity has continued to define the mechanism of mediator
release stimulation by the interaction of antigen with specific cell bound immunaglobulin. Characterization of
specific mediators such as slow reacting substance of anaphylaxis {SRS-A), eosinophil chemotactic factor of
anaphylaxis (ECF-A) and histamine have appeared."

The interaction of cell bound immunoglobulins IgE with antigen and haptens ultimately leads to the release of
mediators of immediate hypersensitivity from these stimulated cells. IgE appears to interact with a specific
plasma membrane receptor on the target cell, Characterization of the cellular receptor for IgE was determined
using rat peritoneal mast cells and rat basophilic leukemia cells and indicates it has a molecular weight of
60,000.‘I The suggestion was made that this molecule is a single polypeptide chain, Experiments defining the
nature of the cell surface IgE receptor will significantly contribute to the understanding of antigen antibody
complex induced release of mediators of allergy and biochemical modifications of this process can now be
envisioned. Pharmacologic studies have indicated that cyclic adenosine 3’ ,5"-monophosphate {cAMP} modulates
mast cell and basophil secretion.2 Agents that increase cAMP levels usually inhibit mediator release, whereas
agents that decrease cAMP enhance release. However, that concept may undergo some modification since rat
mast cells challenged with anti IgE antibody or Conconavalin A indicated that histamine release from these cells
was preceded by increases in cAMP levels.2 Therefore, cAMP modulation of mediator release appears to be more
complex than initially discerned. Eosinophil chemotactic factor of anaphylaxis (ECF-A) is a mediator of
immediate hypersensitivity reactions and has been characterized. ECF-A activity resides in two acidic
tetrapeptides, Val-Gly-Ser-Glu and Ala-Gly-Ser-Glu and synthetic tetrapeptides with these sequences were
preferentially chemotactic for eosinophils.3 Histamine also modulates human eosinophil migration by
interacting with Hy and Ho receptors. At higher histamine concentration (> 10‘5M) Hy receptor interactions
predominate producing inhibition of easinophil movement. At 166M or less, Hq receptor activation by
histamine resulted in enhanced eosinaphil migration.4

Another mediator of the allergic reaction, SRS-A, thought to be present only in basophils, has now been shown
to be present in human leukocytes as weIl,5 from which it was released by stimulation with calcium ionophore
A23187. Until now, allergic mediators in primate systems have been derived from tissue mast cells or basophils.
Since these mediators also reside in other cell types and may be released by non-immunologic mechanisms, this
suggests that these agents may play a more general role in inflammatory processes.

Clinical — In a recent study total secretory immunoglobin A {IgA} and specific anti-antigen E were measured in
nasal washings from ragweed allergic and normal individuals.® None of the data support the hypothesis that
allergic individuals are deficient in secretory antibody responses but the data do support the concept that hay
fever sufferers belong to a high responder population which genetically responds to low doses of inhalant
antigens.6 Other studies have shown that IgE antibodies {usually thought to induce only immediate skin
reactions) in combination with appropriate antigen on the surfaces of mast cells or infiltrating basophils cause
both immediate and late cutaneous responses.7 These skin responses may be analogous to late onset asthmatic
responses induced by inhalation of ragweed and house dust, etc. This technique might serve as a valuable tool in
analyzing the anti-asthmatic effects of new pharmacologic agents.

Techniques for the diagnosis of anaphyiactic sensitivity to hymenoptera (bees, wasps, ants, etc.} stings have
been difficult to establish. Studies with commercially available whole body extracts of hymenoptera for skin
testing were unable to discriminate between hypersensitive and control subjects. Use of hymenoptera venom
skin tests clearly distinguishes between allergic and normal subjects8 and this venom was made available to the
National Institute of Allergy and Infectious Diseases for further uses as a diagnostic material in 1976.8
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Beta-Adrenoreceptor Stimulants — The development of f-stimulant bronchodilators, their pharmacology,
evaluation, metabolism and structure activity relationships has been reviewed.? The goal is still an orally
effective compound which is a specific 8-2 adrenoreceptor stimulant with a long duration of action. Terbutaline
(1) was marketed in the U.S. in 1974 and has been studied extensively. It is effective by inhalation (0.50 mg)"0
and orally (5 mg)11 in the prevention of exercise-induced bronchospasm and its bronchodilating effect is
evident for 6 hrs, Orally, peak effect is 2-3 hrs; by mhalatlon 5-30 min, 12 1 (0.26 mg/s.c.) is effective in the
management of acute bronchospasm in stable asthmatics. 3 Several long term studies of 1, both oral {5 mg
t.i.d.) for 32 months'4 and by inhalation (375 ug t.i.d. for 6 weeks)15 showed good efficacy with no drug
tolerance16 and only minimal side effects such as occasional tremor.14 Metabolism studies on SH-terbutaline
indicate sulfate and glucuronide conjugation whether administered by i.p. or by inhalation.17 Studies on 1 and
its prodrug, tbuterol (2), show that after 2 the serum concentration of 1 rose more rapidly {30 min.) and to
higher levels {4.1 pg/ml} than after 1 itself.18 Structure activity studies indicate §-2 selectivity is greatest when
the amine moiety is t-butylamine (terbutaline) or p-hydroxy N-t-butylaniline (ME-106) (3), as determined by
cat soleus muscle, bronchi and heart rate experiments.19
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Salbutamol {4) has been extensively studied by oral (4 mg), inhalation (200 ug),20 intravenous,21 and
intramuscular22 administration and found to be effective in the inhibition of exercise induced bronchos;:’asm.20
No drug tolerance was observed in chronically pre-treated guinea pigs.23
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In patients with chronic airways obstruction salmefamol (5) gave greater response than 4, particularly 6 to 8 hr.
post dose. 24,25 Orally (2 mg) 5 caused a fall in diastolic blood pressure, whereas 1 mg g dose did not, and both
were found equally effective on ventilatory capacnty.26 By inhalation fenoterol {6} was equipotent with 4 in the
treatment of asthmatic children but caused some increases in pulse rate.2’ Orally, 6 caused significant
bronchodilatation with rapid onset (30 min.) and long duration (6 hrs,) but showed mild tremors and increased
pulse rates at higher doses (15, 20 mg). 28 carbuterol (7) (SKF 40383) in a double-blind study produced safe
and effective bronchodilatation both orally {4 mg) and by inhalation29 (300 ug), but was less potent than 4. 30
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A series of compounds of general structure (8) variously substituted in the benzyl group were claimed to be 10

x 4 in potency as bronchodilators with higher bronchoselectivity (cat soleus muscle prep).31 BD 40A, (9) is
more potent than 4 by various routes but is less 62-selective.32

A series of mono and diesters of N-t-butylarterenol (1_0) showed that the monoesters have a moderate degree of
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activity with rapid onset and a duration of action of 2 hrs. The diesters show marked bronchodilatation by i.v.,
i.d. and inhalation administration with a 5-10 min, onset of action and lasting 4 hrs. The diester of choice is
4-Me-CGH4-CO-(BitoIterol).33 Hydrolysis rates of the esters correlate well with the bronchodilatator activity
seen in intact, anaesthetized dogs.33 Bitolterol is less cardiostimulating than 4 in dogs at doses which cause
some bronchodilatation.34

Structure activity relationships for a series of sympathomimetic amines having a carbostyril moiety (11) have
been reported.35 The most potent (11, Rg=H, Ry=t-butyl) is 22,400 x isoproterenol in relaxation of guinea pig
trachea, and is also moare §-2 selective than 4, Order of activity: Rg: H>Me>Et, Ry: t-butyl>i-Pr>CMe,CH, 0>
Bz>H.3356 Another analog (11, R3=Et, R4=CHMe,) {OPC 2009) is claimed to be more active and more selective
than 4.

Detailed pharmacology, toxicology, pharmacokinetics and metabolite patterns of clenbuterol (12}, (NAB-35) in
rat, rabbit, dog and man have been reported.:"7 A double-blind study has shown 12 orally effective (10 ug t.i.d.)
in the treatment of moderately severe asthma.38
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Detailed accounts have been published of the synthesis, structure activity relationships and pharmacology of a
series of bronchospasmolytic f-phenylethylaminoalkylxanthines, of which (13} (reproterol, D 1959} was
selected for clinical trial. 13 is a §-2 agonist with minimal CNS or CV side effects and is clinically effective
againstsgronchial asthma and chronic bronchitis {orally or by inhalation) with no tachyphylaxis after 4
weeks.

Antichofinergics — Although the precise role of anticholinergics in the treatment of asthma is not yet known,
they have been advocated as an alternative to f-agonist therapy in patients with cardiac arrhythmias or
angina.""0 Ipratropium bromide (14) (Sch. 1000, Atrovent®) by inhalation showed bronchodilator activity
comparable with isoproterenol, but had a longer duration of action (4 hr.) with no significant side effects. 4!



Chap. 8 Pulmonary and Anti-Allergy Drugs Oronsky, Wasley 73

® M
Me CHME2 e @
NN/ Me
8r © \ N~
0 Br@
0 0
o 0
OH
OH
14. Sch 1000 15. Pamine®
Atrovent®

Side effects of 14 appear minimal, i.e.,, dry mouth observed at maximum doses in some patients.42 14 appears
to have bronchospasmolytic action and no secretory inhibition properties at therapeutic doses, and is without
effect on sputum viscosity or volume.42 Detailed studies on the synthesis, general pharmacology and toxicology
in rats, dogs, mice and monkeys by various routes of administration of 14 have been published. 42
Pharmacokinetic and metabolism studies of 14 show at 1/2 i.v. of 1.9 hr. (rat), 3.4 hr. {dog) and 4 metabolites
have been isolated and characterized, 42 |nhalation of atropme {0.1 mg) blocked exercise induced bronchospasm
and caused significant bronchodilatation for up to 5 hr.43 Studies conducted in 1949 on methscopolamine
(Pamine®) (15) in which prolonged efficacy against the bronchospastic effects of methacholine in asthmatic
patients was noted were restated. No cardiovascular side effects but drying of the oropharynx were observed.%4

Prostaglandins — The pharmacologic actions of prostaglandins and their role in allergy has been reviewed, 45
Inhalation of PGF9, in normal subjects produces 2 qualitatively different airway responses, which may reflect
the balance between sympathetic and parasympathetic nervous control of the airways. Diminished §-receptor
activity in asthmatic patients may account for heightened bronchoconstrictor response to PGF20‘.46 Plasma
levels of 16-keto-13,14-dihydro Fo, (a relatively stable metabolite of PGFo,) were measured under various
conditions in exercise induced asthmatics, but did not show any significant change, leading to the conclusion
that PGF4, does not play a significant role in the aetiology of exercise induced asthma.47 The contractile
effects of some cycloendoperoxides {CEP’s}, intermediates in the biosynthesis of PG's, are 3 to 4 orders of

- magnitude greater than PGE, and PGF 24 and may represent

0 the active form of PG’s in the lung. 48,49 The synthesis of +
éw.\(CHz’scozH 16-methyl-11-deoxy PGE; (doxaprost, AY-24,559) (16) and
H its C1g epimer have been reported. 50 16 together with *
)—_—( /(CH2)4Me 11-deoxy .P.GE], inhibited histamine-induced
H \ bronchoconstriction in guinea pigs. 16 was 73 and 32 times
/ Me more potent than 11-deoxy PGE4 by the aerosol and i.v.
HO routes, respectively. 16 also demonstrated a longer duration
of effect.51

16. doxaprost, AY-24,559

Corticosteroids — Beclomethasone dipropionate (17) aerosol has been tested extensively clinically. It is used
prophylactically (400 ug per day), not therapeutically, in the treatment of chronic asthma, particularly in
children.52 An evaluation of the drug has been published. 53 One of the most important clinical advantages is
that 17 effectively can replace oral corticosteroids in steroid-dependent patients and avoid many of the adverse
effects of adrenal suppression. 52,54 Most patients with impaired adrenal function due to oral corticosteroids
show recovery of adrenal function within 6 months, 55 The combination of 17 and disodium cromoglycate
(DSCG) showed no additive therapeutic effects. 56 Ejunisolide (18), when administered as a nasal spray for 4
weeks during the hay fever season in 51 patients, showed significant symptomatic improvement with no
systemic steroid effects observed.57
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Phosphodiesterase Inhibitors — LM 209 (19) has been shown to be a noncompetitive inhibitor of lung
phosphodiesterase (PDE) (2.5 x 10*M) in contrast to theophylline, which is a competitive inhibitor. 19 is
antihistaminic, orally effective and inhibits bronchospasm provoked by histamine, serotonin or citric acid. It is
distinguished from other antihistamines by its lack of sedation and long duration of action.58 Absorption,
distribution and elimination studies in rat and dog after i.v. or oral administration have been reported.59
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A pyrazolo[3,4-b] pyridine (20) {SQ 20,009), a potent inhibitor of cAMP PDE, inhibited antigen induced
histamine release from passively sensitized guinea pig lung slices. 20 also inhibited the phosphatidylserine plus
dextran induced release of histamine from rat peritoneal mast cells. DSCG and doxantrazole (30) also act as
inhibitors in this system, but demonstrate cross-reactive tachyphylaxis. 20 shows no tachyphnyis.60 Serum
concentration determinations are important in guiding safe usage of theophylline since a relationship between
daily dosage and serum levels of the drug is not predictable.61 Toxic symptoms occur commonly over levels of
25 ug/ml, but are not noted below 15 ug/ml,

Inhibitors of Mediator Release — A review of several trials of disodium cromoglycate {DSCG) (Intal®)
concluded that clinical benefit is obtained in 33-50% of patients.63 Long term studies show that the early
response to DSCG is maintained but not heightened over long periods of time {up to 6 yrs.).64 The most
valuable results of DSCG therapy are {a} a reduction in symptoms of asthma (sneezing and coughing), (b) no
side effects, (c) reduced need for oral bronchodilators, aerosolized adrenergics and corticosteroids, and (d)
greater exercise tolerance.69 In a perennial allergic rhinitis trial it was found that patients which responded best
were female and those who had high IgE levels and a markedly positive skin test to food and epidermoids rather
than pollen allergy.e’6 DSCG (orally) has been found effective in gastritis varioliformis®7 and ulcerative
colitis.68 After 10 months on DSCG, one patient developed pulmonary infiltrates with eosinophilia. The
symptoms disappeared 2 weeks after the drug was withdrawn.69

Structure activity relationships for a series of chromone-2-carboxylic acids, of which FPL 52791 (_2_1_) showed
efficacy in passive cutaneous anaphylaxis {(PCA) {rat) both by intravenous and oral administration, have been
published. Substitution in ring A shows that 6,8-di-t-butyl (12 x DSCG)>6,8-di-Et>6,8-di-Me>>
monosubstitution.”0 Clinical studies of 21 are in progress. Similarly, in a series of chromones with a
tetrazolyl moiety at the 2 or 3 position, (22) was the most potent in the PCA (rat), both orally and i.v.
{(~11.6 x DSCG). The following structure activity relationships were noted: (a) the 3-tetrazolyl
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compound was twice the potency of the 2-tetrazolyl isomer, (b) introduction of a methyl group in position 2 of
the chromone ring reduced activity, (c} substitution in the pheny! ring showed the following order of potency:
6,8-di-Me>6-CI~6-Et>6-NOy~6-OH. The naphthyl analogues, e.g., (23), were also active.”1

0] 0 N-N
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Metabolism studies of 24a (W8011) in rats identified 3 metabolites (24b, ¢, and
2-hydroxy-3-methoxyacetophenone). Although 24a and b are active in vivo (rat PCA), 24b was the only
compound active in an in vitro system for inhibition of anaphylactic histamine release.
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The disodium-6-phosphate derivative of baicalein (25) inhibited PCA (rat) and experimental asthma caused by
passive systemic anaphylaxis in guinea pigs.73 A series of benzodipyrandicarboxylic acids (26) has been
described and their structure activity relationships in PCA reported. Linear analogs 26 were more active than the
corresponding angular analogs {27), although substitution effects differ from the linear to the angular series,
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In 26 introduction of alky! groups led to enhancement of activity, e.g., Ry, Ro=H: i.v. PCA 6 x DSCG; R{=Me,
R2=Et: ~36 x DSCG, whereas introduction of alkoxy caused a reduction in activity. Conversely, in the angular
series 27, introduction of alkyl substituents produced no significant change, but an alkoxy group ortho to a
pyrone carbonyl group resulted in a marked increase in activity. Electron withdrawing substituents in either
series resulted in loss of activity.74

Structure activity relationships for a series of compounds of which PR-D-92-EA (28) was the most potent (6 x
DSCG) i.v. (rat PCA) have been published.75 Simple substitution did not yield compounds with activity
significantly enhanced over 28, with the exception of the 3-QCH,CH50H 4-Me compound {(~30 x DSCG).”5
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Clinical studies on tixanox’6 (29) (OTMX) by inhalation showed good protection which lasted up to 4 hr. in
5/6 patients with allergic asthma; 2 patients had a delayed (Type 111} reaction 4-6 hrs, after antigen challenge
which was unaffected by 29, No evidence of bronchedilator activity was observed,”7 Doxantrazole (30) is 10 x
DSCG and 10 x theophylline as a PDE inhibitor, and the anti-allergic activity of 30 may be due in part to this
ability to elevate intracellular levels of cAMP. Replacement of the tetrazole moiety by carboxyl results in a
significant loss of activity (0.2 x @).78 The pharmacology of compound A, (_3_1), indicates a qualitative and
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quantitative advantage over DSCG in that (a) it shows bronchodilator activity, (b} inhibits mediator release {50
x DSCG}, and (c) is oraily effective. 79 On intrabronchiai administration 31 inhibited the immediate type
hypersensitivity to Ascaris antigen in rhesus monkeys (1000 x DSCG). 31 is presently in clinical trial. 80
Bufroline (32) (IC1-74917) is 5 x DSCG as a PDE inhibitor and 100 x DSCG in the PCA mode}.81 Clinically, 32
by inhalation showed almost complete

C02H . . L
protection against nasal stenosis induced by

HN [ grass pollen extract in 10 patients.82 Studies

\ on 32 and DSCG indicate that tachyphylaxis

Na0,C t: NH is related to the continued occupation of a
0’/ CO2Na receptor by drug molecules on the mast cell

surface, preventing the access of further drug

to these sites.83 32, DSCG and doxantrazole

32. 1C174,917 COyH may act by interfering with calcium transport
(bufroline) across the mast cell membrane.84 The

synthesis of 14¢  jabeled 32 has been

described.B5 Of a series of compounds related to 32, 33 had comparable activity in the rat PCA. 86 |
BM 15,100 (34) chemical and pharmacological combination of an antihistamine of the cyclizine type and
anti-allergic agents of the DSCG type has been achieved.87 34 shows activity in rat PCA, both orally and by
intravenous administration; it antagonizes bronchospasm in guinea pigs and prevents anaphylaxis in monkeys
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induced by ascaris antigen. 87 An anthranilic acid derivative N51 (35) is orally effective in rat PCA and it is
claimed to show good results clinically in the prophylactic treatment of asthmatic attacks.88 Detailed
pharmacological comparison of 35 with standard anti-inflammatory agents has been pubhshed.g9
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Structure activity relationships on (36) indicate that several cinnolone-3-propionic acid derivatives are
comparable with DSCG in rat PCA, and 36 is also orally effective. 90 The esters are comparably active with the
carboxylic acids (i.v.) due to rapid hydrolysis in vivo. 36 is not metabolized by f-oxidation to the

el Dot e DO

37. BRL 10833 39

corresponding cinnolone carboxylic acid. 90 |nhalation or oral administration of the nitroindane dione
BRL 10,833 (37) protected approximately 50% of patients against allergen-induced immediate bronchaspasm
and also showed some protection against the delayed bronchial reaction. 91 A number of
2-cyanoindane-1,3-diones (38) and 3-cyano-4-hydroxy coumarins (39) related to 37 have been reported active in
rat PCA (i.v. and p.o.}), The structural requirements for these new series parallel that already reported for 37. 92
Replacement of the hydroxy in 39 by a wide variety of groups resulted in loss of activity.

Structure activity relationships for a series of quinolyl oxamic acids (40} with several analogs showing good
activity in rat PCA (25 x DSCG) have been published.93 The most active compounds have the oxamic acid
residue at the 6 or 7 position of the nucleus and for X: Me>C>MeO. The naphthyl analogue (41) showed
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comparable activity.93 The N-aryl oxamic acid ester WY-16,922 (42} effectively inhibited reaginic mediated
immunologic reactions in skin, lung and mast cell. 1t is more potent than DSCG and is orally active.94 Structure
activity relationships have been reported for a series of bisoxamic acids of which (43) showed high potency (250
x DSCG) in rat PCA i.v. and also oral activity, The order of activity for substituents at the 3 position of 43 is CN

CN
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~NO5>>0Me>CONH>>CO5H. 86 Of a series of 3,6-disubstituted pyrantriones, (44) showed modest activity
{0.05 x DSCG) in rat PCA.95
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Chapter 9. Antithrombotic Agents

Robert D. MacKenzie, Merrell-National Laboratories
Division of Richardson-Merrell Inc., Cincinnati, Ohio

Introduction - Vascular diseases are the primary causes of death in west-
ern civilization. These diseases cause about 1 million deaths a year in
the United States, with about 25 million people afflicted. Total costs of
time lost and care exceeds 7 billion dollars per year. In over 907 of the
vascular-related deaths, thrombosis was part of the death-related event.
Though the chronic, insidious development of atherosclerosis is the main
cause of the vascular diseases, thrombosis is the final death-producing
event, Good reviews have been published on atherosclerosis, in which its
development and interactions with the blood components are discussed.!™®

In order to prevent the acute events in vascular disease death, main-
taining a physiologic balance between blood components, blood vessel wall,
and circulatory function is important. Many approaches that may help con-
trol vascular disease are available. However, the interaction of the
blood components with the diseased blood vessel wall, and the interaction
of the blood components with each other must be considered as an important
area to attack in the treatment of these diseases., 1In the search for
weapons to help regulate the physiologic balance, antithrombotic agents
should play an important role. Therefore development of new and potent
antithrombotic agents would be an important contribution to the control of
vascular disease.

Since the coagulation of blood is a complicated biochemical and bio-
physical process in which different blood components interact with each
other and with the surrounding diseased environment, there can be multiple
approaches to antithrombotic therapy.

The coagulation process has been reviewed.” The main approaches to
its control are: 1. Control of fibrin formation. 2. Control of fibrin-
olysis activity, so that formed clots may be lysed. 3. Control of platelet
function. Previous and more recent reviews on background in vascular dis-
ease, atherosclerosis, and on antithrombotic agents are recommended.l-"s’e
Previous reviews in this series!®-1% are also recommended.

Platelet Aggregation Inhibitors

The role of platelets in vascular disease, both on theoretical and
clinical bases, has been discussed in many reviews.*®~"20 A report on on-
going clinical testing of aspirin and other inhibitors has also been sum-
marized.?! (Clinical results with several of the older inhibitors (aspirin,
sulfinpyrazone, dipyridamole, etc.) have been reported,??

These inhibitors are either not very potent, have side effects at
therapeutic levels, and/or inhibit only one of several aggregation mecha-
nisms. Adenosine diphosphate (ADP), thrombin, epinephrine, collagen, and
serotonin induce platelet aggregation by different mechanisms. Compounds
that specifically inhibit ADP-induced aggregation will not inhibit throm-
bin-induced aggregation. Those compounds that inhibit epinephrine and
collagen-induced aggregation (e.g. nonsteroidal anti-inflammatory agents)
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do not inhibit the primary phase of ADP or thrombin-induced aggregation.
Therefore, combinations of specific agents for each type may be needed to
give better control of in vivo platelet aggregation, or compounds that in-
hibit all systems should be considered. The following discussion has been
organized with this in mind. Each type of compound is discussed in the
mechanistic category that it fits, when this is known.

Aspirin and other Nonsteroidal Anti-inflammatory Compounds - The nonster-
oidal anti-inflammatory compounds inhibit the production of labile aggre-
gation-stimulating substances (LASS).22 Most of them have been shown to
inhibit the enzyme cyclooxygenase (synthetase) that produces the endoperc-
xides PGG, and PGH, from arachidonic acid (AA). These endoperoxides are
intermediates in the synthesis of prostaglandins (PG) E, and Faye2* Re-
cently Hamberg, Svensson, and Samuelsson®P reported another series of re-
actions in which endoperoxide PGG, is a substrate. An enzyme found in
platelets and smooth muscle converted the endoperoxides into 2 new fatty
acid derivatives of which the first in sequence was very short lived
(about 30 sec.) and was a very potent stimulator of platelet aggregation
and smooth muscle contraction. This compound (1) is called Thromboxane A,
(TBXA,). TBXA, breaks down into Thromboxane B, (TBXB,, originally called
PHD)(2), which is much more stable (see Chapter 19). It is now believed
that IASS as originally defined is TBXA,. Since nonsteroidal anti-inflam-
matory compounds inhibit synthetase, they reduce formation of endopero=-
xides and therefore TBXA, and PG synthesis; this reduction affects smooth

| ~ on

muscle contraction and the platelet '"release reaction'

and second phase platelet aggregation. This new impor-
o tant discovery makes it possible to look for compounds
_<::::> that will inhibit TBXA, formation, but will not inhibit

o=f—CH, PG synthesis. Such a compound has been reported, N-0164
o- (3).2% It inhibited the formation of TBXA, from PGG,
Na+ in vitro.

3 Of all the anti-inflammatory agents, aspirin is

unique. It acetylates several proteins in the
platelet. One protein in the particulate fraction, mol. wt. 75,000, is
suggested to be that which is required for PGG, biosynthesis.®? The
effect of aspirin is irreversible. New normal platelets must be formed
and enter the circulation to support the release reaction to the extent to
cause second phase platelet aggregation (4-7 days). Other nonsteroidal
anti~inflammatory agents have an effect only as long as they are present
in the circulation (usually only 2-4 hours) and therefore must be given
many times daily.
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Aspirin has been widely investigated both preclinically and clini-
cally.®8,2® Though there are many clinical studies in progress,?! no
concrete well-controlled results have as yet been completed and reported.
The Aspirin/Stroke Study®°® conducted through a multi-center clinical in-
vestigation under the auspices of NIH has been finished and the data is
being compiled. The results®! indicate there is a statistically signifi-
cant beneficial effect on the incidence of transit ischemic attacks (TIA,
"little strokes"). 1In this study a relationship was sought between aspi~
rin treatment, inhibition of platelet aggregation and prevention of TIA.
A positive result would provide the first hand evidence for a clinically
useful antithrombotic effect of aspirin. Though many physicians have pre-
scribed aspirin for this type of effect, even a recommendation of 1 gram
twice weekly for patients who have spontaneous platelet aggregation,32 we
still do not know which conditions would be best benefited by aspirin and
which by other inhibitory agents,

Other previously reported nonsteroidal anti-inflammatory agents dis-
cussed in recent literature were phenylbutazone, sulfinpyrazone, and indo-
methacin.3® Work on several previously reported propionic acid deriva-
tives®* was extended, and several new compounds have been reported to pro-
duce inhibition of platelet aggregation such as: indoprofen3®(4) and
suprofen®®(5). Feprazone (6),37pyrazolidinedione 7,38 and MyaK-3828(8)
have structures more related to that of phenylbutazone.
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0-(CHy )3 -N(Callg ) Tilorone (9) also has been reported to have
anti-inflammatory activity,3® and inhibits epinephrine
and collagen-induced but not ADP~induced platelet ag-
0 gregation.4® Recently Ford-Hutcheson et al. reported
that tilorone did not inhibit prostaglandin synthesis
in vitro in the guinea pig lung system.*! Thus tilo-
rone may also affect the production or action of

0+ (CHg)y~N(Callg )3 TBXA, .«

hd Prostaglandins and Synthetic Related Compounds - In
past reviews*?,%3 progtaglandins, natural and synthe-
tic, have been discussed. Originally the rationale was to synthesize deri-
vatives of PGE,, then the most potent inhibitor of platelet aggregation
known.%* ©PGE, is active in vivo for only 5-20 minutes after infusion is
stopped, and side effects limit its in vivo usefulness as a platelet aggre-
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gation inhibitor. More recently, it has been reported that PGD, is an
even better inhibitor.4® Others have suggested that substitution in the
diet of 5,8,11,l4-eicosatetraynoic acid (TYA) for AA would produce inhibi-
tion of TBXA, synthesis and stimulate PGE, synthesis.*® The inhibition of
TBXA, and/or the increase in synthesis of PGE, or addition of a prosta-
glandin that inhibits platelet aggregation should help control thrombosis.

Recently it has been reported that a new prostaglandin called PGX or
prostacyclin (10) is synthesized from PGG, or PGH, in the microsomal frac-
tion of blood vessels.%?54® This bicyclic prostaglandln is the most
potent inhibitor of platelet aggregation found to date. J. Vane*® specu-
lates that when platelets bump into healthy endothelial cells, they re-
lease endoperoxides. The healthy endothelial cell releases an enzyme
that converts the endoperoxides into PGX and prevents platelet aggregation.
In areas of damaged endothelium this enzyme is absent, TBXA, is formed,
and platelet aggregation occurs.

COOH
1[::V/ u i o
B cHy— =5 gu—CH —u (Clig ), CH, o-—cu—c—O—- (CHa %~ u- c- s

F’/\\ CH, on
L} ’
’l

n

COO' ’o
' : cu— _ cr, - en-cZ
in & I cu3 1 )
OPO, Hy0-PO, 1,
10
13

14

Miscellaneous Compounds - Suloctidil®®(11), an anti-spastic (vasocactive)
agent was reported to inhibit phospholipid and collagen-induced aggrega-
tion. This compound is similar to dipyridamole but more potent. Halofe~-
nate (12), a hypolipidemic®° and uricosuric®! agent, has been reported to
inhibit platelet aggregation.5? Several antibiotics of the penicillin-
carbenicillin type have previously been reported to affect coagulation and/
or platelet function.53 Ticarcillin (13) was reported to affect platelet
aggregation in human patients given therapeutic levels of the antibiotic.54

2,3-piphosphoglycerate (2,3 DPG, 14}, a naturally occurring material
that increases in people with anemia, was reported to inhibit the second
phase of platelet aggregation.®5 The inhibitory effect was potentiated by
dipyridamole and Vinca minor alkaloids.

Rennert et al.®® reported that naturally occurring polyamines sper=-
midine (15) and spermine (16) inhibited ADP-induced, but not epinephrine~-
induced platelet aggregation. This inhibition was related to increases in
these polyamines in leukemia, psoriasis, etc., and to increases in bleeding
times. Synthetic diamines and polyamines have been reported previously to
affect platelet aggregation.5”

- H H a | Il ”
HgN-(CH;) N~ (CHy ) -NH,  HgN=(CHy ) g -N- (CHg)4 -N- (CHa g =NHg Qc
'S

1 16

17



84 Sects II - Pharmacodynamic Agents Francis, Ed.
Ticlopidine (17) was reported to inhibit ADP-induced platelet aggre-

gation when administered orally to 6 human volunteers. Doses of 250-

1000 mg/day for 1 week gave inhibitions of 40-75%,58

The effect of derivatives of imidazo[1,2-cJquinazoline on platelet
aggregation was reported.®® Many showed activity, which was not limited
to 5,6-dihydroimidazo{1,2-cJquinazolines. The most active was a 2,3~
dihydro derivative (18). These compounds are related to BL-3459, which
was previously reviewed,15,80,81

The inhibitory effect of nitrofurantoin (19) and several analogs on
primary phase of ADP-induced platelet aggregation has been reported.®2
The authors suggest that the nitro group on the furan ring and the specific
arrangement of the two keto groups on the imidazole ring are required for
activity.

Several lactamimides have previously been reported to have inhibitory
activity on platelet aggregation induced by ADP, epinephrine, collagen,
thrombin, and serotonin.1®,83,84,86 A new geries of lactamimides was re-
cently reported to also inhibit platelet aggregation in vitro by the same
inducers.®® One of the series, RMI 12,366A (20), inhibited ADP-induced
platelet aggregation when given orally to guinea pigs.

S e
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Anticoagulants

In the formation of the fibrin clot, there are numerous steps in-
volving many different procoagulant factors. Both intrinsic and extrinsic
systems, along with platelet function and blood flow patterns, play a role
in the formation of the fibrin clot. At the point of convergence of both
intrinsic and extrinsic coagulation systems, the final product is an
enzyme referred to as Factor Xag, or Autoprothrombin C. This enzyme along
with cofactors (Factor V, phospholipoprotein - Platelet Factor 3, and cal-
cium ion) catalyzes the formation of the enzyme thrombin from prothrombin.
Thrombin in the presence of calcium ion produces the fibrin clot from
fibrinogen. Both Factor Xg and thrombin are serine containing enzymes
classified as gserine esterases and proteases. They have a large part of
their peptide chains in common and have been considered as part of the
same precursor prothrombin.8”

In the last several years, it has become known and more appreciated
that the in vivo role of heparin as an anticoagulant may be less important
as an inhibitor of thrombin and more important as an inhibitor of Factor
Xa.2® Actually heparin is not an anticoagulant, but a cofactor for a pro-
tein (0, globulin - antithrombin IIT) in the plasma that neutralizes
Factor Xa or thrombin by molecular combination. Without heparin this neu-
tralization, which is concentration dependent, is slow. In the presence
of heparin, it is greatly accelerated. Heparin has no effect on thrombin
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activity in a purified Fibrinogen-Thrombin-Ca++ system,

Mini~dose or subcutaneous heparin was reported on briefly in pre-
vious reviews.12,1% Tn 1975-76 more clinical evaluations have been re-
ported.®®~71 These smaller doses with lower and more sustained effect are
efficacious in vivo for use before surgery and other thrombotic conditions
to prevent venous thrombosis and pulmonary embolism. This new form of
dosing was advanced by the development of new understanding of mechanism
and development of new methods for measuring activity. Such therapy eli-
minates the necessity of laboratory monitoring and the danger of bleeding.

A better understanding of the mechanism of action of anti-vitamin K
compounds has been gained. They lower blood levels of an active pro-
thrombin molecule by prevention of CQ, uptake on the glutamic acid resi-
dues in the molecule that allows Ca = binding.”’? These compounds are dis-
cussed in a review by 0'Reilly.”2 No new compounds of this type are re-
ported.

Several new compounds have been reported that affect the formation
of a fibrin clot. Aromatic diamidines, such as 21, were reported to inhi-
bit several proteolytic enzymes including thrombin.”4 Concanavalin A (a
globulin protein from the jack bean) inhibits fibrin formation by inhibit-
ing the lipoprotein cofactor in the production of thrombin and thus de-
creasing the rate of thrombin production.”® Several antibiotics (penicil-
lins and cephalosporins) have been reported to affect fibrin clot forma-
tion as well as platelet function. Cephalothin (22) has been shown to
delay fibrin polymerization and thus prolong the activated partial thrombo-
plastin time (APTT) and thrombin time tests.”®
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The phospholipase A, from Vipera Berus venom was purified and its
properties were determined”’” (mol. wt, 13,400 and isoelectric point 9.2).
This enzyme hydrolyses the acyl group at the 2 position of phospholipid,
thereby reducing the procoagulant activity of the phospholipoprotein co-
factor in thrombin production.

A very simple compound, cyanate, was found to inhibit coagulation
when used for treatment of blood from sickle cell anemia patients.”’® It
decreased the levels of Factor V and X activity (19 and 367 respectively),
inhibited Factors VII, IX, and XI (63-75%), and inhibited thrombin 807%.

Fibrinolytic Agents

Fibrinolysis has previously been reviewed.”’®,%0 The physiologic
process in which a fibrin clot is dissolved and the regulation of that
process is not completely understood. The main proenzyme in the blood is
plasminogen, a B, globulin, which when activated is converted to the fibrin
lysis enzyme plasmin, a B; globulin. Plasmin is usually bound by many
other proteins and inactivated in the plasma., If this did not occur, pro-
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teolysis of blood proteins and exposed cells would be a continual occur-
rance. Physiologically the plasminogen is trapped within the clot and an
activator is required to permeate the clot to activate the lysis enzyme.
Activators are always present in blood at very low concentrations. One of
the important activators comes from the endothelial cells of the blood
vessel wall, The ability to control the level of activators or reduce any
abnormal inhibition of lysis is the aim of research toward fibrinolytic
agents.

Since 1lipid (lipoprotein) inhibit lysis, agents that lower lipid
levels have a normalizing effect on decreased fibrinolysis activity due to
elevated lipids. Even the removal of normal lipid content from plasma
with chloroform increases lysis activity. Vasoactive agents have pre-
viously been reported®! to stimulate activator release resulting in en-
hanced lysis activity of short duration.

The normal tissue lysis activators are proteins. One such activator
from the kidney is urokinase. This enzyme has not been found systemically,
but only in the kidney and urine. It directly activates plasminogen to
plasmin by hydrolysis of a small peptide from the plasminogen molecule.
Other known enzymatic activators are streptokinase and brinase, which have
been discussed elsewhere.®?,83 Urokinase can be isolated from urine in
small amounts, This has made it a very expensive material. Abbott Labo-
ratories has developed a tissue culture technique in which kidney cells
are grown under exacting conditions and urokinase is isolated.®4 Recently
Abbott Laboratories made a request to the FDA for a license to sell this
form of urokinase called Abbokinase®, This process should increase the
availability of urokinase and decrease its cost.

Another agent recently reported is hementerin isolated from the
Brazilian blood sucking leech Haemerteria lutzi,.®® The activity of this
material is similar to that of streptokinase, i.e. it is active in the
human clot system, but not in the bovine system,

There are many synthetic chemicals that have been reported to in=-
crease lysis activity, chloroform being one of the earliest reported.8®
More recently acid anti-inflammatory,®” antidiabetogenic,®® vasoactive,8!
and diuretic agents,®® and anabolic steroids®® have been reported to have
some effect on the lysis system. Even whiskey (alcohol) has been reported
to enhance lysis.®! Hedner, et al.?? reported that ethyloestrenol (8 mg/
day) increased spontaneous lysis in 45 patients with deep venous thrombo=-
sis and pulmonary embolism after 3 months of treatment. Euphillin (amino-
phylline) was reported to increase abnormally low fibrinolysis in human
patients and in rabbits with venous thrombosis.®® When 40 mg of furose-
mide was injected i.v. into 33 healthy people, the euglobulin lysis time
was shortened.® Since this activation was not found in patients with
uremia and nephrectomy, an intact renal system appears necessary.

Many synthetic anti-inflammatory compounds have previously been re-
ported to have '"fibrinolytic activity." The exact mechanism of action of
these compounds (mostly in vitro), is not known. Some have been shown to
inhibit inhibitors present in plasma or serum.®® Usually these compounds
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produce biphasic responses. Types of compounds recently cited include
substituted indoles, such as 23,°% 2-phenethynylcyclopropanecarboxylates,
such as 24, 97 branched benzoic : a01ds, such as 25,98 and two series®® re-
lated to the bis(tetrahydroisoqumoline)bisobrin,15 the bis(benzylamine)
(26), and a combination of these two structures, such as 27.

ll

-=--C00~ C.H
| c—- / \ D ) 6>C“_C“B_©.coon
/cu3 t=c— CaMls

\cns 25
(CHg)a=N(C3y)g

23

= CHgO
7“2 7“2 o OCH,
CH,0 X —CH— (CHy)q~ CH OCH, CHa
] (cua)v-—cu OCH,
CHY0 “~\F 26 CH,

It has been reportedl®® that ingestion of onions
enhances fibrinolysis. In an attempt to isolate and
characterize the active components, one active component
has been identified as cyclo-alliin (28).3°1 At 125 mg/

ﬁ//‘ C00H subject, it enhanced lysis by 427 in the euglobulin lysis
time test, Steam distilled and ether extracted onions
enhanced activity 50-87%. Other sulfur containing oils
were also discugssed., Since they did not have an effect
on the in vitro hanging clot method but were active in
vivo, the authors suggested that either these substances weaken blood
clots by opening disulfide cross links between fibrin molecules through a
disulfide exchange reaction and therefore render them more susceptible to
natural fibrinolysis, or they may stimulate liberation of activator.

28

Summary - Many diverse novel compounds that inhibit different platelet
functions show great promise, not only for potential anti-thrombotic
agents, but also for more specific effects on prostaglandin and/or throm-
boxane A, synthesis, and serotonin or calcium uptake and release. Many
active compounds can be used as tools in the search toward a more complete
understanding of the physiologic interactions of the hemostatic mechanisms.
This better understanding would lead to the development and use of more
potent and selective gynthetic compounds in the inhibition of platelet
aggregation and fibrin formation, and in the enhancement of fibrinolysis
for the control of both arterial and venous thrombosis, It is hoped that
some of these new compounds will be evaluated clinically in the near
future.

Acknowledgement: T wish to thank the library staff of Merrell-National
Laboratories, especially Mrs, Emily Rahe, for their help in the literature
search for this review.
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Chapter 10. Agents Affecting Gastrointestinal Functions

Christopher A. Lipinski and Lyle A. Hohnke, Pfizer Inc., Groton, Conn. 06340

Introduction — Gastrointestinal drug research continues to highlight the development of histamine (H2)
receptor antagonists for use in treating peptic ulcer disease and other secretory related disorders. The
introduction of Tagamet (cimetidine), the first clinically acceptable histamine-H,, blocker, culminates the
search for a safe and effective gastric acid antisecretory drug. Prostaglandin antisecretory drug development
continues to be hindered by the presence of side effects. However, commercial interest in this class of
agents continues and improved target selectivity could lead to rapid clinical advances. Developments in
understanding histamine receptors and the pharmacology of histamine antagonists along with progress in
prostaglandin research are the focus of this review. The gastric acid antisecretory structure-activity
relationships and clinical testing of gastrointestinal peptide hormones are also updated with a view toward
avoiding overlap with other excellent summaries.

Detailed reviews of the gastrointestinal actions of prostaglamdins1’2’3’4'S and gut hormones6’7 have
been published recently along with the proceedings of a second international symposium on H2
antagonists.® An excellent overview of the pharmacological and clinical profile of carbenoxolone was
published9 recently and will not be treated in this chapter.

Histamine Agonist activity — Theoretical molecular orbital calculations !0 along with X-ray data” indicate
that histamine monocation exists as the N7-H tautomer while histamine free base exists as the N™-H
tautomer. Deprotonation of the ethylamine side chain nitrogen is electronically equivalent to interaction of
the charged side chain nitrogen with an anionic binding site and leads to a proton shift from the N™-H to
the N™-H tautomeric form of the imidazole ring.12 In a model proposed for Hoy-agonist activity,
histamine N7-H tautomer binds to a receptor site via hydrogen bond donor and acceptor bonding.
Interaction of the charged ethylamine side chain nitrogen with an anionic site triggers the tautomer change
and leads to H, agonist activity. Removal of the tautomeric H by methylation of either the NT-H or N™-H
histamine tautomer’ ™ or replacement of the imidazole ring by nontautomeric ring systems such as pyridine
or thiazole] leads to loss of Hy agonist activity. Conversion of the histamine side chain N® amino group
into a guanidine moiety leads to a molecule having the correct N7-H imidazole ring tautomer for receptor
binding but having a side chain moiety markedly different in basicity and geometry from that of histamine.
This compound and its homo side chain analog’” are partial agonists at the histamine H,-receptor and at
high doses inhibit histamine-stimulated acid secretion. Methylation of the histamine imidazole ring at C4 or
bismethylation at C4 and N2 leads to compounds that exist predominantly as N™-H tautomers at
physiological pH and have selective histamine Hy-agonist activity.

NT NH?‘GD NT
/) a </ j——(CHZ)n—N NH{D
2<N | 4 N l H\'@
HT HT

histamine monocation n =2, 3 partial Hy agonists

Tolazoline and the structurally related imidazoline tetrahydrozoline may be H, receptor agonists since
tolazoline-induced acid stimulation in the dog can be blocked by burimamide, metiamide and cimetidine
and both imidazolines induce characteristic Hy-agonist effects on isolated guinea pig atria preparations
which can be blocked by metiamide.’® Clonidine, like the imidazolines, has a-adrenergic agonist activity
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along with H, agonist activity]9 and stimulates acid secretion in anesthetized rats. However in conscious
rats clonidine and ather structurally related imidazolines and pyrrolidines possess gastric acid antisecretory
and antihypertensive activit 3/ The antisecretory effect of clonidine in rats may be explained by a centrally
mediated Ho-agonist effect which results in acid inhibition. In anesthetized animals the central effect is
masked and only acid stimulation caused by a peripheral H, agonist effect is observed. Among a series of
clonidine analogs 2-(2,6-Dimethylphenylimino)imidazoline (1 (2) and 2-(2,6-dichlorophenylimino)pyrrolidine
(1) are {Jartlcularly effective antisecretory agents in conscious rats with minimal antihypertensive
activity.

X
Y X=Cl, Y=NH Clonidine N

N=<j X = CHg, Y = NH (1) /j
N X=Cl,” Y =CHy (Il) .
X H (CH2) H

n

n =0 Tolazoline
n = 3 Tetrahydrozoline

Pharmacology of Cimetidine — Cimetidine differs from its precursor metiamide by having a cyanoguanidine
replace the thiourea moiety found in metiamide. Reversal of metiamide-induced agranulocytosis in patients
by instituting cimetidine therapy22 suggests that this toxic effect is due to the thiourea functionality and is
not a characteristic of H, antagonists. Following the observation of agranulocytosis in two patients

X

NH NHCH3
S/\/

/N
< I X=8 metiamide
N X=NCN cimetidine

receiving metiamide, cimetidine advanced to human clinical pharmacology and ulcer healing trials. The
animal gastrointestinal pharmacology for cimetidine has been reviewed <~ and apart from demonstrations of
ulcer healing studies in rats“™ few additional animal findings are reported. Inhibition of acid output is the
key action for H antagomsts and in man cimetidine decreases meal-stimulated_acid secretion in both
healthy vqunteers 27 and duodenal ulcer patients.2 129,30 Histamine-,27 methyl xanthine-

(caffeine) and vagal->2 (insulin) stimulated acid output are also blocked. Postprandial serum gastrin
concentrations following cimetidine are not significantly different from placebo controls when intragastric
pH is maintained constant but are elevated if gastric pH fluctuates naturally.29 Inhibition of acid output
(ICSO) correlates with peak serum cimetidine concentrations of approximately 1.6-2,0 umoles/l when given
intravenously. 127 peak blood levels of cimetidine occur 45-75 min following oral doses and decrease with
a half-time of approximately 124 min. 21 If drug is taken with a meal absorption is delayed and peak
levels occur when the buffering capacity of the meal is decreasing.33 Cimetidine is excreted primarily in the
urine as unchanged drug or the sulphoxide metabolite following either oral or intravenous administration
and is Iar&ely cleared within 24 hrs.27 Gastric acidity in both normal volunteers 5 and duodenal uicer
patlents is controlled with 0.8-1.0 g/day in studies designed to mimic normal levels of activity. In one
study decreased acidity correlated with an approximate 33% increase in electrical potential difference
suggesting that cimetidine enhances the mucosal barrier in addition to reducing acid output. 4 The
interpretation of the study has been questioned, however.”~=*~ Cimetidine at antisecretory doses does not
interfere with other gastrointestinal functions including intrinsic factor secretion,”’ lower esophageal
sphincter function,”® gastric emptying and pancreatic or bile acid output. 9 Because the tone of the
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esophageal sphincter is maintained at dose levels known to inhibit acid output, cimetidine may be useful in
patients with chronic gastroesophageal reflux.

Agranulocytosis occurred during clinical use of metiamide but is not reported for cimetidine. Concern
for possible immunological consequences of prolonged H, antagonist administration has been expressed
since histamine modulates cellular immune and inflammatory functions.™™ In patients given cimetidine for
up to 8 weeks, however, no significant changes occur in leucocyte migration inhibition, autoantibody
production or serum immunoglobin concentration.

Use in Duodenal Ulcer Disease — Clinical trials in duodenal and prepyloric ulcer patients have established
6-week healini rates of 80-90% in cimetidine treated patients compared with 25-42% in placebo
groups.42’43'4 Comparative ulcer healing trials with traditionally prescribed anticholinergics have not
been reported; anticholinergic drugs do not, however, potentiate the antisecretory effects of cimetidine
obviating any recommendations for concurrent use with the H2-antagonist. The significant increase in ulcer
healing incidence reported for cimetidine treated patients correlates well with symptomatic improvement
and decreased antacid consumption. Cimetidine efficacy for treating duodenal ulcer disease appears
unrefated to the patients’ prior duration of illness, level of gastric acid secretion or recurrence record.
The effect of cimetidine on prevention of ulcer relapse is unclear but in one study an early relapse rate of
41% occurred suggesting that some patients may require intermittent or chronic therapy for lasting control
of the disease.%0 The basis for the high relapse rate is unclear, however, since preliminary findings in 19 DU
patients treated for 3 mos. with cimetidine (1.6 g/day) suggest that continuous treatment reduces parietal
cell mass.

Use in Gastric Ulcer Patients — In contrast to duodenal ulcer disease, efficacy for the use of cimetidine in
gastric ulcer disease is not clearly established. In an uncontrolled G.U. study, complete healing occurred
following 6 weeks of cimetidine treatment in ten patients.”® Symptomatic relief and reduction of antacid
consumption accompanied healing but acute atrophic gastritis remained. Some corroboration of this
experience has been reported.”” Historically, however, gastric ulcer patients have high spontaneous healing
rates and greater clinical exposure is necessary to establish efficacy for gastric ulcer disease.

Zollinger-Ellison Syndrome — Cimetidine also blocks acid output in Z-E patients without causing side
effects.““°~ This use of an H2-receptor antagonist, shown earlier for metiamide,” '2“ represents an
important advance in the treatment of this peptic ulcer disease condition.

Peptides-Gastrin — Structure-activity studies on peptide analogs of the C-terminal tetrapeptide amide of
gastrin (tetragastrin) indicate that a variety of structural changes lead to acid stimulatory or inhibitory
compounds of low potency. Replacement of the C-terminal amide by a methyl ester or oxidation of the
sulfur atom of the methionyl residue to a sulphone moiety decreases acid stimulatory activity in dogs to
one-twenty-fifth of the tetrapeptide amide.53 Replacement of aspartic acid by glycine in tetragastrin or by
tyrosine O-benzyl ether in an N-terminal benzyloxy carbonyl derivative of tetragastrin yields compounds
with very weak acid antisecretory activity in rats.

Gastrin — Gastrin may possibly be important in_other disease states. Elevation of serum gastrin levels have
been reported in rheumatoid arthritis patients 5 and elevated gastrin levels have been hypothesized to
contribute towards maturity onset diabetes.

Gastrin Release — Factors that influence gastrin release are particularly important because gastrin is a
potent stimulant of both acid secretion and mucosal cell growth. It is clear, however, from the summary
shown in Table 1 that the pharmacology of gastrin release is poorly understood.
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Table 1. Factors that Affect Gastrin Release In Vivo

Species Drug/Agent Effect on Serum Ref.
Gastrin Concentration

Cat Atropine Decrease 57
Dog Atropine No effect 58,59
Bombesin Increase 60
Prostaglandin E4 Increase 61
Man Aminophylline Increase 62
Arginine Increase 63
Atropine Increase 64
Bombesin Increase 65
Calcium Increase 66,67
Insulin Increase 68
Isoproterenol Increase {D.U. patients) 69
Streptozocin Increase 70
Prednisolone, ACTH Increase 71
Cimetidine No effect, increase 29
Indomethacin No effect 72
Propranolol No effect, decrease 73,74
Secretin Decrease 75
Somatostatin Decrease 76,77
Sulpiride Decrease 78
16,16-dimethyl PGE, Decrease 79
Glucagon Decrease 80
Calcitonin Decrease 81
Pig Parathyroid Hormone Increase 82

In man, several peptide hormones lower gastrin levels while f-adrenergic stimulation increases serum
gastrin levels. Sulpiride, an ulcer healing agent, lowers gastrin levels possibly by an action on the central
nervous system. 16,16 Dimethyl PGE, reduces gastrin concentrations concomitantly with gastric acid
antisecretory effects only when gastric pH is maintained constant (intragastric titration). Drug effect on
gastrin levels is unknown when pH is allowed to fluctuate naturally. A procedure to obtain enriched
numbers of isolated gastrin cells has been reported and may allow detailed /n vitro pharmacological studies
of gastrin release to proceed.

Trophic Action_of Gastrin — The physiological role of gastrin as a trophic hormone is established and has
been reviewed.84 The trophic action is independent of the stimulation of acid secretion and is not affected
by dose levels of H -antagonists85 or prostaglandins86 known to block acid output. Cholecystokinin-
octapeptide (CCK-OP) has a weak trophic effect on the duodenum but not the stomach and in rats CCK-OP
acts as a weak competitive inhibitor of gastrin’s trophic action. In animals, growth hormone appears
necessary for the maintenance of normal serum and antral gastrin levels suggesting that gastrointestinal
function is dependent on a pituitary-antral axis.®’ In man, pentagastrin but not synthetic human gastrin
stimulates the rate of cell proliferation in the normal fundic mucosa. 58 Clearly, it is necessary to extend the
knowledge of gastrin’s trophic function to man since prostaglandin and H2-antagonist antisecretory agents
are likely to elevate serum gastrin concentrations in peptic ulcer patients during periods of treatment.

Gastric Inhibitory Polypeptide — (G.I.P.) is a 43 amino acid polypeptide released by glucose and fat
ingestion. In addition to its insulinotrophic effects in animals and man, G.I.P. inhibits acid secretion in



Chap. 10 Gastrointestinal Agents Lipinski, Hohnke 95

dogs. Fat ingestion in man elevates serum immunoreactive G.I.P. levels89 suggesting that this peptide, at
least in part, may be involved in the known inhibition of acid secretion by fat in the duodenum. The total
synthesis of porcine G.I.P. has now been reported. Interestingly, the N-terminal 28 amino acid sequence,
which structurally corresponds most closely to the 28 and 29 amino acid sequences of the gastric acid
antisecretory peptides, vasoactive intestinal peptide (V.1.P.) and secretin, does not have antisecretory
activity.”” The C-terminal octadecapeptide of G.).P. (amino acid residues 26 to 43) is devoid of
antisecretory activity in histamine-stimulated dogs”' but peptide chain extension to the C-terminal
nonacosapeptide (residues 15 to 43) results in material having one fourth the antisecretory potency of
G.I.P. in tetragastrin-stimulated dogs.92 Totally synthetic G.L.P. inhibits both histamine- and tetragastrin-
stimulated acid secretion in dogs and is about 4 times more active than G.I.P. isolated from natural sources.

Secretin — inhibits acid secretion, stimulates pancreatic bicarbonate output and lowers serum gastrin levels.
Since these properties would benefit duodenal ulcer (D.U.) patients secretin has been recently tested in 2
short clinical trials. In a 10 day trial 7 D.U. patients receiving secretin subcutaneously every 4 hours
achieved sagmficant gastric alkalinization but no effect on pain relief or duodenal ulcer healing was
observed.”” In a 3 week trial complete pain relief was observed in 8 D.U. patients using a depot secretin
preparation; 5 of 8 patients were ulcer-free two weeks after treatment was started.”™ The significance of
secretin therapy on the duration of duodenal ulcer healing is still uncertain and rapid progress appears
unlikely in view of the high cost and low availability of synthetic secretin.

Somatostatin (growth hormone release inhibiting hormone) — is synthesized by endocrine-peptide
producing cells of the APUD series and, in common with an increasing list of hormonal peptides, is
localized in both CNS and gastrointestinal tissues. The common embryonic origin of these tissues has been
recently reviewed.95 In addition to being localized in the hypothalamus and pancreas somatostatin is
widely distributed throughout the upper gastrointestinal tract of rat,”" dog, pig and man.”’ The close
proximity of somatostatin-containing D cells to gastrin-containing G cells in rat pyloric antrum”® suggests
that somatostatin has a local role in the regulation of gastrin release. Given systemically somatostatin
inhibits basal and food-stimulated gastrin release in animals”’ and man and, in contrast to secretin,
inhibits gastrin release from pancreatic tumors of Zollinger-Ellison syndrome patients,’ ™’ Somato-
statin's marked gastric acid antisecretory activity in food-stimulated animals and man may be partly due to
depression of serum gastrin levels. However, somatostatin also exerts a direct antisecretory effect on the
parietal cell since it inhibits pentagastrin-stimulated acid secretion. 103 Although prolonged somatostatin
infusion has been used to control bleeding and speed healing in an ulcer patient the utility of this agent
in ulcer therapy is limited by the short half-life, and lack of tissue specificity and oral activity. Synthetic
modifications which prevent metabolism by aminopeptidases, and carboxypeptidases or which prevent
disulfide bridge reduction produce analogs with 8astr|c acid antisecretory actxvtty comgarable to
somatostatin but with prolonged duration of action. Replacement of L- Lysme by D-Lysine” decreases
acid inhibitory activity.

B and vy Urogastrone — are two structurally related 52 and 53 amino acid containing peptides which differ
in the possession of a C-terminal arginine residue. The urogastrones which are isolated from normal
male urine, are structurall¥ related to mouse and possibly human epidermal growth factor (EGF).1 Both
urogastrones and EGF are potent inhibitors of acid secretion in animals and man and at somewhat
higher doses stimulate epithelial growth. Since the molar potency of urogastrone as an acid inhibitor
slightly exceeds that of gastrin as an acid stimulant sufficient material has been obtained for clinical trials
despite yields of 1 ug pepude qer liter urine. In Zollinger-Ellison syndrome patients urogastrone reduces
acid secretion by 50 to 80% but in contrast to studies in normal volunteers significantly elevates
plasma-gastrin levels. Patients had complete pain relief which persisted for up to 24 hrs following
urogastrone infusion. Some simplification of urogastrone structure is compatible with good antisecretory
activity since the penultimate C-terminal pentapeptide is not necessary for alctivity.108 Total synthesis of
the urogastrones which contain three disulfide bonds has not yet been reported.
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Prostaglandins Metabolic Stability — Research on gastrointestinal uses of prostaglandins continues to focus
on analogs with enhanced oral activity and greater tissue selectivity. Methyl esterification of the carboxyl
group of PGE, increases intravenous gastric antisecretory potency in dogs probably by retarding metabolic
p-oxidation of the carboxylic acid side chain. In animals the methyl ester of 16S methyl-13-dehydro
PGE., exhibits oral gastric antisecretory activity while the parent acid is only weakly active. Given
intravenously the parent acid is a more potent antisecretory agent than PGE, with fewer side effects.
Prolonged antisecretory action of 15 and 16-methyl substituted synthetic analogs is due to resistance to
degradation by prostaglandin 15-hydroxydehydrogenase.

Structure-Activity Studies — Homologation of the terminal alky! side chain in PGE4 results in analogs with
enhanced tissue selectivity. In particular, w-Ethyl PGE] has one fourth the antisecretory potency of PGE,
in dogs but only one fifteenth of the effect of PGEq on smooth muscle. Moving the 15-hydroxyl group to
carbon-16 in a derivative of PGE1 methyl ester (SC-28,904) improves antisecretory activity in dogs and
decreases smooth muscle stimulating actwn ?/ Further displacement to the 17 position causes almost
complete loss of activity in both areas Simpliﬂed prostaglandin analogs lacking the hydroxylic
bottom side chain show very weak antisecretory effects.

Ry |Ry |R3 | Ry

CHs|oH |H H ](155)15-CHg PGE, methyl ester
OH | CH3|H H | (15R)15-CH3 PGE, methyl ester
H OH {CH3{ CH3 16,16 di-CHj PGE, methy} ester

H OH |H H PGE, methyl ester

\\\\\\/\/\/CO2CH3

SC 29,333

CHy OH

Animal Pharmacology 15 Methyl PGE 4, 16,16 Dimethy! PGE, — Given intravenously, 15-methyl and
16,16 dlmethrl PGE, are respectively 40 and 100 times more potent as acid antisecretory agents in dogs
than PGE2 Although pepsin levels are not reduced concomitantly with acid output, protection from
induced ulceration can be observed and both compounds are active when given orally. In dogs, 16,16
dimethyl PGE2 inhibits histamine-stimulated acid secretion most effectively followed by urecholine,
pentagastrin and 2-deoxy-D-glucose. M9 15 rats {155)-15 methyl and 16,16 dimethyl PGE are 40 times
more active than PGE2 at reducing pentagastrin-stimulated acid output but also increase intestinal motility
in vivo suggesting only modest improvements in selectivity of action. 20 {155)-15 methyl PGE, is also a
more potent inhibitor of acid output in monkeys than PGE, by a factor of at least 10, intravenously, or
300 intragastrically using histamine as the secretagogue. In contrast to dogs, monkeys appear to be less
sensitive to the side effects (emesis, diarrhea) of parenterally administered prostaglandins and may be better
experimental test subjects for predicting side effects in man, Concern for the side effects, particularly
diarrhea, common to %rostaglandin analogs is shown by the development of an assay to test for
diarrheagenic actions.| 23 Absence of significant side effects is particularly important since the H, receptor
antagonist, cimetidine, is relatively tissue selective.
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Animal Pharmacology SC-29,333 — Some improvement in antisecretory potency and selectivity is reported
for a methylated PGE4 analogue (SC-29,333) in which the C-15 hydroxy moiety has been transposed to the
adjacent C-16 position. Using PGE methyl ester as a reference standard, SC-29,333 is approximately 30
times more potent, intravenously. Given orally, SC-29,333 is also a fonger acting antisecretory drug than
PGE1 methyl! ester and appears somewhat better tolerated.

Mechanism of Prostaglandin Action — The cellular mechanism of prostaglandin inhibition of acid secretion
is unclear but some evidence suggests that prostaglandins increase cyclic AMP concentrations by stimulating
adenyl cyclase 5 and enhance active sodium transport in the gastric mucosa. Interestingly,
instillation of 16,16 dimethyl PGE2 into dog gastric pouches causes moderate disruption of the gastric
mucosal barrier resulting in back diffusion of hydrogen ions and net sodium movement into the pouch.

In contrast, metiamide, an H, receptor antagonist does not change ionic permeability. The significance of
the finding is unclear. Ulcer healing activity of prostaglandins may not be due entirely to antisecretory
activity since indomethacin-induced intestinal ulceration in rats is effectively blocked by PGF,, along with
other prostaglandins which have only weak gastric antisecretory activity.

Human Studies 16,16 Dimethyl PGE, (DMPG) — In normal volunteers, DMPG inhibits basal,'2?
pentagastrin- and histamine- st!mu!ated]zg 131 gastric acid output; pepsin is unaffected. In duodenal
ulcer patients, DMPG (0.75-1. 777;1g/kg significantly reduces acid secretion (61-94%) and serum gastrin
concentrations following a meal.” * When given intraduodenally, DMPG is a less effective inhibitor of gastric
acid output and gastrin release. Results of one study suggest that duodenal ulcer patients are fess susceptible
to the gastric antisecretory action of DMPG than normal subjects. 2 DMPG like PGE ) inhibits pancreatic
bicarbonate secretion in dogs. In man, however, DMPG does not inhibit bicarbonate secretion although
pancreatic enzyme output is elevated in both dogs and man.133 In addition to a well characterized gastric
acid antisecretory action DMPG significantly reduces motor activity of the gastric antrum and duodenum
following high oral doses.!34 Enhanced gastric emptying and a dilation of the proximal duodenum suggest
that decreased resistance to outflow may be responsible for the enhanced emptying observed with this
analog.

Human Studies 15 Methy/ PGE2 — (15R) Methyl PGE2 methy! ester lacks intrinsic acid antisecretory
activity. Acid antisecretory activity is observed following oral dosing in dogs and man or after
preincubation with acid and is due to acid catalyzed isomerization of the aliylic C-15 hydroxyl to a 50:50
mixture of {15R) and the active (155) methyl isomer. 1 36 Large antisecretory doses of the (15S) methyl
isomer cause abdominal discomfort and diarrhea. Variable side effects!37+13 following oral dosing with
the (15R) isomer thus probably reflect the extent of isomerization to the (15S) epimer. In healthy
volunteers intragastric doses of 1.5 ug/kg of 15(S) 15-methyl PGE2 methyl ester completely inhibit
meal-induced acid secretion. In duodenal ulcer patients intravenous doses of 0.5 pg/kg/hr reduce
meal-induced acid secretion by 40%.139 Serum gastrin levels are reduced following intragastric but not
intravenous dosing. Interpretation of drug effect on gastrin levels in these studies is difficult because of
marked differences in dose, experimental protocol and type of subject studied. Oral doses of 100 to 200 ug
15(R) 15-methyl PGE, (free acid) inhibit basal acid secretion in man. 140 |, addition to inhibitory effects
on acid secretion and stimulatory effects on mucus production, 15(R) 15-methyl PGE4 methyl ester also
inhibits pepsin secretion in man. In a small double blind trial in gastric ulcer patients 15(R) 15 methy!
PGE (free acid) given orally in doses of 150 7g every 6 hrs for two weeks significantly increased the rate of
ulcer healing using endoscopic assessment The very low rates of healing observed in the placebo group
in this study may make comparisons with other gastric ulcer healing studies difficult since the secretory
characteristics of Chinese gastric ulcer patients appear different from those of Caucasian gastric ulcer
patients.]41 Ulcer healing studies in duodenal ulcer patients have not been reported. PGE, is also reported
to promote gastric uicer healing in a small double blind trial.
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Chapter 11. B-Lactam Antibiotics

J. Alan Webber, Eli Lilly and Company, Indianapolis, Indiana

Penicillins - An interesting new penicillin derivative, RIT 2214, bearing

a 6-(2-amino-2-carboxy)ethylthioacetamido side chain, was discovered in a

fermentation broth.! RIT 2214 has broad-spectrum antibacterial activity,

though less active than ampicillin, and was more active in vivo than ampi-
cillin following subcutaneous administration to mice, possibly the result

of higher blood levels.

Ticarcillin, 3-thienylmalonoyl 6-APA, has been closely compared to
carbenicillin in vitro.?»%»* Although results vary, ticarcillin appears
to be slightly more active against gram-negative pathogens, especially
Pseudomonas aeruginosa. Clinical evaluation of ticarcillin suggests that
it will be a useful drug in combating gram-negative infections,>:%:7
possibly at a lower dose than carbenicillin. In vitro examination of
mezlocillin and azlocillin has shown them to have some superiority to
carbenicillin against a number of species of gram-negative bacteria,®
including Bacteroides fragilis.® The clinical evaluation of these two new
penicillins suggests adequate tolerance and effectiveness.'® Mecillinam
(FL 1060}, the unusual amidino penicillanic acid derivative, has been
shown to be synergistic with other B-lactam antibiotics (penicillins and
cephalosporins) both in vitro'! and in vivo.!'? Synergy with non-B-lactams
is less pronounced.12,13 Mecillinam itself has marked activit{ against
the more sensitive species of gram-negative aerobic bacteria.’ The
majority of ampicillin-resistant Enterobacteriaceae strains isolated from
patients were susceptible to mecillinam.l$

Several new penicillins with expanded gram-negative spectra inclu-
ding activity against P. aeruginosa have recently been evaluated. Pir-
benicillin (1) is more active than carbenicillin against P. aeruginosa and
Klebsiella species, but less active against Proteus sp.16,17 A study of
pirbenicillin pharmacokinetics in mice concluded that it has a larger
distribution volume than carbenicillin.!'® Compound PC 904 (2) has very
good in vitro activity against most bacteria including Pseudomonas,
Serratia, Klebsiella, and B. fragilis; its efficacy in mouse infections
compared very favorably with that of carbenicillin.'® Compound T-1220 (3)
is also considerably more active than carbenicillin against a broad range
of gram-negative bacteria.?® It has low toxicity in animal tests and has
proven effective in clinical trials.?!
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A class of penicillin derivatives in which the 3-carboxyl group is
replaced by a tetrazole moiety is Tow known. The two analogues reported
so far, CP-35,58722 and CP-38,118,2%3 suggest that the tetrazole compounds
have a somewhat broadened spectrum of antibacterial activity. A large
series of lactonyl esters of penicillins have been prepared and examined
for hydrolysis rates and oral absorption. In general, the esters of
ampicillin were orally absorbed in varying degrees, 24,25 while those of
other penicillins were not.2® The phthalidyl ester of ampicillin,
talamp1c1111n looked best in experimental animals and was chosen for
examination in humans. Talampicillin compared favorably with amoxyc1111n
and gave higher blood levels than ampicillin in a comparative trial,?®

Cephalosporins - Although cephalosporin C was the first naturally occur-
ring cephalosporin derivative, and for many years remained the only one,
recently several other derivatives of the cephem ring system have been
isolated. A new compound in which the acetate of ceph C is replaced by
a 1,1-dimethyl-2-amino-2-carboxyethylthio moiety was elaborated by a
Cephalosporium acremonium mutant strain.2’ Also observed in a fermen-
tation broth was 4-carboxybutanamido-7-ADCA, -7-ACA, and the latter's
deacetyl analogue, all of which could have been accumulated through
enzymatic action or de novo synthesis.28 A new cephamycin (7-methoxy
cephalosporin), C2801X, being the 3,4-dihydroxycinnamoyl analogue of
cephamycin A and B, has been isolated.

Interest continued in cephalosporins of proven or potential clinical
relevance. Valuable perspective on the relative in vitro activity of
clinically interesting cephalosporins has been provided.3!»3%2 The
heaviest emphasis has been on candidates for parenteral administration.
Cefazaflur (SKF 59962), for which human pharmacology had previously been
reported, has excellent in vitro activity,?®®:®" although its activity
against more resistant gram-negative bacteria is not as great as that of
other newer cephalosporins, Ceftezole (demethyl cefazolin) has comparable
in vitro and mouse infection effectiveness to cefazolin.®®:%® Although
Tower in serum binding, ceftezole also shows a shorter half-life and
lower peak serum level than cefazolin in humans.®®:37 Extensive animal
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pharmacokinetic data have also been published.®’ A large clinical trial
has demonstrated the effectiveness of ceftezole.®® Cefamandole (4),
cefoxitin (5), and cefuroxime (6) are cephalosporins having expanded gram-
negative antibacterial spectra and are presently undergoing clinical
trial. Cefamandole has been thoroughly examined in vitro, ® *2 studied
for human gharmacok1net1c parameters, #3-5% and shown to be clinically
effective. In vitro comparison studies including cefamandole and
cefoxitin, 52-5% cefamandole and cefuroxime,5% and cefoxitin and
cefurox1me56 have been reported. The results of a broad trial have also
demonstrated the clinical effectiveness of cefoxitin.®’ Cefuroxime®® has
been examined for in vitro®%:%% and in vivo®! characteristics. Favorable
human pharmacokinetics®Z and clinical efficacy®3s®"* have been established.
The in vitro studies of these three cephalosporins have suggested some
trends of relative activity against normally cephalosporin-resistant gram-
negative bacteria. Cefamandole, cefoxitin, and cefuroxime are all active
against a substantial percentage of indole-producing Proteus strains.
Cefamandole and cefuroxime inhibit the growth of many Enterobacter
strains, while cefoxitin has negligible activity. Cefamandole and
cefuroxime are more active than cefoxitin against Hemophilus influenzae
strains. Cefoxitin is somewhat more active against S. marcescens strains;
and none of the three inhibits the growth of Pseudomonas.
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Fewer cephalosporins have been of clinical interest for oral admin-
istration. Studies of cefatrizine (BLS-640; SKF 60771) (7) have continued
to determine in vitro characteristics,®®~®7 human pharmacokinetics,®»88,6°
and clinical effectiveness.®?”7! Extensive clinical trial data documented
the effectiveness of cefadroxil (BLS-578; p-OH cephalexin).’? Cefaclor
(Lilly 99638) (8) has been shown in in vitro studies to have better
activity than cephalexln against gram-negative bacteria, espec1a11y H.
influenzae. »80,73,7% The excellent oral absorption in mice, rats, “and
dogs paralleled that of cephalexin.’® Metabolism was observed in dogs’®
but not in rodents. Human pharmacology studies indicated that cefaclor
gave acceptable blood and urine levels.

The evaluation of FR 10612 (m- methanesulfonylamino cephalexin) indi-
cated that it was comparable to cephalexin in vitro, but more effective
orally against experimental mouse infections, presumably due to entero-
hepatic recirculation also leading to higher and longer blood levels.’®
Although apparently dose related, human blood level curves for FR 10612
did show a longer half-life than did cephalexin. Oral cephalosporin
candidate SCE-100 (tetrahydro cephalexin) has been examined extensively
for in vitro and in vivo properties.’® It is not as active as cephalexin.
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CGP 9000 (9), a 3~ methoxycephem derivative, is somewhat more active than
cephalexin in vitro and is efficiently absorbed orally in mice.®? The
structure-activity relationship of a series of orally active cephalosporins
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with phenyl- and hydroxyphenylglycyl side chains which led to the dis-
covery of cefatrizine has been published.®! An impressive array of 3-
heterocyclicthiomethylcephem nuclei were included in the study. The
superior influence upon oral absorption in mice of p-OH phenylglycyl over
0-0H-, m-OH-, or phenyl- was demonstrated. The methyltetrazolethlo and
1,2,3-triazolethio heterocyclic functions maximized in vitro activity.
BLS-786 (10), a new cephalosporin with two hitherto Unpublished side
chains (o-aminomethylphenylacetyl and carboxymethyltetrazolethio), has in
vitro activity comparable to cefamandole, with higher and longer blood
levels similar to cefazolin.®2:8% It has excellent effectiveness in mouse
therapy studies. An extensive study was reported of structure-activity
relationships among cephalosporins containing certain substituted hetero-
cyclicthio groups, with emphasis on substituted methyltetrazolethio.a“
Cefamandole analogues were stressed. The in vitro and in vivo activities
were maximized in SKF 75073 (11).%° This analogue was comparable to
cefamandole in vitro (with, however, extraordinary Proteus mirabilis
activity), had very high blood levels of long duration in mice, dogs, and
squirrel monkeys, and cured experimental mouse infections very well. A
series of 7- sulfonylacetamldocephems, which could be viewed as cefazaflur
analogues, were synthesized.®® Although some were quite active, none
matched cefazaflur. Two cephalosporins with a-ureidophenylacetyl side
chains and hav1ng modest Pseudomonas activity were reported.®’ Further
refinements in the structure- act1v1ty relationships of a-sulfo cephalo-
sporins have been published.®® Included were variations in the aryl (o-
sulfo) acetyl moiety and a number of 3-heterocyclicthiomethylene
functions. The latter do not match the excellent Pseudomonas activity of
the pyridinium-methyl compounds. The data prompted the authors to suggest
that it is the combination of an acidic 7-side chain together with a
positive charge attached to the 3-methylene position that leads to
increased Pseudomonas activity while reducing inhibition of other gram-
negative bacteria. Synthesis of the 3-cyanocephem system and others in
which the C-3 carbon is included in a heterocycllc ring have been accom-
plished.®® Although the gram-positive activity in this series approached
that of cephalothin, the gram-negative activity was much lower.

CO2H
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Interest has continued in 7 -methoxycephems. An improved 7-methoxy-
lation route has been developed,®® as well as modification of an earlier
route leading to incorporation of substituents other than methoxy. 91 The
synthesis and evaluation of 7-methoxycephems related to cefazaflur were
published.®? The new compounds displayed the same general trend seen in
other 7-methoxy derivatives, i.e., less gram-positive activity, less
activity against cephalosporin-sensitive gram-negative bacteria, and
enhanced inhibition of resistant gram-negative strains compared to non-
methoxy analogues. A series of 7-methoxy-7-(2-substitutedthio)acetamido-
cephem derivatives were prepared and examined for in vitro activity. 93
The best compound was slightly more active than cefoxitin. A new 7-meth-
oxycephem derivative, CS-1170 (12), has been prepared and found to be more
active than cefoxitin.®* Extensive data have been presented on the
structure-activity relat10nsh1ps leading to this compound,?5 its in vitro

and in vivo act1v1ty, and the absorption, distribution, excretion, and
metabolism in several species.9

Naturally Occurring B-Lactam Containing Compounds - Details of the dis-
covery, isolation, and characterization of the unusual monocyclic B-lactam
compound nocard1c1n A (13, prev1ously known as FR 1923, have been
published.®®:%% The novel bicyclic ring-oxygen containing compound
clavulanic acid (BRL 14151) (14) has been isolated from fermentation of a
streptomycete.'®? Clavulanic acid, although having a low order of anti-
bacterial activity, inhibits the action of certain B-lactamases and has
been shown to enhance the in vitro and in vivo activity of selected
penicillins.'®! An organism designated Streptomyces cattleya elaborates
thienamycin, whose isolation was greatly complicated by instability.'®?
Thienamycin has low MIC values against bacteria, including problem
organisms such as P. aeruglnosa S. marcescens, and B. fragilis and is
very effective in curing experlmeﬁial mouse infections.103 Thienamycin
has been shown to contain a l-carba penem system (15).'°"

OH

HOzC-CHCHzCHz CON
P'le ]: \k/ / SCH2CHaNH,
0

CoH CO2H
13 14 15



11.
12,

13,

14.
15.

16.
17.
18.
18.
20.
21.
22,
23,

24,

25,

26.
27,

28.
29,

30.
31.

Sect. III - Chemotherapeutic Agents Whitfield, Ed.

References

Troonen, P. Roelants, and B. Boon, J. Antibiot., 29, 1258 (1976).
. F. Parry and H. C. Neu, Antimicrob. Ag. Chemother., 9, 625 (1976).
. C. Eickhoff and J. M. Ehret, ibid., 10, 241 (1976).

. Kalkani and N. Marketos, ibid,, 9, 89 (1976)

. F. Parry and H. C. Neu, J. Infect Dis., 134, 476 (1976).

R. Ervin and W. E. Bullock, Antimicrob. Ag. Chemother., 9, 94
(1976).

S. C. Schimpff, S. Landesman, D. M. Hahn, H. C. Standiford, C. L.
Fortner, V. M. Young, and P. H. Wiernik, ibid., 10, 837 (1976).

C. Kraseman, 16th Interscience Conference on Antimicrobial Agents
and Chemotherapy (16th ICAAC), Chicago, 346 (1976).

H. Werner and C. Kraseman, 16th ICAAC, Chicago, 347 (1976).

H. Lode, U. Niestrath, P. Koeppe, and H. Langmaack, 16th ICAAC,
Chicago, 348 (1976).

H. C. Neu, Antimicrob. Ag. Chemother., 10, 535 (1976},

E. Grunberg, R. Cleeland, G. Beskid, and W. F. Delorenzo, ibid., 9,
589 (1976). -
R. S. Baltimore, J. 0. Klein, C, Wilcox, and M. Finland, ibid., 9,
701 (1976). -
. Neu, ibid., 9, 793 (1976).

Anderson, M A. Adams, J. C. Barrington, W. N. Spence, and
Sheperd, ibid., 10, 872 (1976).

Bodey, V. Rodriguez, and S. Weaver, ibid., 9, 668 (1976).
Retsema, A. R. English, and J. E. Lynch, ibid., 9, 975 (1976).
. English, D. Girard, and J. A. Retsema, ibid., » 10, 491 (1976).
Noguchl, Y. Eda, H. Tobiki, T. Nakagome, and T. Komatsu, ibid.,
, 262 (1976).

Mitsuhashi, I. Saikawa, and Y. Tasuda, 16th ICAAC, Chicago, 349
(1976)

Y. Ueda, A. Saito, J. Shimada, I. Saikawa, and T. Yasuda, 16th
ICAAC, Chicago, 350 (1976).

A. R, English, J. A, Retsema, and J. E. Lynch, Antimicrob. Ag.
Chemother., 10, 132 (1976).

A. R. English, J. A. Retsema, and J. E. Lynch, 16th ICAAC, Chicago,
225 (1976).

I. Isaka, K. Nakano, T. Kashiwagi, A. Koda, H. Horiguchi, H., Matsui,
K. Takahashi, and M. Murakami, Chem. Pharm. Bull. (Tokyo}, 24, 102
(1976).

J. P, Clayton, M. Cole, S. E. Elson, H. Ferres, J. C. Hanson, L. W.
Mizen, and R. Sutherland, J. Med. Chem., 19, 1385 (1976).

L. Verbist, Antimicrob. Ag. Chemother., 10, 173 (1976).

T. Kanzaki, T. Fukita, K. Kitano, K. Katamoto, K. Nara, and Y.
Nakao, J. Fermen. Tech., 54, 720 (1976).

K. Kitano, Y. Fujisawa, K. Katamoto, K. Nara, and Y. Nakao, ibid.,
54, 712 (1976).

H. Fukase, T. Haregawa, K. Hatano, H. Iwasaki, and M. Yoneda,

J. Antibiot., 29, 113 (1976).

H. Fukase and H, Iwasaki, Bull. Chem. Soc. Japan, 49, 767 (1976).

L. Verbist, Antimicrob. Ag. Chemother., 10, 657 (1976) .

'nZl‘ﬂ-—]Z:'.E

;U>’U>UO

VIO T > OO0



Chap. 11 B=-Lactam Antibiotics Webber

32,
33.

34,

35.

36.

37.

38.
39.

40.
41,
42,
43.

44,

45.

46.

47.

48,

49,

50.

51.
52.

53.
54.

55.
56.
57.
58.

59.

oy
(]
~

D. Stewart and G. P. Bodey, J. Antibiot., 29, 181 (1976).

P. Actor, J. Guarini, J. Uri, H. F. Bartus, I. Zajac, and J. A,
Weisbach, 16th ICAAC, Chicago, 89 (1976).

G. Counts, D. Gregory, D. Zeleznik, and M. Turck, 16th ICAAC,
Chicago, 90 (1976).

M. Nishida, T. Murakawa, T. Kamimura, N. Okada, H. Sakamoto, S.
Fukuda, S. Nakamoto, Y. Yokota, and K. Miki, Antimicrob. Ag.
Chemother., 10, 1 (1976).

T. Noto, T. Nehashi, H. Endo, M. Saito, S. Matusbara, Y. Harada, S.
Suzuki, H. Ogawa, K. Koyama, Y. Kaneko, and S. Goto, J. Antibiot.,
29, 1058 (1976).

Y. Harada, S. Matusbara, M. Kakimoto, T. Noto, T. Nehashi, T. Kimura,
S. Suzuki, H. Ogawa, and K. Koyama, ibid., 29, 1071 (1976).
Chemotherapy (Tokyo), 24, #4 (1976). -

G. P. Bodey and S. Weaver, Antimicrob. Ag. Chemother., 9, 452
(1976).

E. C. Ernst, S. Berger, M. Barza, N. V. Jacobus, and F. P, Tally,
ibid., 9, 852 (1976).

C. M. Findell and J. C. Sherris, ibid., 9, 970 (1976).

R. N. Jones and P. C. Fuchs, ibid., 9, 1066 (1976).

I. W. Fong, E. D. Ralph, E. R. Engelking, and W. M. Kirby, ibid., 9,
65 (1976).

B. R. Meyers, B. Ribner, S. Yaneovitz, and S. Z. Hirschman, ibid.,
9, 140 (1976).

M. Barza, S. Melethil, S. Berger, and E. C. Ernst, ibid., 10, 421
(1976).

M. J. Ahern, F. O. Finkelstein, and V. T. Andriole, ibid., 10, 457
(1976).

W. T. Siebert, E. L. Westerman, J. D. Smilack, M. W. Bradshaw, and
T. W. Williams, Jr., ibid., 10, 467 (1976).

G. B. Appel, H. C. Neu, M. F. Parry, M. J. Goldberger, and G. B.
Jacob, ibid., 10, 623 (1976).

N. G. Waterman, H. U. Eickenberg, and L. Scharfenberger, ibid., 10,
733 (1976).

R. S. Griffith, H. R. Black, G. L. Brier, and J. D. Wolny, ibid.,
10, 814 (1976).

16th ICAAC, Chicago, 252-259 (1976).

T. C. Eickhoff and J. M. Ehret, Antimicrob. Ag. Chemother., 9, 994
(1976).

H. B. Adams, G. A. Stilwell, and M. Turck, ibid., 9, 1019 (1976).
M. F. Parry. M. Goldberger, G. J. Garvey, and H. C. Neu, 16th
ICAAC, Chicago, 260 (1976).

S. Eykyn, C. Jenkins, A. King, and I. Phillips, Antimicrob. Ag.
Chemother., 9, 690 (1976).

R. Norrby, J.-E. Brorsson, and S. Seeberg, ibid., 9, 506 (1976).
16th ICAAC, Chicago, 77-85 (1976).

C. H, O'Callghan, R. B. Sykes, D. M. Ryan, R, D. Foord, and P. W.
Muggleton, J. Antibiot., 29, 29 (1976).

C. H. 0'Callaghan, R. B, Sykes, A. Griffiths, and J. E. Thornton,
Antimicrob. Ag. Chemother., 9, 511 (1976).




108

60.
61.

62.
63,

64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.

80.

81.

82.

83.

84.

Sect, III - Chemotherapeutic Agents Whitfield, Ed.

H. C. Neu and L. Sainz, 16th ICAAC, Chicago, 263 (1976).

D. M. Ryan, C. H. 0'Callaghan, and P. W, Muggleton, Antimicrob. Ag.
Chemother., 9, 520 (1976).

R. D. Foord, ibid., 9, 741 (1976).

G. K. Daikos, J. Kosmidis, C. Stathakis, and H. Giamarellou, 16th
ICAAC, Chicago, 261 (1976).

R. Norrby, R. D. Foord, and P. Hedlund, 16th ICAAC, Chicago, 264
(1976).

A, Vuye, J. Pijck, and H. Soep, Antimicrob. Ag. Chemother., 9, 422
(1976).

P. Actor, D. H. Pitkin, G. Lucyszyn, J. A. Weisbach, and J. L. Bran,
-ibid., 9, 800 (1976).

C. C. Blackwell, E. H. Freimer, and G. C. Tuke, ibid., 10, 288
(1976). "

R. DelBusto, E. Haas, T. Madhavan, K. Burch, F. Cox, E. Fisher, E.
Quinn, and D. Pohlod, ibid., 9, 397 (1976).

D. R. Hinthorn, P. Gerjarusak, J. Harms, and C. Liu, 16th ICAAC,
Chicago, 359 (1976).

E. H. Freimer, B. S. Ribner, and B. S. Billiard, 16th ICAAC,
Chicago, 357 (1976).

L. J. Baraff, J. Wilkins, and G. D. Overturf, 16th ICAAC, Chicago,
358 (1876).

16th ICAAC, Chicago, 361-365 (1976).

D. A. Preston, 16th ICAAC, Chicago, 352 (1976).

N. J. Bill and J. A. Washington, 16th ICAAC, Chicago, 356 (1976).
H. R. Sullivan, S. L. Due, D. L. K. Kau, J. F. Quay, and W. M,
Miller, Antimicrob. Ag. Chemother., 10, 630 (1976).

J. F. Quay, W. R. Brown, M. R. Clarkson, and H. R. Sullivan, 16th
ICAAC, Chicago, 353 (1976).

H. R. Black, K. S. Israel, G. L. Brier, and L. D. Wolny, 16th
ICAAC, Chicago, 354 (1976).

M. Nishida, T. Murakawa, T. Kamimura, N. Okada, H. Sakamoto, S.
Fukuda, S. Nakamoto, Y. Yokota, and K. Miki, J. Antibiot., 29, 444
(1976).

T. Yamazaki and K. Tsuchiya, ibid., 29, 559, 566, 571 (1976).

0. Zak, W. A. Vischer, C. Schenk, W. Tosch, W. Zimmerman, J. Regos,
E. R. Suter, F. Kradolfer, and J. Gerlzer, ibid., 29, 653 (1976).
G. L. Dunn, J. R. E. Hoover, D. A, Berges, J. J. Taggart, L. D.
Davis, E. M. Dietz, D. R. Jakas, N. Yim, P. Actor, J. V. Uri, and
J. A. Weisbach, ibid., 29, 65 (1976).

F. Leitner, M. Misiek, T. A. Pursiano, R. E. Buck, D. R. Chisholm,
R. G. DeRegis, Y. H. Tsai, and K. E. Price, Antimicrob. Ag.
Chemother., 10, 426 (1976).

W. J. Gottstein, M. A. Kaplan, J. A. Cooper, V. H. Silver, S. L.
Nachfolger, and A. P, Granatek, J. Antibiot., 29, 1226 (1976).

D. A. Berges, G. L. Dunn, J. R. E. Hoover, S. J. Schmidt, G. W.
Chan, J. J. Taggart, C. M, Kinzig, F. R. Pfeiffer, P. Actor, C. S.
Sachs, J. V. Uri, and J. A. Weisbach, 16th ICAAC, Chicago, 87
(1976).




Chap. 11 B-Lactam Antibiotics Webber 109

85. P. Actor, J. V. Uri, I. Zajac, J. R. Guarini, C. S. Sachs, L.
Phillips, D. A. Berges, G. L. Dunn, J. R. E. Hoover, and J. A.
Weisbach, 16th ICAAC, Chicago, 86 (1976).

86. R. M. DeMarinis, J. R. E. Hoover, L, L. Lam, J. V. Uri, J. R.
Guarini, L. Phillips, P. Actor, and J. A. Weisbach, J. Med. Chem.,
19, 754 (1976).

87. M. J. Basker, G. Burton, J. P. Clayton, K. R. Comber, K. D. Hardy,
L. W. Mizen, and R. Sutherland, 16th ICAAC, Chicago, 351 (1976).

88. H. Nomura, I. Minami, T. Hitaka, and T. Fujono, J. Antibiot., 29,
928 (1976). -

89. J. L. Fahey, R. A. Firestone, and B. G. Christensen, J. Med. Chem.,
19, 562 (1976).

90. H. Yanagisawa, M. Fukushima, A. Ando, and H. Nakao, J. Antibiot.,
29, 969 (1976).

91. H. Yanagisawa, M. Fukushima, A. Ando, and H. Nakao, Tetrahedron
Lett., 259 (1976).

92. R. E. DeMarinis, J. V. Uri, and J. A. Weisbach, J. Antibiot., 29,
974 (1976). —

93. B. Shimizu, M. Kaneko, M. Kinura, and S. Sugawara, Chem. Pharm.
Bull. (Tokyo), 24, 2629 (1976).

94, H. Nakao, H. Yanagisawa, B. Shimizu, M. Kaneko, M. Nagano, and S.
Sugawara, J. Antibiot., 29, 554 (1976).

95. H. Nakao, H. Yanagisawa, B. Shimizu, M. Kaneko, M. Nagano, and S.
Sugawara, 16th ICAAC, Chicago, 230 (1976).

96. 8. Sugawara, M. Tajima, I. Igarashi, S. Ohya, and Y. Utsui, 16th
ICAAC, Chicago, 231 (1976).

97. H. Shindo, T. Maeda, K. Kawai, R. Hayashi, H. Masuda, and S.
Sugawara, 16th ICAAC, Chicago, 232 (1976).

98. H. Aoki, H. Sakai, M. Kohsaka, T. Konomi, J. Hosoda, Y. Kubochi,
E. Iguchi, and H. Imanaka, J. Antibiot., 29, 492 (1976).

99. M, Hashimoto, T. Komori, and T. Kamiya, ibid., 29, 890 (1976).

100. A. G. Brown, D. Butterworth, M. Cole, G. Hanscomb, J. D. Hood, and
C. Reading, ibid., 29, 668 (1976).

101. P. A. Hunter and C. Reading, 16th ICAAC, Chicago, 211 (1576).

102. J. S. Kahan, F. M., Kahan, R. Goegelman, S. A. Currie, M. Jackson,
E. 0. Stapley, T. W. Miller, A. K. Miller, D. Hendlin, S. Mochales,
S. Hermandez, and H. B. Woodruff, 16th ICAAC, Chicago, 227 (1976).

103. H. Kropp, J. S. Kahan, F. M. Kahan, J. Sundelof, G. Darland, and
J. Birnbaum, 16th ICAAC, Chicago, 228 (1976).

104. G. Albers-Schonberg, B. H. Arison, E. Kaczka, F. M. Kahan, J. S.

Kahan, B. Lago, W. M. Maiese, R. E. Rhodes, and J. L. Smith, 16th
ICAAC, Chicago, 229 (1976).
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General - Abstracts appeared for the 16th Interscience Conference on
Antimicrobial Agents and Chemotherapy,! a major conference covering
virtually every aspect of antibiotic research. In another meeting for
which abstracts were published,? symposia were held relating to clinical
and experimental therapeutic studies, antibiotic susceptability, and
resistance. A fermentation symposium held in Berlin3 included a session
covering various aspects of antibiotic research. The eighteenth volume
of Methods in Enzymology' was devoted to a review on enzymes involved in
antibiotic biosynthesis.

In specific antibiotic research areas, development of improved g-
lactams {see Chapter 11) and work on aminocyclitol antibiotics represented
a significant portion of the effort. Advances were also made in areas of
interest on other antibiotics of importance in medicine or agriculture,
such as the macrolides, tetracyclines, lincomycins, ansamycins, novobio-
cins, polyethers, and peptides.

Aminocyclitols - This category of antibiotics includes both aminoglyco-
sides and other antibiotics which contain aminocyclitol moieties but no
aminosugar. Control or alteration of resistance development and the
moderation of toxic effects are the major areas of research interest. A
number of newer aminocyclitols, such as amikacin, sisomicin, verdamicin,
netilmicin, were undergoing clinical examination, while tobramycin and
amikacin became available for medical use.5,6

Inactivating enzymes again received their share of attention. Amino-
glycoside 3'-phosphotransferase 11 was purified? and a new 4'-0-nucleo-
tidyltransferase was found to be mediated by a plasmid from a Staphylo-
coceus aureus Strain.8 A novel 6'-N-acetyltransferase from a Pseudomonas
aeruginosa 1s characterized by reduced activity towards butirosin and
amikacin.® Another Pseudomonas aeruginosa produces a new 3-N-acetyl-
transferase which has a wider substrate range than those described
heretofore.1® Evidence was recently presented indicating gentamicin
acetyltransferase I catalyzes acetylation of amines at the 3-, 2'- and
6'-positions.1l Clinical resistance of Pseudomonas aeruginosa to lower
gentamicin levels was ascribed to alteration of the membrane transport
function which is not plasmid mediated.!?2 Speedy detection of amino-
glycoside susceptibility in monomicrobic urinary tract infections involved
the use of the urine specimen itself as the inoculum for disc diffusion
testing,13

The use of D-glucaro-s-lactam (K salt) reduced the nephrotoxicity of
aminoglycosides in rats.l* Postmortem studies revealed the accumulation
of gentamicin and amikacin in human kidneys.l!5 Certain aminoglycosides
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appeared to induce mistranslation in eukaryotic ribosomes1é while others
did not.

In a review on the biosynthesis of aminocyclitols it was pointed out
that glucose generally supplied the carbon backbone of each moiety.1l7
Mutants of S. fradiae and 8. rimosus incorporated 2,6-dideoxystreptamine
into 6-deoxyneomycins and 6-deoxyparomomycins, respectively.l8
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Gentamicin remained the standard for the measurement of progress in
aminocyclitol chemotherapy. The uses of radioimmune assays!?,20 and an
enzymatic assay with gentamicin acetyltransferase 12! for monitoring
serum concentrations were recommended. In contrast to some human
studies, cephalothin protected rats against gentamicin nephrotoxicity.22
Gentamicin-minocycline synergism was described for a number of patho-
ens.23 A gentamicin phosphotransferase of staphylococcal origin, also
inactivating sisomicin, kanamycin, and tobramycin, was described.2
The biosynthesis of the gentamicin C-complex from minor gentamicin
components by a blocked Micromonospora purpurea mutant was studied.25
Gentamicin B and JI-20A26 as well as gentamicin X,27 were synthesized
from a garamine derivative while several analogs incorporating desosamine
into the kanamycin and gentamicin series were prepared.28

Amikacin was found to have good activity against many isolates
resistant to gentamicin, kanamycin, tobramycin, and sisomicin, due to its
stability towards inactivating enzymes.2%9  Synergism was observed with
carbenicillin vs. Pseudomonas aeruginosa.30 Speedy radioimmune assays
with 125I-amikacin were more sensitive than bioassays.3! The efficacy of
amikacin was described as comparable to kanamycin or gentamicin in neo-
natal bacterial diseases.32
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Sisomicin was equivalent to gentamicin, protecting mice against five
infecting organisms.33 Serum levels in healthy humans were equivalent to
those for gentamicin or tobramycin, but excretion was slower34 while 18
c¢linical cures were effected in a series of 29 sensitive and resistant
Gram-negative urinary tract infections. 35 A new, highly sensitive radio-
immune assay for sisomicin is available.36 In the presence of (Me-14C-)-
L-methionine, the sisomicin fermentation produced two 4"-C-desmethyl-
sisomicins and a gentamicin A-Tike substance. 37 Micromonospora rhodorangea
transformed sisomicin to gentamicin Czb.38

Netilmicin (N-ethyl sisomicin formed by reductive alkylation) 39 was
more active than sisomicin against a series of clinical isolates and
active against 97% of the sisomicin-resistant organisms.4%0 In a comparative
study with tobramycin, gentamicin, sisomicin and amikacin, netilmicin was
most active against E. coli and X. pneumoniae. %l Gentamicin-resistant
Klebsiella and Citrobacter isolates were sensitive to netilmicin, but 73%
of the gentamicin-resistant Pseudomonas and Providencia strains were
resistant. In one study, netilmicin was active against gentamicin-
resistant Enterobacteriaceae that produce adenylating enzymes, but inactive
against those producing acetylating enzymes.%2 Compared to gentamicin,
netilmicin is Tess nephrotoxic in rats,43 Tess toxic chronically in cats,
but more toxic acutely in mice.44 Another initial clinical study reported
it to be effective and safe.45 Its synergism with penicillins was
reported.*® A radioimmune assay is available.u7

Clinical reports on tobramycin continued to describe cures in a
variety of Gram-negative infections.%8 A radioimmune assay was
described.%® Initial explorations into 15N-NMR spectra of several of the
nebramycin components suggested a promising tool for following amino-
glycoside modification.>50

Spectinomycin continued to be effective in the treatment of
resistant strains of N. gonorrheaeS! including the new pg-lactamase
producing strains.52 In cell-free systems, it inhibited peptide chain
initiation.53 It had a very low sensitization rate in guinea pigs.54
The biosynthesis of spectinomycin from (6-13C)glucose was reported.55

Apramycin showed effect against enteric disease in cattle.56 Its
structure was confirmed®” by x-ray along with !3CMR assignments.58

Streptomycin appeared to enter Pseudomonas aeruginosa via active
transport.®® In resistant Pseudomonas aeruginosa K102, reduced membrane
permeability as well as decreased affinity of streptamine to the ribosome
were plasmid-mediated.®® A 3"-deoxystreptomycin, active in vitro
against streptomycin-resistant bacteria, was synthesized.6!

New aminoglycosides with their producing organisms were G-52
(Micromonospora zionenis),®? AB-74 éStreptomyces aquacanus),53 sorbistins
A1, Az, B (Pseudomonas sorbicinii),®“»85and fortimicins A and B
(Miceromonospora olivoasterospora).66,67
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The inclusion of the sorbistins in this category of antibiotics suggests
that the name aminocyclitol could be replaced with aminopolyol.

Additional synthetic activities include the total synthesis of
ribostamycin,®8 the semisynthesis of SCH 2259162 with improved activity
over gentamicin, and the semisynthesis of 6',5",6""-triamino-6',5",6""-
trideoxylividomycin A {I) and 6',5"-diamino-6',5"-dideoxylividomycin B
(I1).70 A method for selective N-acylation of gentamicin antibiotics
was described.7!
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Macrolides - Clinical trials are underway for erythromycin A, 11,12-cyclic
carbonate,’2 which is said to be more active than erythromycin A. Josa-
mycin was tolerated better than erythromycin in fasting patients, while
plasma concentrations, half lives, and elimination constants were equi-
valent.?3 Josamycin was less active than rosamicin or erythromycin A
against aerobic cocci while clindamycin was more active than all three
against anaerobes,74%:75

Two new minor macrolides were discovered, 10,11-dihydropicromycin’é
and 3"-de-0-methyl1-2",3"-anhydrolankamycin.?? In addition, Mieromonospora
chalcea produced a family of 8 juvenimicins along with the everninomicins?8
Of these, five have been isolated. One was rosamicin, but the other four
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are new macrolides with 16-membered lactones and the sugar, desosamine.’®
Streptomyces antibioticus converted erythronolide A oxime to 3-0-
oleandryl-5-0-desosaminylerythronolide A82 which was more active than
oleandomycin but weaker than erythromycin. The aglycone of leucomycin

A, was isolated, the first such instance in the 16-membered series.8!
Relative to the total synthesis of macrolides, bis-2-imidazole

disulfides were used for cyclization of hydroxy acids to macrolactones.82

Tetracyclines - An extensive review of the chemistry and biochemistry of
the tetracyclines, including a structure/activity discussion appeared.®83
The newly synthesized 9-methyltetracycline was more active than tetra-
cycline which in turn was more active than novel 7-methyltetracycline.8*
In a double blind clinical trial, doxycycline once daily was equivalent to
4 daily doses of tetracycline.85 It was reported that a plasmid-mediated
transfer of resistance from 018 E. coli to 088 E. coli occurred 202 days
after administration of tetracycline in a human.86

Clindamycin-Lincomycin - New in vitro studies appeared in which the
sensitivity of anaerobes to clindamycin compared favorably to chlorampheni-
col and penicillin87 as well as josamycin and everninomicin B.88 Antagon-
ism was reported between clindamycin and aminoglycoside antibiotics.8°
Lincomycin had two effects on polytoxic staphylococci,20 viz., the well-
known inhibition of protein synthesis (toxins and enzymes accumulated
neither in the cells nor the medium) and also an effect on protein
release through the cytoplasmic membrane (certain enzymes and toxins
accumulated in the cells). A model study system using polymixin to
release the proteins was described. Summaries appeared describing the
clinical usefulness of clindamycin in 627 pediatric cases involving
g-hemolytic streptococci,®! in 96 patients with anaerobic wound
infections,92 and in 60 cases of acne.%3 In hamsterd% and moused5
models for clindamycin colitis, fecal flora were suggested to have

roles. Radioimmune®é and thin layer chromatographic®7 assays were
published for clindamycin.

Ansamycins - The structures, reactions, physical properties and biosynthe-
sis of these antibiotics were reviewed.®® Protostreptovaricins I-IV were
described as precursors of the streptovaricins.®? Also, the biosynthetic
sequence damavaricin D > SvD - SvC - SvB, SvJ was determined. 100 The
isolation and structure of actamycin was reported.10l An immunosuppresent
effect in mice of rifamycin and streptovaricin a.alogues correlated with
toxicity but not with in vitro activity.102 The plasma decline of ethynyl-
estradiol after administration of rifamycin was quantified in humans.103

Novobiocin - It was reported that the previously reported anomeric o-
configuration for noviose in novobiocin is incorrect.10% Methyl g-
novioside was synthesized by a stereoselective synthesis from a non-sugar
precursor and the configuration was opposite to that previously reported
in the literature. However, the corresponding sugar coumerose, in the
related antibiotic coumermycin A, was found to be in the g-configuration
according to x-ray crystallographic studies.195 The C-13 NMR spectral
assignments have been made.106 Semiconservative DNA replication in
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toluenized E. coli cells was strongly inhibited by novobiocin while ATP-
independent DNA repair and protein synthesis were not affected.!?7 Similar
activity for coumermycin A, was characterized.108

Polyethers - Again there was considerable activity in the field of these
antibiotics which interfere with the normal function of microbial
membranes. Monensin is now being used as a cattle feed additive.l09

Four new go]Yethers were reported: Tlonomycin!l0,111 cp-38,295,6112
narasinl!3s11% and K-41.115 The structure was determined for laid-
lomycin!!® and a procedure for the isolation of alborixin was outlined.!l?

Peptides - A number of new peptide antibiotics were isolated and

described in 1976. SCH-18640, produced by Micromonosqora arborensis, was
characterized as a member of the thiostrepton group.!!® Bacillus brevis
elaborated brevistin, active in vivo vs. Gram-?ositive organisms. It is

a cyclic depsipeptide containing a fatty acid.!!?,120 A group of new broad
spectrum cyclic peptides containing C9 to C11 fatty acids was named the
octapeptins.12! The broad spectrum cyclic peptide B-43,122 produced

by Bacillus circulans, was related to polypeptin, the structure of which
was elucidated recently.l?3 The isolation and structure of the antifungal
and immunosuppressive cyclosporin A was reported.12% Bacillus pumilus pro-
duced the basic peptide 339-29 which was active against Gram positive
organisms.l25 Actinoplanes garbadinensis elaborated the linear peptide
gardimycin which inhibited cel1-wall synthesis.126,127 The cerexins,
including two new ones, cerexin C and D, were shown to comprise combina-
tions of 10-unit linear peptides partially esterified to C10 and C11
hydroxy acids.128-129 The isolation and structure of feldamycin, a di-
peptide was reported.130s131 Sporamycin was isolated and characterized.l32

Structures and revisions were reported: alamethicin (now a linear
Beptide),”3 suwl;aci]h’n,”‘+ actinoxanthin,!35 1-2743-C (an antimycin)}36
ottromycin A,, mycosubtilin,!138 jturin (an active component of
bacillomycin B),13% and echinocandin B.!*0 Structures of thiostrepton
and siomycin A were finalized using !3C-NMR,!*! while the griseoviridin,
capreomycinl*3 and quinomycinl** structures were revised.

142

The site of activity for polymixin B was located at the bacterial
membranel*5 and the dipeptide enomycin inhibited the initial phase of
protein synthesis.1%6

Chloramphenicol - L-Threo-chloramphenicol, an isomer which does not inhibit
mitochondrial protein synthesis, did exert an effect on bone marrow in
rats.l*7 Previous studies had related the two effects. A resistance
factor elaborated by Pseudomonas aeruginosa K-102 was thought to control
the function of membrane permeability of the cells.148

Miscellaneous Antibiotics - Miscellaneous new antibiotics from various
sources were described in the literature in addition to those discussed
above. These are summarized very briefly in Table 1.

New structures were published or revised for other miscellaneous
antibiotics such as carminomycin,!78 enterocin,!?® ilicicolin H,180
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r Table 1:

Additional New Antibiotics Reported in 1976.

Antibiotic Producing Organism Activity*
Chlorocarcin A,B,C Streptomyces lavendulae G+, AT
Mimosamycin Streptomyces lavendulae G+, AF
1294 B-2 Nocardia formica AB, AF
Laterosporamine Bacillus latercasporus G+, G-
KM-214 Bacillus aurantinue G+
Maduramycin Actinomadura sp. G+
Efrotomycin? Streptomyces lactandurans G+
Neothramycin A,B" Streptomyces sp. AB,AF AT
K-52A Streptovertictliium G+, G-
roseoverticetllatum
Nanaomycin bf Streptomjces rosa AB, AF
Griseusins A BT Streptomycin griseus AB, AF
Ficellomycin Streptomyces ficellus G+
2-Methyl-L-arginine Streptomyces sp. G+, G-
Malformin™C* Aspergillue niger -
Compactint Penicilliuwm brevieompactum AF -
1-Deoxy-D-threo Streptomyces hygroscopiaus M. avium
pentuloset
P-3355 Streptomyces amylovorus G+, G-
xK-90t Streptomyces ep. MK-90 G+, G-
Indo]eacqloiso- Pseudomonas sp. G+
nitrile
Aplasmomycin Streptomyces griseus (Marine) G+, mycob
Asukamycin Streptomyces nodosus G+
U-43120 Streptomyces paulus AB, AT
Nikkomycint Streptomyces tendae AF
5,6-Dihydro-5- Streptomyces platensis G-, AV
azathymidinet
Tirandamycin BY Streptomyoes flaveolus G+, AF
Rancinamycinst Streptomyces lincolnensis G+, G-
Lysolipin I,xt Streptomyces violaceoniger G+

Reference

164, 165

166
167

168

169
170

171, 172

173
174

175
176
177

*G+, G- (Gram positive, negative); AB, antibacterial; AF, antifungal;
AT, antitumor; AV, antiviral.
tStructures are published for the indicated antibiotics.

kalafungin, 181 conocandin!82 and methylenomycin B.183 The red alga
Chondria californica produces at least six polysulfides which are
responsible for the antibiotic activity of this culturve.!8% The anti-

fungal antibiotic hamycin was found to be a mixture of 4 components, A,
NMR studies {13C)

B, C, and D and hamycin A was assigned a structure.185
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showed that while erythromycin exists in the keto form in solution,
amphotericin B, nystatin, tetrin A and B, pimaricin, and lucensomycin

all exist in a hemiketal form.!86 Total syntheses were reported for
nectriapyrone,l87 pyrenophorin,188 nonactic acid!8% and marasmic acid.!99
Syntheses were also reported for showdomycin,!®! melrosporus,!92 and
5,6-dihydro-5-azathymidine, 193,194

In addition to a review of the biological activity of nucleoside anti-
biotics,1%5 studies on the mechanism of action of miscellaneous antibiotics
appeared in the Titerature. Leucinostatin, a peptide, acted on membrane
phospholipid.1%6 Inhibition of fatty acid synthesis and polyketide syn-
thesis accounted for the activity of cerulenin,!®?while tirandamycin
interfered with RNA polymerase, thus inhibiting transcription.1%8 Evern-
inomicin B altered the cytoplasmic membrane in a non-bactericidal manner
leading to inhibition of metabolite uptake and DNA replication.12? Bicyclo-
mycin affected Tipoprotein synthesis.290 A group of polyenes which are
not effective against normal rod forms of Escherichia coli were active
against L-forms of E. coli WI655F, supporting the existence of a cell wall
barrier to these substances in prokaryotic cells.20! Resistance to virgin-
ijamycin M by a S. aureus strain was due to acetylation of the secondary
hydroxyl function,202
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Chapter 13. Antineoplastic Agents

John S. Driscoll and John A. Beisler
National Cancer Institute, N.I.H., Bethesda, Maryland

Introduction - The history, development, mechanism of action, pharmacology
and clinical status of several important cancer chemotherapeutic agents
were reviewed during 1976. Symposia treating these topics were devoted to
cyclophosphamide,1 the nitrosoureas,? DTIC3 and adriamycin.“ The status
of platinum complexes as antitumor agents was also described.5 The
history of the National Cancer Institute (N.C.I.) plant products program
was detailed along with examples of the types of active materials which
have been isolated.® The organization and function of the N.C.I. Registry
of Experimental Cancers which has more than 21,000 accessions was reported7
as was a review of the use of anticoagulants in the treatment of cancer.
The state-of-the-art in the study of anticancer drug-ionizing radiation
interaction and potentiation was also reviewed.®

Alkylating Agents - Levorotatory cyclophosphamide was recovered from the
urine of patients given the racemic drug.10 This indicated a preferential
metabolism for the dextro form. When the two isomers were prepared and
tested, the therapeutic index of the levo form was found to be twice that
of the dextro. Direct ozonation of cyclophosphamide, ifosfamide and tro-
fosfamide gave the 4-hydroperoxy derivatives.l!l The ifosfamide analogue
(1) was the most active of the three giving 100% 30-day survivors in L1210
leukemia tests. When the enzymes involved in activating conjugates of
p-hydroxyaniline mustard were studied, the results were consistent with a
relationship between HeLa cytotoxic activity and cell membrane alkaline
phosphatase activity for the O-phosphate derivative.l? The redox poten-—
tials of a number of benzo- and naphthoquinone bioreductive alkylating
agents were correlated with Sarcoma 180 (S-180) activity.13 The most
easily reduced compounds were the least active. Aziridinyl benzoquinones
were prepared as CNS antitumor agents. Among a number of very active
compounds, AZQ (2) gave cures in the murine ependymoblastoma brain tumor
system.
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Carbazilquinone was very effective against the intramuscular (i.m.)
Ehrlich ascites tumor when used with local hyperthermia (37-41°) and
temporary interruption of blood flow.5 Mature ribosome formation was
blocked by BCNU indicating that the effectiveness of this drug as a cell
growth inhibitor may be due to the inhibition of protein synthesis.!®
A new nitrosourea glucoside had activity which ‘was comparable to that of
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CCNU in the L1210 system.l? An adamantyl TEPA analogue possessed both
intraperitoneal (i.p.) and intracerebral (i.c.) L1210 activity.l8

Folic Acid Antagonists - Methotrexate (MTX), folinic acid and ara-C were
used sequentially with positive results in patients who had become resis-
tant to conventional chemotherapy.19 The AT-3000 MTX resistant line of
5-180 cells were found to have at least 150 times more dihydrofolate
reductase than MTX sensitive cells.2?0 Similar data were obtained with
MTX resistant hamster cells,?!

Nucleosides - The stability of 5~azacytidine (5-AC) in a number of solu-
tions was determined. The half-life in human plasma at 37° was 5 hours.22
A reduced analogue of 5-AC, 5,6-dihydro-5-azacytidine, was completely
stable in aqueous solution and possessed L1210 activity which was compar-
able with 5-AC.23 Pseudoisocytidine (3), a C-nucleoside which might be
considered as an analogue of 5-azacytidine (5-AC), is as active as 5-AC
in vivo, hydrolytically stable, and not deaminated by cytidine deaminase.2"
Streptomyces platensis var. clarensis was found to produce pseudouridine,
l-methylpseudouridine and 5-methyl-5-aza-2'-deoxyuridine.?5 The in vivo
P388 antitumor activity of cordycepin (3'-deoxyadenosine) was potentiated
by 2'-deoxycoformycin (4), a deaminase inhibitor.2® The same compound
potentiated the L1210 activity of adenine arabinoside, which is inactive
as a single agent, by inhibiting adenosine deaminase.?7
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Among several water-soluble derivatives of ara-C prepared for L1210
testing, the activity of the 5-adamantoyl hydrochloride salt was almost
as good in oral tests as the activity of the parent, ara-C, in i.p.
tests.28® The first example of an irreversible thymidylate synthetase
inhibitor was discovered when 5-iodoacetamidomethyl-2'-deoxyuridine-5'-
phosphate was tested.2? Evidence was presented for a covalent sulfide
linkage between 5-FUdR-5'-phosphate, 5,10-methylenetetrahydrofolate and
thymidylate synthetase in a ternary complex.3° D-Galactosamine was used
to induce depletion of UTP and synergistically enhance the growth inhibi-
tion of liver tumors by 3-deazauridine.3! Several trifluoromethyl ana-
logues of thymidine were compared in vitro. 5-Trifluoromethyluridine and
its 5'-phosphate were the most active materials.32 1In a series of
papers, 33 acylated derivatives of anhydro ara-C (5) were described which
produced long term L1210 survivors. Replacement of the heterocyclic 3-NH
function with oxygen in uridine produced a nucleoside with modest in
vitro activity.3% The cytotoxicity of inosine dialdehyde to L1210 cells



12 Sect, III - Chemotherapeutic Agents Whitfield, Ed.

was greatly reduced by amino acids and plasma proteins because of complex-
ation or cross-linking reactions.3° Although 8-aza-6-~thioguanine was
active in vitro, a group of 6-substituted-8-azaguanine nucleosides were

generally inactive compounds.36 Direct fluorination of uracil, cytosine
and their nucleosides was achieved using trifluoromethyl hypofluorite.37

Amino Acids, Proteins and Enzymes - The inactivation which occurs when
neocarzinostatin is exposed to serum was found to be related to the
degradation of the drug to smaller molecules. Since sulfhydryl reactive
reagents, eg. N-ethylmaleimide, protected neocarzinostatin from this
decomposition reaction, it was suggested that the degradation was caused
by serine type proteinases with mercapto group involvement. 38 Bestatin,
(25, 3R)-3~amino-2-hydroxy-4~phenylbutanoyl-L-leucine, binds with cell
surface aminopeptidases. This compound augmented the immune response

and suppressed tumor growth caused by a second inoculation of Ehrlich
carcinoma cells. 39 Crystalline glutaminase-asparaginase enzyme was pre-
pared from Pseudomonas 7A. Unlike the enzyme obtained from Acinetobacter,
the Pseudomonas product was active against both ascites and solid rodent
tumors. It also had a Elasma half-life which was longer than that of the
Acinetobacter material,™*?

Synthetic Agents - PALA (6), a transition-state inhibitor of aspartate
transcarbamylase, was found to be very active against the subcutaneous
(s.c.) Lewis lung and i.p. B16 melanoma tumor models.*! Antitumor active
acridines were used to study the effect of tumor implantation site on the
choice of the most active congener in a series.%? A different optimum
compound was found with s.c., i.p. and i.c. L1210 implantation. For good
activity against a tumor implanted in a region remote from the i.p. drug
administration site, an optimal agent must be more lipophilic than one
which is optimum for an i.p. implanted tumor. The discovery that the
enantiomers of ICRF 159 were five times more soluble than the racemic
mixture helped overcome a formulation problem.“a 2-Formyl-3-hydroxy-4,5-
bis (hydroxymethyl)pyridine thiosemicarbazone was synthesized to react
specifically with pyridoxyl phosphokinase and was active in the L1210 and
S-180 systems.“+ Arylsulfonylhydrazones of 2-formylpyridine N-oxide
exhibited activity against several tumor systems. The N-oxide function
was generally an activity requirement and substitution of carbonyl for
sulfonyl caused a loss of activity in these inhibitors of DNA and RNA
synthesis.*> While DTIC is light sensitive and prone to decompose to a
toxic diazonium ion, the aryltrialkyltriazenes are antitumor-active and
non-photosensitive. Evidence was obtained that only the compounds which
can be metabolized to N3-monomethyltriazenes are active.“® Boron ana-
logues of betaine (7a) and its N-ethylamide (7b) were active in the
Ehrlich and P388 tumor models.’ The hydrochloride but not the methiodide

0 /CHQCOONa {CH3)3NBH, COR Y KNHz\, X
1 Pt
Na203PCH2CNHCC Ny Nx
7a, R=0H
COONa = =
7b, R=NHCHg a, x-C
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salt of 1-ethyl—3—(3'—dimethylaminopropzl) carbodiimide was active in vivo
against the murine C1300 neuroblastoma. Carbamoyl mycophenolic acid®9d
was orally active against the L1210 tumor giving an increase in lifespan
(ILS) of 64%. The antitumor activity of positional and structural isomers
of coralyne was explained in terms of N-0-0 triangulation. 50 DL-a-Hydra-
zino-8-aminovaleric acid is S-180 active and a potent ornithine decar-
boxylase inhibitor.%! Janssen R17934, a benzimidazole carbamate, inter-
fered with the structure and function of microtubules (see Chapter 15).
Malignant cells were more susceptible to this effect than normal cells,
in vivo.52 Tamoxifen (ICI 46,474) was active against DMBA induced mammary
tumors>3 while B-retinoic acid analogues reduced the extent and incidence
of methylcholanthrene induced tumors>* A large number of cis-amineplati-
num compounds were screened for activity in the L1210 system.55 Dichloro-~
(1,2-diaminocyclohexane)platinum (II) (8a) was the most active compound
(ILS 139%). A later study showed that dinitrato(l,2-diaminocyclohexane)-
platinum (II) (8b) gave ILS values as high as 281% with 30% survivors in
the same tumor model.5® Cis~diamminodichloroplatinum (II) was found to
cause multiple cellular and subcellular effects in chick embryo fibro-
blasts.57 Rhodium (II) acetate gave an ILS of 158% in the Ehrlich ascites
system,%8 while i.p. zinc acetate prevented i.p. L1210 tumor growth in a
majority of mice treated.%3 Two compounds from a large series of pyrazolo-
[3,4-blquinolines were found to be as potent as tilorone as interferon
inducers. 59 Calusterone, a clinically-active agent for the treatment of
breast cancer, regressed DMBA induced rat adenocarcinomas, 6!

Fermentation Products - Anthracycline research once again dominated the
activity in antitumor fermentation products. A practical seven step
synthesis for the racemic aglycones of daunorubicin and carminomycin was
devised.52 Several studies attacked the cardiac toxicity problem which
is the clinically limiting factor for adriamycin (ADN). Alpha-tocopherol
greatly diminished the cardiac toxicity of ADN in mice.®3 ADN cytotoxi-
city was significantly greater in methotrexate (MTX) resistant L5178Y
cells than in the MTIX sensitive line.®" This suggested a potential use

o
CHa=HC-C~CHy

|
H3C —(I:—CH=CH2
CH3

for ADN in MTX resistant tumors and the use of these drugs in combination
against mixed tumor cell populations. ADN inhibits coenzyme Q (CoQ o)
enzymes which are important in cardiac tissue. The inhibition gs pre—
vented by CoQ10 administration and CoQ10 treatment is suggested as a way
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to reduce ADN cardiac toxicity.65 A difference was noted in the fluores-
cent properties of cells treated with ADN or AD-32 (N-trifluoroacetyl-
adriamycin-l4-valerate). ADN fluorescence was most intense in the cell
nuclei while AD-32 fluorescence was found mainly in the cytoplasm.66 The
relationship between sugar stereochemistry and cell culture activity was
determined for the 1'- and 4'- isomers of ADN and daunorubicin. While an
inverted configuration at the 1l'-position caused a large decrease in
activity, inversion at the 4'-position did not produce much change.57
Conversion of a lactone to a lactam function in actinomycin D abolished
or reduced antitumor activity in three different murine tumor systems.68
Complexes between actinomycin D and DNA were studied by analysis of
circular dichroism spectra.®3 A reversible mitomycin C redox reaction
was described which might have a relationship to the mechanism of alkyla-
tion of macromolecules by this drug.’® Macromomycin B increased the
immunogenicity of TA3-Ha cells by binding to the cell surface.’! This
compound also was active against the normally refractory Lewis lung tumor
model. Several derivatives of 5-methoxysterigmatocystin (9) were prepared
and the vinyl ether double bond was found to be necessary for in vivo
P388 activity. These compounds, however, are probably potent carcinogens??
Asterriquinone (10), isolated from Aspergillus terreus was active against
the L1210 and Yoshida tumors. It also provided multiple cures in the
Ehrlich ascites system.73

Plant Products - Quassimarin (11), a compound isolated from the sap of

a Costa Rican plant, gave an ILS value of 75% against P388 leukemia. 7%
Lochnericine and horhammericine, two alkaloids isolated from Catharanthus
trichophyllus, had EDs, values of 1.1 nug/ml in the KB in vitro system.’>
Baccharin (P388 ILS 100%) was shown by x-ray studies to be a macrolide
ester fused to a tricyeclic ring system.76 Several of the cannabinoids
found in marihuana inhibited in vitro DNA synthesis in L1210, Lewis lun§
and bone marrow cells. In vivo Lewis lung activity was also observed.’
Simultaneous injection of citrate prevented the severe hemolysis observed
when dogs and monkeys were administered intravenous solutions of ellipti-
cine.”’® Seven colchicine analogues were tested for their ability to inhibit

7
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mitosis in Hela cells and inhibit tubulin polymerization in mouse brain
extracts. Structure-activity relationships suggest that while phenyl
and methoxy groups were necessary, the seven member tropone ring was not
required.79 While the rate of binding of colchicine to tubulin was
enhanced by certain anions, no similar effect was noted with vinblastine
or podophyllotoxin leading to the conclusion that anions have a local
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effect at or near a colchicine binding site.80 A synthesis of () crot-
epoxide (12), a Walker and Lewis lung active, was devised.8!

Radiosensitizing Agents - Agents which sensitize tumor cells to the lethal
effects of 1onizing radiation are being actively pursued. Two known
radiosensitizers, metronidazole and nitrofurazone, were shown

to be cytotoxic to Chinese hamster cells in the absence of radiation,

but only under hypoxic conditions.82 The x-ray requirement for antitumor
activity in a murine anaplastic carcinoma was reduced when metronidazole
was administered orally before irradiation.83 R0O-07-0582 (13), a compound
with radiosensitizer properties, has a four-fold higher association with
hypoxic cells in culture than with cells incubated in air.8% 5-Thio-D-
glucose killed hypoxic murine mastocytoma cells while only suppressing

the growth of those exposed to air.8% It was suggested that this compound
may be a useful adjuvant to radiotherapy.

Immunotherapeutic Agents - C. parvum protected mice best against a lympho-
sarcoma when the cells and agent were Iinjected i.v. 1In contrast, i.p.
treatment was best with a mammary carcinoma.86 DNA significantly poten—
tiated the antitumor effects of adriamycin and actinomycin D. The DNA
can be complexed with the drug or given up to four hours before or after
drug treatment. These results are consistent with DNA stimulation of

the immune response system.87 Daily administration of mouse interferon
preparations to AKR mice with a lymphoma increased average survival times
by 100%. This result compares favorably with the results obtained with
standard anticancer drugs.88 DTIC caused an immunologic alteration of
L5178Y lymphoma in vivo resulting in long term survivors after treatment
with BCNU. 89 Pyran co-polymer was as effective as BCG in inhibiting

Lewis lung carcinoma and MCA 2182 sarcoma. 20 Phytohaemagglutinin could
be used to stimulate, as well as inhibit, tumor growth in mice with
Harding-Passey melanoma.?! A fused thiazole acetic acid (WY 13,876) (14),
a levamisole analogue, showed low level Lewis lung activitygz’93 This
compound was non-cytotoxic in cell culture, but was synergistic with 5-FU
and cyclophosphamide 13_vivo.93
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Miscellaneous Agents and Techniques - When actinomycin D (ADX) was incor-
porated into 1lipid vesicles, the drug was carried into cells which were
previously resistant to the drug because of poor penetration. M A five-
fold increase in drug concentration was achieved in the resistant
DC-3F/ADX cells relative to treatment with ADX alone. When ara-C was
entrapped in phospholipid vesicles, activity was significantly greater
than for the drug alone.?5 Supranormal temperatures (42.5-43°) for eight
hours had a greater lethal effect on human tumor cells than on normal
cells.%® The effect of local hyperthermia as cancer therapy on Yoshida
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sarcoma in rats showed that 42° cured the tumor but 40° enhanced dissemi-
nation of the tumor and decreased survival times.%7 By the use of
trapping experiments, singlet oxygen was shown to be the in vitro active
agent produced by red light in the presence of hematoporphyrin.§8 Quanti-
tative structure-activity relationships were developed for the inhibition
of dihydrofolate reductase by triazine antifols.?? The antitumor activity
and toxicity of mono-substituted phenyltriazenes correlated quantitatively
with sigma values., A similar relationship for the hydrolysis rates
suggested that triazene hydrolysis to a diazonium cation in the cell may
be involved in the cytotoxic mechanism, 100
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Chapter 14, Biosynthesis of Antibiotics

John W, Corcoran, Department of Biochemistry, Northwestern University
Medical and Dental Schools, Chicago, I1T1inois USA

A resurgence of interest and accomplishment in the field of biosynthe-
sis of natural products - including antibiotics - has occurred. The power-
ful methods for determination of a new structure with small amounts of
material (mass and nmr spectroscopy, etc.) together with the development
of 13C nmr spectroscopy for following the pattern of incorporation of pre-
cursors into these structures is one major reason. The subject of bio-
genesis of antibiotics has not been dealt with specifically in this serijes
an?Gthis brief review will include some literature from earlier years than
1976,

Several annual reports appear 1:2, There are three recent volumes
with numerous articles on biosynthesis 3 “s3, The regulation of antibio-
tic biosynthesis has been reviewed .

The streptamine or 2-deoxystreptamine moieties of the AMINOGLYCOSIDE
antibjotics are formed from D-glucose, possibly via myo-inositol, and in-
terestingly two different pathways seem to exist. Streptidine and actina-
mine (spectinomycin) are formed by a pathway in which C-6 of the glucose
becomes C-6 of the cgc]ito], whereas with deoxystreptamine (neomycin etc.)
C-6 becomes C-2 728 3 10 The bjosynthesis of the L-streptose (1) moiety
of streptomycin (2) depends on dTDP-D-glucose which by a sequence of reac
tion involving a rearrangement (C-3 of glucose to C-3 formyl of streptose)
gives dTDP-dihydro-L-streptose. This sugar derivitive is transferred to
streptidine-6-phosphate to give the phosphorylated disaccharide and that
in turn accepts activated N-methyl-L-glucosamine to yield dihydrostrepto~
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mycin phosphate. The hydroxymethyl branch group of the dihydrostreptose
moiety is oxidized either before or after addition of the glucosamine
fragment when streptomycin phosphate is the product. A specific 6-phos-
phatase completes the synthesis of either antibiotic 11,!2,13,14%,15,16

Considering MACROLIDE antibiotics, erythrom¥cin D (3), an obligate
precursor of the B, C and A forms was described 1/, Transmethylation 18
from S-adenosyl-L-methionine (SAM) gives the B form (4) or alternately hy-
droxylation by a membranous, non-cytochrome P450-dependent enzyme !° gives
the C (3) form. Erythromycin C on transmethylation, apparently by the
same enzyme, gives erythromycin A (6). Biogenesis of the lactone of ery-
thromycins B and D depends on a soluble cytochrome P450-dependent mixed
function oxydase 20, Further oxidative metabolism of erythromycin A gives
the E form with an orthoester link between the oxidized neutral sugar and
the lactone 2!, Using 13C nmr the biosynthesis of picromycin has been
studied and the results confirm that a malonate building block is used in
the synthesis 22, Several novel 14-member macrolides have been reported
either from mutant studies 23 or fermentations 2%» 25,26, The biogenesis
of both the tylosin (7) (rosamicin, cirramycin etc.) 27>28 and magnamycin
(8) (1eucomycins, niddamycin, platenomycins, etc) 29,30 classes of 16-
member macrolides has been studied. The former are derived from two
acetates, five propionates and a single butyrate unit, while the latter
arise from five acetates, one propionate, a butyrate and another as yet
unidentified 2-carbon fragment,
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Intensive study of the ANSAMYCINS (rifamycins, streptovaricins, toly-
pomycin, geldanamycin etc.) has indicated a common biogenesis from a poly-
ketide chain initiated by a seven-carbon amino unit of uncertain metabolic
origin 31, Eight propionate/methylmalonate units, two acetate/malonate
units (a third for the O-acetyl group at position 25 in rifamycin S) and a
methionine~derived methyl group lead to the ansa bridge chain. In rifa-
mycin S an oxygen atom is introduced between positions 12 and 29. In rifa-
mycin W, (9) the progenitor of the S and other members of the complex, the
oxygen atom 1is missin? and the W form provides a biogenetic link with the
other ansamycins 32, 31,33, 34,35

The biogenesis of monesin, a POLYETHER ionophore antibiotic, proceeds

from five acetate, seven propionate, and one butgrate molecules, A single
methyl group from L-methionine is also present 3°, Narasin, (10) another
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polyether jonophore is made from five acetate, seven propionate and three
butyrate units, and in the study of its biogenesis 37 evidence for the con-
version of propionate to butyrate was presented. The lasalocids are a
group of polyether antibiotics which are reported to be made by a polyke-
tide route involving extensive use of both propionate and butyrate building
blocks. A unique chromophore is present which resembles 6-methylsalicylate,
and this part of the structure seems to be formed from the last part of the
precursor polyoxo chain. The homologues of lasalocid described reflect
exchange of butyrate/2-ethylmalonate units for propionate/2-methylmalo-
nate building blocks 38,39, The biosynthesis of the macrotetrolides has
also been studied and reports on the utilization of acetate and propionate
for the formation of nonactin *0 (11) and homenonactinic acid *! have
appeared. The utilization of the optically active nonactinic acids as
precursors of the macrotetrolides has also been reported “2.
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The biogenesis of the POLYENE MACROLIDE candicidin (a heptaene) is
mostly from acetate and propionate with the additional presence in the
structure of p-aminoacetophenone and mycosamine (3-amino-3,6~dideoxy D-
mannopyranoseg 43, The biosynthesis of the candidin and candihexin com-
plexes (heptaene and hexaene, respectively) seems to be via sugar-free
aglycones which are within the producing mycelium. Glycosylation may take
place during secretion of the final products.

Glycosylation seems to occur during the biosynthesis of TETRACYCLINES
and related antibiotics “**. Two enzymes, an N-methyl transferase “5 and
a tetracycline 5a(11a) dehydrogenase “® have been described.

The GLUTARIMIDE antibiotic streptimidone is formed from seven malonate
units and is in itself unusual by having the polyketide synthesis initiated
by a malonate unit which is retained intact in the final structure. The
derivitive, 9-methylstreptimidone (12) is reported to be made similarly,
with a double decarboxylation of the terminal malonate unit. This is
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followed by a substitution at this last carbon position with a methyl group
derivsg from methionine, as are the other two methyl groups in both antibjo-
tics *7,
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Coupling of the isoprenoid and polyketide pathways occurs in the bio-
genesis of siccanin “8 from trans-y-monocyclofarnesol and orsellinic acid.

Daunomycinone (13) the aglycon of DAUNOMYCIN is seemingly made from a
single polyketide chain which is unusual both in that a propionate primer
is utilized and in the loss of the carboxyl group of the last malonate
unit *2.

Several studies of the bjosynthesis of CHLORAMPHENICOL have led to
the conclusion that it is formed via the shikimic acid pathway, specifical-
1y from chorismic acid. An arylamine synthetase promotes formation of p-
amino-L-phenyl alanine (14) 5% 51, This product is converted to chloram-
phenicol (15) by oxidation of the amine function to a nitro group, by hy-
droxylation of the benzylic methylene group, reduction of the carboxyl
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group and acylation with dichloroacetate, The sequence of these last
steps is not establqshed,

The biosynthesis of NOVOBIOCIN has been reviewed °2, and the forma-
tion in cell-free extracts of novobiocic acid has been described 53, The
latter can be formed from 3-amino-4, 7-dihydroxy-8-methyl coumarin (B ring)
and 4-hydroxy-3(3-methy1-2-butenyl)benzoic acid (A ring) by an enzyme that
forms an amide bond between these precursors, Energy ?ATP is required but
the mode of activation of the carboxyl group is unknown. Novobiocin itself
possesses a sugar (noviose) but its b1osynthes1s and the formation of the
glycosidic link are little studied °

The novel new antibiotic ¥yYBomrcin (16) which possesses both fused
pyridoguinolone and angularly fused oxazoline ring systems, is formed from
both acetate (external carbons) and shikimate (internal ring) plus a methyl
group from methionine S*,

A step in the biosynthesis of PATULIN (17) has been clarified by the
finding that meta hydroxy benzyl alcohol is hydroxylated to y1e1d gentisyl
alcohol which in turn is converted to patulin via the aldehyde 35

Intensive study of MIToMYCIN (18) biosynthesis 56 has not resolved all
the problems of 1its origin. D-Glucosamine prov1des carbon and nitrogen
for the aziridine r1ng and possibly a CgN unit joins with a C;N unit of
less certain origin in the biosynthesis. The latter may be related to some
intermediate of the shikimate pathway 57 and 1ntermed1ates of the arginine
biosynthetic pathway contribute the carbamoyl group 5%, 57,60, 58,

Many antibiotics contain OLIGOPEPTIDE sequences or are made up entire-
1y of amino acids in peptide linkage. Many of the acids are of the D-confi-
guration and some are of unusual structure. The main feature that seems to
characterize the group is their biosynthesis by a non-ribosomal wechanism,
thus distinguishing the biosynthesis of these antibiotic peptides from that
of general proteins. The amino acids are activated at the expense of ATP
and the resultant aminoacyl adenylates react with sulfhydryl groups on a
polyenzyme synthetase possessing a pantetheine residue. The activated ami-
noacyl groups become linked to the synthetase as thioesters and growth of
the oligopeptide chain occurs on the pantetheinyl moiety, much as grow-
ing fatty ac1d chains are built upon fatty acid sgnthetases. Reports on

bacitracin A,61:62 gramicidin S,6 6“7?ol¥myx1ns 5 tyrocidine, 8% etamy-
oin 67,58 6%‘70“7{“
cin 57,68 ede1ne and viomycin, have appeared.
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The phenoxazinone ring system of the AcTINomMYcINS (19) is apparently
formed from kynurenine and 3-oxykynurenine with methylation taking place
at a late stage 73. Reports on amino acid variation and the mechanism of
biosynthesis of the D-amino acids present in the side chains continue to
appear 74,75,76,77,78,

INDOLMYCIN (gg) is formed from pyruvate, and two enzymes active in
initial stages of Tts biosynthesis have been studied. They are a transami-
nase and aC-methyltransferase. The hypothetical route to indolmycin is
by indole pyruvate, 3-methyl-indolepyruvate, indolmycenic acid (reduced
alpha oxo group) and finally indolmycin which probably takes its amidine
group from an arginine molecule 79. The closely related [pyrrolo (1,4)
benzodiazepines] 8%, 81,82 antitumor antibio%ics, %pgﬂramycin, toma%mycig
and sibiromycin are formed from tryptophan (via the kynurenine pathway?),
tyrosine ang methionine-derived methyl groups 80:81,8¥.

The biosynthesis of the BETA LACTAM ANTIBIOTICS (penicillins or penams
and cephalosporins or cephems) has been studied intensively. The synthesis
of the basic systems by Cephalosporium species which make penicillin N (21)
and cephalosporin C (22) seems to be from a linear tripeptide, delta L-o=
amino-adipyl-L-cysteinyl-D-valine (23) 83, Studies with specifically tri-
tiated 1“C-labeled tripeptide and aTso with the same containing stereospeci-
fically labeled valine (chiral methyl groups) have severely restricted the
mechanistic possibilities for the cyclization steps. Among other observa-
tions, the valine methyl groups are incorporated without randomization 83>
84,  Presumably there is a common pathway in part for the formation both
of the penam and cephem antibiotics. Model chemical reactions are at
least compatible with the possibility that the beta lactam system is
formed by either nucleophilic attack of amide nitrogen (from the valine)
on a thioaldehyde {cysteinyl group) or alternately by oxidation of the
same amide nitrogen followed by its nucleophilic displacement by an anion
generated at the beta carbon of the cysteine residue 85. It is clear
that the D-configuration of the aminoadipyl side chain is generated at a
late stage in the biosynthesis since the LLD tripeptide is a required
precursor. Late stages in the biosynthesis of the cephem antibiotics
also have been studied and seemingly deacetoxy cephalosporin C is formed
first, followed by oxidation to desacetyl cephalosporin C and then a-
cetylation to cephalosporin C86,
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Recent reports concerning biosynthesis of purine and pyrimidine-con-
taining antibiotics deal with PuromMycIN (an O- -methyltransferase that pro-
motes the last step 1n the biogenesis of puromycin by methylating the tyro-
syl phenolic group) 87 and the POLYOXINS (24). The latter are an inter-
esting family of antibiotics containing thymine or derivatives of it
with oxidized methyl groups. A novel pathway for the biosynthesis of
the thymine moiety has been proposed 88, one that is 1ndependent of the
well-known thym1d%1ate synthetase. The aldonic sugar residue is derived
from L-glutamate 32 and the unique acid, 3-ethylidene-L-azetidien-2-car-
boxylic acid present in polyoxins A,F H, and K comes from L-isoleucine
%0, Presumably carbamoyl phosphate is also required for the synthesis.
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A series of papers on the biogenesis of the FORMYCINS (25) has appeared °!
92,93,9%,  These pyrazolopyrimidine antitumor antibjotics are made from
lysine (two carbons), glutamate, and ribose. At least three nitrogens
including those in the pyrazole ring are derived from lysine.
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Chapter 15. Antiparasitic Agents

C. €. Wang and M. H. Fisher, Merck Sharp & Dohme Research lLaboratories,
Rahway, New dJersey

General - A compendium of chemotherapeutic agents for parasitic protozoa
and helminths of dogs and cats was published.l Host-parasite relationships
were reviewed.2 The proceedings of an international conference on chemo-
therapeutic agents for parasitic diseases appeared.3 Nucleoside analogs

as antiparasitic agents were reviewed.

Malaria - Reviews appeared on chemotherapy and prophy]axis5 and drug resis-
tance.6 CDC malaria guidelines’ were published. A test was described using
Plasmodium cynomolgi in rhesus monkeys.8 A method for predicting antima-
larial activities of arylamidinoureas from their physicochemical properties
was described.9,10 Mefloquine (WR142,490) I was shown to be active against
chloroguin resistant strains of Plasmodiwm faleiparwm in man for treat-
mentl1 or prophylaxisl2 using single oral doses of 1 or 1.5 g.

H : The synthesis of new guino]ine methanols,13,14
HO-& phenanthrene methanols,15,16 and naphthalene methanols!?
continued, aimed at finding compounds of high activity
N and Tow phototoxicity. Against Plasmodium berghei in
mice, II was active at 2.5 mg/kg and phototoxic at 100
Z mg/kgs; 111 was the most active of the benzoquinolines
N CF3  but its phototoxicity was not determined. Among the
I phenanthrene methanols, IV was active at 20 mg/kg and
V at 1.25 mg/kg. The naphthalene methanol VI was cura-
tive against P. berghei in mice at 10 mg/kg. Phototoxicity appeared to be
absent from the series.

CF3

R CHOHCH2NBu CHOHCH2NX2
6
X -,
R, NZ R, 7 2
Rg R Ry
IT Rp = 4-C1Ph; R3 = F IV R2 = R4 = C1; Rg = SCHj3
Rg = Rg = Cl; Ry = H R7 = H; X = Bu
IIT Ry = 2,4-MepPh; R3 = CH3 V R2 = Rg = CF3; Rg = R7 = CIl
Rg = C1; R7Rg = benzo X =Pr
: CHOHCH2NBup The diastereomers of phenanthrene methanols
C

aromatic nitrogen atoms. No exciting new struc-
tures were described but activity was found in

VI Cl  (4-oxo-2-oxazolin-2-yl)piperazines!9 and 1,2,4-
triazines. 20

and quinoline methanols showed striking differ-
ences in antimalarial activity,18 postulated to
O c] relate to the distance between oxygen and the non-
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Ribosomes of Plasmodium knowlesi were isolated and characterized
recently by Sherman et al.21 These ribosomes sedimented in the 80S range
and could be dissociated into 60S and 40S subparticles. The ribosomal RNA
had a low % G+C of 37% and had sizes of 24.2S and 16.65.22 The ribosomes
demonstrated high activity in poly(li)-directed synthesis of polyphenylala-
nine and were strongly inhibited by 10-4M of nucleocidin, chlortetracycline,
ethidium, puromycin, cycloheximide or berenil.23 Similar studies have been
also carried out on Plasmodium lophurae, and similar profile of drug sensi-
tivities were demonstrated.24 Most of the well-known antimalarial drugs
tested showed no significant inhibitory activity in this in vitro assay.

However, clindamycin, a halogenated lincomycin analog, has been shown
to be active against different species of malaria including several chloro-
quine-resistant strains of P. faleiparum.25,26,27 Further studies by Powers
et al.28 on P. knowlesi in rhesus monkeys indicated that clindamycin and
its N-demethyl-4'-pentyl analog caused disintegration and disappearance of
the parasite ribosomes. The phenomenon could be interpreted as the mode of
action of the drug. Since Tincomycin is neither effective clinically
against malariaZ8 nor active against eukaryotic microsomal ribosomes,29 the
activity of clindamycin suggests the possibility of uncovering drugs with a
narrow spectrum of selectivity such that only protein synthesis by plas-
modial ribosomes would be inhibited. Such an expectation has been buoyed
by the activity against chloroquine-resistant malaria discovered in mino-
cycline,30,31 a derivative of tetracycline. Jacobs and Koontz32 recently
examined the rate of development of resistance to clindamycin or minocycline
in P. berghei and found it much slower than to chloroquine, quinine or pyri-
methamine. Clindamycin, doxymycin, tetracycline and spiramycin all showed
causal prophylactic activity at the tissue stage of P. berghei develop-
ment.

The continuous cultivation of P. falciparwm in human erythrocytes has
been recently accomplished by Trager and Jensen.34 The parasite, originally
derived from an infected Aotus trivirgatus monkey, propagated over 100 mil-
lion times by the addition of human erythrocytes at 3 to 4-day intervals.
The parasite continued to reproduce asexually with a generation time of
about 48 hours and remained infective to dotus. This success may contribute
to expanded efforts in immunological, chemotherapeutic and biochemical
studies of malaria.

Helminthiasis - Reviews appeared on helminthiasis35 and laboratory methods
of screening for anthelmintics.36 Two publications pointed out the resis-
tance of field strains37 and selected 1ines38 of Haemonchus contortus to
benzimidazoles, morantel and levamisole. A method for inducing H. contortus
infections in the rabbit was described.3% A new, highly potent benzimida-
zole, albendazole40 VII, was reported to be active against nematodes, ces-
todes and trematodes. A single oral dose of 2.5 to 10 mg/kg in sheep and
cattle eliminated 94-100% of these organisms. It was also effective in
chickens, dogs and horses. Oxfendazole VIII was evaluated in sheep4! and
cattledZ showing 92-100% activity against nematodes. Flubendazole IX was
reported to be active against early and late encysted larvae of Trichinella
spiralis in pigs.43 Fenbendazole X was tested in sheep,44,45,46 cattle,47
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and pigs.48,49 Broad activity against nematodes was reported in all cases.
Activity in man against Ascaris, hookworm and Trichuris was reported.50
Mebendazole XI was reported to be active against Aspicularis tetraphera and
Syphacia obvelata infections in mice,51 Hymenolepis diminuta in Tribolium
confusumd2 and developing larvae of Dirofilaria immitis in dogs.53 Oxiben-
dazole XII was tested in cattle54 and horses®5 showing 84-100% efficacy
against mature parasites.

R N\ Newly described imidazothiazoles included
>’NHCOOCH3 nitramisole XIII56 and butamisole XIV57,58 which
N was 98-100% effective against Trichuris vulpis in

H dogs, orally or subcutaneously. Reduced activity
VII R = SCHoCHCH3 was found for other worms.

R N\Y_Sj XIII R = 3-NOp-CgHg
.f
VIII R = S-CgHs LN XIV R = 3-(CH3)»CHCONH-CgHg
ﬂ p-Toluoyl chloride phenylhydrazone (TCPH) XV
IX R = C-p-F-CgHy was found to be effective against nematodes and ces-
X R = S-CgHs todes of sheep.59 A thiazoline XVI was reported to
0 be orally effective against sheep nematodes.60 Fos-
XI R = " Cel pirate XVII eliminated Echinococcus granulosus and
XII R - SEHgCQQCH3 Taenia hydatigena infections from dogs.61,62

Nitroscanate XVIII showed similar activity.63,64
Other tapeworm compounds reported were praziquantel (Embay 8440) XIX effec-
tive in dogs and catsb® and mebendazole effective in experimental infec-
tionsb6 parenterally. Antibiotic S16-1 (SQ21,704), a member of the strep-
tothricin family, eliminated tapeworms from cats, dogs and sheep.

Cl
N c1 €1
| N
ooy el Y
CHq Cl 'N” 0-P-(0CH3)2
XV XVI XVII

ey Py
XVIII xix N
<

A novel disulfonamide XX was reported to eliminate mature and imma-
ture Fasciola hepatica from sheep and cattle at oral or subcutaneous doses
of 2.5 to 30 mg/kg and showed no gross toxic symptoms up to 400 mg/kg in
sheep.68,69 Diamphenethide XXI was inactive against 7. hepatica in the rat,
presumably because it was not deacetylated to the free amine.70 4,4'-Dia-
minodiphenyisulfide XXII and its diacetyl derivative were 62-100% effective
against 3-week-old F. hepatica infections in sheep.7’]



Chap. 15 Antiparasitic Agents Wang, Fisher 143

Cl

1
ClpC=C @NHZ CH3CONH -@0@NHCOCH3 XXI
HoNSO2 o SO02NH2 H2N-©S©NH2 XXI1

The effect of in vivo treatment with mebendazole XI on the intestinal
ultrastructures of Ascaris suum and Syngamus trachea was studied.’2,73 Six
hours after the onset of medication,microtubules disappeared from the apical
cytoplasm of intestinal cells in both parasites. No change in distribution
and number of microtubules in the cytoplasm of intestinal epithelial cells
was observed among host animals under the same drug treatment up to at
least 24 hours. However, a very close analog of mebendazole, oncodazole
[R17934, methyl-5-(2-thienylcarbonyl)benzimidazole-2-carbamate] has been
presented recently as an antitumor agent.’4 The drug was capable of arrest-
ing mitosis at metaphase of L1210 leukemia ascites cells <n vivo,’5 and
interfering with microtubules in mammalian cells cultured in vitro.76 Fur-
ther studies indicated that oncodazole binds to rat brain tubulin in a mole
to mole ratio and inhibits the polymerization of tubulin and the binding of
colchicine to tubulin.’7 It was also more active than colchicine in promoting
concanavalin A capping on human polymorphonuclear leukocytes.78

Although it is not known whether mebendazole has antitumor activities
or oncodazole possesses anthelmintic activities, it is not unlikely that
each drug may demonstrate both activities. It is also possible that the
mechanism of anthelmintic activity by mebendazole could be primarily by its
anti-microtubule action. Since cross-resistance between mebendazole and
other benzimidazole anthelmintics has been repeatedly demonstrated in A.
contortus in laboratory as well as in natural environments,’9 it is tempting
to assume that all the benzimidazoles act by inhibiting formation of micro-
tubules in the parasites. This hypothesis is being favored by the authors
over the other theory that the mode of action of some benzimidazoles may be
by inhibiting fumarate reductase80 because of several reasons: 1) IDsg of
the inhibition of tubulin polymerization by oncodazole is 0.63 x 10-6M
whereas IDsg of the inhibition of fumarate reductase by thiabendazole is
about 1 x 10-3M.81 2) Thiabendazole is much more effective in inhibiting
hatching of the parasitic nematodes82 than its inhibition of fumarate re-
ductase. 3) The correlation between Zn vivo resistance and resistance of
fumarate reductase to thiabendazole or cambendazole has been poor.81 Final
proof or disproof will have to wait for further studies.

Schistosomiasis - In a series of reviews, clinically available antischisto-
somal drugs,83 screening procedures,84 and the mutagenic evaluation of anti-
schistosomal drugs85,86,87,88,89,90 were discussed. The experimental chemo-
therapy, pharmacology and toxicology of hycanthone was reviewed.91 Studies
on juvenile and adult schistosomes in vitro indicated that this type of
evaluation was not useful as a screening technique for new antischistosomal
drugs.92 4-Isothiocyanato-4'-nitrodiphenylamine (C9333-GO/CGP4540) XXIII
was found to display an unusual spectrum of anthelmintic activity against
Nematospiroides dubius in mice and Schistosoma haemotobium, Schistosoma
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mansoni and Schistosoma Jjaponicum in various hosts including mice, jirds
and primates.93 The drug was effective by oral or parenteral administra-
tion in single doses of 5 to 120 mg/kg and well tolerated in acute toxicity
tests. Its effectiveness was found to vary with particie size of the drug
and the age of the parasite.94 It was suggested that a mutagenic metabolite
of XXIIT was formed by intestinal bacteria.®% A group of trisubstituted
aminoethane thiols were active vs. 5. mansoni in mice.95 The most active

was XXIV.
OZNONHONCS
Trypanosomiasis - Reviews were published on the

XXITI chemotherapy of African trypaggsomiasis96 and
Trypanosoma cruzi infections. A test system
Me 3CNHCH2CH2SH was developed using Trypanosoma rhodesiense in
XXIV mice, suitable for screening large numbers of

compounds.98 Some novel nitrofurfuryl hydra-
zones were active against T. eruz?i in mice.99 Differential screening
revealed nine compounds active against 7. cruz?_in cell culture which were
non-toxic to African green monkey kidney cells.100

The bloodstream forms of African trypanosomes depend on glycolysis
(from glucose to pyruvate) for energy supply because a mitochondrial res-
piratory chain is lacking.101,102 NADH generated by glyceraldehyde phos-
phate dehydrogenase is reoxidized by an a-glycerol phosphate oxidase system
unique to trypanosomes.103,104 It has long been postulated that this oxi-
dase s¥stem should provide an ideal target for a selective chemotherapeutic
agent. 103,104 Some aromatic hydroxamic acids have been shown to inhibit 07
uptake of bloodstream trypanosomes at about 10-4M,105,7106 One of these com-
pounds, salicylhydroxamic acid (SHAM), was shown to block the oxidase part
of the system with a Ki value of 2.5 uM.107 However, no therapeutic effect
was observed on Trypanosoma brucei when SHAM was tested in »Zvo108 up to a
plasma concentration of 10-4M for 4 hours which suggested that 02 uptake
may not be essential for the survival of trypanosomes in the bloodstream.
Similar results were obtained in vitro when 7. brucei, supplied with glu-
cose, survived for hours after 02 uptake had been blocked by SHAM. These
findings defy the generally accepted glycolytic pathway for the parasite
which predicts no net gain of ATP under anaerobic conditions.102 The
scheme of metabolism thus must have been wrong.107

Although the correct pathway of anaerobic glucose metabolism in Afri-
can trypanosomes still remains unknown, the production of equimolar amounts
of pyruvate and glycerol under anaerobic conditions has been repeatedly
demonstrated. 107,109,110 Clarkson and Brohnl11 were able to utilize these
facts to observe immediate loss of motility of 7. brucei in vitro in the
presence of 1mM SHAM and 2.5mM glycerol. Intravenous injection of T. brucei
infected rats with SHAM (96 mg/kg) and glycerol (276 mg/kg) immobilized all
the parasites within 1 minute and no intact motile parasites were found
after 3 minutes. Similar effects by the SHAM-glycerol combination were
also observed on T. rhodesiense. However, the recurrence of parasitemia
always took place following the treatment.

Damper and Patton112 studied transport of pentamidine in 7. brucet
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and identified the presence of a highly specific pentamidine transport sys-
tem in the blood trypomastigote form. The transport showed saturation
kinetics and an average Km value of 2.68 M. Stilbamidine, propamidine,
hydroxystilbamidine and benzamidine are all competitively inhibitory with
Kl values of 3.5, 3.3, 1.7 and 6.5 M respectively. SHAM (5mM) and iodo-
acetate (ImM) inhibited the transport activity by 78% and 47% suggesting
its possible dependence on energy supplied by aerobic metabolism. The
kinetics of uptake was altered in dyskinetoplastic strains of 7. brucei
which are resistant to pentamidine.l13 They showed lower rates and higher
Km for pentamidine transport as did 7. rhodesiense which is characteristi-
cally less sensitive to the drug. This alteration in uptake may provide
basis for pentamidine resistance and cross-resistance among aromatic ami-
dines.

Leishmaniasis - Over 100 compounds with known antiparasitic activity were
tested against Leishmania mexicana mexicana M379, Leishmania tropica major
P, and Leishmania donovani HV3 in cell culture.114 Several antimalarial
compounds including 5-, 6- and 8-aminoquinolines, quinazolines, amidinoureas
and dihydrofolate reductase inhibitors showed sufficient activity to warrant
further study.

Trichomoniasis - A review of new antitrichomonal agents appeared.115 An
experimental rat model system was described!16 using a dual infection of
Candida albicans and Trichomonas vaginalis as a screening method. A soluble
complex of the polyene antibiotic mepartricin and sodium lauryl sulfate was
reported to be orally effective in patients with vaginal trichomoniasis.117
A series of phosphorylated derivatives of carboxylic acids118 was found to
have trichomonocidal activity.

Metronidazole [1-(2-hydroxyethyl)-2-methyl-5-nitroimidazole], a well-
known agent against 7. vaginalis infection,119 inhibits anaerobic protozoa
and anaerobic bacteria in general but has limited activity against aerobic
organisms. 120 As the mechanism of its action, it has been suggested that
an intermediate in the reduction of metronidazole, produced only in an-
aerobes, is bound to DNA and protein and inhibits subsequent nucleic acid
synthesis. 121 The hypothesis gained some support from the findings that
extracts of trichomonads and anaerobic bacteria reduce the drugl22,123 and
that 02 markedly su$presses the uptake of the drug in trichomonads and
Entamoeba invadens,|24 even though the reduced ?roduct of metronidazole has
not yet been characterized.121 Recent studies,!25,126,127 however, seem to
cast some doubt on the possible binding of the reduced drug to DNA. Ings and
Constable found that 14C-metronidazole did not accumulate at any particular
site within 7. vaginalis but was evenly distributed in the nucleus and cyto-
plasm.125 Though there is some disagreement on whether there was any change
about the nuclei of drug-treated T. vaginalis,125,126,127 at least two in-
vestigators appeared to agree that the number of polyribosomes had decreased
whereas the number of single ribosomes in the cytoplasm had increased as a
result of drug treatment.125,126 Metronidazole thus may impair protein syn-
thesis in T. vaginalis.

Nitrofurans, such as nitrofurazone, nitrofurantoin and SQ 18506, have
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long been used as urinary tract antiseptics.128 They have been recently
identified as agents also active in vitro against T. vaginalis.127,129
Buchner and Edwards127 indicated that the morphological changes in T. vagi-
nalis caused by nitrofurans were very similar to those by metronidazole.
McCalla, Reuvers and Kaiserl130,131 demonstrated that the antimicrobial ac-
tivity of nitrofurans was Tinked with reduction of the nitro group and the
reduced nitrofurans in turn inhibit DNA function and cause chromosome
breakage in bacteria; a mechanism very similar to that postulated for metro-
nidazole though not restricted among anaerobes. However, another bacterio-
static activity of nitrofurantoin at much lower doses (0.5-25 ug/ml) has
been noted recently by Herrlich and Schweiger.132 They found in Escherichia
coli no effect by nitrofurans on transcription, but the drugs inhibit speci-
fically the expression of inducible genes, e.g., g-galactosidase, trypto-
phanase, galactokinase, ete. Similar activity was expressed in the E. coli
protein synthesis assay in vitro, and the inhibition of messenger RNA ex-
pression occurred at the initiation step, suggesting selective translational
control.

A1l the evidence reviewed above points to an interesting possibility
that the primary action of metronidazole and nitrofurans in 7. vaginalis
may be the inhibition of synthesis of proteins. Whether reduction of the
nitro group is the prerequisite for this activity remains to be seen.

Coccidiosis - Reviews appeared on coccidiosis of sheep!33 and propylactic
immunization.134 In a study using recent field isolates, no anticoccidial
was effective against all isolates.135 Sequential use of amprolium, nicar-
bazin, unistat and zoalene against Eimeria temella produced a strain sensi-
tive to nicarbazin but resistant to the other agents.136 A new anticocci-
dial MK-302 XXV was reported to control Eimeria acervulina, Eimeria brunet-
ti, Eimeria maxima, Eimeria necatriz, and E. tenella.137,138 New anticoc-
cidial ionophores described included narasin (A-28086) XXVI,139 with pre-
dominantly Na*t selectivity?40 and CP-39,295141 XXVII. Monensin was reported
to be active in sheepl42 and to have profound effects on rumen micro-
biology. 143,144

Further studies on pyridoxal analogs showed XXVIIIT45 and XXIX146 to
have activity against E. acervulina. A series of pyran-3(4H)-ones, exem-
plified by XXX, were active against E. acervulina and E. tenella.l

The mechanism of action of quinolone coccidiostats was recently stud-
jed by Wang in E. tenella.148,149 Amquinate, buquinolate, methyl benzo-
quate and decoquinate were all reversible inhibitors of E. tenella respira-
tion as well as sporulation. The IDsg values were 1 to 2x 10-5M against
respiration during sporulation and 3 x 10-6M against respiration during ex-
cystation. Respiration in isolated E. tenella mitochondria was inhibited
50% by the quinolones at 3 pmoles per mg protein at the site near cyto-
chrome b. Mitochondria of an E. tenella amquinate-resistant mutant were at
Teast 100-fold less susceptible to the quinolones, while chicken Tiver mito-
chondria shawed no sensitivity to the drugs. It was thus suggested that
the quinolones may suppress the parasites by inhibiting their mitochondrial
respiration. It was also postulated that the high freguency of resistance
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to the quinolones among coccidial50,151 could be due to autonomous genetic
control of drug-resistance in mitochondria.

The phenomenon of drug resistance has been studied by Joyner and
Norton.152,153 They found that when two drug-resistant strains of E. maxima
were passaged together in untreated chickens, at least some of the resultant
oocysts became resistant to both drugs. Acquisition of resistance by one
strain from the other occurred between methyl benzoquate and sulfaquinoxa-
line or clopidol and sulfaguinoxaline but not between clopidol and methyl
benzoquate. The transfer of drug resistance did not take place between
different species but occurred readily between different variants of the
same species 96 hours after inoculation or later.154 Treatment with acri-
flavin had no effect on the transfer suggesting genetic recombination.

Dihydrofolate reductase was found and purified from unsporulated
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oocysts of E. tenella by Wang, et al.155 Its molecular weight was estimated
as 240,000 daltons and it was strongly inhibited by pyrimethamine (KI = 3nM).

Cultivation of E. tenella in cell cultures has been widely utilized
in studyin? known anticoccidials and provided useful information on these
compounds. 156,157  The technique was recently further developed for the
primary screening of compounds in several laboratories.158,159 1In a recent
report,160 however, Ryley summarized the results from screening of 11,550
compounds in cell cultures and concluded that the screening method is not
a satisfactory or reliable alternative to screening in chickens.

Toxoplasmosis - Using Toxcoplasma gondii in cell culture, 161 the polyether
fonophores Tasalocid and monensin were highly active whereas ormetoprim
and sulfadimethoxime or a combination were inactive or weakly active.
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Section IV ~ Metabolic Diseases and Endocrine Function

Editor: Hans-Jlirgen Hess, Pfizer, Inc., Croton, Conn.

Chapter 16. Cellular Responses Mediating Chronic Inflammatory Diseases

Philip Davies and Robert J. Bonney
Merck Institute for Therapeutic Research, Rahway, N.J.

Introduction - The etiology of chronic inflammatory diseases such as
rheumatoid arthritis, systemic lupus erythematosus, Crohn's disease, and
sarcoidosis remains unknown. However, a chronic inflammatory component

is recognized to occur in these diseases because of an influx of blood
leukocytes and a proliferation of local cells. An examgl of this occurs
in diarthrodial joints involved in rheumatoid arthritis '® where synovial
lining cells proliferate, overlying a mass of fibrous tissue, termed
pannus, which is infiltrated by numerous lymphocytes, macrophages, and
fibroblasts. The synovial fluid of such joints is increased in volume
and contains large numbers of polymorphonuclear leukocytes (PMN), lympho-
cytes, and macrophages. In addition to the cellular components present
at sites of inflammation, the products of various humoral systems associa-
ted with inflammatory events accumulate--viz, fibrin, cleavage products
of the complement system, kinins, and antigen-antibody complexes. We
will restrict our remarks to some cellular aspects of chronic inflammatory
processes, giving particular attention to biochemical changes occurring
in cells responding to inflammatory stimuli. These changes often lead to
the secretion of products which modulate inflammatory processes in various
ways. Some inflammatory stimuli interact directly with phagocytic cells,
causing the release of their mediators. For example, urate crystals
release mediators of gouty inflammation from PMN, while the interaction
of toxic materials such as asbestos, silica, and thermophilic yeasts with
alveolar phagocytes leads to chronic inflammatory changes in the lung.
These are nonimmunologically mediated inflammatory events, and there is
no evidence for a primary involvement of lymphocytes in this type of
inflammation. More commonly, chronic inflammatory processes are the
result of the interaction of a specific immunogenic stimulus with lympho-
cytes. Further exposure of sensitized lymphocytes to the specific
immunogen results in the synthesis and release of inflammatory mediators.
These products of stimulated lymphocytes act directly upon target tissues,
e.d., lymphotoxin, or alternatively influence the activity of other

cells, e.g., migration inhibitory factor (MIF), acting upon macrophages.

In order to develop meaningful assay systems to study mechanisms involved
in chronic inflammation, cells from cartilage, bone, normal synovium, and
from organized inflammatory lesions as well as leukocytes from spleen,
thymus, and macrophages from serous cavities of laboratory animals main-
tained as stable populations in cell or organ culture have been utilized.

Recent improvements in methodology for cell isolation from normal and in-
flamed tissues have permitted the maintenance of cell culture systems
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relevant to in vivo situations. This has been achieved by dispersing
tissues by the judicious use of connective tissue degrading enzymes
rather than mechanical disaggregation or mincing of tissue and incubation
with trypsin. Clearly, the complex cellular interactions underlying
chronic inflammation are best studied using methods of cell and organ
culture where the responses of individual cell types to various stimuli
can be defined. While such systems fail to provide a comprehensive model
for any chronic inflammatory disease, they do provide definitive informa-
tion on the response of a given cell type to stimuli introduced into its
environment. Much of the information reviewed in this chapter has been
derived in this way. Only a judicious combination of these test systems
will provide comprehensive assays for the various aspects of inflammatory
disease. An extensive background to this brief survey is found i he
proceedings of two recent international meetings on inflammation.™’

Chemotaxis - Chemotaxis is the mechanism by which cells are attracted to
sites of inflammation. Leukocytes move in a specific direction establish-
ed by a concentration gradient of _a stimulus generated at a site of
inflammation. The Boyden chamber™ still serves as the basic apparagus

for measuring chemotaxis, although improvemegts have been described  and
a method using radiolabeled cells is in use. excellent monograph on
the subject of chemotaxis has appeared recently. Activation of the
complement systems leads to formation of several molecules with chemotac-
tic activity, including C3a, C5a, and the trimolecular complex C567.

Human C3a has been purified, sequenced, and shown to be a cationic geptide
containing 77 amino acid residues with a molecular weight of 9,000.

Human C5a contains 73 amino acid residues with additional carbohydrate
accountifg for 25% of its molecular weight of approximately 11,000
daltons.

The eosinophil chemotactic factor of anaEEylaxis (ECF-A) is a preformed
product fgund in rat mast cell granules, in human lung, nas polyps,
and PMN. The activity resides in two acidic tetrapeptides, Ala-Gly-=
Ser-Glu and Val-Gly-Ser-Glu, which preferentially attract eosinophils.
Synthetic peptides of this,gcomposition are equipotent to natural ECF-A
both in vitro and in vivo. ECF-A sth§ maximal chemotactic activity at
10 "M, and concentrations as low as 10 M deactivate eosinophils t?6ST9_
sequent stimulation by chemotactic concentrations of ECF-A and CS5a. '
The COOH terminal tripeptide of ECF-A, Gly-Ser-Glu, is only weakly chemo-
tactic but it causes dose—depfgdigt suppression of eosinophil chemotactic
responses to Val-Gly-Ser-Glu. '

Simple formy}smethionyl peptigeﬁostimulate leukocyte movement and are
chemotactic. Becker et al ! have synthesized a series of di-, tri-,
and tetrapeptides, most of them being formyl methionyl peptides. These
are chemotactic, stimulate phagocytosis of latex particles, and cause the
selective release of lysosomal enzymes from PMN in the presence of cyto-
chalasin B. There is a high degree of correlation between the ability of
the peptides to enhance PMN movement and cause selective release of acid
hydrolases. The presence of the formyl group on the methionine leads to

a 3,000- to 30,000-fold increase in chemotactic activity. Further studies
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will determine if these oligopeptides bind to a specific receptor and
whether such a receptor is involved in initiating bas% functions of the
PMN, such as chemotaxis and phagocytosis. Hook et al = have shown that
formyl methionyl peptides trigger the release of histamine from basophils.

Arachidonic acid released from phospholipids or neutral lipids at sites
of inflammation can be converted via the cyclooxygenase system into the
biologically active endoperoxidezgrostaglandin G, as well as several non-
prostanoate hydroxy fatty acids. Alternatively, it may be converted by
a lipoxygenase into 2-L-hydroxy-5,8,10-14-eicosatetraneocic asﬁd (HETE) .
HETE produced by platelet aggregation is chemotactic for PMN (see Chap-
ter 19}.

Cellular Mediators of Inflammatory Processes

Lymphocyte Products - It is ly 10 years since it was realized that
lymphocytes are heterogenous in terms of their function and that cell-
to-cell collaboration bgiween lymphocyte subclasses is essential for
proper immune function. Subsequently it has become clearzghay several
subsets of lymphocytes recognized by their surface antigens” ' mediate
specific functions.

Lymphocytes responding to antigens or mitogens synthesize and secrete
macromolecular pro chg termed lymphokines that possess a variety of bio-
logical activities® ' which are thought to initiate many of the changes
seen in delayed hypersensitivity responses. Extreme difficulty hg been
encountered in purifying and characterizing these macromolecules.

Some progress has been reported toward the preparation of an antiserum
with specificity toward lymphokines that influence macrophage functio 50
and also toward products participating in mixed lymphocyte responses.
Antibodies prepared agaig t guinea pig lymphotoxin did not neutralize
mitogenic factor or MIF. Mouse lymphotoxin has been characterizeg4as a
molecule of 41,000 daltons with an isoelectric point of 4.4 to 4.8.

Human tonsillar lymphocytes produce a lymphotoxin of molecular weight of
approximately 80,000, while human peripheral blood leukocyteisproduce a
lymphotoxin with a molecular weight of approximately 45,000.

MIF inhibits the amoeboid movement 35 macrophages37 This materjgl has
been partially purified from human, guinea pigqg, and murine sources.

Its r§8eptor on macrophages is susceptible to inactivation by a-fucosi-
dase.

Suppressor lymphocytes40 control immune responses in part by secretion of
an antigen-specific factor which is not active across histocompatibility
barriers. This product has a molecular weight between 35,000 and
55,000 daltons and can be completely absorbed with an alloantiser
specific for the I region of the major histocompatibility complex. A
soluble immune response suppressor (S ) is produced by concanavalin A~
stimulated murine splenic lymphocytes and inhibits plaque-f ing
responses of B lymphocytes and cytotoxic lymphocyte responses tg,allo-
antigens. SIRS has a molecular weight between 48,000 and 67,000, does
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not contain any immunoglobulin-like material, and is destroyed by protein-
ases and nucleases. 1Its inhibitory activity may be mediated by interfer-
ence with th23accessory role played by macrophages in the response of
these cells.

Macrophage Products - Mononuclear phagocytes maintained in tissue culture
synthesize and gecrete a number of products relevant to chronic inflamma-
tory processes. In so instances these are secreted in direct response
to inflammatory stimuli. Neutral proteinase secretion is stimulated by
intraperitoneal injection of thioglycollate broth, which acts as a sterile
inflammatoig stimulus.,_Cells harvested ip_this manner secrete plasminogen
activator, elastase, and collagenase. Collagenase secretion by
mineral oil-induced guinea pig peritoneal macrophages is stimulated by

the addition of supernigants of antigen- or concanavalin A-stimulated
guinea pig lymphocytes or directly by bacterial lipopolysaccharides.
Collagenase is secreted by alveolar macrophages frogznggmal rabbits or
animals sensitized with Freund's complete adjuvant, ' larger amounts

of enzyme being secreted from the latter. Alveolar magiophages secrete
collagenase in a latent form under certain conditions, but they also
secrete a pggteinase which activates the latent enzyme under physiological
conditions. Macrophages harvested from mice given an intraperitoneal
injection of chrysotile asbestos, a potent stimulus of chronic inflamma-
tion, secrete plasminogen activator; but mice injected with latex parti-
cles, which have little inflammatory activity, do not secrete this

enzyme. Neutral proteinase secretion_by macrophages is dependent upon
an intact protein synthetic mechanism. Glucocorticoids inhibit secre-
tion of plasminogen activator at doses close to phyggological levels and
corresponding to their anti-inflammatory potencies. Colchig%ne and
vinblastine inhibit plasminogen activator secretion at 1 x 10 M. Cholera
toxin is g?zexggemely potent inhibitor of secretion, reducing release by
90% at 10 M. Nonsteroidal anti-inflammatory drugs have no detectable
effects on secretion of plasminogen activator. In contrast to its inhibi-
tion of plasminogen activator release by macrophages, colchicine stimu-
lates the secretion of elastase, collggenase, and a neutral proteinase
hydrolyzing azocasein by these cells.

Acid hydrolase release from macrophages is not a general response to
phagocytic stimuli, as is the case with PMN. Enzyme release by macro-
rhages occurs only with inflammatory stimuli. Stimuli causing lysosomal
hydrolase release may be those causing nonimmune-based inflammation, such
as Group A streptococcal cell walls, carrageenan, zymosan, asbestos, or
products of lymphocxge stimulation such as lymphokines and antigen-
antibody complexes. In addition, products of the activation of the
complement system, C3b in pagyigglar, induce selective release of acid
hydrolases from macrophages.” ' This observation is of particular
interest since macrophages synthesize those factors of the alternative
pathg8y68f complement required for the conversion of C3 to C3a and

C3b.” 7! Since several inflammatory stimuli, e.g, bacterial lipopolysac-
charides, carrageenan, and zymosan, are known to activate the alternate
pathway of complement, the formation of C3b may be an intermediate step
for the expression of macrophage functions relevant to its role in inflam-
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matory processes.61 The selective release of acid hydrolases is inhibited
by anti-inflammatory drugs under certain conditions. Glucocorticoids
inhibit acid hydrolase release from thioglycollate-induced macrophages
caused by zymosan, Preincubation with indomethacin inhibits65he release
of acid hydrolases caused by Group A streptococcal cell walls.

Macrophages secrete products which stimulateegoth the proliferation of
fibroblasts and their synthesis of collagen.

Macrophages secrete prostaglandins in response to several types of inflam-
matory stimuli. Oil-induced guinea pig peritoneal macrophaggg secrete

PGE, and PGF when cultured in the presence of lymphokines. Both
thioglycolla%%-induced and unstimulated mouse macrophages secrete prosta-
glandins in response to an inflammatory stimulus such as zymosan but t
to a stimulus lacking inflammatory capacity, namely, latex particles.

Macrophages play an important ro in the initiation and modulation of
lymphocyte responses to antigen. They secrete facto which enhance
the resp9Ts§20f both T lymphocytes and B lymphocytes to mitogenic
stimali. '

PMN Products - Neutral proteinases of PMN lysosomes73 degrade a wide
variety of cogzective tissue substrates including elastin, proteoglycan,
and collagen. Cathepsin G has been found only in PMN, and elastase
from these cells has a substrate7gpecificity different from that of pan-
creatic and macrophage elastase. In addition to their effects on con-
nective tissue components, the neutral proteinases of PMN lysosomes also
stimulate the activity of other cells involved in the inflammatory res-
ponse. Both elastase and cathepsin G from human PMN stimulate the incorg
poration of thymidine by human peripheral blood and splenic lymphocytes.
The stimulated lymphocytes are of the B lineage, with no effect seen on T
lymphocytes.

Basophil Products - Basophilic leukocytes participate in both delayed,
cell-mediated, and immediate, homocytotropic antibody-induced hypersen-
sitivity reactions. Basophils contain several pharmacg%ogical mediators
that are released in response to inflammatory stimuli. These mediators
include histamine, slow-reacting substance of anaphylaxis (SRS-A), ECF-A,
and platelet activating factor (PAF). The degranulation proces§8has been
observed morphologically in allergic contact dermatit%a 58 man. C5a
causes the release of histamine from human basophils. ~' The Cb5a-
induced release is dependent upon calcium ions and occurs within 2 minutes
of C5a addition, it is additive to that induced by IgE, ag? Eaere is no
cross~-desensitization Bgtween the two stimuli of lease. ' Short-~
term cultures of human and guinea pig basophils have been establighed.
Basophils from the latter speci§§ were shown to synthesize histamine,
whereas human basophils do not.

PAF is secreted from basophils by an IgE-dependent reaction, has a moégcu—
lar weight of approximately 300, and is sensitive to phospholipase D.
It causes the secretion of vasoactive amines from platelets by a calcium-
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requiring and temperature~dependent process86 which is inhibited by
serine protg%nase inhibitors and agents elevating cellular levels of
cyclic AMP.

Production of Mediators in Response to Inflammatory
Stimuli by Organized Tissues Maintained in Culture

Organ Culture of Synovium - Organ culture is defined as the cultivation
in vitro of tissues in a diffe gntiated, funggional state similar to that
of their organs of derivation. Fell et al = have used organ culture
techniques to study the physiology and pathology of synovium and carti-
lage. Cartilage devoid of soft connective tissue responds to complement-
sufficient antiserum with regQrption of its matrix. The proteoglycan
component, but not collagen, is degraded. When synovial soft connective
tissue is add to the cartilage system, both connective tissue components
are degraded. Therefore, cultures of the components of connective tis-
sue can serve as models for the study of proteoglycan and collagen break-
down and the effects of various agents on such processes.

Digpersed Cell Culture of Synovial Tissue - Although organ culture studies
yield information regarding mechanisms involved in joint and rheumatoid
diseases, they do not allow the determination of which cell type or types
are responsible for the observed effeggcts. Organ cultures of human rheuma-
toid synoviug4secrete prostaglandins and certain neutralproteinases,93
Dayer et al, using crude collagenase followed by trypsin treatment,

have dispersed human rheumatoid synovium and initiated cultures containing
heterogeneous populations of cells as judged by morgHological criteria.
These cells produce collagenase and prostaglandins,”  and the synthesis of
these products correlated with the numb of cells which were adherent,
had Fc receptors, and secreted lysozyme. Collagenase prgguction by the
cultured cells is stimulated by a human lymphocyte factor.

Cultured cells from enzymatically dispersed, carrageenan-induced granu-
lomas display several characteristics of mononuclear phagocytes--

namely, Fc rsgeptors, phagocytic activity, and the constitutive secretion
of lysozyme.

Acute Phase Protein Production by Liver - The liver synthesizes a number
of acute phase proteins in response to ill-defined products of chronic
inflammatory lesions. These proteins include haptoqlobin,gggggloplasmin,
o-1 trypsin inhibitor, C-reactive protein, and fibrinogen. Identi=~
fication of the cell type in the liver that is responsible for the syn-
thesis of these proteins remains to be established. The process of acute
phase protein synthesis has been examined by two general protocols, (1)
liver perfusion and (2) incubation of liver slices.

1. Liver Perfusion - Normal intact ESB }6Yer can be successfully perfused
for 12 hours,I00 and John and Miller™ ' have demonstrated net biosyn-
thesis of albumin, fibrinogen, a-1 acid glycoprotein, and a-2 (acute

phase) globulin. Synthesis of the acute phase proteins can be induced by
perfusion medium supplemented with insulin, cortisol, growth hormone, and
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amino acids.

2. Liver Slices - Liver slices prepared from rats bearing an inflammatory
lesion caused by subcutaneous injection of turpentine show an increased
capacity for the incorporaf&gn of radiocactive amino acids and glucosamine
into acute phase proteins.

A third approach to study the synthesis of acute phase proteins is to use
primary cultures of homogenous preparations of adult liver parenchymal
cells which can be maintained in culture without division up to 1

week. +104 Employing such a system, the synthesis and secretion of
several serum proteins such as albumin, fagriaggen, transferrin, and o-1
acid glycoprotein has been demonstrated. '

In addition, it is n?86possible to isolate parenchymal and Kupffer cells
from the same liver. Therefore, isolation and cultivation of these

two cell types should allow the determination of the cellular origin of
the acute phase proteins as well as the products of inflammatory processes
which stimulate their production.
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Chapter 17. Molecular Mechanisms and Pharmacological Modulation
in Psoriasis

John J. Voorhees, University of Michigan Medical School
Ann Arbor, Michigan 48109

Introduction - Psoriasis is a skin disease which occurs in separated
patches over the body. Its causes are probably multiple genetic and envi-
ronmental factors acting in concert.l Of these factors, the three- to
fourfold increased frequency of the cell surface gene products HL-Al3 and
HL-A172 and induction of psoriasis by cutaneous trauma3 are well estab-
lished. However, these established facts do not as yet immediately suggest
areas of research with therapeutic application., Therefore, we have been
concerned with those aspects of the molecular pathophysiology of psoriasis
which are hypothetically amenable to pharmacological modulation. When
using this approach, research is not restricted by not knowing which molec-
ular events are primary versus secondary. That is not to say that know-
ledge of primary versus secondary molecular events is unimportant. Quite
the contrary, such knowledge might be essential to successful therapeutics,
but such studies at the molecular level are not generally feasible at this
time in normal or diseased human skin. An important corollary of this re-
search strategy is that in initiation and/or maintenance of a lesion cer-
tain but not all molecular events, whether they are primary or secondary,
are critical. We have arbitrarily designated these events as '"critieal
molecular events in pathophysiology'. The postulate is that without these
events, the lesion would either not develop or would spontaneously
disappear.

We have attempted to establish what certain of these "critical molec—
ular events in pathophysiology' might be by examining lesional epidermis
of psoriasis and comparing it to uninvolved psoriatic epidermis and to epi-
dermis of normal subjects. Much psoriasis research has focused on the epi-
dermis for several reasons. Although the clinical lesion of psoriasis has
several compartments (i.e., dermal, vascular, inflammatory, immunologic,
nervous, etc.) the epidermal compartment is the only one which can be
surgically obtained in sufficient quantity, with reasonable homogeneity,
and with minimal scarring of the patient. Epidermal research in psoriasis
is reasonable and justifiable because without abnormal epidermal homeosta-
sis, the psoriatic lesion could not exist, or at least would not pose a
significant clinical problem. The fact that most, if not all, psoriatic
lesions sooner or later spontaneously disappear indicates that certain
“eritical molecular events' occur spontaneously within the epidermis to
either promote or permit the lesion to revert to normal, Such "critical
molecular events in pathophysioclogy’ are viewed as ideal candidates for
pharmacological modulation. When possible, the pharmacological agents em-
ployed should be those which exist naturally in human skin, i.e., the con-
cept of orthomolecular pharmacology. It seems rational to suggest that in
principle, the manipulation of naturally occurring molecules will be a
safer approach than the utilization of classical anticancer drugs or agents
which are potential mutagens. Those events in the epidermal pathophysiol-
ogy of psoriasis which we consider critical will be reviewed after which
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their pharmacological manipulation will be discussed.

Cell Surface in Psoriasis - The first of these factors which we believe are
"eritical"” is the cell surface. In most, if not all animal cells, the cell
surface appears to participate in the regulation of proliferation and tissue
cytodifferentiation.4 In psoriasis the lesional epidermal cell surface is
markedly reduced by ultrastructural analysis.5s6 This may be a general
feature of a stimulated epidermis, thus being nonspecific for psoriasis.
Since normal epidermal growth regulation may be impossible without a normal
cell surface,5,6 such potential nonspecificity should not diminish the im-
portance of this observation. As mentioned above, HL-Al3 and HL-Al7 gene
products are cell surface constituents which have a three- to fourfold ele-
vated frequency in psoriasis.2 These HL-A abnormalities may participate in
the development of a psoriatic lesion and not be merely genetic markers.
Several observations suggest this possibility.

The H-2 gene complex in the mouse is analogous to the HL-A gene com-
plex in man. In mice a particular H-2 genotype is one regulator of the
level of cellular cyclic AMP.7 The cell surface membrane H-2 phenotype
presumably is controlled by a specific H-2 genotype. By analogy, the HL-A
genotype in man may do likewise. The abnormal HL-A psoriatic phenotype
could alter cell adhesion-mediated growth control in the epidermis. The
abnormal HL-A phenotype could alternatively interfere with potential phy-
siological regulation of epidermal cyclic AMP content by endogenous beta
catecholamine, We have previously shown that exogenously added beta cate-
cholamine elevates the epidermal cyclic AMP content, an elevation which is
blocked by propranolol.8 This is especially interesting in light of the
suggested common evolutionary origin of HL-A antigens and beta receptors.9
Furthermore, Svejgaard and RyderlO have postulated that HL-A antigens may
be cell surface hormone receptors. If so, certain HL-A phenotypes (i.e.,
HL-A13 and HL-Al7), as well as others as yet unidentified) might lead to
reduced binding of endogenous catecholamine to the beta receptor. In fact,
such a situation might account for the observed propanolol induced, psori-
asis-like rashesll and the recent observation by Wiley and Weinsteinl2 of
a sixfold increase in the number of epidermal cells synthesizing DNA in-
duced by intradermal injection of propanolol into uninvolved psoriatic
skin. These recent observations by Wiley and Weinsteinl? are potentially
important because, as will be discussed below, we believe the reduction in
the function of the epidermal cyclic AMP system 1s central to the misregu-
lated homeostasis of psoriatic epidermis.8 It will be important to deter-
mine whether the elevation in the number of DNA synthesizing epidermal
cells in response to propanolol occurs in all psoriatic patients or specif-
ically in those who are HL-Al3 or HL-Al7 or some as yet unknown HL-A
phenotype.

Cyclic Nucleotides in Psoriasis - In 1971 Voorhees and Duell proposed the
first working model of a potentially deranged cyclic AMP system in psori-
asis.1l3 The model was based on the fact that three characteristic features
of the lesional epidermis of psoriasis are glycogen accumulation,8 de-
creased terminal differentiation8 and increased proliferation.l4 1In other
tissues and experimental systems, cyclic AMP was capable of reversing
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these three abnormalities.8 1In the model, reduced cyclic AMP function could
either initiate a lesion, permit maintenance of a lesion, or both.13 Since
the absence of these three abnormalities describes a normal epidermis, a

key postulate of the model is that normal function of the cyclic AMP system
18 necessary for normal epidermal physiology, a major feature of which is
regulated growth. In 1973 this model was modified to include the observed
elevation of cellular cyclie GMP levels in association with induced cell
proliferation.15 Our present formulation suggests that reduced cyclic AMP
function and elevated cyclic GMP function, or altered function associated
with a decrease in the cyclic AMP/cyclic GMP ratio, is central to the de-
ranged epidermal homeostasis characteristic of a psoriatic lesion. Since
1971 these possibilities have been explored in several laboratories, includ-
ing our own, have been recently reviewed in detail elsewhere, 16 and will
only be summarized here.

At this time no direct, clear data are available which demonstrate a
role for either cyclic AMP or cyclic GMP in epidermal physiology. However,
a considerable amount of indirect, inferential and circumstantial evidence
points to a probable highly significant involvement of cyclic AMP in epi-
dermal physiology. This, along with the fact that cyclic AMP is a pivotal
effector molecule in the physioclogical regulation of most tissues, makes
it probable that epidermis will not turn out to be an exception. The role
of cyclic GMP in cell physiology in general is currently unclear and thus
the role of cyclic GMP as a proliferative effector in epidermis is highly
speculative at this time. An elevation of cyclic AMP in epidermis in
vitro thus far has proven to be an inhibitory signal for cell prolifera-
tion.8,17,18 However, due to the high concentrations of cyclic AMP ele-
vating drugs employed in these studies in vitro, it 1s by no means certain
what a given cellular level of cyclic AMP does in in vivo epidermis. It
is possible that the metabolic status of the epidermis can at one time
perceive a given cyclic AMP concentration as a proliferative signal and at
another time interpret the same cyclic AMP content as an inhibitory proli-
ferative signal. Furthermore, although the cyclic AMP content of a tissue
is easy to measure and convenient to think about, it is the net function of
the cyclic AMP system in the tissue that is important physiologically. The
levels of cyclic AMP and cyclic GMP in psoriasis, although known, are dis-
puted.16,19 The net function of dysfunction of the cyclic AMP and cyclic
GMP systems in psoriasis has never been investigated. Said differently,
cyclic AMP dependent protein kinase activity and substrate phosphorylation
can be measured in psoriasis. However, the problems in interpreting such
data in terms of physiology and/or pathophysiology are enormous. Thus
extensive research will be required before any meaningful conclusions can
be drawn about the cyclic nucleotide system in either psoriasis or eplder-
mal physiology in general.

Our measurements indicate that the cyclic AMP/cyclic GMP ratio in
psoriatic lesions is reduced.l6 The level of cyclic GMP is consistently
increasedl6 whereas depending on the study, the level of cyclic AMP is
either slightly increased,l9 normall9 or modestly reduced. 16 Perhaps the
most important observation is that whereas most metabolic parameters in
psoriasis are unequivocally elevated20,21 ag is the case with any acti-
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vated metabolic state, the lesional content of cyclic AMP is either the
same or 25% above or below that of uninvolved tissue. Our view is that the
cyclic AMP system in a psoriatic lesion needs to be stimulated by addi-
tional cyclic AMP to generate an antiproliferative signal in the lesion.
Said differently, the normal lesional cyclic AMP content or even a 25%
elevation may be insufficient to stimulate the lesional cyclic AMP system
to a level of activity which is capable of restoring normalcy to the
lesion. This view in pharmacological terms means that if we use drugs or
hormones to generate more cyclic AMP in the psoriatic lesion, a therapeu-
tic result may be achieved.

This approach is strengthened by several studies. As previously men-
tioned, work from a number of laboratories8,17,18,22-24 utilizing adult
rodent or human epidermis in culture, indicates that cyclic AMP elevation
is capable of inhibiting cell division. One study demonstrated the inhibi-
tory effects of cyclic AMP elevating agents on psoriatic epidermal cells in
vitro.23 Two reports claim the in vitro stimulation of epidermal differen-
tiation by cyclic AMP elevation.18,25 These reportsl8,25 although consis-
tent with our cyclic nucleotide model of psoriasis are inadequate because
they do not adequately document the direct and specific role of cyclic AMP
as an inducer of epidermal differentiation. Cyeclic AMP has also been shown
to stimulate the disappearance of glycogen from psoriatic lesions in vitro.8

Cyclic AMP is certainly but one possible regulator of proliferation
and differentiation in epidermis. However, in several systems cyclic AMP
appears to play a major role in growth and differentiation as exhaustively
reviewed by Friedman.26 Also, cyclic AMP regulates glycogenolysis in
several tissues.8 We thus feel justified in postulating therapeutic effects
by raising psoriatic lesional cyclic AMP, which based on the aforementioned
studies should reduce proliferation, induce differentiation and reduce
lesional glycogen content and in so doing should normalize the lesion. To
this end, several preliminary studies have already appeared. Stawiski et
51?7»28 in two separate double blind clinical experiments have shown the
superiority of papaverine and d,l-4-(3-butoxy-4-methoxybenzyl)-2-imidazoli-
dinone (R020-1724) when used topically in comparison to control vehicle
treatment. R020-1724 at a concentration of 17 was significantly better than
17 papaverine cream but neither was as good as topical triamcinolone. How-
ever, experimental determination of the correct drug concentration, dosage
schedule and pharmaceutical formulation could transform either of these
tools for research into clinical drug candidates.

In less well controlled studies topical theophylline, with or without
topical dibutyryl cyclic AMP or a cyclic AMP analog, has shown modest
efficacy in psoriasis.29,30 An uncontrolled clinical trial of oral theo-
phylline is said to have demonstrated beneficial results in psoriasis.3l
In two uncontrolled clinical studies of intramuscular dibutyryl cyclic AMP,
studies insgired by our earlier biochemical studies on cyclic nucleotides in
psoriasis,l3 Chinese physicians in Shanghai considered the drug effective
in 80% of 69 patients treated.32,33 In the Chinese studies, reported
side effects were insignificant and thus it should be possible to duplicate
their study but using a double blind design. In view of the excellent re-
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ported results with minimal side effects, such a controlled trial in our
view should have a high priority.

In light of these promising reports, the strong circumstantial evi-
dence that cyclic nucleotides are significantly involved in the pathophysi-
ology of psoriasis, and the certainty that it will be several years before
definitive data are available on the role of cyclic nucleotides in psoria-
tic pathophysiology, it seems reasonable to suggest that further clinical
pharmacology utilizing the cyclic AMP approach is warranted at this time.
This seems especially important since conventional systemic treatment (anti-
cancer drugs, glucocorticoids and oral psoralen plus ultraviolet light type
A) either has known serious side effects or serious potential sequelae.
Since cyclic AMP 1s the second messenger of many peptide hormones and neuro-
transmitters, one's initial reaction to cyclic AMP therapy for any disorder
might be negative on the grounds that cyclic AMP would activate multiple
organs. However, local and systemic therapy of asthma, which in our view
is probably largely the result of elevated cyclic AMP levels, has been
used for years with great benefit and minimal side effects when administered
by a physician versed in the pharmacology of sympathomimetic agents.

Clearly several approaches to the cyclic AMP therapy of psoriasis are
possible. Epidermis accumulates cyclic AMP in vitro when exposed to iso-
proterenol, epinephrine, norepinephrine, E-type grostaglandins, adenosine,
dopamine, salbutamol34 and histamine (H2 type).3 Recent studies by Duell,
Terpenning and Collins36 show that epidermis probably contains a beta recep-
tor of the betap type. Thus clinical pharmacology using beta; catecholamine
agonists, such as salbutamol or terbutaline, with or without a cyclic AMP
phosphodiesterase inhibitor either topically or systemically appears experi-
mentally feasible. When contemplating such a study, it must be remembered
that agonists which stimulate the accumulation of cyclic AMP in several
tissues lead to both agonist specific and nonspecific tachyphylaxis.37
According to one group of investigators, the psoriatic epidermal beta re-
ceptor is relatively insensitive to cyclic AMP accumulagion induced by beta
catecholamine (epinephrine) under in vitro conditions.3® TIf this abnor-
mality can be confirmed by other groups, it may suggest that the beta cate-
cholamine approach is less desirable than another agonist such as a sub-
erythema or minimal erythema concentration of topical prostaglandin of the
E series. Other potential candidates for evaluation are the newly discov-
ered prostacyclin,39 which is an extremely potent stimulator of cellular
cyclic AMP accumulation,?0 or a more stable analog of prostacyclin.

Cyclic AMP phosphodiesterase inhibitors, with or without an appro-
priate agonist are also candidates for clinical experimentation. In pre-
liminary work, which requires confirmation, we have reported greater low Km
cyclic AMP phosphodiesterase activity in psoriatic lesions than in normal
appearing areas in six patients.4l If this is the case in an in vivo
lesion and is not an artifact of tissue preparation for biochemical analysis,
a cyclic AMP phosphodiesterase inhibitor may be an excellent choice. We
have shown that epidermal cyclic AMP phosphodiesterase 1s inhibited by
caffeine, theophylline, diazepam, papaverine and R020-1724.3% The methyl
xanthines are poor inhibitors, whereas papaverine and R020-1724 are potent
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inhibitors leading to pronounced accumulation of epidermal cyclic AMP in
vitro. R020-1724 in certain tissues selectively inhibits the hydrolysis of
cyclic AMP vs. cyclic GMP.42 If we assume that cyclic GMP plays an impor-
tant role in the psoriatic process, and if the cyclic AMP phosphodiesterase
inhibitory selectivity exists in epidermis, RO20-1724 could be an unusually
useful agent. In fact, as mentioned above, in preliminary studies we found
that topical R020-1724 produced imgrovement in 75% to 77% of 42 patients in
two separate double blind studies. 8 Presumably, the improvement is the
result of elevated lesional cyclic AMP, although other unknown actions of
this agent could have produced the beneficilal effect.

Tachyphylaxis to agents which raise cyclic AMP was mentioned above. 37
This is a serious concern when considering the potentialities of cyclic AMP
therapy for psoriasis. The molecular basis of this tachyphylaxis is poorly
understood, and what is understood is beyond the scope of this review.37,43
Tachyphylaxis in this review should be considered to be synonymous with the
term "tissue desensitization'. This phenomenon has been known at the clin-
ical level for years in asthma therapy. By proper choice of drug dose and
time of administration, it should be possible to determine the proper thera-
peutic regimen in psoriasis as it has been determined in asthma. By atten-
tion to these details, it may be possible to experimentally determine an
efficacious drug regimen for psoriasis. However, lack of attention to the
tachyphylaxis issue by employing protocols without flexibility of drug dose
and time of administration, may cause an experimental agent to be discarded
as not gsufficiently potent., It is unlikely that a regimen of cyclic AMP
therapy for psoriasis will be discovered by the so-called ''quick and dirty"
approach.

Another critical point is the interrelation between cyclic AMP and
glucocorticoids. It is quite clear from a number of studies#4~47 that in
order for cyclic AMP to regulate cell function in a normal manner, a cer-
tain critical amount of glucocorticoid must also be exerting or have exer-
ted its action in the same cell. In general, it appears that cyclic AMP
and glucocorticoid induced metabolic signals move the cell in parallel di-
rections but their modes of action appear to be different.%46 1In fact, in
a series of elegant somatic cell genetic analyses, Coffino gg_glﬁ7 have
shown that no mutable step is common to cyclic AMP and glucocorticoid in
the case of lymphoma cell cytolysis produced by these two agents. The
necessity of glucocorticoid for normal cyclic AMP function has been termed
the "permissive effect" of glucocorticoids.#4 It is not known whether this
permissive effect can be extrapolated to therapeutics. However, it is
possible that for additional cyclic AMP to function in a cell, there must
also be additional glucocorticoid. Therefore, it might be that elevation
of cyclic AMP in the psoriatic lesion would have, at best, a modest effect
in the absence of added glucocorticoid. This concept can best be examined
by applying to the skin a suboptimal concentration of a cyclic AMP ele-
vating agent such as theophylline or R020-1724, plus an amount of gluco-
corticoid which, by itself, has no appreciable effect in psoriasis. One
could then observe whether this combination would have a greater thera-
peutic effect than either agent alone. If so, such a combination would
have the advantage of efficacy without the side effects of long term gluco-
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corticoid therapy (thinning and tearing of the skin) which are frequently
seen when glucocorticoids alone are used at therapeutic doses.

Arachidonic Acid Transformations - Only infrequently do the patches of
psoriasis coalesce to produce total body involvement. The coalescence oc-
curs by the extension of centrifugally enlarging patches. Therefore, it is
unlikely that cyclic nucleotides in the skin are regulated by circulating
hormones. If this were the case, it would seem that total body psoriasis
would be the rule rather than the exception. We have therefore searched
for other factors which would be produced locally and also regulate the
metabolism of cyclic nucleotides. Psoriasis is induced in the genetically
predisposed personl by cutaneous trauma.3 Trauma to skin and other tissues
causes the release of free arachidonic acid from membrane bound phospho-
lipids. Arachidonic acid i1s then transformed to a series of biologically
potent substances, several of which have been discovered by Samuelsson and
which are the subject of an excellent review, 48 Prostaglandins E2 and F2q
(derivatives of arachidonic acid) are elevated only 407 and 86%, respec-
tively, in lesional tissue, 49,50 However, another derivative of arachi-
donic acid, 12L-hydroxy-5,8,10,l4-eicosatetraenoic acid (HETE) and free
arachidonic acid itself are elevated 82- and 26-fold, respectively.49
Arachidonic acid can stimulate the formation of cyclic GMP51,52 and may be
able to inhibit the formation of cyclic AMP.. Prostaglandins of the E
series cannot only stimulate the synthesis of cyclic AMP,%49 but on pro-
longed bathing of a tissue (such as a psoriatic lesion) in prostaglandin,
may do just the opposite (i.e., by tissue desensitization37 render the
tissue refractory to further production of cyclic AMP by prostaglandin).
How or if the 82-~fold excess of HETE participates in lesional pathophysiol-
ogy is unknown. Nevertheless, it is of great interest to note that treat-
ment of psoriasis with topical glucocorticoid reduced the lesional content
of arachidonic acid and HETE to normal.50 This presumably is due to in-
hibition of phospholipase A2 by glucocorticoid. The net result would be a
normalization of all components of the arachidonic acid cascade distal to
phospholipase A2 and any misregulated cyclic nucleotide metabolism produced
by cascade constituents, 50 Clearly, new non-glucocorticoid drugs which
reduce tissue levels of arachidonic acid and those which would preferen-
tially inhibit the synthesis of HETE by the lipoxygenase will be tried.
Perhaps certain of these agents will possess activity against the inflam-
matory proliferative skin disease psoriasis and other so-called steroid
responsive diseases.

Polyamines and Psoriasis - The polyamines (putrescine, spermidine and sper-—
mine) have been found to be elevated in all proliferating cells thus far
examined.53 Some unknown but critical level of polyamine is thought to be
necessary for a cell to synthesize DNA. Therefore, reducing the polyamine
level in a proliferating cell below some critical point can block cell pro-
liferation.”* Thus we examined the lesiomns of psoriasis for increased poly-
amine levels. The levels of all three polyamines55 and the corresponding
three biosynthetic enzymes36 were elevated in involved areas in comparison
with uninvolved areas. Interestingly, treatment of these patients with
topical glycocorticoids markedly reduce the activities of the three poly-
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amine forming enzymes.56 Also, alpha methylornithine inhibited the first
(ornithine decarboxylase) of these three enzymes, and methylglyoxyal bis-
guanylhydrazone inhibited the two subsequent enzymes (the putrescine-
stimulated and the spermidine-stimulated S-adenosyl methionine decarboxy-
lase). It may be that either these nonsteroidal agents or others can be
used to reduce polyamines to a sufficiently low level in psoriatic patches
to prevent DNA synthesis or reduce its rate to normal. It is clear that
several experimental approaches to the therapy of psoriasis are available,
approaches based on modulation of known misregulated molecular mechanisms.
We are currently evaluating some of the approaches discussed in this review.
and hope to evaluate others as new agents become available.
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Chapter 18. Activators of Dopamine and f-Adrenergic Adenylate Cyclases

Herbert Sheppard, Hoffmann-La Roche Inc., Nutley, N.J.

The three major natural catecholamines are epinephrine, from the
adrenal medulla, norepinephrine (NE) from specific nerve endings and dopa-
mine (DA) from other nerve endings lacking the enzyme dopamine beta-hy-
droxylase. These agents are free to act on specific receptors which have
been described in pharmacological terms as o,8! and most recently DA?
types. It should be noted that while DA has been found to be a weak ago-
nist of the o and B receptors, NE is a modest agonist of the DA receptor.
Many tissues contain B8 receptors and these are prominantly assoclated with
the relaxation of the smooth muscle of the vasculature and bronchioles as
well as the contraction of cardiac muscle3. Recent work has shown them to
be involved in the proliferation and differentiation of cells“’> as well
as the release of hormones® and enzymes’. Dopamine receptors in the
periphery are also involved in relaxation of certain vascular beds and the
release of hormones but most attention has focused on their role in central
nervous system function. Insights into the role of DA in Parkinson's
disease and psychosis have emerged and grown through the use of dopamimetic
agents like L-DOPA and DA antagonists such as the antipsychotics?.

Subsequent to the findings of the Sutherland group®, evidence from
laboratories too numerous to list support the idea that the R-adrenergic
receptor is coupled to the generation of cyclic AMP (cAMP) while the o
receptor, with few exceptions, is not. The picture with the DA receptor
is leas clear. Recent neurophysiological?’!0 and pharmacologicalll evi-
dence suggests that, as with NE responses, there may be at least two types
of DA responses. In analogy with the NE responses, it would not be sur-
prising to find one DA response assoclated with the generation of cAMP and
another not.

DA receptors coupled to adenylate cyclase (AC) have been described for
membrane preparations from a number of tissues and these are discussed in
a recent review!2, The availability of a DA sensitive AC made it possible
to extend structure-activity relationship (SAR) studies to a level compar-
able to that carried out with the g system. The availability of both types
of AC coupled receptors made it possible to ascribe the activity of a
particular agonist or antagonist to interactions at a level considered to
be the earliest in a series of biochemical events leading to the physio-
logical responses generally measured in intact tissues or cells. More
recently, the binding of agonists and antagonists to membrane fragments has
been used as a more direct measure of interactions with the receptor but it
should be kept in mind that binding of substances to membranes include in-
teractions other than that of ligand to cyclase receptor!3. It becomes
necessary, therefore, to correlate the data with some response of these
membrane fragments and in this regard the AC serves as an excellent
modell3, It should also be kept in mind that binding data do not yet
distinguish between agonist and antagonist although some modifications
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are being developed which may make that possiblel®.

During the last two years a number of papers have appeared which use
AC for drug screening or for mechanism of action studies. Both approaches
have generated data which can be helpful for the development of SARs as
to potency and specificity. This report will discuss agonists and their
inactive analogues and derivatives which have been tested on the B and DA
adenylate cyclases and attempt to define structural requirements for enzyme
activation. Antagonists, other than those which are derivatives of ago-
nists, will not be covered.

3 o
Phenethylamines: 4 AN

I. pB-Adrenergic cyclase

A. Aromatic group: Substitution of the 3-OH group of isopro-
terenol (ISO) with a methylsulphonamido (MSA) group, -NH-502-CH3, yielded
soterenol, with equal or greater affinityl5’16°17 pyt reduced intrinsic
activityl6°17, 1Inversion of the g-OH lowered potency and its removal
lowered it even morel®. Deoxysoterenol showed only antagonist activityl’.

Other 3-MSA derivatives with a cyclopropane

OH (MJ 8798-1) or a 2,2-(CH3)2-phenethyl (MJ 9184-1)
N on the nitrogen possessed good agonist activity17.
(:) The 3-MSA derivative of DA, however, was

inactive with the rat red blood cell (RBC)
enzymel®. The 4-~MSA derivatives with or
without the 3-OH possessed only antagonist
activityl5216°17  aAnother agonist with a
nitrogen at position 3 is quinterenol (1)!6.

NHCH(CH
1 OH (CH3)2

Substitution of an hydroxymethyl group for the 3-OH of ISO yielded
salbutamol which has agonist activity with frog RBC1® but not rat ven-
tricle cyclasel8. The 4-deoxy-ISO (8~40045-9)16 and 4-deoxy-N-ethyl-NE
(S-40032-7)17 were inactive on the frog RBC enzyme. With the rat RBC
enzyme 4-deoxy-o-methyl NE (metaraminol) but not 4-deoxy DA (metatyra-~
mine) had agonist activity!®. Metaraminol and phenylephrine, however,
were only antagonists with the frog RBC!7 and rat ventricle cyclasel8.
Interestingly, moving the 4-0H of ISO to position 5 led to reduced but
detectable agonist activityl!9. DA was inactive with the RBC enzyme of
the frogl6?17 but weakly active with that of the ratl®. The lack of
response to DA by the frog RBC enzyme may be a matter of sensitivity
since the affinity of ISO and other agonists appears to be about ten
times greater in the rat RBC cyclasel>’16217,

The methylation of either or both ring hydroxyls of DA reduced
agonist activity but did not result in the formation of an antagonistlg.
While a methyl group at position 2 had no effect, a phenyl group markedly
reduced activitylg. Activity was also lost if a methyl group was added
to position 5 or 6 of N,N-(CH3)2-DA or an OH or NH2 group was added to
position 6 of pals,
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B. Nitrogen substitutions: Alkyl substitution generally
increased activity such that isopropyl>ethyl>methyl>H in the £-OH
series!3’18, 1In the B-~deoxy series, the order of potency was methyl>ethyl>
isopropyl>propyl>Hl®, The S-isomers of the B-OH series were much less
potent with methyl and isopropyl derivatives about equiactivell’l2 and the
isobutyl inactivel®, N,N-dimethyl DA had reduced activity and the addition
of a third methyl group led to inactivityl!®, The activities of the B-OH
and R-deoxy compounds generally increased with phenethyl substitutionsl?’20,

C. Side chain substitution: As indicated above, inversion of
the B-OH led to compounds comparable in activity to the B8-deoxy analogues
but appreciably below that of the R-conformers. It is clear that the B-OH
is not essential for B agonist activity. The insertion of an -OCH2- be-
tween the B-carbon and the aromatic ring of ISO (MJ-9910) increased the
affinity for the frog RBC!® cyclase. The observed reduced intrinsic
activity is consistant with the B-adrenergic blocking activity usually
associated with such side chains!”.

Substitution on the a-carbon has not been extensively studied but
addition of a methyl to either DA or NE resulted in enhanced activityl7’19,
In the DA series, the increased activity was confined to the S-conformer!3.
Addition of an ethyl group to the o-carbon of NE had the same enhancing
effect as a methyl group but a reduced effect when added to I1S0!8,

ITI. The DA cyclase

In general, substitutions on the aromatic ring of DA have changed the
agonist potencies in a fashion similar to that observed for the B-agonists.
None of the alterations increased the activity while a marked decrease was
noted with a phenyl group at position 2, a methyl group at positions 5 or
6, an OH, NHy, or NO, at position 6, removal or methylation of either the
3 or 4-OH!3, and a CHyOH in place of the 3-OH2!. The 4-deoxy compound,
m-tyramine, was reported to have either somel!? or no?? agonist activity,
while metaraminol had nonel®. Substitution of a MSA for the 3-OH group
of DA (MJ 7582) reduced activity only slightly!S,

N-Methylation had little effect on the activity of DAl®222, The
addition of two methyl groups reduced activity to different degreesl?9’22,
N,N,N~Trimethyl DA was reported to be inactivel!? or as active as N,N-
dimethyl DA22, Agonist potency decreased markedly with an increase in
size of the alkyl groupl®. Surprisingly, N,N-diethyl DA was slightly more
potent than N-ethyl DA and N—isoprop¥1—N—methyl DA was weakly active com—
pared to the inactive N-isopropyl DA 9, Interestingly, replacement of
the methyl or n-propyl group of N-methyl-N-n-propyl DA with an n-butyl
increased the potency close to that of N-methyl DAZ3,

The B-OH reduced activity such that the rank order of potency was
DA>R-NE>S-NE>>R-1501%°22, Thus the S-conformer of NE does not have the
potency of the B-deoxy compound (DA) as noted with the R-system.
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Reducing or increasing the length of the side chain by one carbon
resulted in a loss of agonist activity22, Methylation of the y-carbon
also markedly lowered activityl9222, with the S-isomer being less potent
than the R conformer!®,

Tetrahydroisoquinolines: It has been postulated that the aldehydic pro-
ducts of the oxidation of ethanol and dopamine

6 can condense with dopamine to form 6,7-dihydroxy-
N- tetrahydroisoquinoline (THI) with a methyl2i4»25
7 or 3,4~dihydroxybenzyl20 gubstituent in position
1 1, respectively.

g-Adrenergic cyclase: Tetrahydropapaveroline (THP), which represents
the condensation of DA with 3,4-dihydroxy-phenacetaldehyde, was about as
active as NE20, The S-isomer was preferred and N-methylation destroyed
activity20,  Agonist activity was also lost if the 6,7-hydroxy groups
were methylated or a third hydroxyl was introduced in position 5 of the
3,4-dihydroxybenzyl portion20, Activity was not appreciably altered if
the benzyl hydroxyls were methylated, replaced by a p-Cl group or only
the 3-OH group was removed20., Activity was reduced markedly by substi-
tuting a methyl, dimethoxyphenyl, or p-Cl-phenethyl group at position 120,
The most potent compound of the series and more active than ISO was tri-
metaquinol which has a 3,4,5-trimethoxybenzyl substituent at position
116220, The S-isomer was about 1000 x more potent than the R-conformer20,
In many cases, the potency of a THI derivative was greater than that of its
open ring analogue?®. All B-agonists had reduced intrinsic activity which
could be ascribed to their ability to act as antagonists20, as noted
earlier for trimetaquinoll®, THI compounds without the 6,7-hydroxyls but
with dihydroxy or dimethoxybenzyl substituents at position 1 exhibited
only antagonist activity20. As noted for agonist activity, the S-isomer
was preferred and N-methylation reduced activity appreciably20,

DA cyclase: Most THI derivatives were not DA agonists but several
were antagonists. Very weak agonist activity was noted for the N-CHj3
derivative of 1-H and 1-CH3-6,7-dihydroxy~THI27 and the nor-1-H com-
pound?2, Again the S-isomer was more potent but N-methylation tended to
increase antagonist activity2®. A benzyl substituent appears to be
important for antagonist activity since the l-methyl and l-dimethoxyphenyl
compounds were inactive20,

Aporphines: These compounds are of interest because of the well known
action of apomorphine on DA systems in vivol?. Very
little work has been reported with respect to the
action of these compounds on B-systems other than the
inhibitory action of apomorphine (APO) on the rat RBC
cyclase?®, The action of APO on DA cyclase is one of
stimulation at low concentrations and inhibition at
high concentrations!®’2% with the result that the
intrinsic activity is less than that of DA although
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potency 1s generally enhanced. The rank order of agonist potency was
N-allyl APO>2-hydroxy-APO=APO>N-desmethyl APO!5. The N-n-propyl deriv-
ative is another potent agonist??, However, removal of the 11-OH or

its transfer to position 9 (isoapomorphine) resulted in loss of agonist
activity30, Methylation of the 10-OH of APO (apocodeine)20 or of its N-
n-propyl analogue abolished agonist activity3(. The S-isomer of AP020,
the APO analogue with the OH groups at 1,2 rather than 10,1139 and
bulbocapnine, the 1,2-methylenedioxy-10-methoxy-S-conformer of APO,

were antagonists2030,

One derivative, (8)-1,2,9,10-tetrahydroxy-noraporphine is a g~
agonist3! whose formation from THP was suggested3Z.

Tetrahydroprotoberberines: The formation of tetrahydroprotoberberines
(THPB) from THP was also suggested33. One
such derivative was the 2,3,9,10-tetra-
hydroxy-THPB which had no B-agonist
activity3l. Racemic 2,3,10,ll-tetrahydroxy
THPB exhibited B-agonist activity weaker
than THP3%. A number of other THPB deriv-
tives elicited only DA antagonist activity.
Among the 2,3-dihydroxy analogues with
hydroxyl groups also at positions 9,10 or
10,11, the S-conformer was significantly
more potent than the R-isomer?C, Steric preference was not evident if
methoxy groups were in those positions2?. The presence of a 2,3-methy~
lenedioxy group in addition to methoxy groups at 8,10, as in canedine,
did not alter potency significantly?!.

Miscellaneous compounds:

ps JOTTUD s 10O

ET-495 (piribedil) demonstrated dopaminergic activity in vivo35 but
failed to activate the DA-AC36°37 except for a slight stimulation after a
10 min, preincubation with rat caudate slices3’, Based on the rationale
that removal of the methylene bridge was esgential for activation of the
DA receptors, S-584 was prepared and found to be almost as active as DA
on AC of rat striatum3® and caudate nucleus of the cat, rabbit, cebus
and rhesus monkeys37. $-584 was inactive on the DA and B-AC of the
cebus monkey frontal cortex and much weaker than DA on the anterior lim~
bic cortex AC38, Some uncertainty exists concerning the identification
of 5-584 as a pure DA agonist.
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Clonidine: This compound bears no resemblance to a catecholamine
but is believed to possess a-agonist activity39. It weakly activates
c1 the AC of the frontal cortex but not the 6

H anterior limbic cortex of the cebus monkey3 .
N N
B Y ]
N
Cl

2-Aminotetraline: 6,7-Dihydroxy-2-aminotetraline (ADTN) has been
tested on the DA cyclase and found to possess strong agonist activity36
despite its atypical dopaminergic responses
in vivo*¥.

Ergot alkaloids: Though many of the ergot alkaloids are dopaminergic

™~

CH(CH3)

_ OH : 2-Br-a-ergocryptine

N-3-0 N (CB=154)

N
R \\</L§0
*CH2CH(CH3) 2
-N(C9H5) : LSD
iy
D-Lysergic Acid \ -NH-CH-CH,0H : Ergometrine

in vivo*!l, particularly in inhibiting the secretion of prolactin“Z, only
a few have been tested on the DA~AC system. LSD has been found to both
activate and inhibit rat striatal AC*3°%4% while 2-Br-o-ergocryptine
(CB-154)*5 and ergometrine“® only inhibited the system. Much more work
with other ergot alkaloids is needed to clarify their relationship with
the DA-AC.

Polymerically immobilized catecholamines: NE and ISO joined to
agarose beads through the 6 position of the aromatic ring instead of the
side chain nitrogen possessed B-agonist activity which could be accounted
for by the presence of free catecholamines cleaved from the agarose by
the myocardium membrane preparations“’. Those complexes not cleaved by
frog RBCs were B-antagonists with ghosts but not intact cellg"7.
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Conclusions: One of the questions which may be answered with the in-
formation presented above concerns the conformations of the natural
agonists, DA and NE, at the DA and B-receptors. The receptor micro-
environment will most certainly influence the nature of the interacting
forces and thus the conformations. According to the concept of acti-
vation of AC, the agonist induces a conformational change in the receptor,
thereby activating the catalytic portion of the system’+ . It 1s also
reasonable to expect that the receptor can induce a conformational
change in the agonist. The natural catecholamines have a great deal of
structural flexibility making it extremely difficult to know the acti-
vating conformations at the receptor. Some of the agents discussed
here have much less flexibility because critical groups are fixed in
ring systems. Such compounds can provide better insights into the con-
formations necessary for activating AC.

Two classes of compounds with limited flexibility but almost
perfect specificity are the aporphines (DA~agonists) and tetrahydro-
isoquinolines (B-agonists). By examining their structures through
Newman projections (2 and 4) certain structural differences emerge which
may define the conformational preference of the phenethylamines (3)20 at
the receptor, In APO (2) the nitrogen 1s trans to the catechol function
and the m-hydroxyl projects toward it. In contrast, the nitrogen, of a
THI (4) is gauche to the catechol function and the m-hydroxyl points away
from it.

OH
OH o
‘:’ OH
12) L
-N
Ny
\g
/N Trans
_ 6,7-DIHYDROXYTETRAHYDRO-
(R,-} APOMORPHINE 3,4 - DIHYDROXYPHENETHYLAMINES 1SOQUINOLINES
2 3 4

The 6,7-&ihydroxy THI structure may represe.. the preferred con-
formation at the B~adrenergic receptor but derivatives lacking the benzyl
molety at position 1 are inactive despite good activity of their open
chain analogues. A reasonable explanation of this 1s that the binding of
the aromatic ring of the catecholamine agonist posgitions the molecule for
interactions involving ring hydroxyls and side chain nitrogen. The flex-
ibility of the side chain permits the nitrogen to find its binding site
on the receptor and initiate the activating conformational change. When
the movement of the receptor reaches a state accomodating a THI-like
conformation, the catalytic unit is signaled to cyclize ATP. 1If a THI
is the agonist, the nitrogen is unable to reach its binding site, because
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as part of a heterocyclic ring its movement is restricted. A benzyl group
at position 1 would possess sufficient flexibility to locate and interact
with the receptor at an hydrophobic site and direct its movement toward an
activating conformation. The nitrogen can now interact with its binding
site and complete the activation?®. Since the active THI compounds lack
an hydroxyl group at the carbon B to the nitrogen, a B-hydroxy is not es-
sential but may serve to stabilize the binding or promote the establishment
of a gauche conformation??,

The ability of 1-benzylated THI (5) to inhibit both DA and B~
receptors has been attributed to the existance of two phenethylamine
structures that can provide both gauche (6) and trans (7) conformations?®.

3

Since both the aporphine and THPB derivatives of THP can activate
the B-receptor suggests that the benzyl ring is acceptable in either of
the two positions outlined in 8.
This may be rationalized in terms of
the groups within the receptor that
NH would 1likely interact with the aro-
matic ring under consideration. A
SN AN AL phenylalanyl residue (9) would be
r/\\r/ ol 2 £ t the sa ositi a
Nl ' ree to occupy same p ons as
-7 RV the benzyl ring and thus would be
able to interact with the appropriate
aromatic ring of the active aporphine
and protoberberine3".

| oo
o

The substances discussed above have helped to develop models of
the structural requirements for activation of the DA and B-receptors of
adenylate cyclase. The model is by no means complete and there is some
difficulty in trying to make the structures of S-584 and ADTN fit. If
their catechol functions were superimposed on that of APO the remaining
nitrogens would be separated by as much as several angstrom units. Since
it is not clear that the position of the nitrogen in APO is preferred,
the displacement from that position may not be as serious as first thought.
In any event, synthetic efforte aimed at answering some of the questions
raised here will ultimately help to provide a better understanding of the
interactions which occur between these agonists and theilr receptors.
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Chapter 19. Modulation of the Arachidonic Acid Cascade

Thomas K. Schaaf, Pfizer Inc., Groton, Conn. 06340

Introduction — Since the discovery over 12 years ago that the then recently discovered prostaglandins are
biosynthesized from arachidonic acid' ™, numerous studies have helped elucidate the details of this
transformation. Recent studies have shown that arachidonic acid serves as a precursor for a virtual cascade
(Scheme 1) of acidic lipids, each possessing distinct and profound pharmacological activities. While PGE2
and PGF,, have been established as local modulators of a variety of physiological processes, the
physiological role of the endoperoxides PG62 and PGH 2 which have been found to possess potent
pharmacological activities of their own, including the a§gregat|on of platelets4'9, contraction of smooth
muscle™ "~ and a possible role in acute mﬂammatlon , is less clearly established.

Samuelsson and co-workers discovered that platelet microsomes convert the endoperoxides into the
labile thromboxane A214 (TxA,) which rearranges into the stable thromboxane B, (TxB,). TxA,, which
aggregates platelets and contracts arterial smooth muscle’ 7 1, has been postulated to play a pivotal
phy5|olo§|ca| role in platelet aggregation'™ and in maintaining arterial ton(i6 . Consistent with the
fndmg that PGH2 and TxA, are the constituents of the previously isolated '™ rabbit aorta contracting
substance (RCS), thromboxanes have been isolated from challenged, sensitized guinea pig lungs' ’ and from
phagocytosing polymorphonuclear leucocytes 8. TxB,, initially reported to be inactive, has been shown to
stimulate the release of slow reacting substance of anaphylaxis (SRS-A) from challenged, chopped guinea
pig lung’’, and to possess chemotactic activity“<, TxB2 has also been isolated from guinea pig brain
homogenates“~ and carrageenin-induced granuloma

Recently, Vane and his colleagues reported that arterial or venous tissue converts the endoperoxides
into the novel, labile PGX (é)rostacycllne 24'26 , As PGX is both a potent inhibitor of platelet aggregation
and an arterial vasodllator , a homeostatic contro! of both platelet aggregation and arterial blood flow by
PGX and TxA has beengproposed 8,135, PGX is converted into the stable 6-keto PGF 4 which has been
detected in rat stomach and brain homo enatesS | , sensitized guinea pig lungs” <, carrageenin induced
granuloma in rats 4 and, probably, rabbit heart

The endoperoxides decompose into the fatty acid HHT35. This transformation is probably a
non-enzymatic artifact and no biological activity has been reported for this compound. Another fatty acid,
HETE, formed from arachidonic acid by a glatelet lipoxygenase” ", has been found to exhibit chemotactic
activity for neutrophils 7 and eosinophlls in vitro. The recent suggestion that arachidonic acid is a
precursor for SRS-A, while provocative, needs further experimental verification

This plethora of structures and attendant activities provides the medicinal chemist with a wealth of
possibilities for the design of therapeutic agents. One approach, agonists designed to exploit the potential
therapeutic uses of prostaglandins, was the subject of last year’s review. An alternative approach to
achieving selective /n vivo prostaglandin activities is to modulate the enzymes which control tissue levels.
The following is a review of selected agents which have been shown to modulate the numerous enzymatic
steps in the arachidonic acid cascade.

Phospholipids —e arachidonic acid — Arachidonic acid metabolites appear not to be ‘stored’ within cells.
Their biosynthesis depends upon the apgearance of substrate at or near the microsomal synthetase
complex(es). According to current thmkmg , arachidonic acid is stored in the phospholipid fraction of the
cell from which the free fatty acid is liberated by the action of a phospholipase Ay
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In contrast to the lack of effect on prostaglandin biosynthesis in broken cell preparations40,

anti-inflammatory steroids exhibit potent inhibitory effects on prostaglandin production in rheumatoid
synoviald’] ’42, HSDM]C1 mouse ’fibrosarcoma43 and MCS5-5 mouse fibroblast cu[tures44, as well as in rat
synovia and rabbit uvea in vivo™>. Corticostercids also block the release of prostaglandins in guinea pig
lungs perfused with RCS-releasing factor®®. Available data are consistent with a site of action prior to the
release of arachidonic acid' -~

Bradykinin releases prostaglandins from phospholipids49 in a variety of systems47, an effect thought
to augment the activities of this peptide. That bradykinin activates phospholipase A2, either directly or
indirectly]%, is suggested by the inhibition of bradykinin-induced prostaglandin release by the

phospholipase__inhibitor mepacrine™®. The local anaesthetic tetracaine and psychotropic drug
meprobamate” ' have been reported to inhibit prostaglandin biosynthesis at the phospholipase level.
52-54

Arachidonic acid — endoperoxides — The hypothesis that non-steroidal anti-inflammatory (NSAl)
agents owe their pharmacolo§i70al activity to inhibition of prostaglandin biosynthesis (PGBS) has been the
subject of several reviews>>™ 7. Inhibition of purified cyclo-oxygenase (endoperoxide synthetase)>® from
bovine seminal vesicle (SV) microsomes by aspirin and indomethacin supports the hypothesis that this
enzyme is the site of action of NSAI aBents. The precise mechanism of inhibition, however, may differ for
various classes of NSAI compoundsSg'6 .
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Several workersm'63 have recently questioned the hypothesis that primary prostaglandins are
obligatory mediators of acute inflammation. Support for this view is found in the report that MK-447,
which passesses in vivo anti-inflammatory activity, stimulates prostaglandin synthesis in vitro ' <. MK-447,
as well as aspirin and phenylbutazone, significantly decrease the amount of PGG2 produced in vitro, which
suggests that PGG,, rather than PGE,, is a pro-inflammatory factor 2,

The observation that both aspirin and dexamethasone depress the acute inflammatory response to
carrageenin in rats depleted of arachidonic acid®™ suggests that activities other than PGBS inhibition
contribute to the anti-inflammatory effects of both steroids1 and NSAI agents 15. Inhibition of PGBS
by a series of NSAI agents in vitro appears to be better correlated with /n vivo analgesic effects than with
anti-inflammatory activity ' ="',

N

OH O ANS O Cl
i CHyNH,
CH30 P

NHCH(CH3){CH, ] 3N(CH,CH3))
C(CH3)3

MK-447 Mepacrin

Other agents reported to inhibit PGBS /n vitro are the fatty acid eicosa-5,8,11,14-tetraynoic acid65
and several constituents of cannabi566'68. As several phenolic antioxidants inhibit PGBS®~, the activity of
the cannabis derivatives_may be ascribed tq the phenolic moiety. Local anaesthetics”~, tranquilizers”',
tricyclic antidepressants’ -, and neuroleptics7 a inhibit PGBS, but whether this activity is related to the
pharmacological action of these agents must await further study.

Morphine and apomorphine at doses lower than those attainable in the brain in vive stimulate PGBS in
bovine SV'“ and rabbit brain’~ homogenates. As this effect is inhibited by chlorpromazine’”, which
inhibits apomorphine-induced emesis in the dog, stimulation of PBGS may be responsible for some of the
side-effects accompanying the administration of opiates.

The prostaglandin analog 15-mercapto PGF4, (1), its Cj sepimer, and both 2-descarboxy-2-mercapto-
methyl PGE, (2) and PGF2a are potent inhibitors of the cyclo-oxygenase in vitro’>. Cgand C” mercapto
analogs are less potent. Structurally less complex thiols, such as 2,3-dimercaptopropanol, while less potent,
also inhibit the purified enzyme.

ol
I

N

Inhibition of PGBS via the cyclo-oxyg;:nase continues to be a valuable tool for defining potential
mechanisms of actions of therapeutic agents 6. Conversely, known PGBS inhibitors are being evaluated in
pathological conditions thought to be characterized by excessive prostaglandin production, such as Bartter’s
syndrome (aspirin)’/, dysmenorrhea (naproxen)’®, bleeding due to 1UD’s (indomethacin)1 16 and diarrhea
accompanying thyroid medullary carcinoma (nutmeg and indomethacin)79.
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Endoperoxides — primary prostaglandins — Unlike inhibition or stimulation of the cyclo-gxygenase,
modulation of the enzymes responsible for the conversion of PGH2 into PGE2, PGan or PGD21 3 would
be expected to selectively effect production of only one prostaglandin. However, only the unstable PGE
isomerase has been separated from the PGBS complex 1 The finding that endoperoxide analog 3
selectively decreases synthesis of PGE, in ram SV82, while sodium aurothiomalate and auroglucose inhibit
PGF2a synthesis in bovine SV®~, suggests that these compounds inhibit the PGE isomerase and PGF
reductase, respectively.

Release of primary prostaglandins from perfused or chopped organs stimulated by a variety of agents
has been investigated, but these studies suffer from an inability to determine if the effects observed are
directly on the PGBS system or are caused by some other mediator. Such studies also provide no direct
information concerning which specific step in the biosynthetic pathway is being effected. Still, these studies
provide valuable information concerning the possible interrelationship of biologically active compounds
with prostaglandins. Histamine releases PGF,, predominantly from guinea pig lung parenchyma (via
H1-receptors) and PGE, from trachea (via H2-receptors) . Bradykinin releases PGE, from bovine arteries
and PGF2a from veins85. Since, as mentioned above, bradykinin stimulates phospholipase Ay this finding
suggests that arteries and veins selectively biosynthesize PGE2 and PGan. Angiotensin |, Il and 111 release
prostaglandins (probably PGE) from the perfused rabbit mesenteric vascular bed 6. Since the pressor
response to angiotensin l in the rat preparation is inhibited by indomethacin and restored with PGE,
prostaglandins may modulate the vasoconstrictor effects of angiotensin Il.

L-Ascorbic acid selectively inhibits PGF2a synthesis from arachidonic acid in lung homogenate589. An
a-tocopherol deficient diet stimulates PGBS non-selectively in coagulating rat blood”". Biogenic amines
stimulate PG Foq synthesis in rat cerebral cortex slicesg], an effect attributed to non-enzymatic reduction
of the endoperoxides. A similar non-enzymatic effect has been ascribed to copper dithiols”<, suggesting
that care must be taken in interpreting PGBS data as to enzymatic or non-enzymatic processes. Overall,
little progress has been made in identifying selective modulators of the primary prostaglandins.

Endoperoxide —e thromboxane A, — Inhibitors of phospholipase A or cyclo-oxygenase also inhibit the
formation of TxA,. However, comparative studies using a SV cyclo-oxygenase and a platelet thromboxane
synthetase_have found phenylbutazone and naproxen to strongly inhibit PGBS without any effect on TxAy
formation93. Indomethacin is 20 times more effective in inhibiting PGBS”®~, benzydamine 2.5 times more
effective in inhibiting TxA, synthesis”~ and L-8027 much more potent in inhibiting TxA2 synthetase than
PGBS'39. Other PGBS inhibitors like mefenamic acid, phenelzine, sulfinpyrazine and RO 20-5702 are
inhibitors of TxA2 formation in human platelets”™, but relative potencies are not known. N-0164, in
addition to being a prostaglandin antagonist, inhibits the conversion of PGG, to TxA9 by human platelet
microsomes at doses not affecting the cyclo-oxygenase”-.
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Endoperoxide ~—= PGX — Unlike the cyclo-oxygenase and thromboxane synthetase, PGX synthetase is not
inhibited by agents such as indomethacin, benzydamine and phenelzine2 . The enzyme from swine aorta
microsomes is, however, inhibited by tranylcypropamine, spontaneously oxidized arachidonic acid, and
most strongly by 15-hydroperoxy arachidonic acid (15-HPAA). This has led to the suggestion that TxA,
(from platelets) and PGX (from vascular epithelium) are pivotal in maintaining physiological platelet and/or
vascular homeostasis, imbalance of which (e.g. vascular injury or high concentrations of lipid peroxides)
causes platelet aggregation and arterial constriction leading to thrombosis 6 (see Chapter 9).

Modulators of metabolism — As the primary prostaglandins are rapidly inactivated metabolical|y97,
modulation of the enzymes responsible should either increase or decrease endogenous prostaglandin levels.
The initial step in the catabolism of most prostaglandins98 is oxidation of the C; s-hydroxy moiety by the
enzyme 15-hydroxyprost%%andin deh\ﬁdrogenase (PGDH)”~. Large variations in activity of PGDH have
been observed in kidney1 and lung] 1 of rats of differept ages. PGDH from rabbit lung but not kidney
or spleen increased strikingly during pregnancy ' ““, Increased PGDH activity was also found in deciduomal
and myometrial tissue from pseudopregnant rats 3. Reduced PGDH activity has been_ found in
spontaneously hypertensive Wistar Gkamoto-Aoki rats just prior to an increase in blood pressure1 . These
data allow the conclusion that some pathological conditions suggestive of aberrant prostaglandin levels may
be due to defective PGDH and not defective PGBS.

Aberrant levels of PGDH activity can be modified. Thus, hydrocortisone reverses excessive renal
PGDH in adrenalectomized rats, while 178-oestradio! reverses increased PGDH activity in ovariectomized
rats. Since both steroids are without effect /n vitro, the mechanism remains uncertain S Purified swine
kidney PGDH has been inhibited by relatively high doses of thyroid hormones1 06.

Among NSAI agentsgg, indomethacin inhibits the rat kidney PGDH1O7. Imipramine and desipramine,
which activate, and furosemide, ethacrymic acid and xylocaine, which inhibit isolated swine kidney PGDH,
all appear to act at a site distinct from the substrate or co-enzyme binding sites1 08 Carbenoxolone inhibits
PGDH from human gastric mucosa and also inhibits the biosynthesis of PGF,, in guinea pig kidneymg.
L-10503 and L-10492 administered subcutaneously to rats and hamsters at specific times of gestation are
potent antifertility agents’'“. These compounds appear to exert their effects directly on the
utero-placental complex, perhaps by selectively inhibiting the metabolism of PGFy,. A series of
prostaglandin analogs have been found to inhibit human placental PGDH /in vitro 147.
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The enzyme 9-ketoreductase, which has been identified in kidney1”, vascular tissue140 brain112
and skin'4 » converts PGE, to PGF,,. Physiological control of this enzyme is suggested by changes in its
activity in rabbit renal cortex in response to changing salt load142 Certain biogenic amines (serotonin,
nore mephrlne, dopamine, epmophrlne) stimulate this enzyme, while furosemide and ethacrynic
actd , as well as mdomethacm , are inhibitors.

Prostaglandin biotransport — Transport of prostaglandins across several biological barriers (e.g. blood-brain,
vagina, kidney and Iung)| appears to be an energy dependent, active process capable of functioning against a
concentration gradient” ' . This finding has prompted the evaluation of compounds as potential transport
inhibitors. Thus, probenecid, iodipamide and bromcresol green decrease the clearance of PGF 5, from
rabbit brain_°, decrease renal clearance of PGF4, in rabbits' 12 and reduce lung uptake of prostaglandins
in rats’ 175120 The observation that di-4-phloretin phosphate {DPP) inhibits the uptake of prostaglandins
into lun tissue1 20 suggests that inhibition of pulmonary metabolism of PGE2 and PGF2a by DPP in
rabbits may be due to inhibition of transport.

Endproduct antagonists — As PGE2, PGF2a and, presumably, thromboxanes, endoperoxides and PGX bind
to distinct receptors, the design of selective receptor antagonists has been undertaken. The bulk of studies
to date has examined three types of antagonists: d|benzoxazep|nes (ef $C-19,220), 7-oxaprostanoids and
polymers of phloretin, the results of which have been rev1ewed In general, the efficacy, selectivity
and competitive nature of these antagonists vary markedly with the /n vitro system used and little in vivo
activity has been observed.

The phenyl phosphonate N-0164 antagonizes PGE? and PGF,, on several smooth muscle
preparations and prevents PGE, induced diarrhea in micel3T, The prostanmd HR-546 antagonizes PGE,
induced smooth muscle contractions with an EDgq 100 times lower than that of 7-oxa-13-prostynoic
acid
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The observation that morphine inhibits c-AMP formation stimulated by PGE, led to the
hypothesis1 26 that inhibition of a prostaglandin-sensitive adenyl cyclase forms the biochemical basis of the
analgesic action of opiates. Morphine also prevents PGE1-mediated inhibition of the aggregation of human
platelets127 and the positive chronotropic effects of PGE; and PGE, on guinea pig atria’ “=. Similar to
morphine, leucine-_and methionine enkephalin inhibit PGE; stimulated c-AMP formation in hybrid
neuroblastoma cells' *~.

Ag-THC inhibits1 32 abdominal contractions induced by PGE; in mice. Meclofenamic alcid144 and
methyl xanthine phosphodiesterase inhibitors'4> were reported to be prostaglandin antagonists /n vitro.
The observation that chloroquine and related drugs antagonize the action of PGE2 on the rat mesenteric
vascular bed prompted the successful clinical use of chloroquine in closing the ductus arteriosus in
neonates]4 . The reportBO that the cyclic peroxide 4 inhibits platelet aggregation induced by PGH2 ether
analogs suggests that this compound may be an endoperoxide antagonist.

Conclusions — Extensive studies have identified a variety of arachidonic acid metabolites with profound
biological effects. Identification of the enzymes responsible for the biosynthesis and metabolism of these
compounds provides an opportunity for selective modulation of the endogenous levels of these lipids.
Examination of the effects of a number of pharmacological agents has given insights into their possible
mechanism of action. The demonstration that certain drugs affect endogenous prostaglandin levels has led
to the evaluation of these agents in disease states hitherto not considered. Much opportunity, however,
remains, for the design and development of truly selective inhibitors or stimulators of the enzymes of the
arachidonic acid cascade. Accelerated efforts in this direction can be expected in the future.
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Chapter 20. Recent Advances in the Etiology and Treatment of
Disorders of Lipid Metabolism

Ann C. Sullivan, Lorraine Cheng, and James G. Hamilton
Roche Research Center, Hoffmann-La Roche Inc., Nutley, N. J.

Introduction - This review will present recent developments on the etiology
and treatment of atherosclerosis, hyperlipidemia and cholelithiasis. The
other major lipid disorder, obesity, has recently been reviewed as to
pathogenesis and treatment,1 new efficacy trials and mechanism of action
studles on anorectic agents,z-s and appetite regulation in normal and
abnormal states.®’

Etiology of Type II Hyperlipoproteinemia - In a study of the inheritance of
xanthomatosis and hyper-f-lipoproteinemia, the segregation pattern
satisfied the criteria for autosomal dominant inheritance, but not for a
polygenic trait. The genetic analysis demonstrated that hyperlipoprotein-
emia Type Ila and Type IIb were the same disease.’’® Defective removal of
low density lipoproteins (LDL) from the circulation produced the elevated
LDL and plasma cholesterol observed in Type II hyperlipoproteinemia. This
defect appeared to be related to the decreased number of LDL receptors on
cell surfaces (for reviews see 9, 10), although a change in the perme-
ability of the cell membrane to cholesterol may also play a prominent role.

Leukocytes from subjects with familial hypercholesterolemia responded
to incubation in a lipid-depleted medium with a higher activation of
sterol synthesis and an enhanced induction of HMG-CoA reductase compared
to leukocytes from controls. This increase in sterol synthesis and HMG-
CoA reductase was correlated with a loss of cholestercl into the medium.

A phospholipid-protein-cell interaction was necessary to induce the
reductase. Thus, elevated serum cholesterol levels in familial hyper-
cholesterolemia may be attributed to increased cholesterol loss from
cells,“’12 due to a lack of feedback regulation in this condition.

Atherosclerosig and Plasma Lipids - Lipoprotein lipases play a critical
role in the metabolism of lipoproteins and thus may be involved in athero-
genesis, Hypercholesterolemia in the cholesterol-fed rabbit was attributed
to the accumulation of chylomicron remmants, which may be formed on the
aorta wall by lipoprotein lipase and deposited in the deep layers of the
arterial wall without prior release into the blood stream.'® On this
basis, cholesterol-rich lipoproteins in plasma may be the product rather
than the cause of the atherogenic process. However, the defect in Type
III hyperlipoproteinemia (broad-B disease) may be ineffective removal of
chylomicron remnant particles from the arterial wall,lh due to a failure
of the liver to recognize such particles.15

The recent completion of the Coronary Drug Project, a secondary pre-
vention trial in men with a proven previous myocardial infarction, failed
to show an effect for nicotinic acid or clofibrate on either plasma choles-
terol levels or mortality.16 A primary prevention trial of cholestyramine
resin in Type II hyperlipoproteinemic men is in progress.17 Hypolipidemic
agents which are more effective than nicotinic acid and clofibrate are
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needed. However, such drugs may require extensive testing to show efficacy
in reversing atherogenesis.la Arteriography provides unequivocal proof of
lesion regression. In recent reports, lesion regression was confirmed with
this method following control of hyperlipidemia with clofibrate and/or
other drugs.”’20 However, only in rare cases is this direct method justi-
fied. Objective evidence to validate regression may come in the future
from the use of bioengineering techniques.

Experimental atherosclerosis can be reversed by dietary means. A
high~cholesterol, high-fat diet combined with arterial injury produced
atherosclerosis in swine?2’2% and monkeys.zk The lesions regressed when
the animals were removed from the atherogenic diet and placed on a normal
diet.?2*%% Chronic hyperlipidemia itself may produce the primary endothe-
lial injury that initiates this process of atherosclerosis.?"

The Relationship of Damage to the Arterial Endothelial Lining, Platelet
Aggregation and Artericsclerosie ~ Injury to the endothelial lining of the
artery caused an immediate platelet response; platelets adhered to the
subendothelial connective tissue at the sites of injur¥ aggregated lost
their granules and exhibited decreased survival time. Recent studies
from the Karolinska Institute and Wellcome Research Laboratories have
provided a biochemical rationale for the role of platelets in the genesis
of arteriosclerosis (see chapters 9 and 19). Aspirin which inhibits
platelet aggregation is currently undergoing a large scale study for its
effect on coronary heart disease.?’ However, since the substance
responsgible for platelet aggregation is apparently thromboxane Az, a
specific thromboxane A; inhibitor might have greater therapeutic utility
than aspirin.28 Prostacyclin, which is formed in arterial endothelial
cells, not only dissociates platelet aggregates, but also causes relaxation
of smooth muscles.2® This relaxation is a desirable effect since it may
decrease phagocytosis by endothelial cells and thereby prevent further
narrowing of the arterial lumen.®

Hypolipidemic Agents - Several reviews have documented recent advances in
hypolipidemic drugs. 11531 ciofibrate significantly decreased serum tri-
glycerides in Type IIb patients and cholesterol in Type IIa and IIb
subjects.32 Unexpected elevations in LDL were observed after clofibrate
administration to Type IV subjects. 3% The drug induced m gopathy *35 4n
patients with renal failure and intrahepatic cholestasis. In recent
mechanism of action studies, clofibrate 1) augmented post-heparin plasma
lipoprotein lipase activity, 37,38 2) diminished serum clearing factor
lipase activating activity, 8 3) interfered with very low density lipo-
protein (VLDL) formation, packaging and release in the liver,®° 4) inhibited
1ipolysis **1 and enhanced free fatty acid reesterification in adipose
tissue,"1 and 5) modified serum proteins and components of the human hemo-
static .=.:ystem.l'2 Additionally, insulin may be an important mediator of the
hypotriglyceridemic effect of clofibrate.*®™*S

Clinical studies confirmed halofenate to be an effective hypotri-
—, SEGT
glyceridemic and hypouricemic agent. Recent mechanism of action
studies (earlier investigations were reviewed recently ) demonstrated



Chap. 20 Lipid Metabolism Sullivan, Cheng, Hamilton 193

that halofenate inhibits hepatic triglyceride synt:he.sis,l'9 and reduces

the ratio of insulin to glucagon in the circulation.®® Halofenate
inhibited platelet aggregation to a greater extent than did clofibrate.5?
The clinical efficacy of gemcadiol was shown in Type II, III, IV and V
patients.52 Its hypotriglyceridemic activity in rats was ten times greater
than that of clofibrate. 780SE produced marked hypotriglyceridemic
activity without any hypocholesterolemic activity or hepatomegaly,sq
inhibition of triglyceride synthesis was also demonstrated.>® Tibric acid
suppressed triglyceride levels selectively but induced hepatomegaly.

The efficacy of probucol in lowering serum cholesterol levels was
confirmed in Type II patients.57 Interestingly, no effect on cholesterol
synthesis, absorption or excretion has been observed. 5%  This drug has
recently gained FDA approval. Neomycin was as effective as cholestyramine
in decreasing cholesterol levels in Type II subjects, but was better
tolerated.®® 1In rats neomycin produced hypocholesterolemia without altering
cholesterol turnover.®? (Clinical trials on the efficacy of bile acid
sequestrants as hypocholesterolemic agents have been conducted with
cholestyramine,61 colestipol “6% and Secholex.®%’®® C(Clinical studies
suggest that B-sitosterol may be useful as a hypocholesterolemic
agent, 87770 YXanthinol nicotinate produced significant hypolipidemic effects
in Type V subjects without caus1ng flushing, chylomicrons and VLDL decreased
while LDL increased significantly. Other nicotinic acid derivatives
demonstrated good hypolipidemic activity but induced flushing.

Intravenous administration of 7-ketocholesterol decreased the uptake
of cholesterol into rabbit aorta.’® 5a-Cholest-8(14)-en-38-0l-15-one
suppressed serum cholesterol levels and hepatic cholesterol synthesis.7s
5-8527 significantly reduced serum cholesterol by inhibiting the hepatic
synthesis of lipoprotein fractions carrying cholesterol.’’ Metformin
produced only a slight reduction of plasma cholesterol levels in rabbits
fed a high cholesterol diet. However, it markedly decreased aortic
cholesterol esters and the atheromatous process, with a simultaneous change
in the composition of VLDL.7%*7°

New Hypolipidemic Agents - LF 178 (Lipanthyl® 1), a member of a series of
alkylcarbonyl- and benzoyl- phenoxycarboxylic ac1ds,80 was more potent than
clofibrate in hyperlipidemic and normal animals. 81 Clinical efficacy was
demonstrated in Type IIa, IIb and IV hyperlipoproteinemia; 82 the compound
was more potent than clofibrate after one month treatment. A multicenter
trial confirmed LF 178 as a well-tolerated hypocholesterolemic and hypotri-
glyceridemic agent.83 Tiadenol lowered cholesterol and triglycerides in
long-term trials in Type IIa and Type IIb patients.su

o]
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Several 1,3-bis(substituted phenoxy)-2-propanones possess hypo-
cholesterolemic activity in rats; the 1,3-bis(p-methylphenoxy)-2-propanone
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(2) lowered serum triglycerides and glycerol.85 2-Hexadecanone signifi-
cantly reduced serum cholesterol levels in rats;afiwhereas 2-octanone
demonstrated hypocholesterolemic and hypotriglyceridemic activity.a; Rats
receiving 2,8-dibenzyl-cyclooctanone demonstrated hypocholesterolemia which
was associated with estrogenic activity. 88  Structure: activity relationships
of a number of benzofuran derivatives demonstrated either hypotriglyceridemic,
hypocholesterolemic or both activities. Derivatives 3 and 4 were as active

as clofibrate in reducing both triglycerides and cholesterol 89 whereas

5 selectively decreased cholesterol, and 6 and 7 effectively suppressed

)
COOC,Hs
CeHs R
CeHs—~¢

Ra
|
0GCO0CoHs I 0¢C00C2Hs

CH3 0 CH3 R Rz
Cels Hp, 2
= 6
é_ ﬁ_ Cl =0 2
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only triglyceride levels in rats. 30 A tricyclic clofibrate-related

lactone (8) and its precursor (9) reduced triglycerides and/or cholesterol
depending on whether normal or Triton hyperlipidemic rats were employed.
Compounds 10 and 11 significantly decreased cholesterol, triglycerides

and free fatty acids in both normal and hyperlipidemic rats. An isoindo-
R COONa
CH = CH3| ci
ol — o 8 CH3 &3 % coona
R - CH3 X
o v OH 2 cAs  CHa
I © CHs  CH3
H
10 11

line derivative (12) and certain analogs significantly lowered serum
cholesterol, triglycerides and phospholipids in the rat, and serum
cholesterol in the dog. 93 Hypo-B-lipoproteinemia [decrease in heparin
precipitating lipoproteins (LDL and VLDL) and increase in high density
lipoproteins] was demonstrated with U-41792 (13) in several animal species.

c

OO~
CHz2CHOH
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A number of substituted benzenesulfonic acid esters and p-chlorophenoxy-
isobutyric acid esters produced hypolipidemic activity.”° Among a series
of p-alkoxybenzoic acids, enhanced hypotriglyceridemic and hypocholesterol-
emic activity was observed with oximino- (14) and chloro- (15) substituents.
Hypocholesterolemia was observed after the administration of 16 to rats.®
Tetronic 701, a polymeric surfactant, also lowered serum cholesterol
the tetrabenzoate of Tetronic 701 is of particular interest, since it
produced comparatively less growth depression.98 Two linoleamide deri-
vatives, (-)N-[a-phenyl-8-(p-tolyl)ethyl]linoleamide (PTLA) and N-(a-methyl-
benzoyl)linoleamide, suppressed serum and liver cholesterol levels in rats
and inhibited cholesterol absorption by interfering with the hydrolysis of
cholesteryl esters in the intestine.®?® 01

98

R Rz
COOR, - —
”OH "
CHy C =
O(CH,),R,(CH,),, CHy ¢l
| 16
H CH 15 -

The oral administration of 3-hydroxy-3-methylglutaric acid (HMG)
prevented the alcohol-induced postprandial elevation of serum lipids and
B-lipoproteins in man.'®? CL-719 (17) produced a dose-dependent suppression
of plasma triglycerides and cholesterol in Type IV subJects.”3 A valeric
acid derivative (18) decreased cholesterol synthesis in rat liver in vivo
but exerted no inhibitory effect on HMG-CoA reductase; ' a glutaric acid
derivative (19) was a very potent inhibitor of HMG-CoA reductase from rat
liver, 108 Fatty acid synthesis was significantly suppressed in vivo by
RMI 14,514, a furoic acid derivative; the benzoic acid and acetic acid
benzyl ester analogs (RMI 13,640 and RMI 14,425) were less active,?

i s Cay M3
OCH2CH2 CHz(IJCOOH HOCH2 CHCH2 CH2 COOH CHOOCCHZCI:CHZCOOH
CH3 OH
17 18 19

i —_— i
There are several new approaches to the treatment of hypercholesterol-
emia. Sucrose polyester (SPE), a mixture of hexa-, hepta- and octaesters
of long-chain fatty acids, is a noncaloric, unabsorbable synthetic fat that
decreased cholesterol absorption in rats.'®” Each replacement of 17 dietary
triglyceride with SPE resulted in a 1.2% decrease in cholesterol absorption.
After treatment with SPE, total plasma cholesterol and LDL cholesterol were
significantly reduced in normal subjects but not significantly in hyper-
cholesterolemic subjects. %% A novel technique based on the principle of
affinity chromatography, involving an extracoporeal system for the reduction
of plasma cholesterol through the specific removal of LDL by heparin-agarose,
was reported.
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Anticholelithiasis Agents - Several reviews discuss_ the current views on

the pathogenesis and management of gallstones.110 112 Obesity has been
reported to be accompanied by a three-~fold increase in the occurence of
gallstones,1 this increase may be explained on the basis of enhanced hepatic
secretion of cholesterol in obese subjects, resulting in the production of
lithogenic bile.'?!? Similarly, an increased prevalence of cholelithiasis,
likely due to the enhanced cholesterol saturation of bile, has been observed
with the administration of conjugated equine estrogensllu and oral contra-
ceptives.115

Clinical studies confirmed the efficacy of chenodeoxycholic acid
(CDC) in producing complete or partial dissolution of gallstones, with
a concomitant reduction of the lithogenicity of bile and increase in the
ratio of biliary CDC to cholic acid and deoxycholic acid (for review see
%h dietary cholesterol levels antagonlized the therapeutic efficacy
of CDC. Additional studies suggested that continuous CDC therapy
appears necessary, since the biliary cholesterol saturation index remained
low for only three weeks after withdrawal of cnc. 17 Hepatotoxicity,
apparently produced by lithocholic acid (LC), the bacterial metabolite of
CDC, continued to be re?orted in animal species which lack an adequate
capacity to sulfate LC. However, no evidence of hepatotoxicity, either
enzymatically or morphologically, was observed in patients administered
CDC chronically at thera?eutic doses, except for an occasional elevation
of serum transaminases. A controlled, single-blind study failed to
confirm any hypotriglyceridemic activity of CDC. Sulfation is known to
lead to rapid intestinal excretion, thus preventing LC accumulation in the
enterohepatic circulation. Effective sulfation of LC (> 75%), particularly
its glycine conjugates, may explain the lack of hepatotoxicity in
humans.!242125

d-Limonene (20), introduced through CH3
a choledochal catheter, was effective in
dissolving the gallstones remaining in
the common bile duct after surgery.126 20
Its choleretic activity and ability to
decrease the biliary lithogenic index in HaC” “CH3
the dog were attributed, in part, to its
metabolites.!?? Zanchol, a hydrochole-
retic agent (21) reduced the cholesterol
saturation of bile when administered to
patients who had undergone chole- O
cystectomy.'?® Phenobarbital, which was 0.0 21
ineffective as an anticholelithiasis HOOC(CH)»CO
agent129’13° may diminish the efficacy of 22
CDC in dissolving gallstones.131

REFERENCES

1. G.A. Bray, in '"Major Problems in Internal Medicine'", W.E. Saunders
Co., 1976.

2. A.C. Sullivan, L. Cheng, in "Nutritional and Drug Interrelationships",
J. Hathcock, Ed., Academic Press, New York (in press).

3. A.C. Sullivan, L. Cheng, J.G. Hamilton, Ann. Rep. Med. Chem. 11, 200
(1976).



Chap. 20 Lipid Metabolism Sullivan, Cheng, Hamilton 197

[Nolie “BL N e RO B

10.
11.
12,

13.
14.
15.
16.

17.

18.
19.

20.
21.
22.
23.

24.
25.
26.
27.
28.

29.
30.

31.
32.
33.
34.
35.
36.
37.

38.
39.

G.A. Bray, F.L. Greenway, Clin. Endocrinol. Metab. 5, 455 (1976).

D. Craddock, Drugs 11, 378 (1976).

T. Silverstone, Life Sci. Res. Rep. 2, 1 (1976).

A. Heiberg, Clinical Genetics 9, 92 (1976).

H. Heiberg, K. Berg, Clinical Genetics 9, 203 (1976).

J.G. Hamilton, L. Cheng, A.C. Sullivan, Ann, Rep. Med. Chem. 11, 180
(1976).

S. Eisenberg, in "Atherosclerosis Reviews', R. Paoletti, A.M. Gotto,
Jr., Eds. Raven Press, New York, 1976, p 23.

P.A. Edwards, A.M. Fogelman, G. Popjak, Biochem. Biophys. Res. Commun.
68, 64 (1976).

A.M. Fogelman, J. Seager, P.A. Edwards, G. Popjak, J. Biol. Chem. 252,
644 (1977).

D.B. Zilversmit, Ann. N.Y. Acad. Sci. 275, 138 (1976).

W.R. Hazzard, E.L. Bierman, Metabolism 25, 777 (1976).

P.A. Mayes, Biochem. Soc. Trans. 4, 575 (1976).

The Coronary Drug Project Research Group, J. Am. Med. Assoc. 231, 360
(1975).

Protocol for the Lipid Research Clinics Type II Coronary Primary Pre-
vention Trial. National Heart and Lung Institute, Lipid Research
Clinic Program, Bethesda, Md. (1976).

M.J. Finkel, Lipids 12, 64 (1977).

L.L. Basta, C. Williams, J.M. Kioschos, A.A. Spector, Amer. J. Med.
61, 420 (1976).

R. Barndt, Jr., D.H. Blankenhorn, D.W. Crawford, S.H. Brooks, Ann.
Intern. Med. 86, 139 (1977).

M.L. Armstrong, in "Atherosclerosis Reviews', R. Paoletti, A.M. Gotto,
Jr., Eds., Raven Press, New York, 1976, p 137.

A.S. Daoud, J. Jarmolych, J.M. Autustyn, K.E. Fritz, J.K. Singh, K.T.
Lee, Arch. Pathol. Lab. Med. 100, 372 (1976).

K.E. Fritz, J.M. Autustyn, J. Jarmolych, A.S. Daoud, K.T. Lee, Arch.
Pathol. Lab. Med. 100, 380 (1976).

R. Ross, L. Harker, Science 193, 1094 (1976).

R. Ross, J.A. Glomset, N. Engl. J. Med. 295, 369 (1976).

L.A. Harker, R. Ross, J. Glomset, Ann. N.Y. Acad. Sci. 275, 321 (1976).
The Aspirin Myocardial Infarction Research Group, Lipids 12, 59 (1977).
M. Hamberg, J. Svensson, B. Samuelsson, in '"Advances in Prostaglandin
and Thromboxane Research', B. Samuelsson, R. Paoletti, Eds., Raven
Press, New York, 1976, p 19.

S. Bunting, R. Gryglewski, S. Moncada, J.R. Vane, Prostaglandins 12,
897 (1976).

T. Shimamoto, H. Hidaka, K. Moriya, M. Kobayashi, T. Takahashi, F.
Numano, Ann. N.Y. Acad. Sci. 275, 266 (1976).

D. Yeshurun, A.M. Gotto, Jr., Am. J. Med. 60, 379 (1976).

J. Ditzel, H.O. Bang, Acta Med. Scand. 200, 55 (1976).

H.G. Rose, G.K. Haft, J. Juliano, Atherosclerosis 23, 413 (1976).

R. Gabriel, J.M.S. Pearce, Lancet 2, 906 (1976).

S. Dosa, N.P. Mallick, T.N. Slotki, Lancet 1, 250 (1976).

M. Valdes, W.H. Jacobs, Am. J. Gastroenterol. 66, 69 (1976).

E.A. Nikkila, J.K. Hutternen, C. Ehnholm, Metabo. Clin. Exp. 26, 179
(1977).

M.P. Rogers, D. Barnett, D.S. Robinson, Atherosclerosis 24, 565 (1976).
J. Kim. S. Goldfischer, L. Biempica, Exp. Mol. Pathol. 25, 263 (1976).




198 Sect. IV - Metabolic Diseases, Endocrine Function Hess, Ed.

. N.E. Miller, 0.D. Mj¢s, M.F. Oliver, Clin. Sci. Mol. Med. 51, 107
(1976).

42. G. Cederblad, K. Korsan-Bengtsen, Clin. Chim. Acta 66, 9 (1976).

43. C. Ferrari, S§. Frezzati, M. Romussi, A. Bertazzoni, G.P. Testori, S.
Antonini, A. Paracchi, Metab. Clin. Exp. 26, 129 (1977).

44, C. Ip, H.M. Tepperman, J. Tepperman, J. Lipid Res. 17, 68 (1976).

45. D. Fedele, A. Tiengo, M. Muggeo, R. Nosadini, G. Crepaldi, Athero-
sclerosis 25, 191 (1976).

46 C.A. Dujovne, D.L. Azarnoff, D.H. Huffman, P. Pentikainen, A. Hurwitz,
D.W. Shoeman, Clin. Pharmacol. Ther. 19, 352 (1976).

47. E.D. Rees, R.D. Hamilton, I.F. Kanner, S. Wasson, T. Hearn, Athero-
sclerosis 24, 537 (1976).

48. L.R. Mandel, Lipids 12, 34 (1977).

49. R.J. Cenedella, W.G. Crouthamel, J. Lipid Res. 17, 156 (1976).

50. R.P. Eatom, R. Oase, D.S. Schade, Metab. Clin. Exp. 25, 245 (1976).

51. D.H. Minsker, P.T. Jordan, P. Kling, A. MacMillan, H.B. Hucker, D.J.
Tocco, Thromb. Haemostas. 35, 358 (1976).

52. H.P. Blumenthal, J.R. Ryan, A.K. Jain, F.G. McMahon, Lipids 12, 44
(1977).

53. G. Rodney, R.E. Maxwell, P. Uhlendorf, Fed. Proc. Fed. Am. Soc. Exp.
Biol. 35, 598 (1976).

54. J. Duhault, M. Boulanger, L. Beregi, N. Sicot, F. Bouvier, Athero-
sclerosis 23, 63 (1976).

55. D.N. Brindley, M. Bowley, S. Burditt, P.H. Pritchard, K.A. Lloyd~
Davies, P. Boucrot, J. Pharm. Pharmacol. 28, 676 (1976).

56. D. Kritchevsky, S.A. Tepper, J.A. Story, Arzneim.-Forsch. 26, 862
(1976).

57. A.F. Salel, R. Zelis, H.S. Sodhi, J. Price, D.T. Mason, Clin. Pharmacol.
Ther. 20, 690 (1976).

58. J.W. Barnhart, D.J. Rytter, J.A. Molello, Lipids 12, 29 (1977).

59. W.A. Phillips, G.L. Elfring, Lipids 12, 10 (1977).

60. R.W.B. Schade, A. van't Laar, C.L.H. Majoor, A.P. Jansen, Acta Med.
Scand. 199, 175 (1976).

61. C.B. Blum, R.J. Havlik, J. Morganroth, Ann. Intern. Med. 85, 287 (1976).

62. C. Harvengt, J.-P. Desager, Clin. Pharmacol. Ther. 20, 310 (1976).

63. A.M. Lees, M.A. McCluskey, R.S. Lees, Atherosclerosis 24, 129 (1976).

64. C.J. Glueck, R.W. Fallat, M. Mellies, R.C. Tsang, Pediatrics 57, 68
(1976).

65. L.A. Simons, P.F. Williams, Aust. N.Z. J. Med. 6, 127 (1976).

66. E.A. Nikkila, T.A. Miettinen, A. Lanner, Atherosclerosis 24, 407 (1976).

67. B.J. Kudchodkar, L. Horlick, H.S. Sodhi, Atherosclerosis 23, 239 (1976).

68. S.M. Grundy, H.Y.I. Mok, in "Lipoprotein Metabolism'", H. Greten, Ed.,
Springer, Berlin, 1976, . 1l12.

69. P. Oster, G. Schlierf, C. Heuck, H. Greten, U. Gundert-Remy, W. Haase,
G. Klose, A. Nothelfer, H. Raetzer, B. Schellenberg, in '"Lipoprotein
Metabolism', H. Greten, Ed., Springer, Berlin, 1976, p 125.

70. R.S. Lees, A.M. Lees, in "Lipoprotein Metabolism", H. Greten, Ed.,
Springer, Berlin, 1976, p 119.

71. H. Haacke, M.R. Parwaresch, Ch. Mader, Dtsch. Med. Wochenschr. 101,

1413 (1976).

0. H. Kather, G. Simon-Crisan, B. Simon, Horm. Metab. Res. 8, 246 (1976).
1



Chap. 20 Lipid Metabolism Sullivan, Cheng, Hamilton 199

72.
73.

74.

75.

76.

77.
78.

79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.

97.

98.

99.

100.

S. Rossner, A.G. Olsson, L. Oro, Acta Med. Scand. 200, 269 (1976).

G. Bondesson, C. Hedbom, 0. Magnusson, N.E. Stjernstrom, Acta Pharm.
Suec. 12, 445 (1975).

G. Bondesson, C. Hedbom, O. Magnusson, N.E. Stjernstrom, Acta Pharm.
Suec. 13 (1), 1 (1976).

J.S.M. Sarma, R. Fischer, S. Ikeda, R.J. Bing, Proc. Soc. Exp. Biol.
Med. 151, 303 (1976).

D.L. Raulston, C.0. Mishaw, E.J. Parish, G.J. Schroepfer, Jr., Biochem.
Biophys. Res. Commun. 71, 984 (1976).

K. Suzuki, Biochem. Pharmacol. 25, 325 (1976).

C.R. Sirtori, A. Catapano, G.C. Ghiselli, A.L. Innocenti, J.
Rodriguez, Atherosclerosis 26, 79 (1977).

J. Rodriguez, A. Catapano, G.C. Ghiselli, C.R. Sirtori, Adv. Exp. Med.
Biol. 67, 169 (1976).

R. Sornay, J. Gurrieri, C. Tourne, F.J. Renson, B. Majoie, E.

Wulfert, Arzneim.-Forsch. 26, 885 (1976).

J. Gurrieri, M. Le Lous, F.J. Renson, C. Tourne, H. Voegelin, B.
Majoie, E. Wulfert, Arzneim.-Forsch. 26, 889 (1976).

J. Rouffy, C. Dreuz, Y. Goussault, R. Dakkak, F.J. Renson, Arzneim.-
Forsch. 26, 901 (1976).

E. Wulfert, B. Majoie, C. de Ceaurriz, Arzneim.-Forsch. 26, 906 (1976).
J. Rouffy, Therapie 30, 815 (1975).

C. Piantadosi, I.H. Hall, S.D. Wyrick, K.S. Ishaq, J. Med. Chem. 19,
222 (1976).

§.D. Wyrick, I.H. Hall, C. Piantadosi, C.R. Fenske, J. Med. Chem. 19,
219 (1976).

I.H. Hall, G.L. Carlson, J. Med. Chem. 19, 1257 (1976).

M.N. Cayen, J. Dubuc, D. Dvornik, Biochem. Pharmacol. 25, 1537 (1976).
G. Bondesson, T. Hogberg, A. Misiorny, N.E. Stjernstrom, Acta Pharm.
Suec. 13 (2), 97 (1976).

D.T. Witiak, E. Kuwano, D.R. Feller, J.R. Baldwin, H.A.I. Newman, S.K.
Sankarappa, J. Med. Chem. 19, 1214 (1976).

D.T. Witiak, H.A.I. Newman, G.K. Poochikian, W. Loh, S.K. Sankrappa,
Lipids 11, 384 (1976).

A. Plech, H.I. Trzeciak, A. Sokola, Z.S. Herman, T. Zawisza, Pol. J.
Pharmacol. Pharm. 27, 399 (1975).

L. Brzechffa, M. Eberle, R. Engstrom, L. Kelly, S. Talati, Am. Chem.
Soc., 172nd ASC Natl. Meeting, Abs. #MEDI 47 (1976).

C.E. Day, P.E. Schurr, W.E. Heyd, D. Lednicer, Adv. Exp. Med. Biol.
67, 231 (1976).

J. Esteve, J. Pares, A. Colombo, I. Demestre, L. Rodriguez, R. Sagarra,
R. Roser, Eur. J. Med. Chem. 11, 43 (1976).

V.G. DeVries, D.B. Moran, G.R. Allen, 5.J. Riggi, J. Med. Chem. 19,
946 (1976).

J.E. Sinsheimer, E. Van den Eckhout, L.E. Hewitt, Y. Kido, D.R. Wade,
D.W. Hansen, Jr., J.C. Drach, J.H. Burckhalter, J. Med. Chem. 19,

647 (1976).

J. Green, M. Heald, K.H. Baggaley, R.M. Hindley, B. Morgan, Athero-
sclerosis 23, 549 (1976).

A. Nagata, S. Aono, H. Nakatani, Lipids 11, 167 (1976).

A. Nagata, H. Nakatani, K. Toki, Lipids 11, 163 (1976).



200
101.
102.
103.

104.
105.

106.
107.
108.
109.
110.
111.
112,
113.
114.
115.
116.

117.
118.

119.

120.

121.
122.

123.

124.
125.

126.
127.

128.
129.

130.
131.

Sect. IV - Metabolic Diseases, Endocrine Function Hess, Ed.

D. Kritchevsky, S.A. Tepper, J.A. Story, Lipids 12, 16 (1977).

§.Y.K. Yousufzai, M. Siddiqi, A.K. Abdullah, Lipids 11, 526 (1976).
A.H. Kissebah, S. Alfarsi, P.W. Adams, M. Seed, J. Folkard, V. Wynn,
Atherosclerosis 24, 199 (1976).

J.C. Diaz-Zagoya, M.E. Hurtado, J. Gonzalez, Experientia 32, 1138 (1976).
K.E. Guyer, S.G. Boots, P.E. Marecki, M.R. Boots, J. Pharm. Sci. 65,
548 (1976).

G. Ribereau-Gaynon, FEBS Lett. 62, 309 (1976).

F.H. Mattson, R.J. Jandacek, M.R. Webb, J. Nutr. 106, 747 (1976).

R.W, Fallat, C.J. Glueck, R. Lutmer, F.H. Mattson, Am. J. Clin. Nutr.
29, 1204 (1976).

P.-J. Lupien, S. Moorjani, J. Awad, Lancet 1, 1261 (1976).

L.J. Brandt, L.H. Bernstein, Am. J. Gastroenterol. 65, 17 (1976).

M.J. Coyne, L.J. Schoenfield, Progr. Liver Disease 5, 622 (1976).

E.A. Shaffer, D.M. Small, Curr. Probl. Surg. 13 (7), 3 (1976).

T.M. Mabee, P. Meyer, L. DenBesten, E.E. Mason, Surgery 79, 460 (1976).
R. Tritapepe, C. Di Padova, M. Zuin, M. Bellomi, M. Podda, N. Engl. J.
Med. 295, 961 (1976).

L.J. Bennion, R.L. Ginsberg, M.B. Garnick, P.H. Bennett, N. Engl. J.
Med. 294, 189 (1976).

M.J. Coyne, G.G. Bonorris, A. Chung, M.L. Schoenfield, L.J. Schoenfield,
Clin. Res. 24, 432A (1976).

J.H. Iser, G.M. Murphy, R.H. Dowling, Gut 16, 840 (1975).

C.K. McSherry, K.P. Morrisey, R.L. Swarm, P.S. May, W.H. Niemann, F.
Glenn, Ann. Surg. 184, 490 (1976).

H. Fromm, M. Holz-Slomczyk, H. Zobl, E. Schmidt, F.W. Schmidt, Acta
Hepato-Gastroenterol. 22, 359 (1975).

L. Barbara, E. Roda, A. Roda, C. Sama, D. Festi, G. Mazzella, R.
Aldini, Digestion 14, 209 (1976).

L. Pedersen, A. Bremmelgaard, Scand. J. Gastroenterol. 11, 385 (1976).
J.L. Thistle, A.F. Hofmann, B.J. Ott, P.Y.S. Yu, Gastroenterology 70
(Part 2), A-85/943 (1976).

G. Schlierf, A. Stiehl, C.C. Heuck, P.D. Lang, P. Oster, B. Schellenberg,
Eur. J. Clin. Pharmacol. 10, 147 (1976).

R.N. Allan, J.L. Thistle, A.F. Hofmann, Gut 17, 413 (1976).

R.N. Allan, J.L. Thistle, A.F. Hofmann, J.A. Carter, P.Y.S. Yu, Gut

17, 405 (1976).

H. Igimi, T. Hisatsugu, M. Nishimura, Am. J. Dig. Dis. 21, 926 (1976).
R. Kodama, H. Inoue, K. Noda, H. Ide, H. Tamamoto, S. Yoshihara, H.
Yoshimura, Life Sei. 19, 1559 (1976).

D.S. Zimmon, M.B. Kerner, B.M. Aaron, R.F. Raicht, E.H. Mosbach, R.E.
Kessler, Gastroenterology 70, 640 (1976).

G.W. Hepner, Am. J. Dig. Dis. 21, 370 (1976).

Z.R. Vlahcevic, D.H. Gregory, L. Swell, Am. J. Dig. Dis. 21, 429 (1976).
J.W. Marks, J. Sherman, G.G. Bonorris, A. Chung, M.J. Coyne, L.J.
Schoenfield, Gastroenterology 70 (Part 2), A-58/916 (1976).



N

ot

Chapter 21. Drug Metabolism

Hugh M. Mcllhenny, Pfizer Inc., Groton, Conn. 06340

Introduction — This chapter summarizes significant contributions from the drug metabolism literature of
the past year, with the objective of illustrating how pharmacokinetic and biotransformation information
can assist in the discovery and development of new drugs. The format follows closely that of last year'. The
influence of structural alterations on drug disposition, metabolic events that lead to pharmacologically
active or toxic substances, advances in novel or little studied biotransformations, and species differences in
metabolism are discussed.

A number of reviews and textbooks within the broad scope of drug metabolism merit attention. The
role of drug metabolism in medicinal research has been reviewed“, as well as information on the biliary
excretion of foreign compounds3, pharmacokinetic aspects of drug interactions’, and developmental
patterns of the hepatic monooxygenases®. A text is now available which provides an overview of recent
cytochrome P-450 chemistry and biolo_;ys. Current knowledge on the utility of pharmacokinetics in
clinical drug usage has been summarized’, and earlier volumes on foreign compound metabolism® and drug
isolation and identification techniques have been updatedg. New monographs review the disposition of
psychotherapeutic agents'™, as well as ?rogress in selected areas of drug metabolism’ ', A guide to the
design of drug assays has been assembled 2 An important new work discusses the current understanding of
basic processes involved in drug metabolism'~.

The hydroxylation of amobarbital 415 and breath analysis of aminopyrine demethylation16 are
proving to be useful tests to determine a patient’s capacity for hepatic drug oxidation. The increased use of
hepatocyte preparations demonstrates their utility as models for drug metabolism studies 720 1,
important role of extrahepatic drug metabolism has been further explored in intestine (analgesics)21 and
lung (nicotine)22. A brain capillary permeability technique has been described which allows determination
of the relative penetration of drugs into the brain23. The well established method of combined gas
chromatography-mass spectrometry, more recently supplemented with field desorption mass spectrometry,
continues to be extremely useful in solving a variety of drug metabolism problems“®. The simplicity,
sensitivity and specificity of radioimmunoassays has led to the development of a number of practical drug
assays in biological fluids“”™~'., Good agreement with well established methods makes this technique
increasingly attractive for clinical monitoring of large numbers of samples.

A number of recent reviews and symposia have addressed the relationship of drug plasma
concentrations with pharmacological effect, and the utility of pharmacokinetic data in rational drug
therapy32'38. In general, pharmacological effects correlate more closely with drug plasma levels than with
dosage. However, efficacy may not correlate with drug plasma concentrations when an active metabolite is
formed or when transport to the site of action is exceedingly slow. For many agents, drug level
determinations are helpful in adjusting dosage during therapy. Drug level information is also often desired
by the clinician when the expected therapeutic effect is not seen or when toxic manifestations attributable
to drug treatment are encountered.

Relationships between Structure and Pharmacokinetics — Inactive |-propoxyphene enhanced the analgesic
activity of d-propoxyphene in the rat, apparently by decreasing hepatic extraction of the latter 39 Rapid
stereospecific uptake of the f-adrenergic blocking agent |-propanolol by heart tissue was observed in the rat
following di-propanolo! administration™”. An active acetylated metabolite (2) of the f-adrenergic blocking
agent acebutol (1) achieves plasma levels in patients up to ten times those of the parent 41, possibly due to
differences in half-lives. The potent analgesic activity of meperidine (3) and N-substituted homologues in
rodents has been attributed to more efficient brain penetration of these agents despite weaker affinity to
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the opiate receptor than morphine42. Compared to cocaine (4), the less potent stimulant pseudococaine XS)
has a shorter half life in rats, while the potent metabolite norcocaine (6) has a somewhat longer half-life 3.
The more potent S(-)enantiomer of the anticoagulant phenprocoumon (7) possesses a smaller volume of
distribution, is less rapidly cleared from plasma and is more highly bound to serum albumin than the R(+)
isomer ",

COCH3
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The important role of drug-protein binding in determining drug action has been reviewed45'46. Tissue
binding of the cardiac glycosides and barbiturates is closely correlated with their lipid solubility“. The
major parameter involved in serum bindina of tricyclic tranquilizers and antidepressants has been shown to
be affinity of the charge transfer complex ™. Serum binding of rutin flavanoids increased in proportion to
the number of unsubstituted phenolic groups 9, S(+)-Benzetimide was stereoselectively bound and more
slowly mobilized to and from the binding site of guinea pig atria than the R(-} enantiomerso, consistent
with the more potent atropine-like properties of S(+)-benzetimide.
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Relationships between Structure and Biotransformation — Within a series of aliphatic amines (C4-C10 and
G 3), the rate of monoamine oxidase activity was maximum with n-hexylamine ]. The carboxamide 8 was
metabolically more stable in rats than compound 9°<. B-Hydroxylated tryptamines (10} were much more
slowly deaminated to corresponding ethanediols than non-f-hydroxylated tryptamines”~. The position of
methoxy substituents in O-methyl catecholamines influences the route of metabolism, as L-4-O-methyldopa
was extensively N-acetylated, while L-3-O-methyldopa was metabolized in man and rat to corresponding
pyruvic, lactic and acetic acid derivatives®™. The superior anticoaguiant activity of methsuximide (11)
compared to phensuximide (12) was attributed to more rapid metabolism of the latter°”. A major
metabolite of 13 was the corresponding 2-hydroxypropionic acid, whereas the latter was formed from 14 in
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only minor amountsss. Deuteration of the methyl substituents of caffeine at the 1- or 7-positions
suppressed demethylation at the deuterated site in favor of demethylation at the nondeuterated position=".
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A number of recent studies extend the observation of stereoselectivity of drug metabolism. The
inactive d-isomer of propanolol was metabolized in rats with a two-fold shorter plasma half-life than
I-propanolol4o. The anti-inflammatory agent l-a-methylfluorene-2-acetic acid was isomerized in dogs to the
d-enantiomer~", thus being another example of stereospecific metabolic inversion'. Whereas the individual
R and S enantiomers of 15 were metabolized at similar rates, the half-life of the more active R isomer was
prolonged in the racemic mixture, perhaps due to inhibition of metabolism of the R isomer by the S
isomer 9. A similar effect was observed with the R and S enantiomers of amphetamines60, which further
illustrates that racemates may exhibit a biological profile different from that anticipated on the basis of the
activity of the component enantiomers.

The metabolism of a variety of drugs has been correlated with their physicochemical properties 61 and
the concept of regioselectivity in drug metabolism has been reviewed™ <.

Metabolic Activation — Numerous publications have appeared on the subject of biotransformation of drugs
to active metabolites or to reactive intermediates which manifest toxicity. The pharmacological activities of
the metabolites of 58 drugs and the consequences of their accumulation in patients with renal disease have
been reviewed“”. Mediation of drug toxicity by reactive metabolites was the subject of a recent
symposium- . o
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Carboxylic acid metabolites derived from cocaine (4) and norcocaine (6) persist in dog brain after the
parent drugs have been cleared, and may play a role in acquired drug hypersensitivity”-. Metabolism of
potassium canrenoate to 20-hydroxycanrenone (16) may contribute to the antimineralocorticoid activity of
canrenone®. A 3-carboxyl metabolite appears to be responsible for the antianaphylactic activity of 1777,
Pyrrolidine ring-hydroxylated metabolites of piromidic acid (18) are more potent antibacterial agents than
the parent drug6 . Compound 19 and its major 2{4-hydroxyphenyl} metabolite in the rat d exhibit
comparable hypocholesteremic effects in this species, suggesting that metabolism may be responsible for
the species-dependent activity of 19. The concept that circulating glucuronides may function as drug
reservoirs was advanced from studies with the f-adrenergic blocking agent bunolol70. Carbinol (21) and
ketone (22) metabolites of bufuralol {20) possess f-adrenergic blocking activity comparable to 20 and
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exhibited longer plasma half-lives in manﬂ. Evidence was presented that metabolism to mono-N-
methylated products is essential for antitumor activity in a series of aryldialkyltriazenes (23)72. The
antitumor activity of 1-nitro-9-(3'-dimethyl-n-propylamino)acridine may be due to an intermediate
N-hydroxylated metabolite73.
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The assumption that epoxides derived metabolically from aromatic or olefinic compounds exert
adverse biological effects may not always be justiﬁed74'76. Epoxidation of the 10,11-double bond of
centrally active tricyclic agents, now considered a common and important metabolic process with these
drugs, affords stable epoxides which lack mutagenic and cytotoxic activity (carbamazepine, cyprohepta-
dine, cyclobenzaprine)74. Studies with the carcinogen_ trans-4-acetylaminostilbene reveal that the
a,f-epoxide and dihydrodiol metabolites are non-mutagenic’®. The presence of a 10,11-epoxide in human
brain following carbamazepine administration suggests that this metabolite is responsible for the
anticonvulsant activity of this drug77. Evidence for apparently stable arene oxide metabolites of centrally
active tricyclic drugs has also been obtained '™ ’~,

Numerous studies have demonstrated an apparent relationship between metabolite formation and
toxicity. The N-hydroxylation of phenacetin may play a role in drug-induced hepatic necrosis®C. Similarly,
N-hydroxylation may mediate acetaminophen hepatotoxicity®'. Acetylhydrazine and isopropylhydrazine,
metabolites of isoniazid and iproniazid, may initiate hepatotoxicity through covalent binding of an
electrophilic intermediate (see Chapter 32)°4,

A reactive intermediate involving the furan ring of furosemide (24) may be responsible for the hepatic
necrosis produced by this diuretic agent®’. Covalent binding of isoproterenol®” and rifampicin S to
macromolecules can occur following phenol oxidation to adrenochrome and quinone, respectively;
reduction of gxidation products back to parent drug has also been observed. An association of drug toxicity
of halothane®” and antipyrine®’ with irreversible binding of reactive intermediates to liver proteins has
been discussed.

A number of new prodrug esters with improved pharmacological properties compared to the parent
drug have been described. The di-p-toluate ester of N-t-butylarterenol (bitolterol, 25) is a longer-acting
bronchodilator with reduced cardiovascular side effects®® than the unesterified drug®”. In an extension of
earlier work, a series of apomorphine diesters (26; dipropionyl, diisobutyryl, dipivaloyl, dibenzoyl) elicited
prolonged duration of neuropharmacological effects in rats; duration of action increased with the size of
the ester group”™.
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New Pathways of Metabolism — Investigations on novel or little studied biotransformations warrant
attention, as the information may help predict the fate of new drugs. Methylmercapto replacement of the
chioro substituent in the antiviral agent acluracil (27)”' and sulfoxidation of the pyridyl moiety of
bromazepine (28)92 may involve mercapturic and cysteine conjugation; displacement of chlorine by a
methylsutfony! group in the herbicide propachlor {29} has recently been reported to derive from cysteine
and mercapturic conjugates’>. A general scheme analogous to that proposed earlier for aliphatic amines has
been proposed for the metabolic N-oxidation and subsequent transformations of primary and secondary
aromatic amines 4. Nitro metabolite formation has been reported for MK-251 (30)95 and 1-phenyl-2-pro-
panone oxime~>. Thus, intermediate oxime metabolites of amphetamine-like compounds may be expected
to be further metabolized to nitro compounds. The amine function of 30 is metabolized to a small extent
also to the corresponding methyl ether, the first apparent example of this type of metabolic
transformation”~. Direct evidence has been presented for metabolic double bond hydration, an uncommon
event usually masked by the reverse process; thus, hydrated metabolites of ethyl apovincaminate (31)
and d-limonene (at C-1) (32) were identified in several species, including man

Et\N Et (IiH—(CH3)2
J\ | N=—C=CH,Cl
0 N Cl [}
|
= 29
CHy=CH=CH, 29
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A new pathway of primary amine metabolism (glucurony! carbamate formation) requiring the
insertion of a carboxyl group between amino groug and glucuronic acid, has been proposed for the new
antiarrhbythmic agent alany!-2,6-xylidine tocalmde) . Novel fatty acid conjugates of the 11-hydroxylated
metabolites of AP-THC and AS-THC have been identified that are retained in rat tissues for long
periocls1 00, The identification of these metabolites suggests that other drugs may be retained in the body in
this manner. Metabolic reduction of the dienoate system of the insect growth regulator methoprene 33?,
and incorporation of the carboxylic acid into glycerides and cholesterol esters, has been observed
Tripelennamine is another example of a drug that is extensively metabolized to a quaternary ammonium
N-glucuronide 02 rpe anti-inflammatory agent 34 is metabolized predominantly to a novel acyl glucoside
in the mouse
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Clonidine (35) is metabolized in rats and dogs by ring cleavage to 2,6-dichIorophenylguanidine104.
N-acetylated amino acid metabolites of mephenesin and dipropylacetate in rats are thought to arise from a
mechanism_ involving oxidation to hydroxylated carboxylic acids which enter general transamination
pathways 05 Unlike the related agents sudoxicam and isoxicam', piroxicam (36) is appreciably
metabolized by pathwazss involving cyclodehydration (to 37), and benzothiazole ring contraction to
o-sulfobenzimide (38)1 6. Metabolite 39 is found in patients intoxicated with phenobarbital or
glutethimide1 7, Chromone 17 undergoes y-pyrone ring scission to hydroxyacetophenones’ “°.

A ﬁN NN

N A ———
7N,
S CH
2 } N ©
0
s N\
= s~ CH, H
o 0y
3
S =-
0, 0—"X0
38 39

Comparative Metabolism — Pharmacokinetic principles that can assist in an understanding of species
variations in drug action have been recently reviewed -7 0 Comparative metabolism studies of
antineoplastic drugs were conducted in several species to assess their suitability as alternatives to the rhesus
monkey in safety studies M The domestic pig appears to be a suitable model for oxisuran in man' " “, The
rhesus monk.e\{‘1 rather than dog or rat, more closely resembles man in the overall disposition of
spironolactone 3. However, metabolism of glutethimide differs in monkey {rhesus or cebus} and man 14
Rats and dogs extensively metabolize bethanidine, whereas in man appreciable metabolism does not
occur! V3, The new diuretic MK-196 (40) is minimallY metabolized in rat, dog and rhesus monkey, but, as
in man, is extensively metabolized in the chimpanzee1 5
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Comparative studies with acetamingophen indicate that metabolism in the hamster resembles more
closely that in man than in mouse! 17, d-Limonene (32) is metabolized in rat, rabbit and hamster
preferentially to C-1 carboxylic acid derivatives, whereas dog and man largely form the 8,9-diol, and the
guinea pig metabolizes 32 by these two pathways to the same extent”. Compound 41 is substantially
oxidized by rat and guinea pig, but not man, to biphenylacetic acid; this possibly explains the
ineffectiveness of 41 in rheumatoid arthritis 8. Sedative-hypnotic 42 is N-hydroxylated in the cat, a more
sensitive species to the pharmacodynamic effects of this drug, but not in the rat’ ', Chronic methadone
administration suppresses methadone N-demethylase in guinea pigs and rats but induces the enzyme in
miceuo. Finally, the importance of drug evaluation in both sexes is underscored by studies which showed
that male but not female rats N-demethylated meptazinol (43) to a metabolite with increased biological
activity ' <
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Section V =~ Topics in Biology
Editor: T.Y. Shen, Merck & Co., Rahway, New Jersey
Section Editorial

Toward the goal of rational therapy a better understanding of the
pathophysiological conditions, preferably at the biochemical or molecular
level, is essential. The selection of topilcs for this section during
the past three years more or less reflects this belief. The phenomenal
advances in biomembrane research in recent years have not only provided
some plausible explanations of the mode of action of many drugs but also
suggested new directions for medicinal chemists to search for novel
therapeutic agents. As biomembranes are not individual entities, like
t-RNA or prostaglandin cyclooxygenase, but a dynamic organization of
chemically distinct yet functionally interdependant components of ionic
groups, saccharides, lipids, proteins and their conjugates, they are
likely susceptible to regulation by a variety of chemical structures. In
addition to the traditional antimetabolites, ligand analogs, and active
site inhibitors, considering the predominance of physical processes and
conformational changes involved in the function of membrane receptors,
enzymes, transport and communication mechanisms, '"allosteric" inhibitors
should be particularly attractive as membrane regulators. The extensive
interest in the chemical and physical characterizations of natural and
artificial vesicles may also facilitate the synthetic study of these often
elusive allosteric inhibitors. To illustrate the state of our knowledge,
the two chapters on the chemical and biochemical characteristics of
membrane receptors bring us up to date on some current concepts and
experimental findings.

Continuing our survey of important but largely unexplored areas of
drug research, it is encouraging to see the recent progress in muscular
dystrophy, a major disease still without adequate remedies. Hopefully
further advances in this area will improve the feasibility of developing
chemotherapeutic agents. Following the recent breakthrough in Vitamin D
biochemistry, a new chapter on metabolic bone disease is also presented,

With the growing concern about the toxicity of new chemicals, early
safety assessment of product candidates or even potential "leads" to
avold costly investment in time and effort on potentially toxic compounds,
has become a common practice, The degree or probability of carcinogene-
city, mutagenecity and teratogenecity of chemicals are controversial
legal and medical issues at times., To provide some perspective, a
collaborative discussion by three authors on the nature and significance
of some current laboratory procedures widely used in safety assessment is
offered., It is certainly encouraging to witness the beginning of a new
trend to rationalize the complex toxicity problem in terms of biochemical
mechanisms.
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Section V - Topics in Biology

Editor: T. Y. Shen, Merck & Co., Inc., Rahway, New Jersey 07065

Chapter 22. Relationships in the Structure and Function of
Cell Surface Receptors for Glycoprotein Hormones, Bacterial Toxins,
and Interferon

Leonard D. Kohn, Section on Biochemistry of Cell Regulation, Laboratory of
Biochemical Pharmacology, National Institute of Arthritis, Metabolism, and
Digestive Diseases, National Institutes of Health, Bethesda, Maryland 20014

Introduction - Recent studies indicate that there is a structural and func-
tional relationship in the mechanism by which glycoprotein hormones [thyro-
tropin (TSH), luteinizing hormone (LH), human chorionic gonadotropin (hCG),
and follicle-stimulating hormone (FSH)], certain bacterial toxins (cholera
and tetanus, for example), and the antiviral protective agent, interferon,
transmit their message through the cell membrane. Thus, in each case these
agents appear to be composed of two subunits or regions in their molecular
structure, i.e., the o and B subunits of the glycoprotein hormones or the A
and B proteins of cholera toxin. One subunit or region, the R subunit or B
protein of the hormones and cholera toxin, for example, interacts with a
receptor containing a ganglioside or ganglioside-like molecule whose oligo-
saccharide determinant causes a specific conformational change in the
hormone molecule; interaction with a receptor containing the wrong oligo-
saccharide molety will not cause this conformational change and will there-
fore not allow further message transmission. As a consequence of the
initial interaction of the first subunit, as a consequence of the second
subunit translocation, or as a consequence of both events together, a
change in membrane state results. The change in membrane state expresses
itself as a different exposure of cell surface determinants, including
those important as receptors for other effectors of cell function and as a
change in the electrochemical gradient across the membrane. Finally, as a
consequence of some or all of these preceding events, changes in cyclic

AMP levels, which are effected by modulating the activity of the adenylate
cyclase system, transmit the effector message to the translational and
transcriptional machinery of the cell,l

I. The Role of Gangliosides in the Thyrotropin (TSH) Receptor -~ Ganglio-
sides are a family of glycolipids whose nomenclature is derived from the
length of the oligosaccharide core structure (Gyi, GM2, GM3) as well as
the number and location of sialic acid residues within the oligosaccharide
moiety, i.e., mono-, di~, and trisialic acid derivatives (GM, Gp, and Grp,
respectively) are further defined isomerically (Gpjas, Gpip, Gr1) on the
basis of the galactose residue to which the sialic acid residues are
linked.2 The ganglioside Gy; 1s not only a component of the specific
receptor for cholera toxin,d its interaction with toxin is presumed to
initiate a sequence of events resulting (i) in the dissociation of the A
from the B protein of the toxin and (ii) in the formation of an activated
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A; subunit which translocates within the cell membrane and activates the
adenylate cyclase system,

Recent studies" 10 have shown that the gangliosides Gp1p and Gpp are
potent inhibitors of TSH binding to its specific membrane receptor; that
this {nhibition 1s caused by an interaction of these gangliosides with the
hormone rather than the membrane; that the inhibition is hormone-specific;
and, most important, that these gangliosides appear to impose on the TSH
molecule a conformation distinct from that resulting from the interaction
of TSH with gangliosides which are poor inhibitors of TSH binding, i.e.,
Gp1as the structural isomer of Gpjp. These results led to the suggestion
that TSH had a receptor structure similar to that of cholera toxin and that
both effectors were analogous in their message transmission process." 10
Specifically, the following was suggested: the B subunit of TSH interacts
with receptor containing a ganglioside as a functional component; the
ganglioside confers hormone or toxin specificity through its oligosaccha-
ride determinant; the '"correct" oligosaccharide determinant causes a
unique conformation in its particular effector which 1is necessary for the o
subunit to translocate within the membrane; the a subunit of TSH, like the
A protein of cholera toxin, carries information on its primary sequence
necessary for the stimulation of the adenylate cyclase system; and, last,
cholera toxin and TSH might not only have a common membrane component with
which they interact, but differences in such interactions might explain
the toxicity of one and the regulatory role of the other.

Among the experimental evidence which has accumulated to support
these predictions are the following: Thyroid plasma membranes are not only
rich in ganglioaides with the chromatographic characteristics of Gpip, Gpys
and Gyi,"“ but also in higher order ganglioside which (1) are even more
potent inhibitors of TSH binding and (i1) do not appear to be present in
the brain.10 A TSH receptor defect in a rat thyroid tumor has been corre-
lated with an alteration in the ganglioside content of the membranes of
this tumor and with a defect in the bilosynthetic enzymes concerned with the
synthesis of the higher order gangliosides implicated as components of the
TSH receptor structure.’ The ganglioside GM1 induces a conformational
change in cholera toxin which cannot be duplicated by other gangliosidese’11
and cholera toxin interacts with thyroid plasma membranes, these interac-
tions affecting the ability of TSH both to bind to the membranes and to
stimulate the adenylate cyclase activity of the membranes.®’®

Regarding the adenylate cyclase stimulation, it is to be noted that
NAD significantly enhances the ability of cholera toxin to stimulate adenyl-
ate cyclase activity in thyroid plasma membranes, whereas it inhibits the
ability of TSH to stimulate adenylate cyclase activity in these same thy-
roid membranes.® This finding suggests that cholera toxin and TSH diverge
in the molecular mechanism of adenylate cyclase stimulation and that there
exist intermediate steps (involv1n§ NAD) between receptor recognition and
adenylate cyclase stimulation.3°6°12 The observation that cholera toxin
has the ability to hydrolyze NAD in a manner resembling diphtheria toxin
is an expecially intriguing finding in this area.}!’13:!
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Last, but far from least, support for the schema comes from the fact
that sequence homologies have been demonstrated to exist between cholera
toxin, TSH, and the other glycoprotein hormones“’!5 (Fig. 1A). Regarding
the homology between the B protein of cholera toxin and the B subunits of
the TSH-LH-hCG-FSH superfamily, it is especially notable (i) that the CAGY
region of the glycoprotein hormones represents an important homology which
has been highly preserved despite structural and functional differences
which occurred in thelr evolution of progression to speclalized target
organ functions;!® (ii) that this homology exists on that portion of the
glycoprotein or toxin molecules, the B subunit or the B protein, which
carries the primary determinants for receptor binding; and (iii) that the
B subunits of the glycoprotein hormones determine thelr target organ speci-
ficity. This region of sequence similarity is thus an obvious candidate
for the "active site" concerned with binding to receptors on the cell
membrane,

Support for this interpretation is offered by two recent observa-
tions. 17 First, a synthetic decapeptide, including the CAGY sequence and
the 3 residues on either side in the TSH sequence, will inhibit TSH binding
and stimulate cholera toxin binding, i.e., have an effect similar to TSH
itself. Second, trypsin, a protease with a CAGY sequence, can inhibit TSH
binding to the intact and solubilized TSH receptor without destroying TSH
receptor activity.

In regard to the sequence homology noted between the A protein of
cholera toxin and o subunit of the glycoprotein hormones® (Fig. 1), this
region is startlingly similar in sequence to the nonapeptide neurchypophy-
seal hormones, oxytocin and vasopressin,9 i.e., to nonapeptides whose
action also involves adenylate cyclase stimulation. Within this framework,
it is to be noted that a 1,400 molecular weight fragment of the A; protein
of cholera toxin, i.e., a 10- or 1ll-residue sequence, may be sufficient to
cause Ege adenylate cyclase changes correlated with the action of this
agent.

IT. A Change in the State of the Membrane Results from the Interaction of
TSH or Cholera Toxin with Its Specific Receptors - A most important experi-
ment concerning the cholera toxin-TSH interaction with thyroid plasma mem-
branes came from the attempt to show by direct bilochemical means that GM1

is the cholera toxin receptor on thyroid plasma membranes.® Thyroid mem-
branes incubated with galactose oxidase, followed by exposure to sodium
borotritide, should have tritium incorporated into ganglioside residues if
these residues are available to the enzyme, When such an experiment was
performed, the major labeled ganglioside of thyroid membranes was Gyj. As
predicted by the hypothesis that Gyi is involved in the cholera toxin recep-
tor structure, the same experiment performed on membranes pretreated with
cholera toxin showed that the GM] residues were not labeled with tritium.
Most important, however, was the observation that pretreatment with cholera
toxin caused an enhancement of the labeling of other glycolipids contained
in the membrane which chromatographed in the region of Gpip, GT1, GM2, and
GM3, 1l.e., caused an exposure of surface determinants important as receptors
for other effectors of cell function.®
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This last observation was of special interest in the light of the data
which showed that low concentrations of cholera toxin enhanced TSH binding
to thyroid plasma membranes and that there was a cooperative relationship
between ganglioside or ganglioside-like receptors for the different effec-
tors, TSH and cholera toxin. Since analogous data have been obtained when
TSH interacts with the cell membrane,? it appears that a change in the
state of the membrane is a general feature of the events immediately follow-
ing the receptor-effector interaction.

III. The Role of Ganglioside or Ganglioside-Like Compounds in the Structure
and Function of Receptors for Other Glycoprotein Hormones - The sequence
homologies between LH, hCG, FSH, TSH, and cholera toxin (Fig. 1) raised the
obvious possibility that all the glycoprotein hormones would have a similar
receptor structure and a similar mechanism of receptor interaction. Each
target organ would thus have as 1its receptor a ganglioside or ganglioside-
like structure with a specific and unique carbohydrate sequence, i.e., one
which was different from that on other target organs., The interaction of
the appropriate hormone with this specific oligosaccharide would result in
a unique conformational shift such that the o subunit would be placed in
the position favored for membrane translocation and adenylate cyclase acti-
vation in that particular target tissue. Interaction with the wrong hormone
would result in a different conformation, an unfavorable position for mem-
brane translocation, and no transmission of its '""message" to the cell
membrane., A recent study of ganglioside inhibition of hCG binding to
testes membranes provides preliminary support for a portion of this hypo-
thesls in that the data show that the oligosaccharide moiety of the hCG
receptor structure is distinct from the oligosaccharide moiety on the TSH
receptor,19 i.e., the most effective inhibitors of hCG binding, have a
terminal sialic acid on the oligosaccharide chain, whereas the most effec—
tive inhibitors of TSH binding have a disialyl group linked to the internal
galactose residue., Studies with LH are consistent with these conclusions
in that gangliosides also inhibit LH binding to testes membranes, 2% the
ganglioside specificity is distinct from that of both hCG and TSH, 20 and
the different gangliosides impose distinct conformational changes on hCG
and LH which can be correlated with the inhibition data,!9’20

IV. Similarities in the Structure and Function of Receptors for Cholera
Toxin and the Glycoprotein Hormones Extend to Interferon - Evidence has
accumulated which suggests that the binding of interferon to specific cell
surface receptors is necessary for the development of its antiviral action
and that these receptors, like the glycoprotein receptors above, contain
gangliosides or ganglioside-like structures whose oligosaccharide moiety

is a critical feature of the receptor structure.?!”2% 1In this regard,
experiments have shown that cholera toxin and TSH inhibit the establishment
of the antiviral state by interferon;2%4°25 these experiments were based

on the hypothesis that cholera toxin or TSH might directly or indirectly
interfere with the gangliosldes or ganglioside-like oligosaccharide struc-
tures believed to be important for interferon's interaction with its cell
membrane receptors. Direct in vitro binding experiments with cholera toxin
and TSH25 indicate that this notion is valid and establish that the anti-
viral actlon of interferon is a membrane-initiated event.




FIG. 1. Top: Sequences of the amino terminal 42 residues of the B protein of cholera toxin and
of portions of the B subunits of TSH, LH, hCG, and FSH, defined by positions from the amino terminal
residue of each molecule. The res1due symbols corresponding to the standard residue abbreviations are
as follows: A, ala; P, pro; D, asp; T, thr; 8, ser; L, leu; I, ile; V, val; E, glu;

G, gly; H, his; C, cys; N, asn; M, met; Q, gln; Z, glx; B, asx; R, arg; F, phe; Y, tyr;
K, lys; W, trp; X, undetermined. Middle: The sequences of the amino terminal portions of the a
subunits of TSH, LH, hCG, and FSH aligned to show an analogy with a fragment of the Aj protein of
cholera toxin, the cholera toxin subunit known to be responsible for adenylate cyclase activation. The
sequence of cholera toxin used included the 42 amino terminal residues of the B proteln as reported by
Kurosky et al. 15560 apd the A protein sequences recently reported by Mendez et al.®l A1l other se-
quences were from the tapes of the "Atlas of Protein Sequence and Structure,"” updated to December 5,
1975. Bottom: Comparison of the amino acid sequence of the neurohypophyseal nonapeptide hormones,
oxytocin and vasopressin, with the amino acid sequence of a portion of the o subunits of the %lycopro—
"

tein hormones. Sequence data are derived from the "Atlas of Protein Sequence and Structure.
Position Position

Cholera toxin (partial fragment) 1 TPQNI r?? DILICAEYIHN|[T|[QIHTLNNEK r;1 FSYTESLAGKREMATIITF 42
TSH g chain (bovine) 19 cLTINIT'T{v|CcAGY CMTRBVBGKLF'LlPKVALSQDVCTVRDFMVK 60
LH 8 (bovine)} 26 CITFT:T|SICAGV CPSMKRVLPVI'LIPPMPERVCTVHELRFASV 67
hCG 8 chain (human) 26 CITVNITITIIICAGY CPTMTRVLQGV'L‘PALPZLVCNVRD‘JRF[S] 67
FSH B chain (human) 24 CLTIN'T'THCAGV CVTRDLVYKDPLA_:KPRIQKYCTFKELVVETv 65
Pos1t10n Position

Cholera toxin (partial fragment) IIPHIHAPGG|CPB|APR

TSH o chain {bovine) 1 FPDGEFTMZG|CPZ|CKLKENKYFSKPB 26

LH a chain {bovine) 1 FPBGZFTMZG|CPZ|CKLKZBKYFSKPB 26

hCG o chain (human) 1 APBVZIBJCPZ|CTLZZBPFFSIPG 22

FSHacham(human) 1 APODVEDI|CPE CTLQENPFFSOPG 22

Pos1twn Position
s $
Oxytocin 1 C;'s-Tyr IIeIG'In-Asn-st-ProlLeulGly 9
Arginine vasotocin 1 Cys-Tyr I1efGIn-Asn-Cys-Pro-Arg{Gly 9
Arginine vasopressin 1 Cys-Tyr ?he*mn-Asn-Cys-Prc-Arngly 9
Lysine vasopressin 1 Cys-Tyr| Phe{Gln-Asn-Cys-Pro-LysE]y 9
hCG (human) 1 Ala-Pro-Asx ValfGlx-Asn-Cys-Pro-Glx-Cy; Thr-Leu 12
FSH {human) 1 Ala-Pro-Asp}val{Glu-Asn-Cys-Pro-Glu-CysiThr-Leu 12
TSH (bovine) 1 Phe-Pro-Asp-Gly-Glu-Phe-ThriMet{G1x{Gy]Cys-Pro-G1x-CysiLys-Leu 16
LK (bovine) 1 Phe-Pro-Asx-6ly-Glx-Phe-Thr Mqulx{Gly{Cys»Pro-GIx-C{s Lys-Leu 16
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Experiments using TSH or cholera toxin as probes of the mechanism of
interferon action also indicate the following: (i) The initial binding of
interferon to a ganglioside or ganglioside-~like receptor is insufficient to
establish the antiviral state, i.e., human KB-3 cells which are unrespon-
sive to either mouse or human interferon can bind both.2% (ii) The recep~
tor for interferon has both a glycoprotein and a ganglioside as its struc-
tural components.za’29 (1i1) Immediately following the interaction of
interferon with this receptor structure, there is a change in membrane
state analogous to that seen when cholera toxin and TSH interact with
thyroid membranes; cells nonresponsive to interferon but able to bind
interferon (human KB-3 cells) do not have the same change.28’2% (iv) The
failure of human KB-3 cells to transmit the interferon message to the cell
machinery, despite the ability of interferon to bind to the cell surface
of the cells, correlates with a near absence of membrane gangliosides,
especlally GM2 and Gy3, which are present in high levels in membranes of
sensitive mouse L cells.?8°29 (v) Interferon stimulates adenylate cyclase
activity in sensitive cells, maximal stimulation preceding the establish-
ment of the antiviral state.29?30 (vi) Interferon induces changes in the
electrochemical gradient across the cell membrane; this effect may be
related to the ability of ouabain to inhibit interferon action (see below).

V. Similarities in the Structure and Function of Receptors for Cholera
Toxin and the Glycoprotein Hormones Extend to Other Bacterial Toxins and
This Relationship Has Pathophysiological Significance - The above observa-
tions raised the possibility that bacterial products other than cholera
toxin with a known tropism for gangliosides such as tetanus toxin and
Escherichia coli enterotoxin might interact with thyroid plasma membranes,
and even with the TSH receptor on the membranes. In this regard, tetanus
toxin is of particular interest, since the specificity of the ganglioside-
tetanus interaction (Gplp = G71 > GM1 > Gpia > OM2)3! is similar to the
specificity of the ganglioside-TSH interaction and since the clinical
presentation of tetanus includes a syndrome which closely resembles thyroid
storm, 32734

When recently studied, tetanus toxin was shown to interact with thy-
roid plasma membranes. 35 38  More important, the properties of this inter-
action were shown to closely resemble the properties of the TSH interaction
with TSH receptors on these membranes; the interaction of tetanus toxin
with thyroid membranes exhibited several characteristics of its interaction
with neural tissue; tetanus toxin would not bind to membranes of a thyroid
tumor with a TSH receptor defect; and tetanus toxin could stimulate thy-
rold hyperfunction in mice subjected to conditions known to precipitate
thyroid storm.

The ability of tetanus toxin to interact with thyroid membranes and
with TSH receptors on these membranes, as suggested above, has several
significant implications and applications. An obvious clinical implication
is that the syndrome of sympathetic overactivity which can appear in tetanus
is contributed to by the abllity of the toxin to induce thyroid hyperfunc-
tion. This syndrome would thus be analogous in its etilological relationship
to the thyroid as is thyroild storm or as is the hypersensitivity to
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catecholamines demonstrable in thyrotoxic patients. A second implication
is that tetanus toxin will have a receptor structure and mechanism of
effecting cell processes analogous to cholera toxin, the glycoprotein
hormones, and interferon. It is thus no surprise that tetanus toxin has
two different functional subunits, only one of which is responsible for its
interaction with gangliosides.39_“] It can be presumed that tetanus toxin
will have the common primary sequences within these two subunit or struc-
tural components already demonstrated for cholera toxin and the glycopro-
tein hormones; that tetanus toxin will undergo a specific conformational
change upon interacting with the receptor; and that the tetanus toxin
action will also require or induce a change in membrane state or a reorder-
ing of membrane components. In short, it seems reasonable to presume that
tetanus toxin interactions with the TSH receptor on thyroid plasma mem~
branes are analogous to its interactions with neural tissue membranes and
that studies which compare the tetanus toxin effects on thyroid membranes
with those of TSH will clarify both the mechanism by which tetanus exerts
its neurotoxic effects and TSH its thyroid-stimulating effects.35 38

VI. The Mechanism by Which Glycoprotein Hormones, Interferon, and the
Bacterial Toxins Effect Cell Changes - Current views regarding the mecha-
nism of actlon of TSH and other glycoprotein hormones invoke alterations

in the concentration of cyclic AMP as the second event in the transfer of
information from the hormones to the appropriate cell.l! That is, the
information carried by the hormone is purportedly translated into a "second
message'' by means of a change in intracellular cyclic AMP concentration.

One implication of the schema outlined above is that the increase in
intracellular cyclic AMP may not necessarily represent a second message per
se, but rather an event which is sequentially or simultaneocusly coupled to
a primary effect of these agents on the membrane. In other words, the
common denominator of all of the effectors may be an alteration in the mem-
brane which leads to generalized effects on cellular metabolism, one of
which may be an increase in the concentration of intracellular cyclic AMP.
Viewed in this manner, it 1s clear that one means of accomplishing this end
could be through alterations in electrochemical ion gradients across the
cell membrane. In this regard, the following observations are notable:

(1) The Brimary effect of tetanus toxin is an alteration in neural trans-
mission;*2 (ii) cholera toxin causes a dramatic loss of electrolytes and
water through the intestinal epithelium;*3 (iii) TSH increases the rate
and extent of iodide uptake by thyroid cells;** (iv) oubain, the classic
inhibitor of sodium, potassium~stimulated ATPase, blocks the antiviral
action of interferon;“® and (v) electrochemical ion gradients play a
primary role in active transport and metabolism in prokaryotes, eukaryotes,
and many subcellular organelles.“6

With these items in mind, a recent development is the demonstration
that TSH causes an increase in the uptake of the lipophilic cation tri-
phenylmethylphosphonium (TPMPt) when added to cultured thyroid cells or to
membrane vesicles derived from these cells under appropriate conditions and
that this effect is dependent upon a specific interaction of TSH with its
receptor at the cell surface.*’7 Since uptake of TpMPt and other lipophilic
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cations has been shown to reflect the presence of an electrical potential
across the membrane (interior negative), it is tempting to speculate that
one of the primary effects of TSH is to hyperpolarize the thyroid cell
membrane. Experiments with thyroid slices utilizing a direct electro-
physiological approach“e are consistent with this interpretation, i.e.,
TSH at low concentrations resulted in increased voltage measurements.

Since the effect of TSH on TPMPT uptake precedes the effect of the
hormone on adenylate cyclase activity,“7 the possibility exists that a
primary mode of action of each of these effectors is to alter electrochem-
ical ion gradients across the cell membrane. This concept is attractive in
that it would serve to explain certain other findings. Thus, hCG causes
changes in adrenal cell ion transport which not only precede adenylate
cyclase stimulation, but occur at concentrations of the effector which have
minimal effects on cyclase activity;qg cholera toxin and its B protein
induce alterations in the permeability of liposomes reconstituted with
"receptor" ganglioside in the absence of adenylate cyclase.50?5!

VII., Structural Features of the Receptor - It has been reported previously
that TSH receptors on bovine thyroid plasma membranes can be solubilized
with lithium diiodosalicylate (LIS) and that tryptic digestion of the solu-
bilized receptor preparation ylelds a 24,000 molecular weight receptor
fragment which retains specific TSH binding activity.52°53 Analysis of a
purified preparation of this receptor fragment indicated that it was a
glycoprotein containing 30% carbohydrate and 10% sialic acid by weight.%2?53
The above discussion indicates that gangliosides may be important compo-
nents of the TSH receptor and that the role of gangliosides in trasmitting
the hormonal message to the cell machinery is analogous to their role in
transmitting the message of cholera toxin to cells exposed to this bac-
terial product.

Recent studiesS* have shown that the two components of thyroid plasma
membranes known to interact with TSH, the glycoprotein with specific TSH
binding activity, and the gangliosides of the thyroid membranes, segregate
differently when membranes are solubilized with lithium diiodosaliczlate.
More important, the possibility raised in this study was that the 1257-1sH
binding activity of the intact plasma membrane is contributed to by both
the glycoprotein and the ganglioside components of the membrane. Thus, the
salt sensitivity of the intact plasma membrane receptor as well as its high
degree of hormonal specificity in regard to other glycoprotein hormones (LH
and hCG, for example) appears to reflect the ganglioside-TSH interaction.
The conclusion concerning the salt sensitivity of the TSH-ganglioside
interaction has been confirmed in direct }25I-TSH binding experiments using
ganglioside-containing liposomes.®® The high degree of hormonal specifi-
city is evident in the close correlation of inhibition of binding with the
conformational changes effected in the different hormones by the different
gangliosides (see above) and is in contrast to the loss of sgecificity for
LH and hCG exhibited by the glycoprotein receptor fragment.5 253155

In sum, these data coupled with previous observations concerning (i)
the protease sensitivity of TSH binding and cyclase stimulation in cultured
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thyroid cellsS® and (41) the loss of TSH binding and cyclase stimulation in
a thyroid tumor whose membranes are deficient in their ganglioside content,’
suggest that each component contributes to the function of the intact

plasma membrane receptor and that the functional transmission of the TSH
message to the thyroid cell machinery requires the presence of both a
glycoprotein and glycolipid component in the TSH receptor structure."

It is not clear how the two components function in the binding of TSH
and in the transmission of the TSH message to the cell machinery. The
binding of TSH may involve both components simultaneously or, more likely
at this moment, there may be a sequential interaction with one (the glyco-
protein) and subsequent transfer or association with the second (the gang-
lioside), i.e., one can be the primary interaction site (the glycoprotein)
and the other (the ganglioside) can be the obligatory discriminator and
coupler to other cell processes.>!

The existence of both glycolipid and glycoprotein membrane components
with receptor specificity has recently been noted in studies of cryoglobu-
lin interactions with cell membranes.5’ It is also evident in the fact
that there are both glycolipid and glycoprotein components of the cell with
blood group specificity.58 The latter precedent is especially pertinent
since it suggests that the glycolipid and glycoprotein components of the
TSH receptor may contain analogous oligosaccharilde structures. The exist-
ence of membrane glycoproteins able to specifically bind the effector is
not unique to TSH; thus, they have been shown for hCG®? and interferon28229
(in human KB-3 cells).

Summary -~ The details of the schema outlined in the introduction of this
review are not defined for each individual agent; however, the relation-
ships are increasingly clear. Although the implications to the pathophys-
iology of Graves' disease and the mechanism of action of cholera and tetanus
toxin are already obvious, it is clear they will extend to other problems.
Thus, the observation that contraceptive programs involving the development
of antibodles to hCG have also caused significant levels of antibodies to
tetanus in some patients, may be the tip of an iceberg, i.e., the implica-
tions will extend even to a "normal" disease such as pregnancy. In regard
to medicinal chemistry, these relationships clearly imply caution. Yet it
is hoped they will hold new opportunities to the development of peptide and
carbohydrate analogs which will either block the action of cell membrane
effectors which can cause a disease (cholera or tetanus toxin) or mimic the
action of effectors regulating body functions (glycoprotein hormones) and
blocking viral infestation of the cell (interferon).

References

1. G. A, Robison, R. W. Butcher, and E. W. Sutherland, Eds., "Cyclic AMP,"
Academic Press, New York, New York, 1971.

2. L. Svennerholm, J. Neurochem., 10, 613 (1963).

3. V. Bennett and P. Cuatrecasas, "Cholera Toxin: Membrane Gangliosides
and Activation of Adenylate Cyclase," in '"The Specificity and Action of

Animal, Bacterial, and Plant Toxins,'" in P. Cuatrecasas, Ed., Chapman



22 Sect. V - Topics in Biology Shen, Ed.

and Hall, New York, New York, in press.

4, B. R, Mullin, P, H. Fishman, G. Lee, S. M. Aloj, F. D. Ledley, R. J.
Winand, L. D. Kohn, and R. O. Brady, Proc. Natl. Acad. Sci. U.S.A.,
73, 842 (1976).

5. F. D. Ledley, B. R. Mullin, G. Lee, S. M. Aloj, P. H. Fishman, L. T.
Hunt, M, O. Dayhoff, and L. D, Kohn, Biochem. Biophys. Res. Commun.,
69, 852 (1976).

6. B. R. Mullin, S. M. Aloj, P. H, Fishman, G. Lee, L. D, Kohn, and R. O.
Brady, Proc. Natl. Acad. Sci. U.S.A., 73, 1679 (1976).

7. M, F. Meldolesi, S. M. Aloj, P. H. Fishman, L. D. Kohn, and R. O. Brady,
Proc. Natl. Acad. Sei. U.S.A., 73, 4060 (1976).

8. L. D. Kohn, "Horizons in Biochemistry and Biophysics," E. Quagliariello,
Ed., p. 123, Addison-Wesley Publishing Co., Reading, Massachusetts,
1977.

9. L. D. Kohn, S. M. Aloj, R. M, Friedman, E, F, Grollman, F. D. Ledley,
G. Lee, M, F, Meldolesi, and B. R. Mullin, "Advances in Carbohydrate
Chemistry: Symposium on Cell Surface Carbohydrate Chemistry," R. E.
Harmon, Ed., Academic Press, New York, New York, in press.

10. B. R. Mullin, T. Pacuszka, G. Lee, L. D, Kohn, R, 0. Brady, and P. H.
Fishman, Sclence, in press.

11, J. Moss, J. C. Osborne, P. H, Fishman, H. B, Brewer, M. Vaughan, and
R. 0. Brady, Proc. Natl. Acad. Sci. U.S.A., 74, 74 (1977).

12. D. M. Gill, Proc. Natl. Acad. Sci. U.S.A., 72, 2064 (1975).

13. J. Moss, V., C. Manganiello, and M. Vaughan, Proc. Natl. Acad. Sci.
U.S.A., 73, 4424 (1977).

14, J. Moss, P. S. Ross, P. H. Fishman, and M. Vaughan, Fed. Proc., 36, 728
(1977).

15, A. Kurosky, D, E. Markel, J. W. Peterson, and W. M. Fitch, Science, 195,
299 (1977).

16. M. 0. Dayhoff, L. T. Hunt, P. J. MclLaughlin, and W, C. Barker, "Atlas
of Protein Sequence and Structure,”" M. 0. Dayhoff, Ed., Vol. 5,
National Biomedical Research Foundation, Washington, D.C., 1972.

17. G. Lee, A. Eastlake, A. Schechter, J. Gladner, and L. D. Kohn, Biochem.
Biophys. Res. Commun., in press,

18. Y. Matuo, M. A. Wheeler, and M. W. Bitensky, Proc. Natl. Acad. Sci.
U.S.A., 73, 2654 (1976).

19. G. Lee, S. M. Aloj, R. 0. Brady, and L. D. Kohn, Biochem. Biophys. Res.
Commun., 73, 370 (1976).

20. G. Lee, S. M, Aloj, and L. D. Kohn, J. Biol. Chem., in press.

21. F. Besancon and H. Ankel, Nature, 250, 784 (1974).

22, F. Besancon and H. Ankel, Nature, 252, 478 (1974).

F.
R.

23, Besancon, H. Ankel, and S. Basu, Nature, 259, 576 (1976).

24, M. Friedman and L. D. Kohn, Biochem, Biophys. Res. Commun., 70, 1078
(1976).

25, L. D, Kohn, R. M. Friedman, J. M. Holmes, and G, Lee, Proc. Natl. Acad.
Sei. U.S.A., 73, 3695 (1976).

26, F. Besancon and H, Ankel, C, R, Seances Acad. Sci. (Paris), in press.

27. V. E, Vengris, F. H. Reynolds, Jr., M. D. Hollenberg, and P. M. Pitha,
Virology, 72, 486 (1976).

28, E., F, Grollman, G. Lee, J. M. Holmes, R. M. Friedman, and L. D. Kohn,
Proc., Natl. Acad. Sci. U.S.A., in press.



Chap. 22 Cell Surface Receptors Kohn 21

29, R, M, Friedman, E. F. Grollman, E. H. Chang, L. D. Kohn, G. Lee, and
F, T. Jay, Tex. Rep. Biol., Med., in press,

30. F. M. Meldolesi, E. F. Grollman, R. M. Friedman, and L. D. Kohn,
Biochem. Biophys. Res. Commun., in press.

31. W. E. van Heyningen and P. A. Miller, J. Gen. Microbiol., 24, 107
(1961).

32. S. H. Ingbar, N. Engl. J. Med., 274, 1252 (1966).

33. J. H. Kerr, J. L. Corbett, C. Prys-Roberts, A. Crampton Smith, and J.
M. K. Spalding, Lancet, 2, 236 (1968).

34, C. Prys~Roberts, J. L. Corbett, J. H. Kerr, A. Crampton Smith, and J.
M. K. Spalding, Lancet, 1, 542 (1969).

35, F. D, Ledley, G. Lee, L. D. Kohn, W, H, Habig, and M. C. Hardegree, J.
Biol. Chem., in press.

36. W. H. Habig, F. D. Ledley, G. Lee, M. C. Hardegree, and L. D. Kohn,
Fed. Proc., 36, 710 (1971).

37. W. H. Habig, M. C. Hardegree, E. F, Grollman, F. D. Ledley, and L. D.
Kohn, Endocrinology, in press.

38. W. H. Habig, M. C. Hardegree, M. F. Meldolesi, S. M. Aloj, and L. D.
Kohn, Endocrinology, in press.

39. S. van Heyningen, FEBS Letts., 68, 5 (1976).

40. T, B. Helting and O. Zwisler, J. Biol. Chem., 252, 187 (1977).

41. T, B. Helting, O. Zwisler, and H. Wiegandt, J. Biol. Chem., 252, 194
(1977).

42, G. N. Kryzhanovsky, Naunyn-Schmiedebergs Arch. Pharmakol., 276, 247
(1973).

43. W. E. van Heyningen, Nature, 249, 415 (1974).

44, R, J, Winand and L, D, Kohn, J. Biol. Chem., 250, 6534 (1975).

45, P. Lebon, M., C. Moreau, L. Cohen, and C. Chany, Proc. Soc. Exp. Biol.
Med., 149, 108 (1975).

46. "Cellular Regulation of Transport and Uptake of Nutrients, 1976 Fogarty
International Symposium"; J. Cell. Physiol., 89, 495 (1976).

47. E. F. Grollman, G. Lee, F. S. Ambesi-Impiombota, M. F. Meldolesi, S, M,
Aloj, H. Coon, H. R, Kaback, and L. D. Kohn, Proc. Natl. Acad. Sci.
U.S.A., in press.

48. R. Batt and J. M. McKenzie, "Thyroid Research," J. Robbins and L. E.
Braverman, Eds., p. 65, American Elsevier Publishing Co., New York,
1976.

49, C. Levin, M. Dufau, and K., Catt, J. Biol. Chem., 250, 8818 (1975).

50. J. Moss, P, H. Fishman, R. L. Richards, C. R, Alving, M. Vaughan, and
R. O. Brady, Proc. Natl. Acad. Sci. U.S.A., 73, 3480 (1976).

51, J. Moss, R, L, Richards, C. R. Alving, and P, H. Fishman, J. Biol.
Chem., 252, 797 (1977).

52. R. L. Tate, J. M. Holmes, L. D. Kohn, and R. J. Winand, J. Biol. Chem.,
250, 6527 (1975).

53. R. L. Tate, R. J. Winand, and L. D. Kohn, "Thyroid Research,” J.
Robbins and L. E. Braverman, Eds., p. 57, American Elsevier Publish-
ing Co., New York, 1976.

54, M. F, Meldolesi, P, H, Fishman, S. M. Aloj, F. D. Ledley, G. Lee, R. M.
Bradley, R. O, Brady, and L. D, Kohn, Biochem. Biophys. Res. Commun.,
in press.

55. §. M. Aloj, L. D. Kohn, G. Lee, and M. F, Meldolesi, Biochem. Biophys.



222 Sect. V - Topics in Biology Shen, Ed.

Res. Commun., 74, 1053 (1977).

56. R. J. Winand and L. D. Kohn, J. Biol. Chem., 250, 6534 (1975).

57. C. Tsai, D. A. Zopf, R. K. Yu, R. Wistar, Jr.; and V. Ginsburg, Fed.
Proc., 36, 709 (1977).

58, E. F. Grollman, A. Kobata, and V. Ginsburg, Ann. N,Y. Acad. Sci., 169,
153 (1970).

59, M, L. Dufau, D. W. Ryan, A. J. Baukal, and K. J. Catt, J. Biol. Chem.,
250, 4822 (1975).

60. A. Kurosky, D. Markel, B. Touchstone, and J, W. Peterson, Proc. 'Am,
Soc. Microbiol., 73, 23 (1975).

61. E. Mendez, C. Y. Lai, and A. Wodnar-Filipowicz, Biochem. Biophys. Res.
Commun., 67, 1435 (1975).



N
[

Chapter 23. Mineral Metabolism and Metabolic Bone Disease

J. W, Hinman and R. P. McCandlis, The Upjohn Co.,
Kalamazoo, Michigan

Introduction - Rapid progress is being made toward a better understanding
of mineral metabolism. Advances have been made possible by breakthroughs
in several divergent areas of research. Among these are the discovery of
the active metabolites of vitamin D (reviewed in this series, Vol. 10,
Chapter 30), elucidation of the bilochemistry and endocrinology of the cal-
citropic hormones, the devising of a surgical technique which permits
obtaining serial bone biopsies, and histomorphometric methods which allow
reliable quantitative assessment of human bone. Biologically active com-
pounds are available for study and the rationale for the preparation of
others is forthcoming. The opportunities for the medicinal chemist to con-
tribute to the solution of medical problems involving derangements in
mineral metabolism are, therefore, greatly enhanced. The objectives of
this review are to outline briefly some new concepts in the field and to
provide a key to the pertinent literature.

Since the 1930s it has been known that vitamin D is important for
normal growth and skeletal development of animals and man. It was recog-
nized that there is a vitamin D requirement for absorption of calcium and
phosphorus from the intestinal tract and it was appreciated that mainte-
nance of serum calcium levels within rather narrow concentration limits was
critical for normal function and even life itself. But it was not realized
until much later that the skeleton plays a vital role in calcium and phos-
phorus homeostasis and is a dynamic tissue metabolically. The recent flood
of knowledge on the biochemistry & endocrinology of vitamin D metabolites{'3
parathyroid hormone (PTH),%’8 calcitonin (CT),®’7 the prostaglandins
(PG),7-2 and the cyclic nucleotides!?>!l has enabled the biochemist and
cell physiologist to focus attention on the precise mechanisms involved in
mineral homeostasis.!? Their findings provide the basis for cautious opti-
mism regarding the potential for the development of definitive diagnoses
and effective treatments for many forms of metabolic bone disease.

Vitamin D Endocrinology - The significance of the active metabolites of
vitamin D was aptly expressed by Kodicek!3 in 1974 when he wrote, "It was
first descriptive, it reached then a physiological niveau, and eventually
deepened into basic insights at molecular level and suddenly opened new
practical vistas in medicine." Vitamin D must first be metabolically al-
tered before it functions. The functional metabolites!” are formed in
organs other than their sites of action. Their rates of synthesis and
secretion are feedback regulated and this regulation is effected at least
in part by PTH, possibly by CT, other hormones and metabolic regulators and
by calcium and phosphorus levels in certain tissues. The active meta-
bolites play important roles in the control of calcium and phosphorus move-
ment from both intestine and bone. They function as major humoral sub-
stances in the regulation of serum calcium concentration.l!® It is clear
now that vitamin D is not simply a catalytic vitamin substance, but one
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whose metabolism is dynamically interrelated with its function in an endo-
crine system.l® With current knowledge, albeit incomplete, it is possible
to speculate with some confidence on how derangements in vitamin D meta-
bolism may be involved in the etiology of certain types of metabolic bone
disease. Most of the known metabolites of vitamin D and many analogs and
structural variations have been synthesized.“"16 The clinical evaluation
of these compounds for safety and efficacy is now progressing rapidly.

Biochemical Measurements - Any meaningful evaluation of an experimental
drug in the treatment of metabolic bone disease requires dependable methods
for measurement of the pertinent minerals and hormones. Atomic absorption
methods!”? meet the requirement for accurate determination of total serum
calcium and magnesium. Since PTH is more responsive to ionized calcium
(Cat+) than to total serum calcium,!8:1% it is fortunate that methods for
this measurement have become available recently in the form of specific
electrodes.?0 Very satisfactory isotopic methods2!522 for measuring intes-
tinal calcium absorption are available. Total inorganic phosphorus is
usually determined by the method of Fiske and SubbaRow.2372% Radioimmuno-
assays (RIAs) reasonably specific for C-terminal and N-terminal portions of
human PTH have been developed by several groups.zs_27 Practical RIAs for
human CT have been developed.zs’29 No successful RIA has been reported,
but satisfactory competitive protein-binding radio assays and high pressure
liquid chromatography assays have been devised for measurement of the
ng/ml. levels of 25-OHD in serum, 30732 Chromatographic separation of
25-0HDy and 25—0HD3 has been reported33 but separation is generally not
required for most clinical studies. Measurement of the kidney metabolite,
1,25(0H)9D3, is more difficult because of the pg/ml. concentrations encoun-
tered, but sensitive radio receptor assays have been devised3":35 and used
to measure serum levels in normal man and in various disease states.36 A
method specific for the determination of 24,25(0H)2D3 was reported37
recently and will undoubtedly be important for certain clinical evaluations.
Since certain prostaglandins, particularly those of the E series, have
osteolytic activity comparable to that of PTH, there are situations where
measurement of these lipids is useful. RIAs for PGEs and their metabolites
have been reported,3® although most investigators have had difficulty pre-
paring antisera with the required specificity. Both competitive binding
assays3? and RIA%0 have been developed for measurement of cAMP.

Histomorphometric Measurements - Determination of the status of the bone
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tissue is vitally important for diagnosis and evaluation of changes induced
by experimental treatment. This is accomplished best by direct examination
of bone biopsies. Until recently the only surgical procedure for obtaining
a bone specimen was the "open biopsy" for removal of a wedge from the iliac
crest or a segment of a rib while the patient was under general anesthesia.
These procedures were so traumatic and incapacitating for the patient that
it was rarely possible to gain consent for a second biopsy. The essen-
tially non-traumatic transilial biopsy technique of Bordier,"“! which is
performed with a trephine and local anesthesia, produces a cylindrical bone
sample or core with dimensions of 8-12mm in length and 5-8mm in diameter.
This method has made repeated biopsies an entirely feasible procedure for
diagnosis and drug evaluation studies.

Coincident with this new technique for procurement of human bone
biopsies was the development of quantitive methods of bone analysis.!?
These methods include histochemical analysis of both decalcified and unde-
calcified*2°43 bone sections, microradiography,'+l+ tetracycline labeling“5
and autoradiography.h2 The latter two techniques require administration of
a tetracycline antibiotic or isotopic tracer prior to procurement of the
biopsy. Undecalcified thin sections, prepared with the use of a Jung
microtome after the bone core is fixed, dehydrated and embedded in meth-
acrylate,L*5 are analyzed by intersect and point count methods™62%7 yhich
permit three-dimensional assessment, 8,49 Tetracycline antibiotics deposit
in vivo in sites of bone formation constituting markers which can be
studied in undecalcified sections by fluorescence microscopy.*®'%7 This
represents the safest and best tissue time marker for microscopic measure-
ment of bone formation dynamics.

Largely through the application of these new techniques some basic
concepts of bone physiology and metabolism are beginning to be appreciated.
Normal human bone undergoes four distinct processes: growth, modeling,
repair and remodeling.®? From fetal development until some time after
puberty, growth and modeling are the predominant processes during which
bones grow both in length and in width. The modeling process is respon-
sible for insuring proper shape and proportion of the growing skeleton.
After maximum growth is achieved, the modeling process ceases, but the
skeleton remains metabolically active and undergoes a continuous process
of remodeling through resorption and formation. The process of repair is
operative at all stages of life and comes into play whenever a fracture
occurs in any member of the skeleton. This process appears to be quite
independent of the other two and is usually operative even when modeling or
remodeling is defective.

Metabolic bone disease in adults nearly always represents some
derangement in the remodeling process. This point must be considered in
choosing experimental animal models for human disease. For example, the
rat cannot serve as an adequate model for the study of human osteoporosis
because it never completes the modeling phase in its life cycle. Osteo-
porosis in man is a disease involving derangement of the remodeling pro-
cess. Metabolic bone diseases in children are usually more complicated
because defects in both the modeling and remodeling processes may be
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involved.

The remodeling process, involving continuous resorption of both the
mineralized portion of bone and the organic matrix, 1s coupled with the
formation process and must precede it. In other words, in normal bone,
formation cannot occur until resorption has taken place. In recent years
much has been learned about this microscopic remodeling system which oper-~
ates continuously in the entire skeleton.!? Bone cells known as osteo-
clasts are responsible for the resorption process. Formation and minerali-
zation are initiated by cells known as osteoblasts. Modern histomorpho-
metric techniques applied to the cells and surfaces of serial bone bilopsies
enable researchers to detect and quantitate malfunctions underlying the
pathology in various types of metabolic bone disease. With this capability
the utility of these techniques in diagnosis and evaluation of treatment
are obvious.

Non-Invasive Methods of Skeletal Analysis -~ While information provided by
examination of human bone bilopsies is invaluable, it is well recognized
that the approach has serious limitations. Fortunately, much progress has
been made in the development of supplemental non-invasive techniques for
assessment of bone mineral content in health and disease. Research initi-
ated years ago by physicists has yielded results which are being widely
utilized now by physicians in the study and treatment of metabolic bone
disease. The roentgenogram or x-ray was the first of the non-invasive
methods in this category, has been used for decades, will never be com-
pletely replaced, but suffers from a number of shortcomings. Lack of sen-
sitivity 1s a serious limitation especially for use in detecting and quan-
titating skeletal demineralization., Using standard x-ray procedures, 1t is
difficult to detect demineralization until a 30-407% change has taken
place.51 The lack of mono-chromicity and dangers from radiation exposure
represent further limitations. However, some modern specialized techniques
for quantitating changes in metacarpal and phalangeal bones of the hand, 32
and others for detection of ectopic calcification®3 are extremely useful.

The photon absorptiometry procedures piloneered by Cameron and
Sorenson®%355 are finding widespread use. %8759 This approach provides a
sensitive method for measuring both cortical and trabecular bone mass in
the human radius and ulna. Bone mineral mass or content is determined by
measuring the photon energy absorbed by bone from a monochromatic gamma-
ray source, usually 1251,  Standardized instruments are commercially avail-
able and are being used in many hospital and research centers. Modifica-
tions of the general method are being developed to permit bone mineral
content measurements of other parts of the skeleton. 39

Total body neutron activation analysis and whole body counting®?
permit the determination of the absolute quantity of certain minerals
(including calcium and phosphorus) in the entire body with great accuracy
and reproducibillity. Since absolute measurements of the total body stores
of such elements as calcium and potassium have been normalized for size,
sex, age, and body habitus in individual patients, estimates of normal,
increased and decreased stores of these elements are possible in a wide
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variety of metabolic conditions. Unfortunately, there are very few centers
equipped to carry out such sophisticated measurements.

Derangements in mineral metabolism frequently lead to metastatic cal-
cification of soft tissue. Bone-seeking radionuclides, such as 29MTc-
labeled phosphate preparations, are proving particularly useful in
detecting extra-skeletal calcification in situations where roentgenographic
demonstration is lacking.®!

Clinical Studies

a) Paget's Disease - This fairly rare disease is characterized by bizarre
malfunctioning of the bone remodeling process in which both resorption and
formation occur at grossly accelerated and unmatched rates.l? Both CT and
disodium ethane-l-hydroxy-1,l-diphosphonate (EHDP) have been used in the
treatment of this gainful and disabling malady. Combination therapy with
human CT and EHDP® appears to offer the best treatment to date.

b) Hypoparathyroidism - This disorder is caused by a deficiency of PTH or
an impairment of parathyroid functions leading to a state of hypocalcemia.
Most cases result from surgical removal of parathyroid glands as the treat-
ment for thyroid or parathyroid malignancy. Ideal treatment for surgical
and idiopathic forms would be administration of human PTH. Since this 1is
not available and because prolonged treatment with bovine PTH causes a
refractory state due to antibody formation, some form of vitamin D is the
only currently available treatment. Clinical experience indicates that
pharmacologic doses of vitamin D,1? 25-0HD,.53 or 1,25(0H)2D363 can produce
many of the effects of PTH in the intestines, kidney and bone to stimulate
a rise in serum calcium although by somewhat different mechanisms.!? Dihy~-
drotachysterol and 1,25(OH)2D3 offer the advantage of rapid onset of action
in initiating treatment in acute post-surgical hypoparathyroidism while in
chronic hypoparathyroidism treatment with 25-OHD4 induces good stability of
plasma calcium.

c) Renal Osteodystrophy - This term is used to describe the bone disease
which accompanies renal insufficiency. Severity ranges from asymptomatic
to complete disablement, although abnormality at the cellular level is
readily detected even in insipient renal iusufficiency.65 The incidence of
this disease has increased rapidly during the last 15 years as the result
of ever increasing availability of dialysis facilities. The consequences
of renal failure resulting from disruption of both the excretory and endo-
crine functions of the kidney include hyperphosphatemia, secondary hyper-
parathyroidism, hypermagnesemia and impaired intestinal absorption of
calcium. Serum calcium levels are usually in the low normal range, but a
significant number of these patients are hypocalcemic. Correction of hypo-
calcemia when it occurs does not necessarily cure the disease. Skeletal
demineralization and muscular weakness are evident as the disease pro-
gresses. The classical skeletal lesions are osteomalacia (an excess of
unmineralized bone matrix or osteoid) and osteitis fibrosa (fibrotic tissue
invasion of the bone). The former is believed to be caused by a metabolic
resistance to the actions of vitamin D and the latter to the influence of
excess PTH,50°66
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Recent studies on the treatment of renal osteodystrophy have concen-
trated on evaluation of the newly discovered metabolites of vitamin D.
Because kidney enzymes are required for im vivo production of 1,25(0H)2D3}“
many investigators assumed logically that administration of this metabolite
would solve the problem of vitamin D resistance. Results to date indicate
that 1,25(0H)7D3 and the analog, la-OHDj3, are remarkably potent in stimula-
tion of intestinal calcium absorption, they lower elevated serum alkaline
phosphatase and are of some benefit in control of secondary hyperparathy-
roidism.%7772 Hypercalcemia has been encountered®8:70271 gnd remineraliza-
tion of depleted bones has not occurred to the extent anticipated.68:69,72
Studies evaluating pharmacologic doses of 25-0HD3 have produced encouraging
preliminary results.’3:7%  Some investigators conclude that the osteo-
malacia of renal failure is caused by a lack of 25-OHD3 rather than a
deficiency of 1,25(0H)9D3 alone.’5 Very recently results reported on the
use of 24,25(0H))D4 indicate that this metabolite, which is produced from
25-0HD3 in the kidney and elsewhere in man is specifically active in remin-
eralization.’®

d) Vitamin D-Dependent Rickets - This form of metabolic bone disease is
an inborn error of vitamin D metabolism due to a genetic defect in the
25-hydroxyvitamin D-1-hydroxylase, the renal enzyme responsible for conver-
sion of 25-OHD4 to 1,25(OH)2D3.77 It has been known for years that this
rare disorder was manageable with massive doses of vitamin D and recent
studies’8°79 have shown that 25-0HD3 in doses of 100 to several hundred
micrograms/day will provide complete clinical, biological and radiological
recovery. Similar results have been reported77 using ca 1 pg/day of
1,25(0H) D4,

e) Familial Hypophosphatemic Vitamin D-Resistant Rickets - There appear
to be several types of hereditary vitamin D-resistant rickets (VDRR) asso-
ciated with hypophosphatemia due to diminished tubular reabsorption of
phosphate .80 This defect may also involve reduced reabsorption of amino
acids or glucose. Large doses of vitamin D may in some cases improve the
rickets with variable effect on the tubular reabsorption defect.8! Both
25-0HD3 and 1,25(OH)2D3 have been evaluated to some extent.82-8% Neither
compound is highly effective, but large doses of 25-0HD4 have induced bene-
ficial effects in about half of the cases investigated.

f) Anticonvulsant Osteomalacia - This term has been applied to the skel-
etal demineralization condition which appears to be induced by administra-
tion of anticonvulsant drugs, particularly dephenylhydantoin and phenobar-
bital.B5 Patients, usually epileptics, taking these drugs tend to have
lower than normal serum 25-OHD levels and slight hypocalcemia., The inci-
dence appears to be higher among mentally retarded patients86 and varies
from one location to another.®% The disorder is believed to be caused by
some abnormality in vitamin D metabolism induced by the action of the anti-
convulsant drug on the liver, but the details are not clearly understood. 87
In many Instances the problem has been reported to be minimized by admini-
stration of 1000-4000 I.U. of vitamin D per day. However, cases resistant
to this treatment have been reported and these responded well to small
doses of 25—OHD3.86 Clearly more research is required to solve this con-
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troversial problem.

g) Steroid-Induced Osteopenia - Glucocorticoids and synthetic analogs are
employed frequently as pharmacologic agents in the treatment of a wide
variety of diseases for prolonged periods of time. One of the most serious
complications in the use of these steroids is the development of a meta-
bolic bone disease known as sterold-induced osteopenia or osteoporosis.

The decrease in bone mass encountered in these situations is believed to
depend upon two influences of the steroids: 1) an inhibitory effect on
osteoblasts resulting in decreased bone formation and 2) stimulation of
mild secondary hyperparathyroidism. The latter is thought to be related to
the well established influence of steroid hormones to inhibit intestinal
absorption of calcium,®® Recent animal studies®? showed that prednisolone
administration caused partial inhibition of the action of 1,25(0H)2D3 upon
intestinal calcium transport by induction of an enzyme system which cata-
lyzed conversion of 1,25(0H)9D3 to a more polar, biologically-inactive
metabolite. A preliminary report90 on a clinical study evaluating 25—0HD3
in the treatment of steroid-induced osteopenia claimed that a dose of 40
ug/day for a mean treatment period of 11.3 months led to significant im-
provement in intestinal calcium absorption, normalization of PTH levels and
a 20% 1increase in mean trabecular bone mass. These results were achieved
with patients continuing on their steroid therapy. If these impressive
results can be confirmed and expanded, this would represent a significant
advance. An effective method for prevention and resolution of steroid-
induced osteopenia is important not solely as a benefit for the large popu-
lation threatened by or suffering from this disorder, but also because this
malady is believed to represent a possible model for postmenopausal and
senile osteoporosis. Any therapy shown to be effective in the management
of steroid-induced osteopenia should be carefully evaluated as a treatment
of other forms of osteoporosis.

h) Liver Disease & Malabsorption Syndromes - The introduction of the com-
petitive protein-binding radioassay for the circulating metabolite, 25-OHDj,
has permitted studies which correlated subnormal serum levels of 25-OHDj3
with a variety of pathological conditions. In addition to patients
receiving anticonvulsant drugs, it has been found that low levels of 25-OHD
are common in patients with derangement of the excretory function of the
liver,31 particularly primary biliary cirrhosis?! and biliary atresia,92
patients with renal stones, 23 alcoholics,93 ulcerative and granulomatous
colitis,gg regional enteritis, 2% ang granulomatous ileocolitis.?* 1In all
of these conditions the finding of subnormal serum 25-0HD concentration is
associated with a significant incidence of skeletal demineralization. 1In
patients with various types of inflammatory bowel disease more profound
skeletal defects occur in adolescents than in adults. Neonatal hypocal-
cemia is frequently associated with subnormal 25-OHD serum levels, espe-
cially in premature infants.?® From work reported to date, it is clear
that hypo-25-hydroxycholecalciferolemia is far from rare, but escaped
detection until a suitable diagnostic test became available. Evaluation of
treatment of these disorders with exogenous 25-OHDg and l,25(0H)2D3 is just
beginning, 91» 96
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i) Hypercalcemia -~ The most common causes of acute hypercalcemia are
hyperparathyroidism and neoplastic disease. In the latter case little is
known of the mechanism of the hypercalcemia. Only in a few instances have
tumors been shown to secrete PTH. Recently prostaglandins have been iden-
tified as mediators of hypercalcemia associated with certain human tumors. 37
Administration of PG-synthetase inhibitors, indomethacin and aspirin, caused
reduction in the excretion of PGE metabolites and a concomitant fall in
serum calcium, Organ cultures of human myeloma cells secrete anosteoclast-
activating factor which is different from either PTH or PG.%8 The activity
of another bone-resorbing factor, complement, is mediated by activation of
the PG synthetase system in bone.?? Current findings are consistent with
mediation of hypercalcemia not only by PGEo but also by its endoperoxide or
by thromboxane Aj. 98,100 Resgearch on inhibitors of fatty acid cyclo-
oxygenase as agents for treatment of patients with hypercalcemia of neo-
plasia offers attractive possibilities.
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Chapter 24. Detecting Mutagens - Correlation Between the
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The purpose of mutagenicity testing is two-fold. The first purpose
is to determine whether a chemical substance has the capacity to cause
alteration of genetic information with the potential to produce heritable
genetic changes in man. The fundamental concern, therefore, is the risk of
mutation to future generations as might result from a genetic alteration
occurring within the germ cells of either a male or female.

The other purpose of mutagenicity testing relates not to germ cells
but to somatic cells, where the concern is one of cancer. As will be des-
cribed in later sections, there are compelling reasons which are both empir-
ical and theoretical to believe that certain mutagenicity test systems have
a capacity to identify chemical carcinogens with a high degree of accuracy.
Recent attention paid to mutagenicity test systems by industry and Federal
regulatory agencies has in large part related to this latter purpose.
Clearly there exists a great need for a short-term, highly sensitive, and
reliable prescreen for the identification of potential chemical carcinogens
which at approximately one-hundredth the cost of lifetime studies in ani-
mals can effectively identify potential carcinogenic hazards. An under-
standing of mutation and the functioning of mutational test systems depends
upon knowledge of the chemical nature and molecular organization of genetic
material. The genetic material of all living organisms, with the exception
of certain viruses, is composed of deoxyribonucleic acid (DNA). DNA is an
enormously long polymer containing as many as 103 nucleotides linked by
phosphodiester bonds.

The development of a good correlation between the mutagenic and car-
cinogenic properties of chemicals would suggest the possibility that a molec-
ular event may be shared by the two phenomena. A theoretical basis for
relating mutagenesis and carcinogenesis has been proposed by several inves-
tigators based on the concept that neoplasms arise from mutations in somatic
cells. 3,82,83 This has Tong been a popular theory of cancer causation and
there is increasing widespread belief among cancer workers that DNA damage
is involved in the induction of cancer. It is known that cell regulation
can be easily altered by mutation and that a heritable change in cell reg-
ulation is a characteristic property of a cancer cell. Other indirect
evidence accumulated during the last several years has begun to implicate
the role of mutations in chemically-induced malignant transformation.84,85
However, mutation as an essential step in carcinogenesis remains to be
clearly demonstrated, and at present, the relationship is mainly derived
from recent experimental evidence.2,55,3,82,83,86-92

There are four main nitrogenous bases which appear in DNA--two of
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them are purines (adenine and guanine) and the other two are pyrimidines
(thymine and cytosine). In all living organisms, with the exception of cer-
tain viruses, DNA molecules occur in nature as paired strands in the form
of a double-stranded alpha helix in which the hydrogen bonds of guanine and
adenine interact specifically with cytosine and thymine respectively. The
biological significance of this arrangement is that one strand of the DNA
double helix can serve as the template for the synthesis of its opposite, or
partner, strand. The base sequences encode the genetic information of the
gene and the replication mechanism permits the propagation of the genetic
material.

Were one of the nitrogenous bases within DNA altered (damaged) by
chemical reaction with a mutagen, such damage could lead to mutation. For
example, a chemical might interact with guanine moieties of DNA altering its
hydrogen bonding properties so that instead of forming specific hydrogen
bonds with cytosine pairing occurs with thymine. Another common example of
chemical alteration of DNA is the loss of a nitrogenous base through hydro-
lysis of the beta glycosidic bond. Such alterations are referred to as
point mutations because they may affect only a single or a few nucleotides
within a gene consisting of hundreds or thousands of nucleotides. Point
mutations are a well known cause of mutations which exist within human pop-
ulations. Sickle cell anemia is an example of a point mutation that has
been well characterized and has a profound effect upon mutant individuals.
Other examples of point mutations or single-gene mutations include cystic
fibrosis, hemophilia, and Tay-Sachs disease.97

Another major class of human mutations affects not the genes per se
but chromosomes, the Targe units into which genes are organized. A single
chromosome may contain as many as 10,000 genes. The core of a chromosome
is believed to consist entirely of DNA and, therefore, its backbone is the
phosphodiester. Chromosomal mutations include either chromosome breaks
which would necessarily involve cleavage of the phosphodiester arrange-
ments of the chromosomal segments (translocations, inversions) which are
predicated on a combination of phosphodiester breaks and rejoinings of
phosphodiester bonds. Many of the chromosomal mutations occurring in man
involve the loss of the chromosome, which can result from either breakage
of the phosphodiester bond, or a process referred to as nondisjunction,
which does not, as far as is known, involve DNA per se. Other mutations
result from duplication of part or all of the chromosome.

Mutagen Test Systems. Perhaps the most widely used single mutagen test sys-
tem is that which uses specially constructed test strains of Salmonella
typhimurium; this test is frequently referred to as the "Ames test." The
details of this test have been extensively presented in the literature.1,2,3
The popularity of this test among scientists, who are responsible for the
evaluation of the potential mutagenicity of chemicals and drugs, lies in

the fact that it is one of the least expensive mutagen tests and requires
minimal amounts of space and equipment. Of course, a person well skilled

in microbiological procedures is required to supervise the daily operations.

The Ames test utilizes several different histidine auxotrophic mutants
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of Salmonella typhimurium. These bacteria are unable to carry out histidine
biosynthesis and thus are dependent upon an external source of this amino
acid for growth. In the presence of a mutagenic compound these test strains
may revert back to the wild type, which are able to synthesize histidine.
These strains have additional mutations in the cell wall to allow large
molecules to permeate to the nucleus, thereby increasing their sensi-

tivity to these kinds of chemicals. Seven test strains of S. typhimuwrium
are currently being used and are identified as follows: strains TA1530

and TA1535 will detect base pair substitution mutations and strains TA1536,
TA1537, and TA1538 will detect frameshift mutations. In addition, strains
TA100, derived from TA1535, and strain TA98, derived from strain TA1538,
have been further modified to enhance the sensitivity of these strains to
base pair substitution mutations and frameshift mutations, respectively.b

In order to overcome a major shortcoming of the bacterial mutagen
test, namely that mammalian metabolism is missing, most investigators incor-
porate a liver homogenate (termed "S-9") into the assay. Generally, this
is prepared from rats induced with a polychlorinated biphenyl mixture (Aro-
clor 1254) or phenobarbital.l Other investigators, such as Brusick6é have
used homogenates prepared from other tissues and other species.

In addition to the test strains of S. typhimurium, otheg microbes sys-
tems such as Escherichia coli,! the fungus Neurospora crassa,® and the yeast
Sacchromyces cerevisiae? have been used as indicator organisms in mutation
tests. Two strains of E. coli, namely W3110 (polAt) and the DNA polymerase
mutant E. coli p3478 (polA™) are used to detect genetic damage in bacteria

by DNA repair. Cells which have reduced capability of repairing DNA may be
more susceptible to the action of chemical mutagens as detected by increased
heritable change. Such differential toxicity is taken as an indication that
the chemical interacts with the DNA of the exposed cells to produce increased
levels of genetic damage. Sacchromyces cerevisiae allows one to detect
genetic damage in a eukaryotic microorganism whose chromosomes are struc-
turally simjlar to the chromosomes of higher organisms but are too small to
be observed directly.

Many workers feel that mutagenic tests with lower forms have little
relevance to potential effects in man. To help bridge this gap, several
workers are using urine and blood from treated animals or exposed humans in
conjunction with the bacterial test systems.10,1T The details of the pro-
cedures vary from investigator to investigator. Some use urine sam-
ples directly (after passing through a membrane filter in order to have an
aseptic sample) on the plate. Others treat the urine with glucuronidase
in order to split conjugated products, while other investigators might con-
centrate the metabolites through lyophilization or with the use of Amber-
lite columns. Similar treatments also may be done with serum. Neverthe-
less, even these modifications do not overcome many of the legitimate objec-
tions to these systems, e.g., dosimetry, physiological barriers, ete.

Host-Mediated Assays. Although host-mediated assays were used rather ex-
tensively a few years ago to assess the potential mutagenic effects of
chemicals, the assay has fallen into some dispute because of lack of sensi-
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tivity because the pharmokinetics of the test agent in the host were not
thoroughly understood.98 Nevertheless, the assay does provide a definite
bridge between microbial indicator organisms and a mammal. In the routine
test the microbial indicator organism is injected into the peritoneal
cavity of a mammal, usually a rodent. The host animal is then treated with
the chemical by any route other than intraperitoneally. Several hours later
the host is killed and the indicator organism is recovered and scored for
mutants. Theoretically, a comparison can be made between the mutagenic
action of the compound (1) on the organism directly, and (2) whether the
host can detoxify the compound or whether mutagenic products (metabolites)
are formed as a result of host metabolism. The histidine auxotrophs of 5.
typhimuriun (the same test strains used in the Ames test) have been the
most extensively used.

Gene Repair Systems. These systems are based on the hypothesis that DNA
repair is an indirect measure of genetic damage.

A system which detects DNA damage in E. coli by repair of the genetic
damage has been developed.57 1In addition to the use of bacteria, mammalian
cells in culture have been employed. Stichl2 has described an assay in
which cultured human skin fibroblasts are used to measure DNA repair by the
unscheduled uptake of tritiated thymidine. The assay is based on the fact
that DNA damage may be induced by chemical treatment of the cells and that
this damage may be measured as an increase in DNA synthesis (DNA repair).
Although Stich used human fibroblasts in culture, other investigators have
used cell lines from Chinese hamsters, kangaroo rats, and Muntjac deer.

Sega]3 has described the details of a DNA repair system in early
spermatid stages of the mouse. With four known mutagens, he has been able
to detect DNA repair in early spermatids.

Dominant Lethal Test. Dominant lethal mutation is a genetic event that
kills the individual which carries it. The damage, which notably consists
of chromosomal-type mutations, is detected as preimplantation loss of non-
viable blastocysts and as early embryonic death.14 Fetal wastage above the
spontaneous background rate is attributed to dominant lethal mutations since
only the males are treated with the test compound; females can be treated
also, although this test is more difficult to interpret. This test has been
well evaluated by several investigators.15-21

Cytogenetic Assays. Cytogenetic assays refer to the general category of a
wide variety of chromosome tests. Chromosomes are important in mutagenic
studies since genes are physically located on the chromosomes. Several of
the numerous cytogenetic assays available to the mutagenic investigator are
directly applicable to man. That is, the same procedures that are used for
treated animals can be applied to humans. Thus, these tests hold great
promise for the evaluation of potential mutagenic compounds. Perhaps the
most common cytogenetic assay involves short-term (48 or 72 hours) culture
of lymphocytes.2Z Following well-established technique, geneticists have
been able to further define inherited metabolic disorders in humans. Next
to transmissible gene mutations, the chromosome mutations represent the
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second major type of genetic change. This kind of genetic alteration is
usually studied in vivo by using the short-term leukocyte cultures, or by
using bone marrow cells directly. In vitro studies can be done with various
cell lines such as those derived from Muntjac deer, Chinese hamsters, and
mammalian tumor lines. Cytogenetic analyses allow the investigator to

study the cells in metaphase or anaphase for structural changes and rear-
rangements of their chromosomes. The occurrence of such chromosomal aber-
rations might be correlated well with the administration of or exposure to
known chemical mutagens and carcinogens. The detajls of several methods

for these assays have been published.23-27

A recent addition to cytogenetic analyses involves the use of a
staining technique which can detect sister chromatid exchanges.28,29 This
test gives a very sensitive and rapid method for the detection of chromo-
some damage by chemical agents and provides a powerful new method for de-
tecting environmental mutagens. Sister chromatid exchange involves a sym-
metrical exchange at one locus between sister chromatids with no visible
alteration of gross chromosome morphology.

Cyto?enetic procedures have also been applied to study meiotic chromo-
somes. 30,31  Such procedures allow one to study chromosome changes within
the spermatocyte by direct visualization of chromosome translocations.

In an effort to simplify cytogenetic assays, the micronucleus test
was reported by Schmid.32,33 This test is a relatively rapid iz vivo method
devised primarily for screening chemicals for chromosome breaking effects.
A11 compounds which are clastogens ("chromosome breakers"), that have been
studied, also cause increases in the numbers of bone marrow cells with
micronuclei (small pieces of chromatin material).

Drosophila. The use of drosophila (fruit flies) for mutagen studies has
several advantages. Few higher organisms can be reared in large numbers
as easily and economically as can drosophila.34,35 Thus, one can study
many types of genetic alterations: dominant lethals, point mutations,
chromosome rearrangements, and lass of X or Y chromosomes.

Specific Locus Test. The specific Tocus test in the mouse is a method for
detecting and measuring rates of mutation at several recessive loci. The
method has been described and reviewed extensively in the Titerature.36-38
The method basically consists of mating treated and untreated wild type
mice, either male or female, to a strain of mice homozygous for a number of
known recessive genes. The recessive genes are such that they are readily
expressed as visible phenotypes in the homozygous state. If a mutation has
occurred in any of the test loci in the germ cells of the treated animals,
it will be detected in the offspring. If no mutation has occurred follow-
ing treatment, the progenies from the cross will be of the wild type.39

The main disadvantage of this test is that it requires the production of
large numbers of mice and consequently considerable space for housing.

Translocation Test. Heritable translocations can be measured in animals.
For convenience, male mice are usually used. The assay consists of deter-
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mining the ability of a chemical to induce reciprocal translocations in the
germ cell lines of treated mice.16,40 Heritable translocations can be ob-
served in dividing spermatocytes of F] males or in the offspring of Fj
females.

The Tier Approach. The tier approach has been suggested as strategy for
setting priority when Targe numbers of chemicals must be evaluated, or if
one is choosing between analogs for further development.41,42 These hier-
archal schemes expedite the testing and evaluation of genetically hazardous
substances in a stepwise fashion beginning with the most rapid and inex-
pensive assays continuing through the more time-consuming and costlier tests
until a definitive assessment appropriate to the compound in question is
determined. The first tier contains short-term screening tests with sub-
mammalian systems, the second tier contains short and longer term tests with
whole animals, and the third tier involves a risk-benefit evaluation which
may entail further, more specialized testing procedures and experiments on
the detailed metabolism of the agent <n vivo. In the pharmaceutical industry
where a manageable number of substances are evaluated for potential use,
several tests from the various tiers may be applied, almost simul-
taneously. Regardless of which studies are used, the results of all studies
must be put into proper perspective prior to the widespread use of those sub
stances which have, in fact, given positive responses in certain mutagenic
tests.

It is apparent that chemicals which interact with DNA or are meta-
bolically converted to substances which have the capacity to interact
with DNA through electrophilic attack or by other means to alter DNA have
the potential to induce mutation. It is also apparent from knowledge of
chemistry and biochemistry that many substances, man-made and natural, will
have this capability either directly or following metabolism of the chemical
by the host organism.

The use of mutagenic test systems to identify possible chemical
carcinogens is based on three major developments in the fields of chemi-
cal carcinogenesis and chemical mutagenesis: (1) the recognition that chem-
ical carcinogens may be divided into two broad categories--precarcinogens
and ultimate carcinogens; (2) the successful coupling of metabolic activa-
tion and gene mutations <n vitre; and (3) a background of information in
the literature indicating that a high number of chemical carcinogens with
greatly varied structures were mutagenic.

The somatic mutation concept requires that carcinogens are also muta-
gens and that carcinogenic and mutagenic potentials of carcinogens should
be correlatable. These problems were reviewed by Burdette43 in 1955, at
which time he concluded that there was no correlation between the mutagenic
and carcinogenic activities of those chemicals which had been assayed for
both types of activity. In 1955, very little was known with regard to
structures of the ultimate reactive forms of chemical carcinogens in vivo,
but Burdette recognized that the lack of correlation could be due, among
other factors, to differences in the metabolic fates of the chemicals in
the different organisms used to assay carcinogenicity and mutagenicity.
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In 1966, the state of knowledge and confusion of the relation between muta-
genesis and carcinogenesis by chemicals had not changed much from that des-
cribed by Burdette43 and led the Millers44 to conclude that there is no
clearly established relationship between the mutagenic and carcinogenic
activities of chemicals. Certain alkylating agents were shown to possess
both properties, but several strong mutagens and strong carcinogens had
been tested for carcinogenicity and mutagenicity, respectively, with
negative results.

In recent years it has become evident that the majority of chemical
carcinogens are precarcinogens which must be converted in vive to ultimate
carcinogens. These metabolic conversions are usually mediated by oxidative
enzymes and may involve the formation of intermediate metabolites termed
proximate carcinogens. Although chemical carcinogens comprise a wide
variety of structures and for a long time it was difficult to visualize a
common denominator for carcinogenic activity, it now appears that

Fig. 1. SCHEME FOR THE METABOLIC ACTIVATION AND DEACTIVATION OF CHEMICAL
CARCINOGENS AND FOR THE ROLE OF ULTIMATE CARCINOGENS45
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the ultimate carcinogenic forms have the common feature that most, if not
all, are strong electrophilic reactants.46,47 That is, the ultimate car-
cinogens appear to contain relatively electron-deficient atoms which can
react covalently with electron-rich or nucleophilic atoms in cellular com-
ponents including those in macromolecules such as the nucleic acids (DNA
and RNA) and proteins. The apparent identity of the ultimate electrophilic
reactants and the ultimate carcinogenic forms of chemical carcinogens was
first evident for the simple carcinogenic alkylating agents. The similari-
ties in their reactions to those of the alkylating agents strongly impli-
cated alkylating intermediates as the ultimate carcinogenic forms of the
alkylnitrosamines, alkyinitrosamides, dialkylhydrazines, dialkyltriazines,
and cycasin.45

The electrophilic concept of chemical carcinogenesis was extended
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primarily from investigations on the metabolism of 2-acetylaminofluorene
(AAF) and 4-methylaminoazobenzene (MAB). The carcinogenicity of the aro-
matic amines and amides that have been adequately studied depends on their
conversion to N-hydroxy derivatives and then on the conversion of the lat-
ter metabolites to electrophilic metabolites.46,48 The metabolic activa-
tion of the Tliver carcinogen AAF and its proximate metabolite N-hydroxy-
AAF has been studied in considerable detail. Esterification of N-hydroxy-
AAF by a 3'-phosphoadenosine-5'-phosphosulfate (PAPS)-dependent system in
the soluble fraction of rat liver converts N-hydroxy-AAF to a very reactive
and mutagenic sulfuric acid ester, which also a?pears to be the major ulti-
mate carcinogenic metabolite for the liver.49-51 Other electrophilic meta-
bolites of N-hydroxy-AAF (glucuronide, acetate, and phosphate) are also
formed enzymatically by varjous tissue preparations and should be consid-
ered as possible ultimate carcinogens in some situations.48,52~54

Fig. 2. METABOLIC ACTIVATION OF 2-ACETYLAMINOFLUORENE (2-AAF) AND
REACTIONS OF THE ELECTROPHILIC INTERMEDIATE WITH CELLULAR
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The work of the Millers44-48 and others93-96 on the activation and
reactivity of chemical carcinogens led to the recognition and acceptance of
the fact that, with the exception of direct alkylating agents, chemijcals
are not carcinogenic per se but must undergo metabolic activation by mam-
malian enzymes. This knowledge contributed greatly to the development of
the current im vitro assays since it revealed that the failure to detect
mutagenic activity in many of the early genetic tests could be directly
attributed to the fact that bacteria do not duplicate mammalian metabolism
in activating carcinogens since they lack many of the appropriate enzymes

C):(')
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required to activate the chemical to its biologically active forms. Conse-
quently, the failure to detect any correlation between carcinogenesis in
animals and mutagenesis in bacteria from the early studies is understandable.

The first published work in which the mutagenic activity of metabo-
lites was detected after metabolic activation of carcinogens was by Malling®5
who used mammalian-Tliver homogenates to activate dimethylnitrosamine to a
compound that reverted Salmonella typhimurium test strains. Shortly
thereafter, mammalian-liver homogenates were used by Gainer56 to activate
aflatoxin B, to a compound lethal to a Salmonella test strain lacking ex-
cision repair, and by Slaterb7 to activate dimethylnitrosamine to a com-
pound lethal for E. coli bacteria lacking polymerase I. Subsequently, Ames 3
extended this earlier work by adding human, or rat Tiver homogenates and a
TPNH-generating system directly to petri plates with his Salmonella typhi-
murium test strains and the carcinogen. These procedures have been fur-
ther modified to include Tiver homogenates obtained from animals whose
liver enzymes have been induced with phenobarbital, Aroclor, or 3-methyl-
cholanthrene in order to provide for efficient detection of a variety of
carcinogens requiring metabolic activation.

As a result of the advances made in the development of the microbial
systems for detecting mutagens, a high correlation between mutagenicity in
these assays and carcinogenicity in animals3,55,57,64,71 became evident.
The fact that chemical carcinogens are also mutagens should not be partic-
ularly surprising since apparently both biological end points are reached
through an electrophilic attack on DNA by the parent compound, in the case
of a direct acting carcinogen, or a metabolite form of the chemical. The
concept of the reactive electrophilic agent forms the rationale behind the
utilization of mutagenicity assays in screening for potential carcinogens.
If chemical carcinogens or their electrophilic metabolites induce genetic
changes which directly or in association with other cellular dysfunctions
result in the malignant transformation of normal cells to potential tumor

cells, then by the detection of mutagenic activity potential carcinogens
could be identified.

In 1975 Ames published the results of his study of 300 compounds in
the Salmonella/microsome mutagenicity test in which he demonstrated that
90% (156/174) of the carcinogens were also mutagenic in the assay. Despite
the severe limitations inherent in defining non-carcinogenicity of compounds,
few non-carcinogens (<10%) showed any degree of mutagenicity.58-60

The Ames test has demonstrated the ability to detect a variety of car-
cinogens as mutagens, such as direct alkylating agents, nitrosamines, poly-
cyclic hydrocarbons, fungal toxins, aromatic amines, nitrofuran carcinogens,
a variety of antineoplastic agents, and antibiotic carcinogens such as adri-
amycin, daunomycin, and mitomycin C. In addition, most of the known human
chemical carcinogens which have been tested were positive. These include
B-naphthylamine, benzidine, cigarette smoke condensates, bischloromethyl
ether, aflatoxin By, vinyl chloride and 4-aminobiphenyl.58

The present data indicate that approximately ten percent of the car-
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cinogens (17/175) were non-mutagenic in the test (Table 1).

TABLE 1. NON-MUTAGENIC CARCINOGENSSS

o-toluidine ethyl carbamate safrole

auramine 3-amino-1,2,4-triazole cycasin

carbon tetrachloride phenobarbitol 4-aminoantipyrine

DDE thioacetamide 1,2-dimethylhydrazine
dieldrin acetamide procarbazine

thiourea ethionine

Some modifications in the in vitro metabolic activation system may be
necessary for the detection of some of these carcinogens as mutagens, for
example, the chlorinated hydrocarbons (carbon tetrachloride, DDE, and diel-
drin), ethyl carbamate, safrole, procarbazine and 1,2-dimethylhydrazine, whil
in the case of auramine, 4-amino-antipyrine and acetamide, the carcinogeni-
city studies in animals have not been definitive.59 3-Amino-1,2,4-triazole,
thioacetamide and thiourea possess goitrogenic activity and Weissburger has
suggested that these agents cause thyroid tumors through a non-mutagenic
mechanism.61 Cycasin, a g-glucoside of methylazoxymethanol, is inactive in
the Ames procedure because neither Salmonella nor mammalian microsomes con-
tain a g-glucosidase necessary for converting it to methylazoxymethanol
which does show mutagenic activity in the assay; while ethionine mutageni-
city may not be detectable in Salmonella since it may act as a carcinogen
by ethylating nucleic acid at natural methylation sites through S-adenosyl-
ethionine.59

The Ames test appears to be highly selective for the detection of car-
cinogens. To date, approximately 108 noncarcinogens (chemicals negative in
tests for carcinogenicity in animals), falling into two general categories--
62 chemicals, most of which are closely structurally related and even iso-
meric to carcinogens, and 46 common biochemicals--have been tested.58-60
About 13% of these noncarcinogens showed some degree of mutagenic activity
in the assay; however, since carcinogenicity studies have been extremely
limited for several of these compounds, there must be doubt as to the clas-
sification of these chemicals as noncarcinogens.

Other microbial mutation, repair and recombination assays have also
been used in chemical screening, however, the data base for carcinogenicity-
mutagenicity correlation established with these i<n vitro test systems is
relatively limited at this time.62-70 At present, the Ames Salmonella
assay appears to be the most generally applicable screen for the detection
of chemical mutagens. No other mutagenesis assay has been shown to respond
to such a wide group of chemical types as the Salmonella mutants.

The in vitro mutagenicity assays with Ames Salmonella typhimurium
strains have been used to investigate the extent and underlying basis for
organ, species, and sex variability in carcinogen metabolism and sensitivity
to the action of chemical carcinogens. Recently Weekes and Brusick’1 used
the in vitro system to compare the relationship between target organ suscep-
tibility for dimethylnitrosamine-induced tumors and in vitro metabolic acti-
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vation of dimethylnitrosamine (DMNA) to a mutagen. DMNA has been shown to
be both mutagenic and carcinogenic following metabolic activation in wvivo
and mutagenic following activation in vitro.72,73 In addition, Czygan74
demonstrated that the rate of mutagen formation was linked to the rate of
enzymatic conversion of DMNA thereby permitting the mutation assay to be
used as an indirect assay for the enzymatic activity of a particular tissue
to bjotransform DMNA into a mutagenic {carcinogenic) intermediate. In mice,
DMNA induces predominantly liver and lung tumors with Tow frequencies of
kidney tumors and rarely, if ever, tumors of the spleen or gonads.?2,75-77
The data generated by Weekes and Brusick/! demonstrated that activation of
DMNA to a mutagenic intermediate by microsome preparations from these organs
of BALB/cJd, RF/J and C57B1/6J mice show the same ranking (liver > lung >
kidney > spleen > testes) suggesting that at least for the carcinogen DMNA,
the level of metabolic activations of a tissue may be directly related to
the susceptibility of the organ as a target for tumor induction.

Species differences in drug metabolism have also been Tinked to ob-
served variability in target organ sensitivity to the tumorigenic action of
DMNA. In mice, C3H and Swiss strains are highly susceptibie, showing renal
tumor incidences of approximately 16 and 11 percent respectively, while
BALB/c and RF strains are quite resistant showing renal tumor frequencies
Tower than 4 percent.’5-77 Recently, Weekes78 was able to show that when
microcome preparations from the kidneys of these four strains were compared
for their ability to activate DMNA to a mutagen, there was an excellent cor-
relation between carcinogenic susceptibility and mutagen production.

Kidney microsomes from the two mouse strains exhibiting high suscep-
tibility to DMNA-induced renal tumors were considerably more active in
forming the mutagenic/carcinogenic intermediate than preparations from the
two strains with Tower sensitivity to DMNA. In a similar fashion, Weekes
and Brusick/! were able to show that the mutagen data from microsome
preparations from liver and lung tissues from all four strains were similar
as would be expected since the liver and lung tumor susceptibilities of
these mouse strains to DMNA are nearly equivalent. These data tend to con-
firm the initial assumption that the four mouse strains exhibit different
levels of DMNA activation and that target organism metabolism of DMNA is
jmportant for the initiation of neoplasia.’1,78

In a comparison of the metabolic activation of dimethylnitrosamine by
liver, lung, and kidney microsomes from male and female C57BL/6J mice, the
existence of a sex difference in DMNA activation with kidney microsomes was
demonstrated in that the femaie mice could not metabolize DMNA to a muta-
gen.71 Similar sex differences were not observed in studies with Sprague-
Dawley or Fischer rats.

Hormonal regulation of mouse kidney activations was subsequently dem-
onstrated by Brusick.b Neither male nor female kidney preparations were able
to activate DMNA to a mutagen until they were 35 days old, at which time
the activation potential in male kidney preparations began to increase.

It was concluded that male hormones might be responsible for the requ-
lation since the activation timing (day 35) closely coincides with the
onset of testosterone synthesis and the expression of adult behavior in
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male mice. In studies with TFM (testicular feminization males), the
affected male animals who appear phenotypically as females were similar to
female animals in their metabolic activation of DMNA thereby substantiat-
ing the hormonal regulation of mouse kidney activations.

Species, sex, and target-organ differences were also noted in the
activation of aromatic amines. These compounds were found to be activated
to mutagens by mouse kidney microsomes to a greater extent than by mouse
liver. With the carcinogen 2-acetylaminofluorene (AAF), Brusick’9 reported
that male mice of several strains showed approximately 10 times greater
activation of AAF to a mutagen by kidney microsome preparations than by
liver preparations. This difference was not shown for other species such
as the rat, guinea pig, dog, rabbit, or monkey. Miller80 has reported that
AAF 1induces a high incidence of bladder tumors in mice and this observation
may be consistent with their high rate of kidney activation for AAF. The
mouse kidney activation of AAF has also been shown to be under hormonal
regulation in that the activation potential of the TFM males was lower than
the normal male activation potential and almost exactly as low as female
mouse kidneys.79 Additional studies demonstrating differences in target-
organ metabolic activation of nitrosamine and chlorinated hydrocarbon car-
cinogens have recently been reported by Bartsch. 8]

The use of inm vitro microbial mutagenesis assays to follow metabolic
transformation of chemical carcinogens (precarcinogens) has generated data
that augments the reliability of the empirical correlation between carcino-
genesis and mutagenesis originally demonstrated in the reports by Ames.': 8,
In addition, the results of Brusick79 show a quantitative relationship
between microsomal enzyme activation and tumor susceptibility for DMNA and
AAF in mice strongly implicating the active intermediate as both the ulti-
mate carcinogen and mutagen. The results of these studies provide addi-
tional support to the theory that a chemical-DNA interaction is a pre-
requisite for at least some tumor inductions and that there is a functional
Tink between mutagenic and carcinogenic events.
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Chapter 25. Brain Neurotransmitter Receptor Binding and Neuroleptic Drugs

Ian Creese and Solomon H. Snyder
Department of Pharmacology and Experimental Therapeutics
Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

The molecular mechanism of action responsible for the efficacy of a
therapeutic drug may be suggested by the biochemical event which correlates
best with clinical potency. The past year has seen the successful charac-
terization of the CNS dopaminergic and noradrenergic a-receptors by means
of binding studies utilizing radioactively labeled receptor-specific 1li~-
gands. The interactions of neuroleptic drugs with these binding sites have
provided insight into the way that neuroleptics produce their unwanted side
effects as well as their therapeutic mode of action. Such binding studies
may provide excellent in vitro screens predictive of antischizophrenic
potency, the degree of extrapyramidal and autonomic sympatholytic side
effects and the likelihood of tardive dyskinesia following chronic treatment.

Neuroleptic Interactions with the Dopamine Receptor - Binding studies, by
definition, label the recognition site of a receptor. The striatal dopa-
mine-sensitive adenylate cyclase, which encompasses both a recognition and
an effector unit, initially held promise as a biochemical marker of the
dopamine receptor which might provide a unitary explanatory principle for
the therapeutic mode of action of neuroleptic drugs~>“. However, the lack
of correlation between clinical potency and inhibition of dopamine stimu-
lated cAMP production across all groups of neuroleptic drugs believed to
act by blocking dopamine receptors-2»”, has indicated that the interactions
between the recognition site and the adenylate cyclase must be complexs.

Two studies attempted to label the recognition site of the dopamine
receptor with radioactively labeled neuroleptic drugs but were unsuccess-
ful®s7. This was, in part, because most radioactive ligands can bind to
biological membranes in relatively nonspecific manners such as by hydropho-
bic interactions, ionic attraction or van der Waal's forces. Since the
number of such nonspecific binding sites is virtually infinite it is diffi-
cult to distinguish specific receptor binding (in the order of 10-100 pmole/
g wet wt tissue) from the nonspecific background. To overcome this prob-
lem it is necessary to use low concentrations of a high specific activity
labeled ligand which has high receptor affinity so that the ratio of speci-
fic to nonspecific binding can be maximized. It is necessary to rinse
tissue preparations after incubation by rapid filtration on glass fiber
filterg under vacuum to remove the lower affinity, nonspecifically bound
ligand®.

Recently in ours and Seeman's laboratory the binding of 3H—haloperi-
dol to the dopamine receptor has been characterized?>10, In general a
crude membrane preparation from calf striatum has been used. Binding
occurs rapidly at 37° C and reaches equilibrium between 1 and 3 min with
half maximal binding attained at about 20 sec. There are three major cri-
teria which must be satisfied in order to demonstrate that the haloperidol
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binding sites are in fact the physiologically and pharmacologically rele-
vant dopamine receptor. These are 1) Saturability: ligagd binding must be
saturable indicating a finite number of binding sites. H-Haloperidol bind-
ing displaceable by high concentrations of dopamine has a Ky of 1-3 nM
deiirmined in both equilibrium and kinetic studies saturating between 10-15
nM™~. However the displacement of 3H-haloperidol with nonradioactive halo-
peridol indicates multiple components of binding. Between 30-607 of total
striatal binding (depending on species) occurs to the specific dopamine
receptor, while the remainder occurs to nonspecific sites including
other neurotransmitter receptors and uptake sites for which haloperidol has
been shown to have low affinity. The specific binding to the dopamine
receptor can be distinguished from such nonspecific binding by pharmacolog-
ical techniques (see below). 2) Regional localization: binding sites are
expected to be found only in areas where the neurotransmitter is present.
However, this does not necessarily imply a perfect correlation between the
level of a neurotransmitter and the concentration of its receptors in vari-
ous brain areas. 3H-—Haloperidol binding is highest in areas which are
known to have a large dopamine innervation such as the caudate nucleus.
Lower numbers of binding sites occur in the globus pallidus, putamen,
olfactory tubercle and nucleus accumbens!l 3H—Haloperidol binding has
also been detected in the cerebral cortex~“ but not in the thalamus, hippo-
campus or cerebellum where there is no known dopamine innervation. See-
man has recently detected binding in the pituitary where the dgopamine recep-
tor sites may be involved in the control of prolactin release13. 3) Pharm-
acological specificity: dopamine agonists and antagonists which differ in
potency in in vivo, behavioral and pharmacological tests should exhibit
parallel differences in potency in competing for 3H—haloperidol Binding
sites. This criterion takes on added importance in the case of “H-haloper-
idol binding which occurs to multiple sites. Optical isomers of neurolep-
tic drugs which have markedly different clinical potencies also exhibit
isomeric specificity in their competition for “H-haloperidol binding and
can be used to define stereospecific receptor binding to the pharmacologic-
ally relevant dopamine receptor. One such drug is butaclamol, a new anti-
schizophrenic agent which exists as optical isomers, w%th virtually all the
dopamine blocking activity residing in the (+ -isomerl . The maximum ster-
eospecific difference between the binding of -“H-haloperidol in the presence
of (+)-butaclamol and that in the presence of an equal concentration of
(-)-butaclamol is thus a measure of the stereospecific binding of 3H-halo-
peridol to the dopamine receptor. (+)-Butaclamol displays two clearly dis-
tinct components in inhibiting 3H-haloperidol binding. The high affinity
component elicits half maximal effects at about 1 nM while the lower affi-
nity component is only apparent at concentrations above 1 uM., By gontrast,
(-)-butaclamol lacks the high affinity component of inhibition of “H-halo-~
peridol binding while its lower affinity inhibition of BH_hSITEeridOI bind-
ing resembles the low affinity influence of (+)—butaclamol1 *+~, Dopamine
maximally reduces haloperidol binding to the same extent as the high affi-
nity component of (+)-butaclamol inhibition. The inhibitions by these
maximally inhibiting concentrations of butaclamol and dopamine are not
additive indicating that both drugs are competing for the sage class of
3H-haloperidol binding sitesll, The agonist specificity of “H-haloperidol
binding is consistent with dopamine receptor pharmacology: apomorphine and
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dopamine being more potent than (-)-epinephrine and (-)-norepinephrine
while isoproterenol is essentially inactive”®

Dopamine Receptor Binding Predicts Clinical and Pharmacological Potencies
of Neuroleptic Drugs - An abundance of recent research suggests that neuro-
leptic drugs may exert their therapeutic actions and indgc? extrapyramidal
side effects by blocking dopamine receptors in the brain®’ While mole-
cular modeling indicates how phenothiazines can assume the preferred con-
formation of dopamine16, the conformation of butyrophenones at their recep-
tor sites is unclear. Nevertheless since both phenothiazines and butyro-
phenones have many behavioral and biochemical effects in common it has been
assumed that they exert their therapeutic effects by a similar mechanism.
Spiroperidol is the most potent inhibitor of 3H-haloperidol binding that we
have studied with a value of the inhibition constant, Ky indicating 50%
receptor occupation, of 0.25 nM. It has a 5-fold higher affinity for 3H-
haloperidol binding sites than fluphenazine, a potent phenothiazine, a 40-
fold greater affinity than chlorpromazine and a 125-fold to 950-fold great-
er affinity than the weak neuroleptics pipamperone, promazine and prometha-
zine

In examining a large number of phenothaizines, butyrophenones and
other neuroleptic agents both we and Seeman have demonstrated that there is
an excellent correlation between the molar pharmacological potencies of

these agents in animals and man and their affinities for 3H—haloperidol
binding sitesl?7,18,19. The

affinities of the drugs that we
have examined for 3H—haloperi—
dol binding sites correlate
CHLORPROMAZINE 8PROMAZINE highly with their molar potency
in antagonism of both apomor-
| PAMPERONE phine-induced stereotypy (r=
CLOZAPINE 0.94, p <0.001) and amphetamine
induced stereotypy in the rat
(r=0.92, p <0.001)17, similar-
ly blockade of apomorphine-
induced emesis in dogs, which
is one of the most sensitive
¢ PENFLURIDOL 10,87 (p<0.001) in vivo neuroleptic assays and
® TRIFLUOPERAZINE soperii3 is presumed to involve stimula-
m§£°L tion of dopamine receptors in
m% P“°Lf°a$ oL the vicinity of the chemorecep-~
. é%g tor trigger zone in the brain-
stem, correlates closely with
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affinity (r=0.93, p <0.001) all
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effective dose, correlates verg h%ghly with competition for 3H—haloperidol
binding (r=0.87, p <0.001)17,1 o1 (Fig. 1). These impressive correlations
indicate that the affinity of a drug for the 3H—haloperidol binding site of
dopamine receptors is a powerful predictor of clinical activity. The cor-
relations are all the more impressive because binding studies were conduct-
ed in vitro and animal behavioral and human studies conducted in vivo. See-
man has calculated that these inhibition constants determined in vitro are
very similar to the plasma concentrations of the antipsychotic drugs at
therapeutic dose levelsl9 further reinforcing the concept that the blocking
of dopamine receptors is responsible for their antipsychotic activity.

Extrapyramidal Side Effects and Muscarinic Binding - It has been hypothe-~
sized that dopamine receptor blockade in the corpus striatum is responsible
for the extrapyramidal side effects of neuroleptic therapy while dopamine
receptor blockade in the limbic forebrain, regions classically associated
with emotional behaviors, is responsible for the antischizophrenic efficacy
of neuroleptic agentsl . However, regional studies of 3H-haloperidol bind-
ing have not indicated any fundamental differences in dopamine receptor
binding between the corpus striatum, olfactory tubercle or nucleus accum-
bensl?. Some neuroleptics, such as thioridazine and clozapine, elicit a
much lower incidence of extrapyramidal side effects than most commonly

used neuroleptics. It is unlikely that this results from differential
influences on dopamine receptors in various areas because regional studies
indicate that clozapine and thioridazine have about the same affinity for
3H-ha10peridol binding sites in the corpus striatum and in the limbic dopa-
mine areas. The relative affinities of clozapine and thioridazine for -“H-
haloperidol binding in relation to other neuroleptics corresponds reasona-
bly well with their clinical potency indicating that these drugs probably
exert their antischizophrenic effects by a similar mechanism to the other
antipsychotic agents. Thus one would expect that when given in therapeutic
antischizophrenic doses these drugs should all produce the same incidence
of extrapyramidal side effects.

Recent studies of the muscarinic acetglcholine receptor in the brain
may provide a resolution of this dilemma?ls22, It is well-known that con-
current administration of anticholinergic drugs is especially effective in
antagonizing the extrapyramidal side effects of neuroleptics without appar-
ently reducing their antipsychotic potency23. The therapeutic efficacy of
the anticholinergics apparently reflects a balance in the corpus striatum
between dopamine and acetylcholine involved in motor control such that
antagonizing acetylcholine effects is equivalent to enhancing those of
dopamine, and vice versa. Thus if neuroleptics varied in their anticholi-
nergic properties they may well vary in thelr propensities to induce extra-
pyramidal side effects. 1In studies of the binding of 3-quinuclidinyl ben-
zilate (QNB),a potent antagonist of muscarinic cholinergic receptors,to
striatal membrane preparations, this hypothesis was confirmed. Clozapine
which is almost devoid of extrapyramidal side effects has the greatest
affinity for muscarinic receptors, similar to that of classical anticholi-
nergic agents. Thioridazine, which next to clozapine elicits the fewest
extrapyramidal symptoms 1s second most potent. The alkylamino phenothia-
zines, whose moderate incidence of extrapyramidal actions is greater than
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that of thioridazine, have correspondingly less affinity for the acetylcho-
line receptor. Piperazine phenothiazines and the butyrophenones, whose
frequency of extrapyramidal effects is greatest have the least affinity for
the muscarinic receptor21. According to this hypothesis, when given at
therapeutic antischizophrenic doses all neuroleptics produce comparable
dopamine receptor blockade and thus all do have about the same tendency to
elicit extrapyramidal side effects. The simultaneous blockade of acetyl-
choline receptors by drugs such as clozapine and thioridazine antagonizes
these extrapyramidal side effects while, because of their negligible anti-
cholinergic activity at normal doses,drugs such as haloperidol elicit many
more extrapyramidal side effects. This phenomemon may also explain a para-
doxical response seen in some schizophrenic patients who are refractory to
normal doses of drugs such as haloperidol. As the dose is increased marked
extrapyramidal side effects occur only to disappear as the drug dosage
reaches abnormally high levels. It is possible that at such high dose
levels the drug's weak intrinsic anticholinergic activity is now sufficient
to antagonize the extrapyramidal side effects.

Screening of potentially useful antipsychotic drugs for muscarinic
receptor affinity may thus provide a simple in vitro predictor of their
propensity to induce extrapyramidal side effects.

Tardive Dyskinesia and Dopamine Receptor Supersensitivity - Tardive dyskin-
esia is a major complication of long term treatment with neuroleptic drugs
24,25,26,27, 1t is characterized by abnormal movement of facial muscles
and extremities which frequently worsen when the neuroleptic dose is lower-
ed or terminated. Increasing the dose, however, may temporarily alleviate
the symptoms. The chronic treatment of rats and mice with neuroleptics
leads to an increased motor activity and enhanced sensitivity to the2§o§8r
stimulant effects of apomorphine, a direct dopamine receptor agonist®"*"”?

»31,32 A similar motor supersensitivity to dopamine receptor stimulants
is apparent when dopamine synaptic activity is reduced by inhibiting syn-
thesis of dopamine with a—methyltyrosine33 or by depleting dopamine storage
sites with reserpine34. Since lesioning the nigrostriatal dopamine pathway
also produces an enhanced sensitivity to dopamine receptor agonists_which
is hypothesized to result from a dopamine receptor supersensitivity-”~,
speculations have linked the development of tardive dyskinesia with the
supersensitivity of dogamine receptors after prolonged blockade by chronic
drug administration29,36,

In order to investigate this hypothesis directly, rats were treated
for 3 weeks with the potent butyrophenone neuroleptic haloperidol (0.5 mg/
kg/day). Five days after terminating the chronic treatment there was a
highly significant (p <0.00l) 20% increase in specific haloperidol binding
3 . Fluphenazine, one of the most potent phenothiazine neuroleptics, pro-
duced a similar increase in binding after administration at the same dose
level for 3 weeks. By contrast, treatment for 3 weeks with a 5-fold higher
dose of the phenothiazine promethazine, which lacks antischizophrenic
activity, failed to significantly enhance 3H—haloperidol binding. Deple-
tion of brain dopamine by chronic administration gf reserpine (0.25 mg/kg/
day) also produced a similar 20% augmentation of ~H-haloperidol binding.
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The increase in binding seen after one week of haloperidol treatment was
similar to that after 3 weeks. Twelve days after terminating haloperidol
treatment the increased binding was less apparent than 5 days after termi-
nation, while at 17 days no increase was detected.

The enhanced receptor binding could be a reflection of either an in-
creased number of binding sites or change in their affinity. Scatchard
analysis of saturation data from striatal samples of individual rats indi-
cate that 5 days after terminating the administration og haloperidol (0.5
mg/kg/daily for 21 days) the dissociation constant for -H-haloperidol bind-
ing showed no significant change. By contrast, there was a 20-257% increase
in the total number of binding sites which is statistically significant
(p < .005).

These data indicate that the motor changes seen after chronic neuro-
leptic treatment are associated with an increase in the number of dopamine
receptor sites. This increase in the number of 3H—haloperidol binding
sites is consistent with the behavioral supersensitivity to apomorphine in
rats treated with a similar dose schedule of neuroleptics. However the
greater relative enhancement of apomorphine stimulant effects in such rats
compared to the increased dopamine receptor binding described here indi-
cates that other components in the overall system determining the behavior-
al response may also be changed during chronic neuroleptic treatment pro-
ducing additive effects. However, the activity of the dopamine-sensitive
adenylate cyclase in the corpus striatum is not altered in mice treated
chronically with neuroleptics32. Moreover, the ability of apomorphine to
elevate striatal cyclic AMP concentrations in vivo is unaltered in these
mice”“.

Behavioral supersensitivity to apomorphine is more pronounced after
lesions of the nigrostriatal dopamine pathway than after chronic treatment
with neuroleptic drugs. Consonant with this, we have found that following
a unilateral 6-hydroxydopamine-induced lesion of the dopamine cell bodies
in the substantia nigra there 1s a 20-1207% %ncrease in striatal 3H—haloper—
idol binding 2-7 mos. following the lesion3®. This increased 3H—haloperi—
dol binding is also the result of an increased number of binding sites.
Rats which are more behaviorally supersensitive also tend to show a
greater increase in dopamine receptor binding.

It is possible that enhanced dopamine receptor binding following
chronic drug treatment may be a useful in vitro predictor of in vivo pro-
pensity to produce tardive dyskinesia.

Neuroleptic Interactions with the Noradrenergic o-Receptor - Autonomic sym-
patholytic effects such as orthostatic hypotension and sedation are among
the most prominent untoward actions of neuroleptic drugs. These side
effects have begg 25t£ibuted to blockade of central and peripheral adrener-
gic a-receptors~ 77> but direct quantitative evaluation of a-receptor
blockade in the CNS by these agents has not been heretofore feasible. In
the past year it has become possible to label the a-receptor for norepine-
phrine with a specific antagonist 3H-wB-410142,43, Binding is saturable
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with a K, of around 0.5 nM. Agonist potency in inhibiting 3H-WB-4101 bind-
ing corresponds to the relative activity of these agents at o-receptors in
the periphery: epinephrine > norepinephrine > > isoproterenol. Competitim
for binding 1s stereospecific with (-)-isomers of phenylethanolamines sev-
eral times more potent than the_corresponding (+)-isomers. Classical a-
antagonists inhibit binding of “H-WB-4101 at low concentrations in the nM
range while R-antagonists are much weaker. There is little regional varia-
tion in the amounts of SH-WB-4101 binding althou§h levels are highest in
the cortex and about 40% lower in the cerebellum®3.

M
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Some neuroleptics are highly potent in competing for 3H-WB-4101 bind-
ing to a-receptor sites in the rat brain®%*. Recent studies of a norepine-
phrine-sensitive adenylate cyclase in rat limbic forebrain have also indi-
cated that the neuroleptics have a high affinity for norepinephrine a-
receptor sites43,46, The most potent drug is the butyrophenone droperidol
whose K; value for inhibiting 3H-WB-4101 binding is 0.7 nM. All the com-
monly used neuroleptics display K; values under 50 nM putting them in the
same range of potency as the classical a~adrenergic antagonists phentola-
mine and phenoxybenzamine, whose K; values are 3.6 and 4.0 nM respectively

Thus the neuroleptics, as a general class, are approximately equipo-
tent in displacing labeled a-receptor and dopaminergic receptor antagonists
This similarity 1s further underlined by the finding that neuroleptics also
manifest stereoselectivity in competing for 3H-wB-4101 binding. Among
neuroleptics with geometric isomers, neuroleptic action in intact animals
is manifested selectively by cis-thiothixene and a~-flupenthixol but not by
their trans- or B-isomers. Cis-thiothixene is about 100 times more potent
than trans-thiothixene and a-flupenthixol is about 50 times more potent
than B-flupenthixol in inhibiting 3H-haloperidol binding. These isomeric
differences are maintained, although to a substantially lesser extent, in
inhibiting 3H-WB-4101 binding where the active isomers of these drugs are
23-fold and 3.6-fold more potent respectively. (+)-Butaclamol has an affi-
nity of 35 nM for 3H-WB-4101 binding and is 70 times more potent than its
(-)-isomer#7. (+)-Butaclamol exhibits a greater than 1000-fold stereose-
lectivity at 3H-haloperidol binding sitesll.

These results emphasize that one must critically examine how reliably
stereospecificity and correlations between clinical and biochemical effects
can reveal the biochemical basis of neuroleptic drug action. We investi-
gated the stereospecific inf%uences on receptor binding for 3H—GABA, for
the opiates 34-naloxone and H-dihydromorphine, fgr binding of 3H-strych-
nine to the glycine receptqQr, for the binding of ~“H-QNB to the muscarinic
cholinergic receptor, for ~H-dihydroalprenolol binding to the noradrenergic
B-receptor and for 3H-serotonin and 3H—lysergic acid diethylamide (LSD) to



256 Sect. V - Topics in Biology Shen, Ed.

the serotonin receptor43. Only the binding of 3H-LSD and 3H-serotonin is
also inhibited stereospecifically and with considerable potency by these
neuroleptics. Thus (+)-butaclamol is 140 times as potent (ICSO 50 nM) as
(-)-butaclamol in lowering 3H-LSD binding. This neuroleptic is somewhat
less potent in lowering the binding of 3g-5-HT (1 uM) but still displays a
degree of stereospecificity. However since the neuroleptics are at least
50 times weaker at inhibiting 3H-LSD binding as they are in inhibiting 3g-
haloperidol binding, in spite of these stereospecific effects, blockade of
5-HT receptors is probably not a major source of neuroleptic clinical effi-
acy. The relative influences of an extensive series of these drugs on
H-LSD binding does not correlate with clinical potency49. Similarly,
although the butyrophenones and related neuroleptics are reasonably active
(IC50 ~ 10 uM) at inhibiting GABA uptake 48 or 3H-naloxone binding to the
opiate receptor50 it is unlikely that either of these properties is the
main determinant of their antischizophrenic activity. Their affinity is
about 1000-fold lower in these systems than at the dopamine receptor 35-
haloperidol binding site and when phenothiazine affinity for GABA uptake
sites or opiate receptors is considered as well there is a poor correla-
tion with clinical efficacyAs.

Although the neuroleptics are potent inhibitors of a~receptor bind-
ing, their relative activity differs markedly from their relative influ-
ences in inhibiting -“H-haloperidol binding. For instance, spiroperidol is
the most potent neuroleptic in competing for dopamine receptor binding but
is one of the weaker agents in inhibiting a-receptor binding. Droperidol
is one-fourth as potent as spiroperidol at the dopamine receptor but 26
times more potent than spiroperidol at the a-receptor®%.

As an index of a-receptor antagonism neuroleptics are often screened
for their ability to antagonize the lethai effects of norepinephrine and
epinephrine administered intravenouslyzo’ 4. The fatal a-adrenergic vaso-—
pressor activity of norepinephrine and epinephrine is blocked by a-antago-
nists such as the ergot alkaloids, Ehentolamine and phenoxybenzamine but
not by R-antagonists or other drugs 1. similar to its stereoselectivity
in inhibiting WB-4101 binding, butaclamol is also stereospecific in anta-
gonizing epinephrine-induced mortalityl4. The pharmacological relevance
of WB~4101 binding sites is attested to gy the high correlation between
the potencies of drugs in competing for -H-WB-4101 binding and their poten-
cies in blocking norepinephrine and epinephrine toxicity4 (r=0.94, p <
0.001, and r=0.88, p <0.001 respectively,animal data from Janssen39). This
correlation across all neuroleptics is highly selective since there is no
significant correlation between affinity for a-receptor binding sites and
neuroleptic potency as measured in any dopamine receptor blocking tests
such as catalepsy, amphetamine or apomorphine antagon%sm. Similarly there
is poor correlation between neuroleptic affinity for ~“H-haloperidol bind-
ing sites and norepinephrine and epinephrine toxicity.

As therapeutic brain levels of neuroleptics may be expected to cor-
respond to concentrations of the drugs which are required to obtain an
optimal blockade of dopamine receptors, the clinical propensity of neuro-
leptics to block a-receptors would then not be related to their absolute
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potencies as a-blockers, but to the ratio of their potencies as a-antago-
nists to their potencies as dopamine antagonists., Drugs with low ratios
would be anticipated to elicit a substantial amount of a-adrenergic block-
ade at blood and brain levels of the drug required for adequate dopamine
receptor blockade. By contrast, drugs with high ratios would be employed
clinically at the very low dose levels required to secure dopamine recep-
tor blockade and so, in general, would be less likely to elicit side effects
associated with a-adrenergic blockade. Butyrophenones such as haloperidol
and spiroperidol, and piperazine phenothiazines such as fluphenazine and
trifluoperazine have a relatively low propensity to elicit hypotension and
sedation and display ratios (Ky WB/Ki haloperidol) greater than 10. By
contrast, promazine and clozapine the neuroleptics with the greatest ten-
dency to cause orthostatic hypotension and sedation have ratios less than
0.2. 1In general, the finding that alkylamino and piperidine phenothiazines
are more sedating and hypotensive than the piperazine agents is manifested
in the lower ratios (K; WB/K; haloperidol of the former drugs). In general
the butyrophenones tend to be relatively nonsedating and to have a low in-
cidence of orthostatic hypotension and have substantially higher ratios44,
The ratio of potencies of neuroleptics in vivo in blocking norepinephrine
toxicity to their potency in blocking amphetamine-induced stereotypy behav-
ior has been used as a measure of their relative propensity to cause auto-
nomic sympatholytic side effects20. The ratio of drug potencies in these
in vivo tests correlates highly (r=0390, p<0.001) with the ratios of drug
potencies in competing in vitro for “H-WB-4101 and 3H—haloperidol binding.
The slope of the correlation line is about 1.0 suggesting that differential
pharmacokinetic properties play a negligible role in determining the rela-
tive potencies of neuroleptics at their molecular sites of action after

in vivo administration™®.

In conclusion studies of the dopamine receptor have demonstrated
unequivocally that neuroleptic drugs, such as the phenothiazines and buty-
rophenones, do indeed block dopamine receptors and that their affinities
for these sites correlate impressively with their in vivo pharmacological
and clinical potencies. Such in vitro screening of new psychotropic drugs
for dopamine receptor affinity may be predictive of antipsychotic activity
and ability to produce tardive dyskinesia following chronic treatment. By
comparing the ability of the same drug to interact with the muscarinic
cholinergic and norepinephrine o-receptors in in vitro binding studies it
may also be possible to predict its propensities for extrapyramidal and
sympatholytic side effects. Such in vitro receptor binding methods may
thus provide inexpensive, quick and effective screens for potent neuro-
leptic agents with a lowered propensity for unwanted side effects.
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Chapter 26: Biochemical Aspects of Muscular Disorders

James B. Peter, Clinical Immunology Laboratories, Inc., Santa Monica, Ca.;
Department of Medicine, UCLA School of Medicine, Los Angeles, Ca. and
Tetsuo Furukawa, Department of Neurology, University of Tokyo, Tokyo,Japan

Progressive Muscular Dystrophy - The muscular dystrophies are the most
common of all the muscular disorders. Extensive biochemical studies have
focused on skeletal muscle in these diseases, especially the childhood
{Duchenne) type, and various abnormalities were detected, but the causes
of the diseases are still unknown.! Recent advances on the etiology of
muscular dystrophy were reviewed by Peter' and Rowland.? Much attention
has been directed to the muscle cell membrane, because the earliest sign
of muscular dystrophy (especially the Duchenne type) is the increase of
serum enzymes leaked from affected skeletal muscle. Hence an abnormality
of muscle cell membrane is suspected as a primary defect in this disorder.
Transport of calcium is abnormal in certain internal membranes (sarco-
plasmic reticulum) but abnormalities are also detected in the surface
membrane itself.’s* Membrane changes are not restricted to muscle cell

in Duchenne dystrophy. Biochemical abnormalities in enzymatic activity,
5,87 (stimulation of ghost ATPase activity by ouabain), as well as abnor-
mal lipid compositiona and morphological changes9 in red cells were repor-
ted and there were some controversies.!®,!! Recently interest was again
focused on red blood cell membrane in Duchenne dystrophy. The data
strongly suggest that Duchenne dystrophy should be considered a multi-
systemic disease of cell membranes., “~ Membrane abnormalities were also
obserYEd in myotonic dystrophy“’15 and also in dystrophic mice and chic~-
kens.

Specific insulin receptors were identified in skeletal muscle cell
membrane and obese rats were shown to have fewer receptors than lean
animals. !’ Interestingly, Duchenne patients usually become obese and
likewise, of possible pertinence is the abnormal glucose metabolism
observed in myotonic dystrophy patients.

Concerning the pathogenesis of Duchenne muscular dystrophy, the
neurogenic and vascular theories were proposed a few years ago and heated
discussions ensued.!®:2% These theories are now waning.

Administration of imipramine plus serotonin to rats resulted in
muscle chan@es which were consistent with the vascular theory of Duchenne
dystrophy.2 However, other data suggest that the effect of the drugs on
skeletal muscle were not due to the blockade of neuronal uptake of sero-
tonin and subsequent vascular induced ischemia, but rather reflected a
direct toxic effect on skeletal muscle.??

Motor endplates in Duchenne dystrophy show no adequate morphological
evidence to support the neurogenic theory.?® Muscle spindle innervation
appeared normal in Duchenne dystrophy.2"
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Dystrophic animals are used to investigate the pathogenesis of human
dystrophy. Transplantation of muscle?® and cross-innervation?® were
studied and the dystroghies of mice and chickens were considered not to be
of nervous origin.?®”2® However, there were papers suggesting metabolic
changes in nerve, 2° neuromuscular junction®® and endplate region ! oof
dystrophic mice. "Functional denervation' was suggested in dystrophic
mouse muscle.3? It is important to note that the so-called muscular
dystrophies in animals differ substantially from human dystrophy. Animal
models must be chosen with care in any studies of putative therapeutic
agents.

Muscular dystrophy of the Duchenne type is an incessantly progres-
sive disease. Various drugs have not halted this progression.33 The
attempts are still continuing. Diethylstilbesterol was administered
orally to Duchenne patients and creatine phosphokinase (CPK) in serum was
decreased. 3" Experimentally, this drug reduced the enzyme efflux from
mouse skeletal muscle. Prednisone sometimes decreases serum CPK and
alleviates clinical symptoms temporarily and was suggested to be a thera-
peutic drug35 in contrast to previous results.*® However, transient or
equivocal benefit is not sufficient and the evaluation must be cautious.
Proteinase inhibitors, e.g. pepstatin (1), leupeptin (2), and antipain (3)
were shown to be effective against lysosomal cathepsins as well as other
proteinases. The inhibitors appeared to delay atrophy and degeneration of
dystrophic muscle fibers.3® Proteinase is considered to play a role in
muscle degeneration. The enzyme is presumably under neural control. ?
These experiments offer some prospects for probes at treatment of muscular
dystrophy and degenerative diseases of muscle (see last section also).

37
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Myotonias - One form of human myotonia aggears to reflect decreased
chloride conductance in skeletal muscle. Similarities and differences
between human myotonia and drug-induced myotonia in rats were investigated
and three possible mechanisms for decreased chloride conductance which
might account for certain tyges of genetically determined and drug-induced
myotonias were suggested.“l’ 2 No appreciable changes were observed mor-
phologically in sarcolemma, sarcoplasmic reticulum or tubular system,
which could explicitly explain the pathogenesis of myotonia.l+3 Studies of
ion transport by certain antibiotics may be important considerations in
any therapeutic probes at treatment for certain myotonias.“l

To investigate the mechanism of certain myotonic reactions, drug-
induced myotonias in animals are studied. In 20,25-diazacholesterol (4)
induced myotonia intracellular sodium was shown to be decreased and the
changes in muscle were considered to be the result of a decreased membrane
permeability for sodium.** No alteration in serum or red cell Na, K, Cl
and (Na+K)-ATPase was detected. Diazacholesterol alters the electrical
and mechanical properties of denervated muscle, "5 Myotonia was also seen
in chickens and pigeons given water containing 37 KI for 1-10 days."®
Significant rise in the concentration of a protein presumed to be
o-actinin was demonstrated in the drug-induced myotonic rats.*’

4 - 20,25-Diazacholesterol
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Myotonic dystrophy shows not only myotonia, but also dystrophic
changes of muscle and other multi-system involvement. In this disease
T?mkgane abnormalities were also detected in muscle®®»"? and erythrocytes.

Mitochondrial Myopathy - Some degree of mitochondrial abnormality has been
reported in several diseases of muscle. These morphological changes might
be a response to some non-specific abnormal metabalic state of skeletal
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muscle.

Luft et al%? reported a case of severe hypermetabolism of non-thyroid
origin and a defect in the maintenance of mitochondrial respiratory control.
DiMauro et al®! isolated mitochondrial fractions from such a patient and
studies of oxidative phosphorylation showed defective respiratory control
and normal phosphorylation capacity (loose coupling). The rate of energy-
dependent calcium uptake by isolated mitochondria was normal, but the
amount of calcium accumulated was much decreased. Calcium could not be
retained and was spontaneously released into the medium within 30 seconds.
"Recycling" of calcium between mitochondria and cytosol may take place

in vivo and result in sustained stimulation of respiration and loose coup-
ling.

A slowly progressive congenital neuromuscular disorder was reported
in which the respiratory chain-linked energy transfer at a level common to
all three energy coupling sites of respiratory chain was defective.%?
Uncouplers of mitochondrial oxidative phosphorylation (2,4-dinitrophenol
and carbonylcyanide-m-chlorophenylhydrazone) (5) produced mitochondrial
myopathy in rats.>?®

5 - Carbonylcyanide-m-chlorophenylhydrazone
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McArdle's Disease - McArdle's disease is caused by the deficiency of phos-
phorylase in skeletal muscle. Two different types are known. In one the
enzyme 1s lacking bilochemically and immunologically, and the other has
phosphorylase protein which is enzymatically inactive. Two different forms
can be distinguished by the presence or absence of a protein subunit
corresponding to phosphorylase in muscle extracts analyzed by SDS poly-
acrylamide gel electrophoresis.su Both types are known to be inherited as
an autosomal recessive trait. Chui and Munsat®® reported the disease
transmitted dominantly through four generations. Myophosphorylase activity
was absent histochemically and biochemically. Nearly all of the known
hereditary enzyme disorders are recessive conditions, manifesting them-
selves only in homozygous individuals. Phosphorylase deficilency of auto-
somal dominant type appears to challenge the dictum that enzyme defects

are characterized by recessive inheritance.

Ischemic exercise 1s usually used for the diagnosis of McArdle's
disease and the lack of venous lactate increase is believed to be the
sine qua non for the diagnosis. In a patient described by Sahn and
Magee'® venous serum lactate increased in the arm after isometric and
isotonic ischemic exercise, although the increase was significantly less
than in a normal control. Histochemical reactions and bilochemical assays
confirmed the absence of phosphorylase. Although the symptoms were
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different from the usual McArdle's disease, this condition is considered
to be the same disease.

Late-Onset Acid Maltase Deficiency - This disease, originally described by
Hudgson et al®7 in 1968, presents clinically truncal and proximal muscle
weakness. This disorder is often misdiagnosed as a limb-girdle type of
muscular dystrophy or as polymyositis. (For review of inflammatory
myopathies, see reference 58). Acid maltase activity is deficient in
blopsied skeletal muscle, but was normal or only partially deficient in
leukocytes. Daily urinary excretion of this enzyme is significantly de-
creased in the patients.5 This provides a simple and reliable method for
the detection of patients deficlent or partially deficient of acid maltase.
Moreover, the marked decrease of the enzyme activity in urine suggested
that tissues other than muscle, liver and fibroblast in culture might mani-
fest the enzyme defect in late-onset acid maltase deficiency.59 Indeed,
muscle cultured from a patient with late-onset acid maltase deficiency
showed the same morghological and biochemical abnormalities characteristic
of biopsied muscle.®® Although the normal role of acid maltase in muscle
is not known, glycogen trapped within lysosomes might act like non-metab-
olizable material and elicit lysosomal proliferation. A ketogenic diet
has been suggested to slow down the accumulation of glycogen. !

Carnitine Deficiency - Carnitine (6) deficiency of skeletal muscle asso-
ciated with lipid storage myopathy was reported by Engel and Angelini52 in
1973 as a new syndrome. Since their report about 10 other cases have been
reported. Angelini et al®® described a 10-year-old girl with this disease
who was treated with 2,0 g l-carnitine per day and with a medium-chain
triglyceride diet. She showed a rapid improvement with recovery of
strength. A muscle biopsy eight months later showed a decreased lipid
content. Oral carnitine replacement is an effective treatment for this
disease.®?

6 - Carnitine
+
(CH3) 3=-N-CH,-CH(OH)-CH,-C00~

Probes at Replacement Therapy for Enzyme Deficiency Diseases - Reports on
use of immunoglobulin-coated liposomes to introduce enzymes into certain
cells in vitro are promising probes at definitive treatment of deficiency
diseases.®*,65 These approaches have potential application to other
diseases in which novel methods of packaging must be designed to protect
the therapeutic agent from the immune surveillance system and other systems
expected to interfere with these and other replacement therapies for which
the need is enormous.

Other vehicles for enzyme replacement in deficiency diseases might
include transfusion of cells loaded with the deficient enzyme or whole
tissues (e.g. kidney). A major problem in all of these approaches will be
the exclusive delivery of the "cure'-containing vehicles to the proper
target site. This presumably will awailt modeling of the vehicle in such a
way as to permit its recognition (via specific receptors) and ingestion by
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the deficient tissue(s). Other putative avenues to "definitive" treatment
of diseases characterized by deficiencies of macromolecules will, of course,
include 1) correction of deficiencies by transplantation of cells (e.g.
fibroblasts) from normal, compatible donors and 2) activation or manipu~-
lation of small amounts of residual enzyme activities or alternative path-
ways to minimize the deleterious effects of deficiency diseases which lead
to tissue damage by excess storage of substrate or deficient availability
of product.6
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Section VI - Topics in Chemistry
Editor: R. E. Counsell, University of Michigan, Ann Arbor, Michigan
Chapter 27. Reactions of Interest in Medicinal Chemistry

David M. Spatz, Dow Chemical U.S.A., Pharmaceutical R&D, Midland, MI

Useful reference books published recently include: Annual Reports in
Organic Synthesis-1975, by R. B. Miller and L. G. Wade, Jr.; Transition
Metal Organometallics in Organic Synthesis, edited by H. Alper; Survey of
Organic Syntheses, Volume 2, by C. A. Buehler and D. E. Pearson; Organic
Synthesis, Volume 55, edited by S. Masamune; Organic Reactions, Volumes 23
and 24, edited by W. G. Dauben; Advances in Heterocyclic Chemistry, Volume
19, edited by A. R. Katritzky and A. J. Boulton; Synthetic Methods, Volume
30, edited by W. Theilheimer; Reagents for Organic Synthesis, Volume 5 by
M. Fieser and L. M. Fieser; Special Topics in Heterocyclic Chemistry,
Volume 30, edited by A. Weissberger and E. C. Taylor; Advances in Organo-
metallic Chemistry, Volume 14, edited by F. G. Stone and R. West.

Reviews - Acyl anion equivalents,l’2 crown ethers in synthesis,3 intramole-
cular 1,3-dipolar additions,“ oxazolines in synthesis,5 oxidation-reduction
condensations,® oxythallation,7 transition metals in synthesis, 859 and
ynamines in synthesis.10 Also reviewed are syntheses of pyridlnes,11
pyrroles,12 and indolizines.!® Other reviews are in specific sections.

The Institute for Scientific Information now publishes Index to Scientific
Reviews semi-annually.

C-C Bond Formations - Organoboranes for C-C bond formation have been
reviewed.'”

Trimethylsilyl enol ethers continue to be useful synthons for various
aldol type'>*'® and Michaell”»>'® reactions. Their utility in part is due
to their ease of regiospecific preparation, ease of cleavage and high re-
activity. Danishefsky and coworkers have shown that silyl enol ethers
react with dimethyl (methylene)ammonium iodide yielding Mannich bases.'®
Otherwise inaccessible Mannich bases are accessible via the series below.

CH; + CHs OClHi4 OCH3 OCH3

+_CH
N e 3
P e R e
] - 2
CH, (CH3) ;810 (CH3) 3810 1 N(CH3)2

Nitro-olefins react with trimethylsilyl enol ethers under Lewis acid
catalysis in a regiospecific manner yielding 1, 4-diketones. 2°

R1

Ry R1 /Rz
SIS G S S

“N0Si(CH3)3 R3”“NO, (CH3) 3810 Mo
a-Halo-o,B-unsaturated carbonyl compounds are conveniently prepared

by addition of a dihalo carbene to silyl enol ethers.?! Further uses of
trimethylsilyl enol ethers are discussed in later sections.
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0S1i(CHj3) 3 0\\ /R3
3 X c._X
Rs 0Si(CH3)3 CHX ¢H, A J['
][ — 35 X — 2 2 s
KO-t~-Bu or R R2
Ri77 Ry Ry Ht, CH;0H

2

Substitution in the a-position of an o,B-unsaturated ketone can be
achieved by addition of an alkyl or aryl Grignard reagent to an o,f-epoxy
N,N-dimethyl hydrazone,?2~%% _CH;

N-N 0
[ii]: CH; 1 - x [jtﬂ/k

a-Seleno carbanions added to the appropriate electrophile yield an a-
seleno carbonyl compound, which upon oxidation produces o,B-unsaturated
ketones. 2"

1. n-Buli
R‘Cﬂic=o @SeH. R1CH, C/fse¢ 2. R _2. Ryo0CL j[/n\Ra
/ e
R R; \\S P 3 Oxidize

Corey and coworkers have outlined the wide usefulness of N,N-dimethyl
hydrazones (DMH) in synthesis.?®”? The parent carbonyl compounds can be re-
generated by oxidative hydrolysis via periodate at pH 7 or with the very
mild cupric acetate in water-THF. Metallation of these hydrazones selec-
tively occurs at the less alkylated carbon. Alkylation occurred axially in
the cyclohexane derivatives studied. Quenching of the metallated DMH's

N-N(CHj)» N~N(CH3)» 0
e Oy ™
LDA 1. CH3I
iy >
0° 2. cutt, H,0

with carbonyl compounds or epoxides yields B-~hydroxycarbonyl compounds or
Y-hydroxycarbonyl compounds, respectively. The metallated DMH's add 1,2-
to o,B-unsaturated carbonyl compounds; however, cuprate derivatives can be
formed which add 1,4 and afford a path to 1,5-diketones. Silyl aldehyde
DMH's produce o,B-unsaturated aldehydes.

1. LDA
, R, CHO
. 7~
R1CH,CH=N-N(CH3) 2 g £Si3)351cl>» )c:::c\\
4. RyCORj Rs Ry

(LDA = Lithium Diisopropylamide)
Another interesting o—functionalization of the metallated DMH's is
achieved by addition of dimethyl disulfide. Again, the new group is added
axially. Hydrolysis produces 2-thiomethylketones. Alternatively, an axial

acetoxy or methoxy group is 1ntroduced by mercuric chloride catalyzed sol-
volysis in acetic acid or methano
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N-N(CH3)2 N-N(CH3), 0 0 OR
Li \SCH3 \SCH3 N\
CH3SSCH3 S or

Enantioselective alkylation of cyclohexanones can be accomplished via
a chiral lithio-chelated enamine.3®

Doubly lithiated nitroalkanes react rapidly with electrophiles pro-
viding an improved method for C-C bond formation from nitroalkanes, !

Doubly lithiated methanol can be prepared to give a nucleophilic
hydroxymethylation reagent.32 OH

\
@#CHO + LiCH,0Li ——> @CH-CH,0H

The bis(phenylthio)carbanion can be condensed with a ketone yielding
an intermediate bis(phenylthio)alcohol.33 Trifluoroacetic acid catalyzed
hydrolysis generates an alkylated carbonyl compound without the utilization
of an alkyl halide.

R, oH
s, R 1. n-BuLl, TMEDA

0
TFA Ra
— @s ?—_—éRg —_—> R1/u\<
(bS/ \H 2. R2R3C=0 ) R, Rj

Olofson and coworkers have published improved syntheses of cyclopro-
panols.?*”® These make use of the high selectivity of 1lithium 2,2,6,6-
tetramethylpiperidide (LiTMP, Htarpoon) in generation of alkoxy carbenes
from various chloromethyl ethers.

C1CH2CH20CH »C1 —LEIM£> [C1CH,CHz0CH:] —=—> [:::E>’VVOCH2CH2C1

Cyclopropanes can be synthesized from many organic gem-dihalides using
copper and a trace of iodine as catalysts.37 This procedure is comparable
to the Simmons-Smith reaction in yields and is more convenient because of a
wider range of substrates available,

Br,CHCO,CH; + l[ —_ >—C02CH3

Several improved titanium-derived catalysts have been reported for
the reductive coupling of carbonyls to diols and olefins, activated halides
to alkanes and vic-dihalides to olefins. 3% %0

Allenes are cleanly formed by addition of Grignard reagents to pro-
pargyl chlorides with ferric chloride cat:alys:t:."1

Formation of a functionalized C-C bond in an allylic position can be
carried out with methyl cyanodithioformate via a sequence of an ene reac-
tion followed by a [2,3]-sigmatropic rearrangement."?
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CHe I 100° HMPA CHz
— —_ >
®// NESEVAN ®/\? 2. CHil @’(CN
HsS  CN ,CH SCH;
CH3S CN CHs3S

Interesting new 1,3-dienes for the Diels~Alder reaction include (Z)-1-
phenylthio-2-methoxy-1,3-butadiene,*?® 2-methoxy-3-phenylthio-1,3-butadine,**
and N-a.cyl—l—am:Lno-l,3-butadiene.“5

Aromatic Substitution - Phenols can be oxidized directly to ortho-quinones
with diphenylseleninic anhydride.“® Blocking of the para-position is un-
necessary and yields are good.

A trifluoromethylthio group can be introduced into an aromatic ring
by coupling of trifluoromethylthio copper (I) and an aryl bromide or iodide."
Aryl chlorides are inert.

Nucleophilic displacement of the nitro group of nitrobenzenes substi-
tuted with a variety of electron-withdrawing groups 1s readily possible at
25°C with HMPA as solvent."® CcCarbon, oxygen, and sulfur nucleophiles have
been used with excellent yields reported.

Regiospecific quinone isoprenylation can be effected by the following
scheme used in the synthesis of vitamin K2(5)'u9
0 (CH3) 3810 CN 0
OCHs 1. (CHy),SicN . OCHs _1. RT [3,3] O‘ ~A
2. BrMg—_~ CH3 2. AgF cs

0 CHs BrMgO 0

A sequence of anodic oxidation followed by metallation provides
quinone carbanions which allow specific electrophilic substitution of
quinones.SOOCH3

CH,0_ _OCH3 CH40 OCH,
Br CH30H Br 1. n-Bulij ¢
Pt anode 2. ¢cocl 0
{
ocH, CH30” TOCH3 CH,0 OCH,

Heterocycles - Aromatic substitution via N-oxides has been reviewed. 5}
Palladium catalyzed intramolecular addition of amines to olefins has re-
sulted in new syntheses of indoles®2~? and isoquinuclidines.53

An interesting reaction for 5-amidomethylation of indoles unblocked in
the 3-position has been reported.S“ The conditions are N-hydroxymethyl-
phthalimide in concentrated H;S0, at room temperature and excellent yields

are obtained.
-CH,O0H

gw! & ow
N CH, Conc. H2S04 x -
H H
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A general synthesis of 2-alkyl-3-acylpyridines is achieved from 2-
substituted pyridines via a [2,3]-sigmatropic rearrangement of an interme-

diate a—cyanoamine.55 /—jﬁ

N
X 1. Hﬁ::]
“\ )\ 2. CgHsS03CH.CN (j\/ T s (\)\CN
N”“CHpCl 2+ CeHsSO3CHz Q -10 NP~CH,
Halogenations - An improved procedure for the regiospecific preparation of

a-bromocarbonyl compounds uses the reguisite trimethylsilyl enol ether and
either bromine or N-bromosuccinimide.

Direct fluorination at saturated carbon is possible with either ele-
mental fluorine or CF,0F and a radical inhibitor.°’~® The transformation
is an electrophilic fluorination, regiospecific by virtue of the highly
polar transition state sensitive to the inductive effects of nearby or re-
mote polar substituents, Substitution occurs almost exclusively at tertiary
positions with monosubstitution predominating. With various substituents,
selective fluorination at positions 9, 14, or 17 of the steroid nucleus was
reported,

AcO

Primary unbranched amines have been converted to geminal dihalides by
the combination of alkyl nitrites and anhydrous copper (IIL) halides.%®
CuBr,
@®CH,CH,CH,NH, f£:556ﬁ6> @CH,CH,CHBr,

Alkyl halides can be prepared from selenides and selenoxides.®?

Oxidations -~ Active manganese dioxide oxidations have been reviewed.®!

Several new procedures for the selective oxidation of secondary
alcohols in the presence of primary alcohols have appeared. Distannoxane-
bromine, a neutral reagent, efficiently oxidizes secondary or benzylic
alcohols to ketones in the presence of primary alochols, ®? Trialkyltin
alkoxides and bromine oxidize both primary and secondary alcohols.®® Woelm
W-200, neutral, dehydrated alumina oxidizes secondary alcohols to ketones in
the presence of primary alcohols with trichloroacetaldehyde as the hydride
acceptor.sk The reverse reduction process had previously been reported.
Oxidation of triphenylmethyl ethers of primary, secondary diols with tri-
phenyl carbenium salts proceeds only at the secondary positions.65

Dimethylsulfoxide trifluorocacetic anhydride at low temperature is a
mild reagent for the oxidation of hindered alcohols.®%”’

y-Hydroxylation of o,Bf-unsaturated esters is possible via a-thio-
methylation, oxidation and [2,3]-sigmatropic rearrangement.S5?®
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oa-Diketones are prepared in excellent yield from ketones by singlet
oxygen oxidation of an intermediate enamino ketone.®®

1. CH30CH(N(CH3)2)2 HO

N o 55°, 24 h N %o
0 2. to, i 0
OTBDMS OTBDMS

Regiospecific preparation of a-benzoyloxy carbonyl compounds by lead

tetrabenzoate (LTB) oxidation of the trimethylsilyl enol ethers is possible.’®

Similarly, a-thiolated ketones can be prepared from a disulfide.

Sulfoxides can be obtained from sulfides without sulfone formation by
either acyl nitrates (#COC1l + HNO; or Ac,0 + HNO3;)’? or sulfuryl chloride
and wet silica gel.73 Both methods are clean, mild and rapid.

Sharpless and coworkers have reported a new series of reagents for

allylic amination of olefins,’"”% vicinal oxyamination of olefins,’® and
1,2~diamination of 1,3-dienes.’’

CH, CH»

|
[j:] _TsN=Se=NTs [ji]/NHTS
0 O
ﬁ Chloramine-T mHNHTS
Cat. 0sO,, t-BuOH, 60°°

Reduction - An excellent review of diborane reductions has appeared.’?®

Lithium and potassium tri-sec-butylborohydride (L- and K-Selectrideg
selectively reduce the olefin of many o,B-unsaturated carbonyl compounds.
The intermediate enolate anions may also be trapped by electrophiles, pro-
viding a regiospecific reductive alkylation of a,B-unsaturated carbonyl
compounds.

Sodium cyanoborohydride in acidic methanol reduces o,B~unsaturated
esters, nitriles, and nitro compounds to their saturated derivatives.®?

The olefinic bond of o,B-unsaturated carbonyl compounds can also be
reduced by two transition metal hydrides, NaHFe,(CO)g®' and NaHCr,(CO),q.°>2
Neither reagent reduces nitriles, ketones, aldehydes or non-conjugated
carbon-carbon double bonds.

Sodium bis[2-methoxyethoxylaluminum hydride (SMEAH) can be modified
to selectively and rapidly reduce lactones to lactols or esters to alde-

hzdes.83
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0 OH
0 0
SMEAH S N
leq CH,CH,OH, 0°
CH, CO,CH, CH, CO,CH,

ot30-{_)-Cr=CHCO, CH SUERH 5> a0 _)ch=Ch-CHO

0, 0°
leq Hq__J s

Lithium trisiamylborohydride (LTSBH) shows unique stereoselectivity in
the reduction of unhindered ketones.®"* Ketones such as 4~t-butylcyclohexa-
none undergo exclusive equatorial attack yielding the cis-carbinol. The
reagent is superior to LTMBH and L-Selectride.

O e+
Protecting Groups - Detonation has been reported for compounds where oxida-
tion of tetrahydropyranyl (THP) ether derivatives was perform.ed.85 It ap-
pears that the THP-protecting group forms sensitive organic peroxides when
treated with peroxy reagents. Normal precautions in the work-up of such
reactions were insufficlent in destruction of the sensitive compounds. THF,

dioxolane, and methoxymethyl ether groups should also be presumed to form
explosive derivatives upon contact with peroxy reagents.

Aldrich now offers 2-(t-butoxycarbonyloxyimino)-2-phenylacetonitrile
(BOC-ON) as a non-explosive replacement for the thermally unstable and
shock-sensitive t-BOC azide.®®

The B-methoxyethoxymethyl (MEM) group has been introduced as a new
general protecting group for the hydroxyl function.®’ The MEM group is
rapidly introduced under either aprotic basic or aprotic neutral conditions.
The MEM group may be selectively cleaved with ZnBr; or TiCl, with no inter-
ference from esters or benzyl, allyl, THP, TBDMS, trichloroethyl, or MIM
ethers. Conversely, these groups may be removed in the presence of MEM
ethers. MEM ethers are stable to strong bases, reducing agents, organo-
metallic reagents, many oxidizing agents, and mild acids.

Further extensions of the use of the methylthiomethyl (MTM) protecting
group for alcohols have been reported.®%~?

Methyl ethers can be cleaved in minutes at room temperature with di-
iodomethyl methyl ether.?®®

Methylenation of catechols is greatly im?roved with potassium or
cesium fluoride in DMF and CH,Cl, or CHzBrz.9

The S-p-methoxybenzyl and S~t-butyl protecting groups for cysteine are
rapidly cleaved with mercury (II) trifluoroacetate.’?
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2-Acyloxymethylbenzoic acids can be used to protect amines.®® The
amides so derived can be cleaved with mild acid or base due to neighboring
group participation of the generated alcohol.

0

©(U\NHR CO2H
s X

CH,0L-CH, CH,0H

0
The trimethylsilyloxy group of allylic or benzylic alcohols is readily
displaced by nucleophiles (malonate anion, alkyl Grignard reagents, hydride
(AlCla-LiAIHu)).g" This limitation as a protecting group should be noted.

Miscellaneous - Chiral and achiral thiiranes can be prepared from carbonyl
compounds and 2—(alkylthio)-Z-oxazolines.95

B-Ketoesters are mildly decarboxylated in refluxing 1.57 aqueous
dioxane using alumina (Merck, type T, basic) as catalyst.
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Chapter 28. Synthetic Applications of Metalated Carboxylic Acids
P. L. Creger, Parke, Davis & Co., Ann Arbor, MI 48106

I. 1Introduction - Synthetic chemists must consider not only techniques
for selectively installing, blocking and manipulating essential function-
ality of target molecules but also methodology that allows selectivity and
stereochemical control over the architecture of the carbon framework. Car-
bon bond forming reactions, particularly alkylation reactions, are funda-
mental tools used for this purpose. The degree of synthetic versatility
that can be exercised during formation of a new bond depends as much upon
the character of the carbanionic intermediate as it does upon the electro-
phile. The utility of metalated carboxylic acids in synthesis is derived
from the ability of these dianions to react with most electrophiles. Un-
like many carbanions, those derived from carboxylic acids display unusual
stability so forcing conditions can be employed if necessary, and they
appear to suffer few limitations in sterically crowded environments. Fur-
ther, dialkylation is minimal, if it occurs at all, O-alkylation has not
been observed, and, of course, blocking groups are unnecessary. As a re-
sult of these characteristics, metalated carboxylic acids can be used to
advantage for transformations for which the malonic ester, Haller-Bauer
and Reformatsky reactions have been employed traditionally. Even though
most reactions reported for carboxylic acid dianions have been extended

to anions of functional derivatives (esters, amides, nitriles, lactams

and lactones), this review will restrict its scope to metalated carboxylic
acids: formation, structural variations and synthetic applications. Re-
actions of Ivanov reagents’ and closely related lithium reagents® have
been reviewed adequately elsewhere. Likewise, the Reformatsky reaction

{ ester anions) has been reviewed recently.3

IT. Formation of Metalated Carboxylic Acids - Several strong bases have
been used to abstract protons from the O-carbon of carboxylate salts, but
most require either strenuous conditions or prior preparation of the base.
For example, sodium metal,* sodium amide,5’® naphthenyllithium,”’® amyl-
sodium® and various substituted lithium amides*© have been used for this
purpose, Lithium diisopropylamide (LDA) was reported initially to be con-
venient!© because it has high basicity, good solubility, substantial
steric hindrance, and because diisopropylamine, from which it is derived,
has favorable physical properties, low cost and general availability.
However, more hindered lithium amides may be necessary for some purposes.
Loss of protons from the o~carbon of carboxylic acids is relatively slow
and temperatures above 0° may be required to establish favorable metalation
rates. The dianions formed are stable at least to the boiling point of
tetrahydrofuran.

1l

On a small scale, it is convenient to add the carboxylic acid to
two equivalents of LDA'® or other lithium amide, but larger experiments
can be performed by addition of an available organolithium reagent to a
suspension of a preformed salt containing equivalent or lesser molar
amounts of the amine,'®’'3 Difsopropylamine reacts more rapidly than car-
boxylate salts with n-butyllithium. When LDA so formed abstracts a proton
from the carboxylate salt, the amine produced can react again with addi-
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tional n-butyllithium. High yields of alkylation products can be obtained
when the dianion is formed in mixtures containing as little as 3 mole per-
cent of amine, %

o-
+. +
[%CMegcog i] Na' + LDA 25-300 HN( i-Pro) + [CMesCOo Li Na

n-Buli

Tetrahydrofuran (THF) 1is preferred as solvent.l? Dimethoxyethane
has been reported'® to react with LDA and presumably other glycol based
solvents could behave similarly. Such behavior could account for low
yields experienced from their use in alkylation reactions.? 1In THF,
dianions of disubstituted acetic acids usually form homogeneous solutions,
while dianions of monosubstituted acetic acids form heterogeneous mixtures
unless the substituent is bulky ( t-butyl, phenyl) and both cations are
lithium. 12’14 Hexamethylphosphoric triamide (HMP) has been recommended®
as a cosolvent with THF for producing homogeneous solutions of metalated
monosubstituted acetic acids when both gegenions are lithium, but its
presence promotes elimination rather than substitution in alkylation re-
actions.

III. Structural Limitations - Few structural features have been reported
which prevent dianion formation. Even benzoic acid can be metalated by
proton abstraction? (eq 1) or by metal-halogen exchange® (eq 2). All
three toluic acids form dianions, and dimethyl benzoic acids (eq 3) can
be selectively metalated and alkylated.'® Ortho, meta and para methyl
groups of dimethylbenzolc acids react in the order: o>p>m.

C02N a COgN a C02H
@ @ CO2 @
Na — > HOSC

2300
CO-H COoLi COoH
_ [e]
_Buli Eii:g/ 20
-100O Li COCgHs
COoH CHa CO5Li Cha COoH
@ C4H9 Br
CHg CHoLi CsHyq

Nearly all common mono- and disubstituted acetic acids, including
several functionally substituted examples, have been reported to metalate.
Unsaturated as well as saturated alicyclic carboxylic acids form dianions,
but cyclopropane carboxylic acid is exceptional. Low yilelds of alkylated
products are produced,'% 209 gyggesting incomplete dianion formation.
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Grignard reagents and unsubstituted alkali metal amides are suf-
ficently strong bases to remove protons from @, - and B,y-unsaturated
carboxylic acids. Formation of dianions of unsaturated carboxylic acids
was first demonstrated®' by trapping the intermediates with methyl iodide.
Subsequent isolation of the products revealed that O-substitution had
occurred. More recently, a relatively large number of examples has been
investigated.®272¢ ynpgaturation is stable in structures in which the
double bond is located at positions remote to the carboxyl group.Z2’2+4

Malonic acids®® and malonic acid esters,®® likewise, form carbanions
which can be alkylated. Trianions of malonic acids can be formed by
treatment with n-butyllithium in the absence of an amine.

CHsCH( COgH)z 3 Buli Eusc(coe)z—JS' L13+ CHaI  (CHa)oC(COH)s T6%

IV. Reactions of Metalated Carboxylic Acids - Metalated carboxylic acids
react with most electrophiles If the dianlon 1is associated with alkali
metal cations. However, Cu(1) dianions?® react readily only with acti-
vated allylic or benzylic halides.

A. Alkylation: 1. Alkyl Halides - Alkylation is, perhaps, the most use-
ful synthetic reaction of metalated carboxylic acids. The reaction pro-
ceeds smoothly and it produces preparative yields of products for a vari-
ety of functionally different alkyl halides, including examples suscep-
tible to elimination.l® The reaction is not sensitive to the leaving
grougé nor is it sensitive to steric effects as the following exam-
ples'®’14716 j1lustrate. The Haller-Bauer procedure fails where two of

a-
(4) Ph(CHg)aBr + [m‘egcozj i’ thcozﬁ 6%
1
(5) PhCHCl + 1 Ph\)<002}{ 90%

Br
COoH
(6) O + 1 = 67%

(7) C4Hs-0Ts + 1 c4ﬂs)<cozﬂ 87%

- —_—

|

2
(8) CyHo-Br + Ec(c4H9)(c7H15>c02] ri,” ;

C7Hy5( C4Hg) 2CCO-H 92%
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the O~-substituents are larger than ethyl, and it is advantageous to in-
stall the largest substituents first.®” As illustrated in eq 8, large,
highly branched carboxylic acids can be prepared efficiently from metal-
ated carboxylic acids, and sequential alkylation does not depend upon the
order in which substituents are installed.’® Dialkylation of monosub-
stituted acetic acids is negligible in most cases (eq 9).13 Lower mem-
bers of the homologous series of aliphatic carboxylic acids afford lower
yields, and small emowunts of dialkylated products are produced as a re-

2T+t
(9) CgHisBr + EZ4HSCHC02] Li'M CgHy5(C4Hg) CHCOH — 86%

sult of incomplete metalation caused by poor solubility of the carboxylate
salts. This complication can be minimized by use of HMP as cosolventl®

or by suitable cation changes.®® 2-Substituted tetralones and 2-sub-
stituted indanones can be prepared readily if the products of eq 4 and 5
are cyclized.¢ Alkylation reactions of carboxylic acids performed with
aryl haloalkyl ethers and o, w-dihaloalkanes have practical significance.
The products produced from these reactions have antihyperlipidemic prop-
erties,®®737 and two drugs, gemfibrozil, 2, and gemcadiol, 3, have been
studied clinically. - -

O\\//\\::><:COEH HO\::><:T(CH2)6:><:;/OH

2 3

Dianions derived from @, B- or B, y-unsaturated carboxylic acids
alkylate at the O-carbon if the dianions are associated with alkali
metal cations.?272¢ However, high proportions of y-substitution are

observed when Cu(I) dianions are employed.®® The preparation of dl-
lanceol illustrates synthetic use of y-alkylation,®® and the preparation

NS +
[‘ ’ 002] G2~ Br Calls ~"N002H (any =3:97)
—n

T Cul

CgHg
N TN 00 | Lis Br \/\cogn (azy = 98:2)
A/

—_—

of polyene, L4, illustrates o-alkylation®® of dianions of unsaturated car-
boxylic acids.
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~ Br AN AN
5=
+ + A — ~
~ G Co C'Ll2
~ 2 —> CO-H OH

dl-lanceol

Ph Ph
Ph
4 ~
[ Fm [ (T S =
jN + OH
Br 002 Li2 l 002 '
L

2. Epoxides - The first indication of the synthetic utility of metalated
carboxylic acids resulted from efforts to prepare steroidal aldosterone
inhibitors from spiroepoxides.3® Model studies indicated that the re-
action fails as a result of severe steric hindrance in either the epoxide
or carboxylic acid and that monosubstitution occurs for the same reason.>3®
The reaction has been used in a key step of an elegant synthesis of
vernolepin, 5.%° Forcing conditions are required, and, in contrast to

acid dianions, anions of unactivated esters fail to react with epox-
ides, 39741

Y
Z \OH

0 Y W _ +
0 (CHoC02)2 Lis

= fs 0~
</o = 0

N OH

0

2

B. Addition to Carbonyl Compounds - Addition of metalated carboxylic

acids to aldehydes and ketones affords a useful and versatile alternative
to the Reformatsky reaction.?® The reaction is sensitive to steric effects

o-

A Y=o + c — Lt HO COpH

B D —_— A D
o B c

in both reaction partners, but the method has a real synthetic advantage
because B-hydroxy acids are not otherwise readily accessible. Although
o-adducts predominate, addition occurs to both faces of 17-keto ste-
roids.*3 The reaction has resulted in a versatile and stereospecifiec
olefin synthesis,“% Isomers of 6 can be separated and degraded via f-
lactones, 7, ylielding hindered olefins, 8, of known stereochemistry. The
reaction has been used to introduce acetyl substituents*® (eq 10) and
isopropylidene groups,“® and it has been used for the preparation of
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0 A D
é Ars0,C1 A #—i D >:—<

cycloalkylidene cycloalkanes.*” This sequence should rival the Wittig re-
action for many applications.

-
[as}

o= + >:0 OMe 0‘
i,

(10} [ cMe(OMe) €012 Lo e Me
Substituted acrylic acids have been prepared by reaction of acid
dianions with monomeric formaldehyde.“*® A variation of the reaction per-

mits in situ formation of formaldehyde from anions of methoxymethyl

esters, ¢°

R

R
i * N \)\ *
2 =
[RCHCOz1% Lis CHo0 HO COoH H '< COoH

Esters react with metalated carboxylic acids yielding pP-ketoacids
from which aldehydes®° and ketones®! may be derived. Like the Adamolefin

g 2
MesCCOzEt + 1 MeSCSYCOEH Mesc/ﬁ/ T0%

synthesis, the dianion acts as a reactive carrier of the carbon fragment
attached to the carboxyl group. In cases where the carboxyl function is
eventually eliminated, metalated carboxylic acids can afford useful syn-
thetic alternatives to Grignard and organolithium reagents. Unsaturated
esters and nitriles react by 1,4-addition,S! but unsaturated aldehydes
undergo 1,2-addition.*®

Carbon dioxide was the first electrophile demonstrated to react with
metalated carboxylic acids.® The reaction has been used to measure the
extent of metalation® and to prepare malonic acids which would be dif-
ficult to obtain by other methods.>® Malonic acid esters are available

Adamantyl-COzH Adamantyl( COoH) 5 30%

by treatment of acid dianions with carbon dioxide derivativesS® or, equiv-
alently, by carboxylation of ester anions.5¢

T 2 + 002 H
>-c02 Lis C1CO-Et >< 85%
TEE0) 00 COoEt
Trimethylsilylacetic acid forms adducts with carbonyl compounds

which undergo spontaneous elimination.>® The unsaturation produced ap-
pears solely in the @, B-positions, but E and Z isomers are formed in
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approximately equal amounts. The reaction occurs efficiently with cyclo-
pentanone as well. Unfortunately, the utility of this dianion is re-
stricted by its limited accessibilility.

-+
+ 2 = 8
C,H;5CHO + [MegS1CHCO-]2 Li, C-H; sCH=CHCO-H 8%
9 E:Z = 3:2

e . D=, =

C. Oxygenation - Metalated carboxylic aclds react instantaneously with
oxygen, and, depending upon reaction and workup conditions, O-hydroxy-5°
or a~hydroperoxycarboxylic acids®” are obtained. If low temperatures

OH
[ CHy 5CHCO2)2 Lip C-Hys -~ COoH 51%
)Ei o~ OH 00~ ez /o'\
Ph COoH Et Et o Ph Et 2%
Ph7NCOH > PhY N -

0

are employed, the hydroperoxide intermediate can be converted to a ketone
by treatment with dimethylformamide dimethylacetal.

D. Silylation - Ketene bis( trimethylsilyl)acetals result from treatment
of acld dlanlons with chlorotrimethylsilane.5%’5° Esters behave anal-
ogously.®° Silylated ketene acetals can react like acid dianion equiv-
alents. For example, reaction with singlet oxygen was used to produce the
first o-peroxylactone,®1’62

Me3C OSiMes MEQC Megc /O
\=< 1. 102 I_' COoH ‘l—r

Sr—————

0SiMeg 2. TeOH 0-OH 0—0
Me3C H 250
X + COp <2

Non-enolizable aldehydes react with silylated ketene acetals by thermal
reorganization,®® but milder conditions may be used in the presence of
titanium tetrachloride,®%

0SiMeq OH
ArCHO + )—:( 150° Ar)ﬁvcozn
0SiMes _—
10
0 0

! |
//k\Jf’ + 10 TiCly //k\w//\7K002H
-78°

E. Other Electrophiles - Amino acids can be prepared either by direct
intrcduction of the amine function,®> or by elaborating hippuric acid by
alkylation.®® A nitro group can be introduced directly, and, after de-
carboxylation, nitroalkanes are obtained.*® 1In addition to decomposition
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-+
[ PhCHCO-1% Lis +  MeONHo PhCHCO-H 55%
— NH
- .+
[ PhCONCHCO,]1% Lig +  CHgl CH5CHCOoH Lot
—
NHp
-+
[C+H;5CHCOZ)2 Lis 1. PrONO- C7H; 5CHoNOo 68%
—
2. -C0p

of hydroperoxides and O~hydroperoxylactones, sulfenylated carboxylic acids
can be degraded to ketones.®7’®® The overall reaction provides another

MeSCHoCOoH w} SMe +
e cl :>=0
> CHCO-H MeSSMe CO-H B0 ‘

example in which metalated carboxylic acids can be used as reactive car-
riers of the carbon residue attached to the carboxyl group; here, as an
acyl anion equivalent. ({Phenylthio)acetic acid has been recommended as
the dianionic intermediate because of its availability.®® The latter can
be alkylated and used as a source of olefins and epoxides as well as
ketones. The utility of the method has been demonstrated in the synthesis

R > RRiC=CH

1

PhSCCH-OH

c T T R
Ry o

-+
[ PhSCHCO- 12 Lip

of juvabione, 11.68

V. Conclusions - The preceding discussion should convince the reader
that metalated carboxylic acids have substantial versatility in organic
synthesis on both small and large scales. The literature cited suggests
that much more attention has been devoted to the examination of reactions
with various electrophiles than to the properties and methods of forma-
tion of the dianions upon which particular applications depend for suc-
cess, It is likely that the future will provide the methodology neces-
sary for the metalation of difficult carboxylic acids, such as, acetic
and cyclopropane carboxylic acids, and insight into the structures of the
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dianions as well as a better understanding of the mechanisms of reactions
with different classes of electrophiles.
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Chapter 29. Computer-assisted Organic Synthetic Analysis

Peter Gund, Merck Sharp & Dohme Research Laboratories, Rahway, N. J. 07065

Introduction - Organic synthesis is still an experimental sclence. In
principle, however, the application of computers to the critical planning
stage of synthesis could substantially increase the synthetic chemist's
efficiency.1

The thought processes by which the "Masters" create a successful
synthesis of a complex structure remain mysterious: R. B. Woodward won
the 1965 Nobel Prize in chemistry for his contributions to the "art" of
organic synthesis. Corey2 was the first to attempt a serious analysis of
these processes. He identified four separate yet inter-dependent stages:
choice of the molecule to be synthesized, development of an overall
strategy or plan, selection and ordering of the individual steps, and
experimental execution. The selection and ordering stage is most amenable
to computer processing, and this aspect i1s relatively well developed.

The selection and ordering of steps should be done in a fairly
exhaustive and unbiased, yet discriminating and systematic manner.
Consider a molecule (A) that could be made from 40 different precursor
compounds. If each of these precursors in turn could be made from 40
different precursors, and so on, then A could be made in five steps or
less from over 100 million (405) potential starting materials.3
Actually, thousands of reactions are known - although many are of unknown
generality - and syntheses of more than five steps are common. The com-
puter can untiringly attempt every reaction it "knows" at very high
speeds. 3,4

The selection and ordering of steps should be unbiased so that no
obvious (in retrospect) approach is overlooked. An analysis is normally
biased by the chemist's previous experience, and even by the way he draws
the target molecule. For example, it is conceivable that the following
two representations of patchouli alcohol could lead a chemist to propose
entirely different synthetic approaches (from Ref. 5 with permission):

The computer, on the other hand, may be programmed to recognize synthe-
tically important relationships, however the molecule is drawn.
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Because of the large number of possible routes, it is necessary to
discriminate between good and bad approaches. The chemist normally dis-
cards many possibilities on the basis of mechanistic organic chemical
arguments, and his own experience. Similarly the computer may be pro-
grammed to evaluate steric and electronic effects, reaction energetics,
interfering functionality, side reactions, and so forth, in order to
discard unlikely approaches,

Ultimately, powerful synthetic strategies will restrict the genera-
tion of uninteresting routes and focus on rewarding approaches. Corey2
has categorized some successful strategies: avoid or by-pass suspected
poor yleld steps, minimize correctional steps, use known reactions where
possible and simplify the problem. Problem simplification may involve
recognizing analogous syntheses, perceiving real or potential symmetry,
recognizing important substructures (synthons), using equivalent (i.e.,
easily interchanged) synthons, perceiving stereochemical relationships,
considering reaction energetics and kinetics, using rings or complexation
to minimize functionality or provide directionality, and perceiving
biogenetic possibilities.2

The first steps towards computerization of these strategies have
been taken. For example, the concept of strategic ring bonds® enables
an analysis to focus on breaking bonds which are likely to lead to a less
complex starting material.

The final requisite for the selection and ordering of synthetic
steps is that it be performed in a systematic manner. While systemati-
zation of synthesis 1s difficult, several attempts have been made.2,7,8
Corey's approach? appears to have been most fruitful.

Logic—-Centered Approach to Organic Synthesis - In this approach,
formalized by Corey,Z the chemist "works backwards'", systematically
generating all precursors which may be converted in one step to the pro-
duct by known reactions. Each of the best precursors then becomes the
target for further precursor generation, and so forth, until available
starting materials are obtained. Corey listed twelve steps to be
followed for this type of analysis.2 In essence, these are to simplify
the problem; recognize synthons; generate equivalent synthons; add con-
trol synthons; disconnect the synthons to create precursors; formulate
the requisite reactions for these disconnections; repeat the above steps
for each intermediate and each sequence; continue until a suitable
starting point is reached; remove inconsistencies; identify unresolved
problems; repeat the above steps to generate alternative schemes; and
rate the different routes. Cyclic structures require a few additional
considerations.

Not all of these steps are necessary for developing every synthetic

plan, and not all types of synthetic problems are amenable to this
approach.
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Nevertheless, where this procedure is applicable it can lead to
elegant solutions to difficult synthetic problems. An example of the
power of the method is found in Corey's "metwork analysis" of longi-
foline.9 More recently,l0 a synthesis of porantherine grew out of the
logic—-centered analysis summarized below:
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Corey noted that the twelve steps of the logic-oriented approach
resembled a computer program;2 and indeed this formalism served as the
framework for the original Corey and Wipke computer synthesis program,ll
and for the later programs3,4,12 as well.

Organic Chemical Synthesis Simulation (OCSS) - This landmark programll
effectively removed the barrier between chemist and computer by the use
of interactive computer graphics; the chemist could communicate with the
machine for the first time in the language of structural diagrams.

In operation, the chemist drew the target molecule on an electronic
tablet, and the program generated (under chemist control) a "synthesis
tree", where every node represented an intermediate structure, and the
branches represented synthetic routes for obtaining the target structure.
The program emulated many of the synthetic chemist's planning activities,
such as molecule perception, developing a strategy, structure manipu-
lation, and precursor evaluation. The perception module identified
functional groups, rings, appendages, symmetry elements, and related
properties of synthetic significance. The strategy and control
section used heuristic principles ('"rules of thumb" reflecting empirical
knowledge about reactions) to guide precursor generation. The manipu-
lation and control section applied symbolic "reactions-in-reverse" or
"transforms" to systematically generate precursors, and the evaluation
module deleted poor structures and rated the remaining ones. The quality
of synthesis attainable with this early program is evident in the
patchoull alcohol synthesis treell (copyright 1964 by the American
Assoclation for the Advancement of Sclence, reproduced with permission):
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Logistics and Heuristics Applied to Synthetic Analysis (LHASA) - This is a
second generation program developed by the Corey group.l3 While OCSS was
written in an obscure computer language (DECAL) for a now obsolete com-
puter (PDP-1), LHASA is largely written in PDP-10 FORTRAN and is more
readily adaptable to other computers.

LHASA incorporates many new and expanded capabilities which can
only be mentioned briefly: transforms keyed to pairs of functional groups
or to a single functional group in the target molecule;l4 functional group
introduction (in the retro-synthetic sense) ;14 functional group inter-
change; 14 multistep look-ahead (i.e., accomplishing subgoal-generated
transforms up to 15 levels deep in order to allow a powerful reaction to
be used, before other precursors of the target are considered);l5 percep-
tion of stereochemical informationj;l5 very extensive and careful pro-
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gramming of key ring-forming reactions, such as the Diels-Alder
reaction; 15 the concept of strategic ring bonds to guide ring-forming
reactions;6 strategles keying on ring or branch appendages and using
reconnective transforms;l® sequential subgoal-generated functional group
interchanges;17 and functional group protection and deprotection.1l8 A
recent examplel’ of LHASA-derived synthetic routes to sativene 8 and

an analog 7 is shown (from Ref. 17 with permission):
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In addition to its use in synthetic research applications LHASA
has proved useful for teaching synthetic organic chemistry. 19 1n an
industrial environment, LHASA is being used at DuPont de Nemours & Co.20
for exploring the generality of reactions, for planning the synthesis of
pharmaceuticals and agricultural chemicals, and for discovering novel
applications of synthesis to basic industrial processes. For the latter
purpose, Industrially important reactions are being added to the program's
chemistry library.



Chap. 29 Computer-assisted Syntheses Gund 293

Simulation and Evaluation of Chemical Synthesis (SECS) - This program3s12
was developed by Wipke, working independently of the Harvard group, at
Princeton and more recently at the University of California at Santa Cruz.
SECS is also written primarily in FORTRAN for a PDP-10 computer, with out-
put via teletype or GT40 graphics terminal. With the latter device, the
target molecule is drawn on the screen using a light pen (from Ref. 5 with
publisher's permission):
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SECS is currently accessible over the Stanford Unilversity SUMEX-AIM
network, the Advanced Research Planning Agency network (ARPANET), and the
First Data Corporation (Waltham, Mass.) commercial time-shared network.
Again, the advanced features of this program can be listed only briefly:
perception of stereochemical relationships;5,2l a stereochemically unique
molecule naming algorithm;3,22 generation and recognition of enan-
tiomers;3s2l automatic construction of a three—dimensional model3 and
perception of steric congestion3s23 and proximity effects therefrom;
perception of aromatic and heteroaromatic directional effects from Huckel
localization energies;l12 ALCHEM language for representing virtually all
possible synthetic reactions in English-like sentences (reactions are
keyed by pairs of functional groups; by single groups; or by very general
patterns);12 and functional group protection.l2 An example of a SECS
derived route to prostaglandin Fj, is shown as displayed in the forward
("synthetic sequence") direction (from Ref. 5 with permission):
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SECS proved to be useful in mechanistic as well as synthetic
research. The program was used to systematically generate all Wagner-
Meerwein products, with elimination of duplicate structures and calcu-
lation of strain energles, in order to find the most likely mechanism
for acid-catalyzed rearrangement of tetrahydro-Binor-S to diamantane: 24

I — — o0

5L R

Persistent attempts to analyze the problem by manual methods had
previously falled; there are an estimated 40,000 pentacyclotetradecane
isomers possible.24

Industry experience with SECS has been fairly widespread, with many
companies evaluating the program through the First Data Corporation net-
work. BASF, Merck/Darmstadt, Sandoz and (more recently) Bayer AG have
been running SECS in Europe since 1975. SECS is also running at Merck &
Co., Inc.
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Batch Programs - Several research groups have set themselves the task of
creating batch computer programs for synthetic analysis. Since the
chemist cannot intervene in these programs during execution, the program
must be self-directing in further processing of intermediate structures.
This requires powerful program heuristics to prevent the program from
wasting time generating precursors of an uninteresting intermediate.
Since it is not always obvious why certain pathways are interesting and
others not, this is an artificial intelligence problem of more complexity
than the well-known chess-playing program problem26 - where the legal
rules are more clearly delineated and "winning'" strategies are better
known.

The most advanced of the batch programs is probably Gelernter's
SYNCHEM,12s27 written in PL/I for an IBM computer. This program has the
novel capability of ending when a known starting material 1s reached. It
recognizes this condition by generating the Wiswesser line notation (WLN)
name of each precursor and checking it against a computerized file of
available compounds from the Aldrich catalog. SYNCHEM is being evaluated
for utility in an industrial environment at Lederle Laboratories.l12
Published synthetic analyses by SYNCHEM include routes to vitamin A27 and
twistane. 27

An assembly language program written by Bersohn3,12 is said to be
capable of generating 40,000 precursor structures per cpu minute on an
IBM 370/168. Since no chemist can be expected to evaluate that many
structures, Bersohn is implementing strategies to upgrade the quality of
precursors generated. An earlier program3,28 was much slower and more
expensive to run.

A group headed by Ugl has aspired to implement a program which can
"create" new reactions. They developed a mathematically based description
of reactions in which a matrix containing all atoms and bonds of all
reactants {(an ensemble) was transformed into a matrix of all products and
by-products.29 A PL/I program for an IBM computer, initially named
Computers in Chemistry, Logic Oriented Planning of Syntheses (CICLOPS),30
was developed based on this approach.l2 The program's reaction library
is fairly generalized, so that '"creative" (unexpected) transformations
frequently arise.

Other programs and formalisms have been developed, such as those by
Whitlock,31 Hendrickson,8 Sinano'g'lu,32 and Barone,33 but their general
utility for synthesis remains to be demonstrated.

Reaction Retrieval Systems — A classical application of computers in
chemistry is information retrieval, and chemical reactions are amenable
to this type of treatment.34 When a strategic plan for synthesis has
been established, there 1is still a need for detailed consideration of
reagents and reaction conditions - and a Theilheimer/ type system may be
best for this purpose. Such a file of reactions is typically searched
by type of starting material, type of product, type of reaction, or
conditions. Such a system usually contains very specific reactions of
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unknown generality; these are generally unsuitable for the more elaborate
computerized synthesis programs described above.25 Extant reaction
retrieval systems include Reactiones Organicae,35 Derwent Chemical
Reactions Documentation Service,36 and a proprietary system developed by
Imperial Chemical Industries.l2,37

Conclusions - The synthetic chemist normally analyzes a synthetic problem
until a route is found which looks like it might work; after a quick trip
to the library to confirm its viability and to determine suitable
reaction conditions, he goes to the laboratory. Once committed to a
route, he may expend a great deal of effort to make it "go". If it fails,
or if he needs to scale-up or think about patents, then the chemist will
consider alternative routes. Clearly more systematic (especially com-
puter-assisted) analysis of complex synthetic targets at the beginning may
save wasted laboratory effort. Computer analysis at a later stage of the
synthesis might also be useful in overcoming roadblocks.

The baslc methodology appears to be well worked out. Computer
perception of significant molecular features equals or exceeds the
chemist's capabilities in many ways. While the computer's knowledge
of chemistry 1s still inferior to that of a good synthetic organic chemist
for most or all present-day programs, it should be kept in mind that the
computer's knowledge is cumulative - and expanding rapidly.

At this stage of development, none of the computer programs appear
to be particularly adept at suggesting which specific reagents and condi-
tions are best for producing a particular product from a specific starting
material. On the other hand, they often can lead the chemist to consider
novel approaches to difficult synthetic problems. In the long run, the
most complete synthetic analyses will arise from a partnership of chemist
and computer, utilizing the different capabilities of each to the utmost.
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Chapter 30. Biochemical Procedures in Organic Synthesis

Charles J. Sih and Elie Abushanab,* School of Pharmacy, University of
Wisconsin, Madison, WI and
J. Bryan Jones, Dept. of Chemistry, University of Toronto, Canada.

Despite considerable documentation of their value in overcoming dif-
ficult problems in organic syntheses, blochemical procedures are still
largely ignored by most organic chemists. However, the field and its enor-
mous potential i1s now generating increasing interest, particularly among
chemists engaged in asymmetric syntheses. Biochemically mediated reactions
have not been previously reviewed in this series. Accordingly, we have
elected to present a broad, and current, perspective of the subject, while
including many representative examples of medicinal chemical interest.

Scope - There is an enzyme—catalgzed equivalent for almost every type of
chemically catalyzed reaction.ls Thousands of microbilological and enzymic
transformations of chemical significance have now been documented in excel-
lent monographs.3 These reviews cover the field in general as well as spe-
cialized areas such as steroids, alkaloids, and terpenes. These provide
access to mxch of the published data. Current awareness is also easily
maintained. So far, the use of intact microorganisms in organic syntheses
has been dominant. However, wholly or partly purified5 and immobilized
enzyme56’7 are gaining rapidly in importance.

Advantages - Compared with other catalysts used in organic syntheses, en-
zymes are exceptional in several respects.8 The spectrum of reactions is
very broad.ls Furthermore, the generally mild reaction conditions, e.g.,
room temperature and neutral pH, minimize problems in sensitive molecules
such as epimerization, racemization, and isomerization. However, their
main advantage to organic chemists is their specificity.8 Enzymes are usu-
ally very selective with respect to reaction type and substrate structure.
Of great importance to asymmetric syntheses is their potential for discri-
minating enantiomers, enantiotopicg;lo groups attached to prochiral centers,
and sterecheterotopic (§§j§1)9’10 faces of groups, e.g., €=0 and C=C.8-10
For many enzymes,Js1ll and some microorganisms,l2 the stereochemistries and
specificities of the catalyses are well established, and structures and ab-
solute configurations of products can be projected with confidence. Such
knowledge enables preselection of the best enzyme to ensure formation of
only the active stereolsomer of a drug, or to effect stereospecific intro-
duction of an isotope prior to metabolism studies.

Factors to be considered - Biochemical methods of effecting chemical trans-
formations are often expensive. However, their high "pay-off" can often
more than offset this factor, particularly when the target molecules are
costly to produce as is the case with most drugs. For example, using chem-
ical reagents, tedious multistep procedures are required to effect con-
trolled oxygenation at unactivated carbon, or to achieve selective oxida-
tion of only one hydroxyl group in a poly-OH molecule, especially if

*On sabbatical leave from the University of Rhode Island, 1976-1977.
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transformation of only one enantiomer of a racemate is desired. Such reac-
tions are readily effected enzymically in a single step. For chemists, the
most useful enzymes are those which tolerate broad structural variations
but retain high stereospecificity. Currently, mammalian enzymes fit these
requirements best;8 microorganisms generally have rather narrow structural
specificities,l2 and it 1s often necessary to screen a number of organisms
to find the one best suited to the substrate involved. The levels of the
desired enzyme in many instances, can then be increased by induction.12
Several factors can have adverse effects on enzymes and microorganisms.
These include elevated temperatures, pH changes, added salts, organic sol-
vents, and inhibitors. Information on these aspects 1s available from
several sources.3,5,13-15

Coenzymes - Many enzymes require nonprotein coenzymes for catalytic activi-
ty. These are cosubstrates, and must be constantly reconverted into their
active form for catalysis to continue. This is not a problem for growing
microorganisms since the normal metabolic processes ensure an adequate sup-
Ply of coenzymes. However, with purified, or immobilized enzymes, main-
taining a sufficient concentration of coenzyme can pose a major problem.
Coenzymes are expensivel® and it is seldom economically feasible to add
them in stoichiometric amounts. This is often undesirable for chemical
reasons, e.g., the coenzyme may be unstable, or the eventual build-up of
high concentrations of its inactive form may induce displacement of an
equilibrium reaction in the opposite direction to that desired.d It is
therefore necessary to use catalytic amounts of coenzymes and to ensure
that the active forms are continuously regenerated. Some coenzymes present
little or no problem in this regard since they are automatically reformed
under the normal aqueous reaction conditions or in the presence of oxygen.
These include biotin, pyridoxal phosphate (PLP), thiamine pyrophosphate,
flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD).l6
Others, such as adenosine triphosphate (ATP), coenzyme A, folic acid, nice-
tinamide adenine diphosphate [NAD(P)/H], FMNH; and FADH), must be continu-
ously reformed from their inactive precursors by incorporating an auxiliary,
usually in situ, regenerating system into the reaction mixture.d,16 Recy-
cling of the nicotinamide coenzymes and of ATP have received the most atten-
tion so far. The development of economical ATP-recycling systems now seems
assured.16,17 TIn contrast, despite the considerable effort that has been
expended,5a16'22 no generally applicable and industrially viable NAD(P)/H
recycling systems have been reported. While recycling efficiencies of 2 x
104 are attainable for brief periods under ideallzed conditions,17 10-50
fold turnovers are more normal for preparative-scale oxidoreductions.
Nevertheless, the available recycling methods, which have been recently re-
viewed comprehensively and critically,5 are more than adequate for research
scale applications of NAD(P)-dependent alcohol dehydrogenases.3s23-25

Experimental Procedures — A good knowledge of the principles and techniques
of both organic chemistry and blochemistry is highly desirable, but an ex-
tensive background in microbiology is not necessary. With purified enzymes,
the methods used are essentially those of organic chemistry.> Carrying out
fermentations and working with immobilized enzymes and microorganisms re-
quires that a chemist develop some new skills, which are easily acquired.
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Straightforward illustrative procedures, often written with the chemist in
mind, are available.3,7

Some Recent Examples - Since organic chemists have become accustomed to pre-
dicting the consequences of using chemical reagents, only biochemical trans-
formations for which the various aspects of specificity can be accurately
forecast were considered when the examples cited below were selected.

Oxidoreductases - Controlled and stereospecific hydroxylation at unacti-
vated carbon is easily achieved using fungi.l2 The chance of finding an
appropriate microorganism for a given hydroxylation 1s improved if a suit-~
able literature analogy can be found. For example, the conversion of lﬁ&26
proved to be a good model for the §jﬁ27 (prostaglandin synthon).

o] 0 0 0
— . (CH2)6C02H CH2) 6C02H
— —
1 HOI, 2 3 HOI‘ 4

A rational basis for interpreting the regiospecificity of steroid hy-
droxylation is emerging.12,28,29 with Calonectria decora and Rhizopus nig-
ricans, the orientation of a steroid substrate appears to be controlled by
interaction of the oxygen functions with hydrophilic sites (such as A or B)
at the active sites of the hydroxylases. Thus 5 and 6 bind in a similar
manner and hydroxylation occurs from the same active site logation to give
the 1lla- or 7a~OH product respectively,28 approximately 5.5 A away from the
initial oxygen function. This relationship was also observed in hydroxyla-
tions of cyclic alcohols and acylated amines by Sporotrichum sulfures-

cens.30
OH- - -B«}

(oH).,
..

(om),
a S

&

o ) faeeees

Immobilization does not destroy hydroxylase activity. 11R-Hydroxyla-
tion of 17a,21-dihydroxy-pregn-4-ene-3, 20-dione by Culvularia falcata sup-
ported in polyacrylamide has been reported.31 This flow procedure was
coupled with a polyacrylamide-immobilized Al>2-dehydrogenase of Arthrobac-
ter simplex so that the cortisol produced was converted directly into the
more active corticoid, prednisolone. The Alaz-dehydrogenase of A. simplex
has also been employed for resolving synthetic steroids and for determining
their absolute configurations.32

Hydroxylations of aromatic substrates follow the rules of electro-
philic substitution.l2 L-Dihydroxyphenylalanine (L-DOPA), 33 and hydroxyl-
ated metabolites acronyane,34 S—anilino—l,2,3,4-thiatriazoles35 and a-
methylfluoren-2-acetic acid36 have been prepared in this way.

Alcohol Dehydrogenases - These enzymes catalyze C=O0$CH(OH) oxidoreductions.
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With few exceptions, e.g., Mucor javanicus,3»37 their stereospecificities
obey the Prelog rule.3:12 This has been exploited in several prostaglandin
preparations.l Considerable control can be exerted over the stereochemis-
try during oxidoreduction as 1s demonstrated by the formation of 8, 9, and
10 from (+) 7 For these and other enzymes sophisticated "diamond lat-
tice" active site models are available for making stereochemical predic-
tiomns.

OH
Large @

-

oy
oo

Ll
(OO« +] -
o |\1 l
b

/ ]

a0 oy H 9 H 10

Alcohol dehydrogenases are also ldeally suited to stereospecific in-
troduction of 2H and Elegant enzyme catalyzed exchange processes pro-
vide facile routes to the R and S enantiomers of alcohols RCH[ZH]OH and of
[2-3H])-1lactate, -malate and -glutamate.24 Biosynthetically-useful 3H-alco-
hol enantiomers such as 11 and 12 are also easily prepared.23 An analogous
enzymic reduction is the key step in the recent preparation of (5§8)-[5-H]-
mevalonic acid.38 oOxidation of (+) 13 to 14 occurs with high regio and
enantiomeric specificities.25 Many alcohol dehydrogenases also exhibit
enantiotopic specificity of practical value. 5 1In the reduction of 15 to
16, 39 and 17 to the steroid intermediate 18, 40 and oxidation of 19 to 20, 25
‘the oxidoreduction is stereospecific for roﬁg C=0 and OH groups, respec~
tively.

R Ry () 13: Ry = OH,
CHO o Ol Rp-. . Ry = H
©/ ! Ry 14: R; = Ry = 0
OH
X X y 2
C6H13CXO bl C6H13C' X
11: Ry = H, Ry = 38 — “on
12: Ry =34, Ry = H 15 16 X = 24, 3H
l\
o ‘;Rz
Me0,C ;
HO OH
(i) _ll: Rl = Rz =0 l_g_

) 18%: Ry = B, Ry =

*Horge liver alcohol dehydrogenase (HLAD) **M. javanicus
C. falcata +*R. arrhizus
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Hydrolases - Chymotrypsin is the best documented hydrolase. It has a very
broad and predictable stereospecificity and is widely used in resolution of
racemic esters.l L-DOPA has been prepared in this way.41 Several ester-
ases also exhibit enantiotopic specificity.1 This is exploited in the syn-
thesis of R-mevalonolactone 22 from 31.42

Large scale resolution of amino acids 1s an area where immobilized
enzyme technology has triumphed. L-Phe and L-Met are now continuously pro-
duced on a 20 ton/month scale via immobilized aminocyclase hydrolysis of
their racemic N-acetyl precursors.43 Similarly L-Ly has been obtained by
yeast hydrolysis of (+)-o-amino-e-caprolactam.44 The value of mild and
specific enzyme procedures when dealing with sensitive molecules is demon-
strated by the conversion of 23 to 24.45

Operation of hydrolases in the reverse direction to effect acylation
is also viable, as shown by the preparation of 26 from 25. 46 Hog kidney
acylase has been used to resolve (2RS, 3RS)-valine-[2H]3 for cephalosporin
biosynthesis.47

HO HOR .- COoH
On-N
e T 1 g
Me0,C COoMe 070 A 5
21 22 COoH
23: R = PhCH,CO _2
24: R=H

£ 2_6. R=PhHCO

Lyases - These are enzymes that catalyze addition of HX to C=C, C=0, anﬁ
C=N bonds. The stereochemistry of addition is established as antli for all
17 C=C additions studied to date.ll This is again an area where immobil-
1zed enzyme methods are superior. Conversion of fumaric acid to L-aspar-
tic48 and L-malic#9 acids are two such processes with commercial potential.
The most impressive example of lyases in asymmetric syntheses is the syn-
thesis of L-amino acids, 27, using immobilized B-tyrosinase or tryptophan-
ase.30 Oxynitrilase~catalyzed additions of HCN to aldehydes to give cyano-
hydrins can be carried out on the kilogram scale. The D-cyanohydrin pro-
ducts are readily converted to other useful optically active synthetic
starting materials, e.g., hydroxy acids, hydroxy amines, and acyloins.51
The labelled valines 28 used in cephalosgorin and penicillin biosynthetic
studies are best prepared enzymatically. 2

RH + CH3COCO,H + NH,+t - RCHpCHCO®® 1-27 R = 4-hydroxyphenyl,

3,4-dihydroxyphenyl,

N, 3-indolyl,
R COgH H NHp 3-(5-hydroxy)indolyl
= " +® O R = 13cHy, C3Hy
HO,C  H H

28 CH3
Ligases - These mediate C-0, C-S, C-N, and C-C bond formation. Phosphate
bond-forming enzymes have been used most widely. Coenzyme A is convenient-
ly made, using a polyacrylamide-supported synthetase to couple ATP and pan-
tethine.?3 The use of phosphorylases has also solved some severe
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(poly)nucleotide coupling problems of nucleic acid syntheses. Examples in-
clude syntheses of the termination codons UAA, UAG and UGA. 54 Moreover,
large (20-30 g) amounts of the poly I-C interferon inducer35 have been pre-
pared using immobilized enzyme techniques. The elegant uses of a T-4 ligase
to join polynucleotide phosphate fragments of the alanine t-RNA of yeast

and tyrosine suppressor t-RNA of E. coli genes represented key steps in the
respective syntheses of these two glant molecules.36

Having surveyed the applications of biochemical systems to organic
syntheses, it may be appropriate to follow this up with a discussion of the
strategies used in some combined classical-biochemical syntheses. The app-
lication of microbes or enzymes for the generation of chiral centers in
asymmetric syntheses constitutes one of the most valuable tools available
to the synthetic chemist. Although achievement of the desired transforma-
tion is heavily dependent upon the judicious selection of microbes or en-
zymes that possess broad substrate specificities while catalyzing reactions
with high degree of stereospecificities, the chemist plays a significant
role in designing substrate molecules suitable for biochemical asymmetric
inductions. We herein illustrate some approaches to the development of
substrate molecules with prochiral centers in some combined asymmetric syn-
theses. Hopefully, this rationale may also be applicable to other problems.

The recent introduction of arylpropionic acids as anti-inflammatory
drugs57 has aroused considerable interest in improved methods for their
preparation. It is noteworthy that with some arylpropionic acids such as
p-isobutylhydratropic acid37 (29) (Motrin), the individual S(+) and R(-)
isomers were essentially blologically equivalent. This equivalence has
been shown to be due to the in vivo conversion of the R(~) to the S(+) iso-
mer with labelling studies. R(-)-p-isobutylhydratropic acid58 was convert-
ed to the S(+) isomer with the loss of two deuteriums suggesting the fol-
lowing pathway of epimerization.

p-1-C4HgCgH4CH(CH3) COH 29

Dg eD2 ¢D2 DoH

R(-) - ArCDCOSCoA - ArCCOSCoA ¥ ArCCOSX - ArCHCOSCoA -+ S(+)

For other anti-inflammation drugs such as Naproxen39 and Fenoprofen,60 only
the S-isomer is blologically active. Since tedious resclutions are neces-
sary to prepare these compounds, it would be desirable to develop a general
asymmetric synthesis of the S(+) arylpropilonic acids by microbial oxidation
of pro-chiral substrates. This concept has been successfully applied in

the preparation of a chiral metabolite of 29. Oxidation of one of the enan-
tiotopic methyl groups in 30 with S. sulfurescens furnished the chiral diol
él'61 A similar oxidation of 1isobutyric acid (23)62 to S-(+)-3-hydroxy-2-
méthylpropionic acid (33) has been recently employed in the synthesis of

the o-tocopherol synthon (34).

H
l"
~.  RCHyC=H — . HE _ B
HO R COgH BrMg p
30: R = CHs 32: R=H 34
31: R = CHyOH 33: R =OH
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One of the key intermediates in Corey's total synthesis of prosta-
glandins64 is the lactone (35) whose optically active form was obtained by
resolution of (+) 36. Upon analysis of the sequence of reactions from cy-
clopentadiene to 35 one would readily visualize the possibility of carrying
out microbial resolution of various intermediates along the synthetic path-
way. One such resolution has been accomplished by microbial reduction of
the (+) ketone 37 with Saccharomyces drosophylarum to yleld the (+) exo and
(-) endo alcohols (38 and 39). These were separated by chromatography and
were oxidized to the optically active ketones (37). 65 One of these was
converted to 36.

o = COpH  PhCHp0CH) (4) 37: Ry =Ry =0
A J 38: Ry = H,
9 . Ry = OH
O~ a / Sl S
™ NCH0CH - R Ry =H
CHy0CH 1 273 2

BO 35 36 R

Although these microbial reactions may substitute for chemical reso-
lution methods, they likewise have the inherent disadvantage that only one
half of the material is theoretically utilizable, for the substrate is
already chiral. It is therefore preferable to design substrates with pro-
chiral centers suitable for microbial asymmetric inductions. Examples that
have been applied in the prostaglandin area follow. Reduction of triketone
40 with Dipodascus uninucleatus and Mucor rommanianus furnished the (R) and
(S) alcohols (41 and 42) respectively.®® The (R) alcohol (41) was then
chemically converted into 43, a key synthon for prostaglandin synthesis via
conjugate addition.

& g @/ R = (CH2)6C02ME

41 (R); 42: (s) 43

Since R-48 is also an important versatile synthon for prostaglandin
synthesis, there has been interest in devising asymmetric methods for its
preparation. Japanese workers67 subjected a 1:1 mixture of cis and trans
44 to esterases from baker's yeast and were able to obtaim the optically
active (R,R)~45, (R,R)-46 and (S)-predominant 47. Thus a simultaneous
kinetic resolution of the dlacetate (44) and asymmetric synthesis of the
monoacetate (46) were effected by this hydrolysis. These were converted
to prostaglandin synthons.

Ac c 0, OH (0]
888 8
OAc OAc OAc OH oH

) 4s 46 a 48
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In a related work hydrolysis of the pro-chiral cis-44 using Bascillus sub-
tilis var Niger furnished the chiral alcohol (49). 9 This was in turn con-
verted to the lactone 50, another prostanoid synthon.70

Although stereoselective chemical reduction of the C-15 carbonyl
function in prostaglandins has been achieved,’l it would be desirable to
find a microbe capable of catalyzing the reduction of the C-15 carbonyl
group stereospecifically yielding the desired (S)-alcohol. Partial success
in this area has been achieved when (+) 51 was reduced biochemically where
Flavobacterium sp. NRRL B-3874 and Pseudomonas sp. NRRL B-3875 produced
stereoselectively the (-) and (+) forms of ég,respectively.72 While these
transformations proceeded stereospecifically, these enzyme systems require
o, 8,8,y ~unsaturated diketones for reduction. Although it is generally
accepted that o, 8-unsaturated ketones are not reduced to allylic alcohols
biochemically,7§ Trechiopora brinkmanii has been found to reduce l5-keto-
prostaglandins in the E and F series to the corresponding 15(S) alcohols
1llustrated by the conversion of 53 to 54.74

OAc j\ (CHp) gCOoH CHy) 6COH
, Q
\ ' CsH
cls 46 @ . T LI
, HO by Ry HO Rp 2
oH 49 50 51: Ry =Ry =0 53: R} =Ry =0

52: Ry =H, Rp =OH 54 R; = OH, Ry = H

The chemical method of choice for the preparation of chiral sulfoxides
is complicated by the formation of undesirable side products.’5 It entails
the addition of a Grignard reagent to R-menthyl—Z-arenesulfinates76 produc-
ing one enantiomer whose antipode has to be obtained by chemical inver-
sion.’7 Microbial oxidation of thicethers is, therefore, an attractive
method to prepare these chiral reagents. A variety of sulfides have been
oxidized by a number of fungi, e.g., Aspergillus niger, occasionally pro-
ducing sulfoxides of high optical purity. Methyl tolyl 55 as well as
benzyl phenyl sulfide (56) have been oxidized to the corresponding R-sul-
foxides (57 and 58) in high optical purity. It is clear that a concerted
effort in this area 1s needed to find organisms that produce both R and S
sulfoxides of synthetic utility.

RCH2SAr -~ RCH2§Ar

(0]
55 57: R
56 58: R

H, Ar = p-CH3CgHy
Ar = CgHs

Conclusion - The application of biochemical systems to the solution of or-
ganochemical problems will continue to expand rapidly, and the few repre-
sentative examples described herein constitute only the beginning of a very
dynamic field. The successful utilization of biochemical chiral reagents
is heavily dependent upon the design of suitable substrates, an area where
the synthetic chemists can play a major role. It is hoped that before too
long chemists will consider bilochemical methods a routine powerful addition
to their arsenal of synthetic reagents.
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Chapter 31. Organic Electrosynthesis

Larry L. Miller and Esther Kariv, Department of Chemistry
University of Minnesota, Minneapolis, MN 55455

and

James R. Behling, Department of Chemical Development, Searle Laboratories
Chicago, IL 60680

The fundamental question addressed here is, "Can useful or unique re-
actions be performed in high yield, on a synthetic scale, using electro-
chemistry?" The answer is ''yes'.

Organic electrosynthesis is not a new technique and there is con-
siderable knowledge of the types of reactions that take place at cathodes
and anodes. It is also true, however, that there have been few attempts
to develop electrochemical reactions as general synthetic tools and very
few attempts to use electrochemistry to synthesize complex molecules.
Therefore, electrosynthesis is at present a promising, but seldom tested
technique for the synthesis of medicinals.

Our view of organic electrochemistry is that it is a unique, non-
thermal method for activating molecules. Since the rate of reaction can
normally be increased by raising the electrode potential, it is possible
to carry out reactions with a high activation energy at low temperatures.
Indeed, very highly energetic intermediates can be produced. For example
acetonitrile containing a fluoborate electrolyte oxidizes only at poten-
tials above 3.2 V vs a saturated calomel electrode (SCE) reference. This
means that oxidations with an activation energy of 74 kcal/mole more en-
dothermic than SCE can be performed without oxidizing the solvent-electro-
lyte. 1In this range one can directly oxidize most organic compounds in-
cluding aliphatic hydrocarbons.

Another view is that electrochemistry is an alternative to chemical
redox methods. Indeed, in certain cases the products are similar. This
is to be expected if the chemical reagent reacts like an electrode via
discrete electron transfer steps - not atom transfers. Even here, however,
it is not unusual to observe significant differences between chemical and
electrochemical processes. A peculiar advantage of electrochemistry is
control of the electrode potential. In particular one can adjust the
potential to selectively attack the most easily reduced or oxidized moiety
in a complex molecule. This technique can also avoid the over-reductions
and oxidations produced by chemicals.

These views then characterize an electrode as a powerful reagent
which, through potential control, has considerable selectivity. An im-
portant further consideration is that large amounts of material can be
produced. This has been most dramatically demonstrated by the commercial
production of adiponitrile.

It should be understood that it is not necessary to have an intimate
knowledge of the Ilkovich equation or the vagaries of double potential
step chronoamperometry to do preparative electrochemistry. Furthermore,
it is technically simple. The equipment can be as simple as a DC
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power supply, beaker and electrodes. A divided cell is, however, often
important and access to a potentiostat is desirable. The advantage of a
cell separated into anode and cathode compartments by a glass frit or
membrane is illustrated by the reduction of a ketone to an alcohol., Ketone
is added only to the cathode compartment and the product alcohol is retain-
ed there. This keeps the alcohol from being oxidized at the anode and
keeps unwanted anodic products out from the catholyte. As noted above one
of the advantages of electrochemistry is the possibility of controlling

the electrode potential, This can be accomplished most simply through

the use of a potentiostat. Models most useful for synthesis are avail-
able for about $3,000. The use of such a machine can be mastered by any-
one who can operate a radio and there is little problem with maintenance.
Once the proper potential has been established in a small scale (a few
grams) experiment, it is not necessary or desirable to use a potentiostat
for producing large amounts of material.

More information on what can be done and how to do it can be found in
a number of books which have appeared in the past few years. Thorough
coverage of the literature up to about 1972 can be found in the volumes
edited by Baizer! or by Weinberg.? Useful introductions for medicinal
chemists are in Eberson and Schaefer's review3 and in Fry's book.% 1In
this brief review we enucleate a few reactions which have been proven to
work for complex molecules or which have demonstrated utility for the pre-
paration of simpler organic compounds. No attempt has been made to be
comprehensive and only a few leading references are included. Our primary
goal is to increase the reader's awareness of electrosynthesis,

Carbon-Carbon Bond Formation - A number of anodic and cathodic coupling
reactions are known. The Kolbe oxidation of carboxylate salts and pinacol
formation from ketone reduction are familiar examples., Somewhat less well
known is the reductive coupling of activated alkenes.

R—CH==CH—X + 2e¢~ + 2HT - XCH,CHCHCH,X
L I
X = CN, CO,R, COR R R

This hydrodimerization process has been very thoroughly studied by
Baizer and coworkers and others.® A number of examples have been perform—
ed and the yields are usually >90%. Because variations in yleld with many
conditions, e.g., solvent, cathode material, have been studied and the
mechanism has been elucidated, there are many possibilities for performing
this reaction in high yield for other substrates. One of the most inter-
esting applications is intramolecular coupling.6

P CH==CHCO,CHj - CH—CH,CO»CH3

(2) Q > @
CH==CHCO,CH3 CH—CH,C0,CH;

Z = —CHpd=, —(CRp}—, —€OCH,CH,03~

Mixed coupling has also been achieved in certain cases.’ High yields of
mixed dimers can be obtained by selectively reducing (controlled potential)
one alkene in the presence of a second which is more reactive as a Michael
acceptor, In the following example the reduction is performed at -1.75 V
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and the mixed dimer is formed in high yield.
CH,==CHNHCOCHj3 + CH,==CHCN ~ NCCH,CH,CH,CHNHCOCH
T 1
CO,CH3 CO,CH34
E,_ = -1.7 E_ = -1.
5 T 0

If the cathode potential used is more negative, more of the symmetrical
dimers are obtained in competition. Typical conditions for hydrodimeriza-
tion involve the use of aqueous solutions containing tetraalkylammonium
tosylates (with a cosolvent, if necessary) and alkene. Mercury and lead
cathodes give highest yields.

The mechanism of hydrodimerization has been elucidated® and 1llus-
trates some general considerations.

e” + CHy==CHCN -+ CH,==CHCN+
2CH,==CHCN* ~ NCCHCH,CH,CHCN 2t NH(CH,) ,CN
The initial intermediate, as in most reductions, is the anion radical.
Its dimerization produces only the most stable 1l,4~dianion which is fin-
ally protonated. The kinetic acidity near the surface 1is quite important
because at high pH the anion radical will be diverted by protonation be-
fore coupling and in aprotic media polymerization results.,

Anodic coupling of vinyl ethers, phenols and phenol ethers shows con-
siderable promise for the synthesis of natural products and medicinals.
Both inter- and intramolecular coupling 1s possible. Interest has cen-
tered on the cyclization of bibenzyls. A simple example is found in the

CH30 CH3

work of Parker and Ronlan.®
o]
ﬁ

0CH3 OCH4

Applications to alkaloid synthesls are exemplified by the construction of
the morphinan ring systemlo(I)and synthesis of the oxocrinine analog (II).

OCH3 OCHg
CH30 : CH30
-2e” :
W - .l 95%
@ NR ‘ CHs
CH30 CH30
OCH4 0
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In each of these biomimetic examples cyclization occurs preferentially
para to an alkoxy leading to cyclohexadienone products. Oxidation of the
corresponding phenols using chemical or electrochemical methods gives much
lower yields.

Bobbitt and coworkers have reported a number of intermolecular phenol
coupling reactions, the most intriguing being a stereospecific phenol
coupling reaction.!2 Using a carbon anode they were able to produce only

CH 30
HO: : ;;'CH3

one of the three possible diastereomeric dimers. This is clearly attribu-~
table to reaction at the anode surface. It 1llustrates that because of
the heterogeneous and catalytic nature of an electrode reaction, one has
some unique possibilities for selectivity.

Very recently it has been shown that electrode surfaces can be
chemically modified.!3 Although no useful reactions have come from this
work, it has been shown that organic molecules can be covalently attached
to electrode surfaces and that these modified surfaces impart selectivity
to electrochemical reactions which is not otherwise avallable. Attempts
have also been made to increase the selectivity of electrochemical reac-
tions by adsorbing material on the electrode surface., In particular if
chiral alkaloids are adsorbed on mercury, it is then possible to perform
the asymmetric reduction of prochiral ketones tc chiral alcohols, An
optical yield of 54% has, for example, been reported for the reduction of
4-acetyl pyridine in aqueous-ethanol using strychnine as the catalytic,
chiral reagent.1

Cleavage Reactions - Two of the most common cathodic processes are hydro-
genation of double bonds (C==C, C==0, C==N, N==N) and cleavage of C—X
bonds. 13 Virtually any organic bromide or iodide is electroactive and can
be cleaved under the proper conditions. The products from RX are general-
ly RH and/or RR depending on R and the conditions. Cleavage of Cl, OH,
NR,, OR, and CN is also possible, but in these cases it is generally neces-
sary to have an activating group in the molecule. The electrochemistry of
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functionalities like Ar—CH,X, ArX, -C=C-CH,-X, -COCH,X, ~-CHX, have, for
example, received study. We show here a few cases of cathodic C—O bond
cleavage, 16-1

Ph,C=CH~CH,0H - Ph,C=CH-CHj 95% oH
HOCH,-CO~CH-CH, ~ CH3-CO-CH-CHj CHs
1 ] \i 1
OH OH OH OH
H DMF CH30
CH30 O ic”\
3
CHj R
H40
CHs | oME oH
CH R M\‘CHa
CH30
CHg CHj
1] 1]
R = CH,CH,CH=C-CH,CH,CH=CCH3 CH R

The latter reactions demonstrate the general phenomenon that aprotic
solvents favor cleavage and protic media favor hydrogenation. Both path-
ways involve direct electron transfer from the cathode to the substrate.
The resulting anion radical can either cleave the C—O bond or be proton-
ated on carbon by phenol. The former reaction leads to cleaved hydrocar-
bon by a second electron transfer and protonation. The latter process is
also completed by electron and proton transfer giving the saturated alcohol.

A major use of reductive cleavage is deprotection., This has been
investigated for the case of alcohols and amines which have been protected
as tosylates.18 Using DMF and a Hg pool cathode, 70-807% yields of the
corresponding alecohols or amines are obtained from simple tosylates or
tosylamides. Application to amino acid synthesis is successfull® and al-
though this method would presumably have limitations in polypeptide syn-
thesis, it is useful for mild, economical, large scale deprotection.

RCH—CO7" RCH—CO, ™
1] > +|
NH—Tos NH4
Yields of 65-907 are obtained on a 50 g scale for fourteen different amino
acids. Cleavage of benzyl and carbobenzoxy groupsls is also possible.

These deprotection reactions exist as alternatives to catalytic
hydrogenation and acid catalyzed hydrolysis. Another alternative for
alcohol deprotection is anodic oxidation.20

Ar-CH,-0-R —=2€+ AYCHO + ROH
The simple alcohols are released in good yield and provide a complimentary
technique which avoids reduction or hydrolysis of other sensitive portions
of a complex molecule.

Another anodic cleavage reaction which has been used 1s bis-decar-
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boxylation.?! TIts utility derives from use of maleic anhydride as a
dienophile in the construction of polycyclic aliphatics. An example is:

—_—

CO,H
CO,H

Anodic Substitution - In the past few years a number of anodic substitution
processes have been discovered.?? The scope of these reactions is defined
and often they provide the method of choice for performing the particular
transformation., These processes generally use non-aqueous solvents which
have a combination of polarity and relative inertness to oxidation. A
general scheme is: RH + Nuc > RNuc + Ht, Both aromatic and aliphatic com-
pounds have been substituted in this way and C—0, C—N and C—C bonds can
be formed. Considering aromatic substitution, the mechanism generally in-
volves direct electron transfer from the aromatic to the electrode.
Although the timing of nucleophile attack and loss of a second electron

has not been elucidated and the importance of the surface is generally un-
known, a conceptually useful mechanism is:

0 =~® %0 -0

Ar-NHCOCH3, Ar-0,CR and ArCN have been synthesized in this way?? and the
position of substitution can often be predicted from calculation of charge
densities in the cation radical.

For Ar-0 bond formation, the solvent is often used as the nucleophile.
Thus, for example, a mixture of trifluoroacetic acid and nitromethane is
sufficiently conductive, does not oxidize at potentials up to 2.4 V vs
Ag/Ag+ and traps cations formed in oxidative processes to form trifluoro-
acetate esters. Using this medium for electrolysis and an aqueous work-up,
it 1is possible to perform aromatic hydroxylation reactions, often in yields
of 75%.23

ArH 2 Ar0,cCF; —2% Aron

Aromatic hydroxylations of any kind tend to be unsuccessful because the
phenol produced is more reactive than the reactant, ArH. 1In this case,
however, only the trifluorocacetate ester, Ar0,CCF;3, is present in the
electrolysis mixture, and it is less reactive than the original ArH. One
of the more interesting aspects of this reaction is that aromatic carbonyl
compounds can be hydroxylated preferentially ortho, para in contrast to
thelr normal meta directing character.

Alkoxylation reactions provide another route to C-0 bond formation.2?
This reaction is limited in scope to activated aromatics because of alcohol
oxidation, but a number of useful syntheses have come about. Recent papers
have, for example, demonstrated that functionalized quinones can be syn-
thesized by blocking the carbonyls in this fashion,?" and that 4,4-
dialkoxy-2-butenoates are available from furfural,?5
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0CH3 CH3Q  OCH3
i Q/ /Q caao)QN OCHs

oCHs CH30” TOCH;

Another useful substitution reaction giving, in this case, Ar-C bonds
is aromatic cyanation. Due to the ease of oxidation of cyanide, this reac-
tion is limited to activated aromatics, but direct replacement of hydrogen
or RO by cyanide is so uncommon this process should have application.?

OCH 3 OCH CHj
_ CN
-2e -2e
CN= “on-
CN

Conversion of aliphatic C-H to C-N or C-0O bonds can also be accom-
plished anodically. Aryl groups, nitrogen and oxygen atoms are relatively
easy to oxidize and direct the substitution position a.

CHj3 CH, X

0 = O
@ N N OCH3
[ '

Indeed, the former example illustrates a severe limitation of anodic
aromatic substitution. Unactivated aliphatic positions can also be sub-
stituted if solvents which are inert to oxidation are employed.2

NN -

NHCOCH 3

Construction of Heterocycles and Organometallics - Although there are many
odd examples of heterocycle formation, especially from anodic processes,
there are only a few which were preconceived and which would seem to have
generality. Notable among these 1s a series of cyclization reactions of
o-substituted nitroaromatics studied by Lund and coworkers,28 e.g.,

0_

NO, N
N02
Qr,, — Q)=
cs 58% H=C (COCH )
- 3)2 70 A COCH
NO,
oL, ~0, =
H-CH-NO, R
¥ L

OH R
The tetrazole-formazan conversion can be accomplished oxidatively in very

high yield for a number of cases.?29
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+
/ \ N=NH~Ph e @_ N=N-Ph _
QCO_<N—NHPh - co \i l X

S N-N-Ph

In other oxidative processes one simply takes advantage of internal
trapping of cationic species by nucleophiles

I PE

Although studies directed toward the synthesis of organometallics
have a limited scope, two interesting and useful types of processes have
been developed. A number of routes to alkyl metals have been developed31
and, indeed, tetraalkyl lead compounds are produced commercially by an
electrochemical route. Two reactions are shown here in which organometal-
lics are oxidized. The oxidation releases an alkyl group at a "dissolving'
anode producing the desired product.

Pb(anode) + CH3MgCl ~ (CH3),Pb
Hg(anode) + Al(C2H5)4— > Hg(Cp_Hs)z + Al(C2H5)3

The second general scheme involves interception of reduced metal
species formed cathodically. For example:

CH=CHCO,H

OH

- - - 9
Ni(acac)2 + 2e > Ni(0) + 2(acac) , acac = CH3-C—CH=C—CH3

Ni

Ni(0) + [::::) — [:gééi

In this particular example reduction of the Ni(II) complex produces Ni(0)

which can be trapped by certain ligands. The competing reaction is forma-
tion of metalilic nickel which is unreactive toward cyclooctadiene. Using

this method a number of cyclooctatretaene (COT) have also been formed. Ex-
amples are Ni(COT), Fe(COT)z, Ti(COT)2 and CZHSTi(COT).

Summary - The reactions illustrated here have usually been discovered and
developed by chemists primarily interested in electrochemistry, not
synthesis. Thus, few attempts have been made to electrosynthesize complex
molecules or to develop the reactions in the sense that other organic reac-
reactions are usually refined for synthetic purposes. The next few years
should see this situation change and electrodes will be more widely used

as powerful, specific and controllable heterogeneous catalysts.
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Chapter 32. The Use of Stable Isotopes 1n Medicinal Chemistry

Sidney D. Nelson and Lance R. Pohl, Laboratory of Chemical Pharmacology,
National Heart, Lung, and Blood Institute, Bethesda, Maryland 20014

I. Introduction - Stable isotopes have been used increasingly in recent
years in a variety of chemical and biomedical applications. Intensified
interest in the use of stable 1sotopes is reflected by the convening of

two international symposia on the subject wiEhin the fast two_years.™?
Expanded use of stable isotopes, especially “H, 130, 9N and ! 0, derives
from the development of sophisticated instrumepntation (nmr, ir, esr and ms)
the greater availability of enriched isotopes,3 and an espousal on ethical
grounds for non-radiocactive techniques in human studies, particularly for
neonates and pregnant women. One report has appeared on the lack of toxic
effects observed in vivo with carbon-13 replacement of carbon-12.% The ma-
jor disadvantages of the use of stable isotopes is the lack of simple, in-
expensive instrumentation for detecting the isotopes and the cost of syn-
thesizing the labeled compounds. These and other advantages and disadvan-
tages of using stable isotopeg are discussed more thoroughly in ref. 1

and in an earlier commentary.

Two articles appear in 1975 which cover most of the literature on
the use of stable isotopes up to that year. The first was a review of stu-
dies with deuterated drugs® and it also covered the toxicological and ther-
apeutic aspects of deuterium oxide (heavy water). The second article re-
viewed mass spectrometry.7 Since the mass spectrometer has been the instru-
mental tool for most of the research that employs stable 1isotopes, the
article covered many references on stable isotopes as well.

This review is intended to survey those uses of stable isotopes which
are of particular importance in medicinal chemistry. These include theilr
use in 1) structure elucidation, 2) studies of drug metabolism, 3) pharma-
cokinetic analysis and 4) drugs used in therapy. The use of stable iso-
topes for investigating intermediary metabolism, and their rapidly expand-
ing use in clinical chemistry will not be reviewed since these topics have
been covered elsewhere.l,8 Synthesis and biosynthesis with stable isotopes
have also been previously surveyed?,10 and many articles appear in each
issue of the Journal of Labelled Compounds and a few have appeared in Bio-
medical Mass Spectrometry in the past year. In addition, one recent article
has appeared on the use of plants to continouslf produce stable isotope
labeled compounds of pharmacological interest.l

IT. Use of Stable Isotopes for Structure Elucidation - Mass spectrometry
is commonly used in medicinal chemistry to determine the structure of
therapeutic agents and their metabolites. The unequivocal interpretation
of the mass spectrum for most classes of compounds requires the use of
derivatives which are labeled specifically with stable isotopes. For
example, the loss of 16 mass units from hydroxamic acids was shown to be
due to the loss of the hydroxylamino oxygen by specific labeling with
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oxygen—18.12 The principal modes of fragmentation of N-acyl derivatives of
daunosamine, the glycoside moiety of the antitumor antibiotics daunomyecin
and adriamycin, were determined using specifically deuterated derivativest3
A study of the fragmentation pattern of deuterium and oxygen-18 labeled

derivatives of cytosine nucleosides established that a major fragmentfzion
process occurred that was absent in the spectra of other nucleosides, The
various fragmeniation pathways for prostaglandins A, B, E, and F were de-

termined by the use of specific derivitization with dg-tetramethylsilane.

Peptides are becoming increasingly important in medicinal chemistry,
and the elucidation of peptide and protein structure has rapidly expanded
in the past year. Lithium aluminum deuteride reduction has been used to
determine the primary structure of a carboxypeptidase inhibitor from po-
tatoes, and combinations of deuterated and fermethylated derivatives have
revealed structures of several oligopeptides. 7 The amino acid sequence
of other peptides was determined by Edman degradation using p-bromophenyl-
isothiocyanate.ls‘zo This technique utilized the ion-doublet arising from

9Br and 81Br to unequivocally identify the p-bromophenylthiohydantoins of
the amino acids.

15

The use of nmr and ir in conjunction with labeling using stable
isotopes is important in solving many structural problems which cannot be
readily solved by other methods. This is particularly true in the study of
dynamic systems where the structure or conformation of a medicinal agent is
subject to change. A relevant example in the literature is the work that
has been done on the anticoagulant, warfarin (l)-21’22 This compound can
potentially exist in solution in several different tautomeric forms, After
specifically labeling warfarin in 4—hydroxgcoumarin (1), 2-hydroxychromone
(2), and the cyclic hemiketal (3) with 13¢ in the lactone carbonyl group,
the tautomeric equilibrium of warfarin was investigated by13C—nmr analysis.
The cyclic hemiketal diastereomers (3) were found to be the predominant
tautomers in solutiomn.

3

In otherl3C-nmr studies, the effect of pH on the structure of pheno-
barbital and diphenylhydantoin23and on the conformation of amino acids
and peptides24has been examined using thel3c-enriched drugs.



Chap. 32 Stable Isotopes Nelson, Pohl 21

Dynamic interactions of medicinal agents with biological macromole-
cules, such as plasma proteins, receptors, or metabolizing enzymes is an-
other area which can be studied by nmr and ir using drugs specifically
labeled with stable isotopes. Several examples exist in the blochemical
literature and the procedures can be adapted to the study of organic
medicinals. For example, amino acid sjide-chains have been labeled with
carbon-13 enriched electrophiles and Lc_nmr was then used to elucidate
the reacting side-chain functionality.25 An extension of this technique
would be to use active-site directed enzyme inhibitors, some of which are
drugs, to probe the active sites of enzymes. Recently, 15§- and 2H-nmr
techniques have been applied to studies of macromolecular structure inclu-
ding work on heme-peptide interactions in hemoglobin,26 phospholipid-mem-
brane interactions,272§nd the interaction of oxytocin with its protein
carrier, neurophysin.

ITII. Use of Stable Isotopes in Studies of Drug Metabolism and Toxicology -
Since the advent of mass spectrometry (ms) coupled with gas chromatography
(gc-ms), stable isotopes have been used extensively in the study of drug
metabolism. The use of ms in the field of drug metabolism has been re-
viewed,29’30 and both reviews cover the use of stable isotopes. There are
several ways in which stable isotopes have been used to study drug metabo-
lism and these will be covered individually.

A. Quantification of Drugs and Metabolites - Stable isotope dilution, a
technique in which the unlabeled drug is dosed and the labeled substance
serves as carrier and internal standard for measurement of the drug and its
metabolites in biological fluids, is the most widely used applicat%ie33f
stable isotopes. This technique has been comprehensively surveyed and
need not be detailed here. An international symposium on this subject was
held in Ghent, Belgium in June 1976 and the proceedings soon will be pub-
lished (A. Deleenheer, ed.). Additional new references appeared throughout
1976 in every issue of Biomedical Mass Spectrometry and most other journals
relating to drug metabolism. Three articles of special interest to users
of stable isotopes and ms for quantitative purposes are 1) "Limits of
Detectiogn of Carbon-13 Labeled Drugs and Their Metabolites in Human
Urine",3 2) "A Comparison of Unlabeled and Labeled Ins%rnal Standards for
Quantification by Single and Multiple Ion Monitoring'", and 3) "A Review
of the Statistical Considerations Involved in the Treatment of Isotope
Calibration Data'.

Two general methods utilizing the stable isotope dilution technique
have been successfully used for the quantification of drugs and their
metabolites by ms. The simplest, but least sensitive and specific method,
is a non-chromatographic technique that utilizes chemical ionization mass
spectrometry (cims) and internal standards labeled with stable isotopes.
This method has been used to quantify the antiarrhythmic drugs, lidocaine
and quinidine and some of their metabolites, in human plasma samples.

The second, most widely applied method, utilizes the high resolving
power of the gas chromatograph and a technique for selected monitoring(mass
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fragmentography) of the gas chromatographic effluent. This method allows
for the quantification of picogram quantities of both endogenous and exo-
genous substrates, such as prostaglandins, which otherwise cannot _be
specifically measured in biological samples, Exhaustive reviews, 38,39 4
the uses of this technique have recently been published, and most ex-
amples employ stable isotope dilution assays.

B. Twin-Ion Technique - This technique was used originally to follow the
metabolism of chloropromazine, because the lons from the drug and its
metabolites which contained chlorine could be easily recognized in a mass
spectrum by the natural isotopic pattern of 35¢1 and 37¢1.40 oOther inves-
tigators socen applied this technique to biotransformation studies of non-
halogen—contai%ing compounds by incorporating stable isotopes such as 2H,
13¢ >N and 0 into the compound under investigation. Examples ogldrugs
that have been investigated b{ this technique include testosterone, nor-
triptyline 42 d—propoxypheni 3 4-morpholine-2-piperazinothieno [3,2-d]
pyrimidinea and estrogens. More recently the technique has been used in
conjunction with cims to rapidly elucidate the structure of 3 previously
unidentified metabolite of warfarin using a 1:1 mixture of ““C-benzylic
warfarin and unlabeled drug.46 The ion-doublets arising in the chemical
ionization mass spectrum of the metabolite helped identify the compound as
the benzylic alcohol (4). Similarly, the administration of an equimolar
mixture of unlabeled and 1N-labeled phenoxybenzamine to rats, dogs, and
man facilitated the identification of urinary metabolites of this antihis-
tamine using gc-cims by viESue of the conspicuous equal~intensity ions in
the recorded mass spectra.

Application of cims and the twin-ion technique, using 2y-labeled com-
pounds, has been made in the past year to better define mechanisms of drug
toxicity for acetylhydrazine, a hepatotoxic metabolite of the antitubercu-
losis drug isoniazid, and isopropylhzdrazine, a hepatotoxic metabolite of
the antidepressant drug, iproniazid. Highly reactive acylating and
alkylating species were generated by the oxidative metabolism of acetyl-
hydrazine and isopropylhydrazine, respectively. These reactive metabolites
bound to tissue protein and caused tissue necrosis. The reactive inter-
mediates were trapped using cysteine as an alternate nucleophile and a com-
parison of the ratio of hydrogen and deuterium in the cysteine adducts to
the ratio in the initial substrates showed that the entire acetyl group of
acetylhydrazine and the entire isopropyl group of isopropylhydrazine were
transferred in the acylation and alkylation process. This suggested the
formation of possible cationic or free radical intermediates.

Approximately equimolar mixtures of trideuterated diethylstilbestrol
and unlabeled diethylstilbestrol also have been used to study the metabolic
activation of diethglstilbestrol to potentially toxic metabolites by rat
liver homogenates. Reactive polar metabolites were converted to non-polar
metabolites by enzymatic methylation. The ilon-doublets arising in the mass
spectra of these derivatives guaranteed that these compounds were metabo-
lites of the substrate and also helped to establish their structures.

C. Comparative Metabolism of Enantiomers - Many drugs possess one or more
chiral centers and the pharmacological activity of the wvarious isomers may




Chap. 32 Stable Isotopes Nelson, Pohl 32

differ considerably., This difference 1s often due to stereoselective
metabolism of a particular isomer. An elegant method for investigating the
comparative metabolism of enantiomers is to administer a 'pseudoracemate’
in which one enantiomer is labeled with a stable isotope. The enantiomeric
ratios for the drug and its metabolites can then be determined while the
activity of the drug is being monitored. This technique has been applied
to investigations of the differential metabolism of the enantiomers and
racemate of the psychotomimetic amine, 1-(2,5-dimethoxy-4-methylphenyl)-2-
aminopropane (5),51-53and amphetamine (g).55 Results in both cases showed
that the racemate and individual enantiomers are metabolized differently.
For example, comparison of separate incubations of R-amphetamine (R-6)

with those of S-amphetamine~d, (S~7) and of S-amphetamine (S5-6) with those
of R-amphetamine-d,(R-7) showed that larger amounts of the N-hydroxyamphet-
amines, 8 and 9, and the alcohols, 10 and 11, were formed from the R-en-
antiomers. However, when pseudoracemic mixtures of R-6/S-7 or R-7/5-6 were
incubated the metabolites were preferentially formed from the S-isomer. It
was concluded that S-amphetamine or one of its metabolites inhibited the
metabolism of the R-enantiomer.

OCH,
CH CH, CHyo_~CP2 ¢ _-CR,
N z\fH/ 3 z\fH "z\f“
o NH, HN—R, OH
CH,
OCH,
Ry R Ry
§ § H H L
2 H W 1
8 OH H
9 OH W

Simultaneous measurements of plasma levels of deuterated and unlabeled
d- and l-propoxyphene revealed that the plasma levels of the more analge-
sically active d-isomer were higher and the half-life was longer.55 On the
other hand, simultaneous measurements of (+)- and (-)-propranolol indicated
no differences in the rate of elimination of the isomers in dogs.56 Final-
ly, the metabolism of carbon-13 labeled R- and S- « -methyldopa has revealed
a high degree of stereoselectivity favoring the S-enantiomer for both
transport across the blood-brain barrier and brain decarboxylase activity.s7

D. Use of Isotopes in Studying Enzymatic Mechanisms of Drug Metabolism -
The most widely used stable isotope in determining enzymatic mechanisms igs
deuterium because of the large mass difference between it and hydrogen.
This mass difference leads to differences in the zero-point energy of a
bond to deuterium and hydrogen which in turn leads to isotope effects on
the rates of metabolic processes where cleavage of a C-H vs. C-D bond is
rate-determining. Because the oxidative metabolism of drugs usually in-
volves such a process, there are many examples of isotope effects on the
metabolism of drugs. Two recent articles have appeared on theoretical
treatments of kinetic isotope effects which shoul%gb%oof help in designing
more interpretable deuterium isotope experiments, ~7?*
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Aromatic hydroxylations do not in general exhibit kinetic deuterium
isotope effects since the rate-determing step is the heterolytic cleavage
of a carbon-oxygen bond of an intermediate arene oxide. Small iso-
tope effects have been found and may have been due to secondary deuterium
isotope effects, Such effects have been observed for peracid-type oxida-
tions.62 However, significant isotope effects (ky/kp = 1.3-1.75) are
associated with the aromatic meta-hydroxylation of benzene substituted with
electron-withdrawing substituents, possibly indicating a different oxy-
genation mechanism or change in rate-determing step.

Other common pathways of drug metabolism include oxidative O- and N-
dealkylation. Deuterium isotope effects gf ~ 2 have been observed for the
O-demethylation of a variety of anisoles. 4-66 Small isotope effecg;

(k,/k; ~ 1.3) have been observed for the N-demethylation of amines. ,68
The effects are exclusive of secondary effects on amine basicity as de-
termined in one of these studies.b8 Studies of the oxidative dealkylation
by liver microsomes of deuterated N-alkylamphetamines has indicated that

a ~carbon oxidation was responsible for dealkylation of the S-enantiomers,
whereas N-oxidation wga probably the rate-determining step for dealkylation
of the R-enantiomers. Several other studies have bign carried out on C-
vs. N-oxidation of amphetamines using atmospheres of 02 and deuterium
labeling, and mechanisms have recently been reviewed.70

Two examples of unusually large deuterium isotope effects in biologi-
cal systems have been observed. The oxidative O-demethylation of trideu-
teromethoxy anisole showed an isotope effect of ~10 in vitro,55 and the
oxidation in vivo of cotinine, a nicotine metabolite, to 3-hydroxycotipine
showed an isotope effect of ~7 when 3, 3-dideuterio-cotinine was used.

A recent study has employed deuterium labeling to show that the
mechanism for the oxidative N-demethylation of nicotine may involve two
modes of breakdown for a proposed carbinolamine intermediate, dealkylation
with formaldehyde foimation and dehydration to an iminium ion.72 The for-
mation of such an sp“~hybrid intermediate may help to explain why
both a primary and substantial B -secondary deuterium isotope effect were
observed for the N-deethylation of the antiarrhythmic agent, lidocaine.

In contrast, only a primary isotope effect was observed on the rate of oxi-
dative O-deethylation of deuterated analogs of the analgesic, phenacetin.74
These results indicate differences in the mechanism of oxidative O- and
N-dealkylation. A final example of the use of secondary deuterium isotope
effects in studying enzymes involved in drug metabolism revealed an SN-2-
like transition state for the transfer of a methyl group catalyzed by
catechol-0-methyl transferase.

E. Switching of Metabolic Pathways with Deuterium - The magnitude of
deuterium isotope effects observed in drug metabolism varies considerably
and apparently is influenced by the availability of alternate pathways of
metabolism. Recent evidence suggests that if a drug is metabolized by
multiple alternate pathways, the metabolism may be shifted by deuterium
labeling at a site of metabolism.’6 Studies both in vivo and in vitro

on the effect of deuterium substitution on N-demethylation and on the con-
version of a methyl group to a hydroxymethyl group have been investigated
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for antipyrine, and caffeine.’6In both cases examined, deuterium sub-
stitution 1n one position switches metabolism to an alternate position.

For example, the metabolism of antipyrine (12), N—Czﬂa—antipyrine (13),

and 3-C2H3—antipyrine (14) were compared. The major urinary metabolites

of 12 and 13 were 4-hydroxy- and 3-hydroxymethylantipyrine. In contrast,
the major metabolites of 14 were 4-hydroxyantipyrine and N-demethylanti-
pyrine; the metabolism of antipyrine was switched by deuterium substitution
from hydroxylation of the methyl group on C-3 to N-demethylation.

CeHg CeM5 CeMg
] ) .
N ~N
OX Ny~CRy OK Ny CR3 N OK Y
CH3 CHy—OH HO CH3
12 R=H
13 R=24
CgHg CeHs Cels
: [ N
N N
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These results indicate that the metabolic disposition and thereby the
pharmacological activity, whether efficacious or toxicological, could be
modified by selective substitution of deuterium for hydrogen. A new
combination antibacterial contains 3-fluoro-D-alanine-2-d which is an
excellent example of selective deuteration to enhance the pharmacological
activity of a therapeutic agent.’? The metabolism in vivo of 3-fluoro-D-
alanine is reduced several-fold by substitution of deuterium for hydrogen
on the 2-position without loss of antibacterial activity. This enhances
the therapeutic index of the compound because metabolism of 3-fluoro-D-
alanine leads to the formation of an inactive antibacterial and fluoride
which is nephrotoxic.

F. Use of Isotopes to Study Reactive Metabolites - Most drugs are metabol-
ized to inactive and sometimes more active metabolites. However, a few
drugs are also metabolized to reactive, often toxic, metabolites which bind
to tissue macromolecules (RNA, DNA, and proteins) and can lead to carcino-
genesis, mutagenesis, or tissue necrosis.’8 Stable isotope labeling has
been used to examine mechanisms in the formation of these reactive metabo-
lites. Two examples have already been presented in Section IIIB using the
twin-ion technique (ref. 48-50). Mechanisms for the covalent binding of
arylating metabolites of the widely used analgesics p-hydroxyacetanilide
(acetaminophen) and p-ethoxyacetanilide (phenacetin) to hamster microsomal
protein have also been investigated using *°0 .79 The mechanism of reactive
metabolite formation from acetaminophen was found to be different than that
for phenacetin in vitro.




326 Sect. VI - Topics in Chemistry Counsell, Ed.

Anti-cancer drugs such as cyclophosphamide (15), aniline mustard, and
nitrosoureas are transformed to reactive metabolites which are the toxic
species required for their anti-cancer activity. 0 Experiments with selec-
tively deuterated analogs of these drugs has distinguished which pathway,
among several alternative pathways of metabolism, is responsible for anti-
tumor activity. For example, a deuterium isotope effect was observed for
the formation of 4-ketocyclophosphamide (16), formed by the oxidation of
the carbon alpha to the phosphoramide nitrogen, but there was no isotope
effect on the anti-tumor activity. However, there was a marked effect on
the subsequent B-elimination reaction and consequent decrease in anti-tumor
activity by deuterium substitution at C-5. Thus, the formation of acrolein
and phosphoramide mustard is rate determining for the anti-tumor activity
of cyclophosphamide.
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The carcinogenicity of dimethylnitrosamine and 4-nitrosomorpholine was
reduced by deuterium substitution for hydrogen on carbon atoms alpha to
the amino nitrogen.sl'82 Consistent with the hypothesis that alpha-carbon
oxidation 1s required for reactive metabolite formation from nitrosamines,
there is a substantial primary deuterium isotope effect (kﬂ/kD = 3.8) on
the rate of dimethylnitrosamine N—demethylation.83 Specific deuteration
of 3-methylcholanthrene, a potent polycyclic hydrocarbon carcinogen,
showed that oxidation of the l-carbon atom is critical in the tumor-initia-
ting process in mouse skin.

Stable isotopes other than deuterium have also been used in some novel
approaches for studying reactive metabolite formation. Benzo[alpyrene,
another potent polycyclic hydrocarbon carcinogen, was jincubated with co-
factors and rat liver microsomes in an gtmosphere of 8502 to investigate
whether or not 6-oxybenzo[alpyrene radical was formed. Electron spin
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resonance analysis indicated that very small or undetectable amounts were
formed enzymatically. On the contrary, a radical was formed non-enzymatic-
ally by air oxidation of benzo[alpyrene after extraction of the metabolites
from the incubation mixture. Infrared analysis was used to determine that
the increase in carboxyhemo§lobin formation subsequent to the administra-
tion of methylene chloride- 3¢ to rats, is caused by its metabolism to car-
bon monoxide.

IV. Use of Stable Isotopes in Pharmacokinetics -~ The quantification of
drugs and thelr metabolites by isotope dilution using gc-ms has been
applied by several investigators to study the pharmacokinetics of drug
metabolism, distribution, and excretion. The basic approach used in these
investigations is illustrated by studies with amphetamine and pheutermine§
caffeine, mephobarbital, secobarbital and antipryine.88 More recently,
two elegant adaptations of the general procedure have been used to deter-
mine absolute bloavailability89,90 and steady state kinetics.91,92

The absolute bioavailability of N-acetylprocainamide was determined
by administering intravenously thel3c-1abeled drug at the same time the
unlabeled drug was given orally.89’90 Plasma levels and urinary excretion
of both compounds were quantified with the use of a dg-labeled internal
standard. Oral absorption was found to be within a range of 75% to 90% in
three human subjects and peak plasma levels were attained in 45-90 minutes.
The slow absorption rate of N-acetyl-procainamide, coupled with a long half
life for elimination plus therapeutically effective plasma levels, make
the compound attractive as an oral anti-arrhythmic agent. The stable iso-~
tope procedure that was used to determine these parameters offered the
advantage of determining the biloavailability and first-pass effects of the
drug from a single study by the analysis of only one set of blood samples,
and permitted the determination of the kinetics of drug distribution and
elimination at the same time that the absorption was under investigation.

The steady state kinetics of methadone9l and propoxyphene32 were in-
vestigated by substituting the daily dose of the unlabeled compound by
a deuterium labeled derivative, and following the plasma half-lives of
both drugs. The half-lives of the deuterated derivatives were found to be
three to seven times shorter than the unlabeled drugs, which had been
administered chronically. These results suggested that deep pools of tis-
sue-bound, unlabeled drug existed which were not readily available to the
deuterated derivatives. This experiment illustrates the importance of this
technique for investigating the complexities of steady state pharmaco-
kinetics.

In summary, stable isotopes are being effectively used in many areas
which either directly or indirectly affect research in medicinal chemistry.
Hopefully, this review has highlighted those areas of interest to most
medicinal chemists,
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114
aminophylline, 86, 94
aminopolyol, 113
aminopyrine, 201
aminodarone, 41

amitriptyline, 4

amobarbital, 201
amoxycillin, 102
amphetazmine, 257
amphetamine, 5, 9, 203
amphotericin B, 117
angiotensin, 62, 63
anhydro ara-C, 121

anodynin, 23

w
w
—

114, 131
135
261
7, 9, 204
116
176
250, 253

ansamycins,
anthramycin,
antipain,
antipyrine,
aplasmomycin,
apocodeine,
apomorphine,
R-apomorphine, 175
S-apomorphine, 176
apomorphine diesters,
apramycin, 112, 113
aprindine, 40
ara-C, 121, 125
arachidonic acid,
arginine, 94
arginine-8-vasopressin,
l-ascorbic acid, 185
asparaginase, 122
aspirin, 80, 81
asterriquinone,
asukamycin, 116
atenolol (ICI 66,082),
atropine, 94
autoprothrombin C (Factor X),
AY-24559 (doxaprost), 73
8-aza-6-thioguanine, 122
azabuperone, 6
5-azacytidine,
azidomorphine,
azlocillin,
AZQ, 120
B-43, 115
baccharin, 124
bacillomycin B,
bacitracin A, 134
baicalein, 75
Bayer 1040 (nifedipine),
BC-2605, 24 :
BCG, 125
BCNU, 120, 125
BD-40A, 71, 72
beclomethasone dipropionate,
74
bencyclane,
benperidol,
benzetimide,
benzo[a]pyrene,
benzofuran,
benzomorphans,
benzothiepins,
benzydamine,

204

81, 168

33

124
63

84

121
25
101

115

65

73,

51
251
202
326
194
24
26
185, 186



33

122
52
206

bestatin,
betahistine,
bethanidine,
bicyclomycin, 117
biglumide, 15
biphenylacetic acid,
bisobrin, 87
bitolterol, 72, 204
BL-3459, 84
BL-3677A, 41
BLS~578 (cefadroxil), 103
BLS-640 (SKF-60771) (cefatrizine),

207

103
BLS-786, 104
BM~15,100, 76
bombesin, 94
boron betaine, 122
bottromycin Ao, 115
bretylium, 42
brevistin, 115
brinase, 86
BRL-8242, 65
BR1.-10833, 77
BRL-13776, 66
BRL-14151 (clavulanic acid), 105
bromazepam, 10
bromazepine, 205

2-bromo-c-ergocryptine (CB-154),

177
bromoperidol, 251
BS 100-141, 61
BU-1014, 10
bufroline (ICI 74917), 76
bufuralol, 203
bulbocapnine, 176
bunitrolol (KO 1366), 63
bunolol, 203
bupicomide (Sch 10,595), 65
buprenorphine, 24
(+)-butaclamol, 250, 251, 256
(-)-butaclamol, 250, 256
butalamine, 55
butamisole, 142
butirosin, 110
butorphanol, 24

N~n-butyl-N-n-propyl-dopamine, 174

C 2801X, 102

C 9333-GO (CGP 4540), 143
C. parvum, 125

caffeine, 7, 9, 166, 203
calcitonin, 94, 223

COMPOUND NAME AND CODE NUMBER INDEX

calcium, 94

calusterone, 123

cAMP, 224

candicidin, 132

canedine, 176

cannabinoids, 27, 124
canrenone, 203

capreomycin, 115
carbamazepine, 12, 204
carbamoyl mycophenolic acid, 123
carbazilquinone, 120
carbenicillin, 101, 111
carbenoxolone, 91, 186
carbuterol (SKF 40383), 71
carminomycin, 115, 116, 123
carnitine, 264

cartazolate (SQ 65,396), 12
Cavintod® (RGH-4405), 55

CB 154 (2-bromo-ca~ergocryptine),
177
CCNU, 121
CDC (chenodeoxycholic acid),
cefaclor (Lilly 99638), 103
cefadroxil (BLS-578), 103
cefamandole, 103
cefatrizine (BLS-640) (SKF-60771),
103, 104
cefazaflur (SKF 59962),
105
cefazolin, 102, 104
cefoxitin, 103
ceftezole (dimethyl cefazolin),
102
cefuroxime,
cephalosporin,
cephalosporin C,
cephalothin, 85
cephamycin (7~methoxy cephalosporin),
102
cerexins, 115
cerulenin, 117
CGP 4540 (C 9333-GO),
CGP 9000, 104
chenodeoxycholie acid (CDC),
clofluperol, 251
chloracyzine, 46
chloramphenicol, 115, 133
chlorazepate, 10
chlorimipramine, 3, 5
chlorocarcins A, B, C,
chlorodiazepoxide,

196

102, 104,

103

302
135

143

196

116
10



COMPOUND NAME AND CODE NUMBER INDEX 333

chloroform, 86

chlorpromazine, 251

chloroquine, 188

cholecystokinin octapeptide, 94

choleratoxin, 155

5a=cholest-8(14)en~3p-01-15-one,
193

cholestyramine, 193

chromonar, 44

CI1-683 (ripazepam), 10
cimetidine (tagamet, SKF 92,334),

91, 92, 93
cinepazide, 45
cinnarizine, 52

CL-719, 195

CL-90,39%, 64

clavulanic acid (BRL 14151), 105
clenbuterol (NAB-35), 72

clindamycin, 113, 114, 141
clobazam, 11

clofibrate, 192
clonazepam, 11

60, 91, 92, 177, 206
clozapine, 7, 251, 252, 257
cocaine, 202, 203

coenzyme Qp, 123

colchicine, 124, 155
colestipol, 193
collagen, 80, 82
compactin, 116
Compound A, 76
concanavalin A,
conocandin, 116
cordycepin, 121
cortisol, 300
coumermycin Aq,
coumerose, 114
Ccp-35,587, 102
Cp-38,118, 102
CP-38,295, 115
CP-39,295, 146
CRC 2015, 10
crotepoxide, 125
cs-1170, 105

CT, 223, 227
cyclandelate, 51
cyclo-alliin, 87
cyclobenzaprine, 204
cyclophosphamide, 120, 125, 326
cyclosporin A, 115

cytochalasin B, 153

clonidine,

85, 154

114, 115

cyproheptadine, 204
D-40TA, 11
D 1959 (reproterol), 72
DALA, 22
damavaricin, 114
daunomycin, 133
daunorubicin, 123, 124
DNB, 6, 7
3-deazauridine, 121
11-deoxy-apomorphine, 176
2' -deoxycoformycin, 121
6-deoxyneomycins, 111
6-deoxyparomomycins, 111
beta~deoxysoterenol, 173
3" -deoxystreptomycin, 112
desipramine, 4, 186
N-desmethyl apomorphine (norapo-
morphine), 176
N-desmethyldiazepam, 10
4''-C-desmethylsisomicin, 112
desosamine, 111, 114
dexamethasone, 31, 184
deximafen, 2
D-glucaro-§-lactam, 110
cis-diamminodichloroplatinum IT,
123
20,25-diazacholesterol, 262
diazepam, 10, 11, 12, 166
dibenzazepines, 43
2,8-dibenzyl-cyclooctanone, 194
2,6~dichlorophenylguanidine, 206
2,6-dideoxystreptamine, 111
diethyldithiocarbamate, 34
N,N-diethyl-dopamine, 174
diethylstilbesterol, 261, 322
3H-dihydroalprenolol, 255
dihydro-B-ergosine (DQ 27-422),
53
dihydro-5-azacytidine, 121
dihydroergonine (DN 16-457), 53
3H-dihydromorphine, 255
10,11-dihydropicromycin, 113
dihydrostreptomycin, 130, 131
6,7-dihydroxy-2-aminotetraline-
(ADTN) , 177
1,2-dihydroxyaporphine, 176
6,7-dihydroxytetrahydroisoquinoline,
175
5,6-dihydroxytryptamine, 61
dimethyl cefazolin (ceftezole),
102



334 COMPOUND NAME AND CODE NUMBER INDEX

3-0,4-0-dimethyl~dopamine, 173
16,16-dimethyl PGE,, 94, 96, 97
4 ,N¥-dimethylhistamine, 91
2,4-dinitrophenol, 263
diphenylhydantoin, 320
diphenylhydramine, 15
2,3-diphosphoglycerate (2,3 DPG),
83
dipropylacetate, 206
dipropylacetic acid, 14
dipyridamole, 80, 83
disodium cromoglycate,
76, 77
disopyramide,
DIV-154, 2
DL-254, 12
DN 16-457 (dihydroergonine), 53
DNA, 124, 125, 163, 168, 169
L-dopa, 3, 300, 302
dopamine, 166, 173, 250, 253
doxantrazole, 74, 76
doxaprost (AY 24559), 73
doxycycline, 114
2,3 DPG (2,3-diphosphoglycerate),

40, 43

83

DQ 27-422 (dihydro-B-ergosine),
53

DTIC, 120, 122, 125

ECF-A, 153, 156
echinocandin B, 115
efrotomycin, 116

EHDP, 227
5,8,11,14-eicosatetraynoic acid-
(TYA), 83

ellipticine, 124

Embay 8440 (praziquantel), 142

endorphins, 20, 21

B-endorphin, 20

enkephalins, 20, 21, 22

enomycin, 115

enterocin, 115, 116

epinephrine,
255, 256

(-) -epinephrine, 251

ergometrine, 177

erythromycin(s), 113, 117, 131

erythronolide A oxime, 114

estazolam, 11

etamycin, 134

eterobarb, 12

etorphine, 24

73, 74, 75,

33, 80, 82, 166, 174,

ethacrynic acid, 186, 187

ethane-1-hydroxy-1,1~-diphosphonate,

227
ethyl apovincaminate, 205
N-ethyl-dopamine, 174
a-ethyl-isoproterenol, 174
a-ethyl-norepinephrine, 174
N-ethyl-norepinephrine, 174
ethyloestrenol, 86
everninomicins, 113
everninomicin B, 117
factor V, 84
factor VII, 85
factor IX, 85
factor X, (autoprothrombin C),
factor XI, 85
feldamycin, 115
fenbendazole, 141
fenoterol (Th 1165a), 71
fenoprofen, 303
fenoxedil, 55
feprazone, 82
fibrinogen, 84
ficellomycin, 116
FL 1060 (mecillinam), 101
fluanisone, 251
flubendazole, 141
flunisolide, 73, 74
flunitrazepam, 11
3-fluoro-D-alanine-2-d, 325
flupenthixol, 255
a=flupenthixol, 251, 255
B-flupenthixol, 255
3H-naloxone, 255
fluphenazine, 251, 253
flurazepam, 11
fluspirilene, 251
folinic acid, 121
formycins, 136
2-formylpyridine N-oxide, 122
fortimicins A, B, 112, 113
fosazepam, 11
fospirate, 142
FPL 52791, 74, 75
FR 1923 (nocardicin A), 105
FR 10612, 103
5-FU, 125
5-FUDR-5' -phosphate, 121

furosemide, 186, 187, 204
fusaric acid, 65
G-52, 112

84



COMPOUND NAME AND CODE NUMBER INDEX

GAG (RMI 71675), 14

D-galactosamine, 121

garamine, 111

gardimycin, 115

gastric inhibitory polypeptide,
94

gastrin, 92, 93, 9%

geldanamycin, 131

gemcadiol, 193

gentamicin, 110, 111, 113
gentamicin B, 111
gentamicin C-complex, 111
gentamicin Cyy, 112
gentamicin X,, 111
glucagon, 94
glucocorticoids, 167
glutaminase, 122

glutarimide(s), 13, 132
glutethimide, 206
GPA 2640, 12

gramicidin S, 134
griseoviridin, 115
griseusins A, B, 116
guanabenz, 61

NY-guanylhistamine, 91
B-102-09, 3
halofenate, 83, 192
halomorphides, 25
haloperidol, 7, 249, 251
H-haloperidol, 250, 256
halothane, 204
hamycins, 116
hematoporphyrin, 126
hementerin, 86
heparin, 84, 85
HETE, 154, 168, 182
heterocannabinoids, 15
2-hexadecanone, 194
hexobendine, 55
n~-hexylamine, 202
HHT, 182
histamine, 166
HL-A13, 162, 163
HL-A17, 162, 163
HMG, 195
horhammericine, 124
HR-546, 187
H-5~HT, 256
5-HTP (5-hydroxytryptophan),
HydergineR, 53, 54
hydralazine, 64

4

w
W

2-hydroxy-apomorphine, 176
20-hydroxycanrenone, 203
6-hydroxydopamine, 34, 173, 254
5-hydroxytryptamine, 61
5-hydroxytryptophan (5-HTP), 4
hyperthermia, 125

hypotensin, 66

1-2743-C, 115

ibuterol, 71

ICI 46,474 (tamoxifen), 123
ICI 66,082 (atenolol), 63

ICI 74,917 (bufroline), 76
ICRF 159, 122

ifosfamide, 120

IgE, 156

ilicicolin H, 115, 116

imidazo [1,2-c] quinazolines, 84

imipramine, 4, 186, 260

indapamide (SE 1520), 66

indoleacryloisonitrile, 116

indolmycin, 135

indomethacin, 62, 82, 9,
183-186

indoprofen, 82

inosine dialdehyde, 121

insulin, 94

iodipamide, 187
ipratropium bromide (Sch 1000),

72, 73
iproniazid, 204, 322
isoapomorphine, 176

S-N-isobutyl-norepinephrine, 174
isoniazid, 204
N-isopropyl-3,4-dihydroxyphenoxy-
propanolamine (MJ 9910), 174
N-isopropyl-3,5-dihydroxyphen~-
ethanolamine, 173
N-isopropyl-dopamine, 174
isopropylhydrazine, 204
N-isopropyl-N-methyl-dopamine, 174
isoproterenol, 94, 166, 204, 251,

255
R-isoproterenol, 173
S-isoproterenol, 173
isoxsuprine, 55
iturin, 115

Janssen R17934, 123
Janssen R28935, 61
JI-20A, 111
josamycin, 113
juvenimicins, 113



336 COMPOUND NAME AND CODE NUMBER INDEX

K-41, 115

K-52, 116

kalafungin, 116

kanamycin, 111

kessoglycol monoacetate, 15
ketazolam, 10

7-ketocholesterol, 193
KM-214, 116

Ko 1173 (mexilitine), 40
KO 1366 (bunitrolol), 63
1L-8027, 185

L-10492, 186

1L-10503, 186

labetalol (AH 5158), 64
laidlomycin, 115
lasalocids, 132
laterosporamine, 116
leucinostatin, 117
leucomycins, 114, 131
leupeptin, 261

lepetit 6150, 64

LF 178 (lipanthyl), 193
lidocaine, 321, 324
lidoflazine, 44

Lilly 99638 (cefaclor), 103
d-1limonene, 196, 205, 207
lincomycin, 114
lipanthyl (LF 178), 193
B-lipotropin, 20

lithium, 4, 20

LM 209, 74

lochnericine, 124

lofepramine, 4

lonomycin, 115

lorazepam, 10, 11

LSD (lysergic acid diethylamide),
177, 255

34-18D, 256

lucensomycin, 117

D-lysergic acid, 177

lysergic acid diethylamide (LSD),
177, 255

3H—lysergic acid diethylamide (LSD),
255

lysolipin I, X, 116

macrolide(s), 113, 131

macromomycin B, 124

macrotetrolides, 132

maduramycin, 116

magnamycin, 131

malformin C, 116

marasmic acid, 117
McN-2840-46, 43
ME-106, 71

mebendazole, 142
mecillinam (FL 1060), 101
mefenamic acid, 185
mefloquine (WR142,490), 140
melrosporus, 117

mepacrine, 183

meperidine, 201

mephenesin, 206
mephobarbital, 327
meprobamate, 183
meptazinol, 26, 207
mesoridazine, 15
metaraminol, 173
metatyramine, 173
metformin, 193

methadone, 26, 207, 327
(Me-lAC-)-L-methionine, 112
methoprene, 205

methotrexate, 121, 123
7-methoxycephalosporin (cephamycin),

102
5-methoxysterigmatocystin, 124
methsuximide, 202
5-methyl-5-aza~-2'-deoxyuridine,

121

3-methylcholanthrene, 326

16S methyl-13-dehydro PGE,, 96
methyldopa, 202, 323

methyl dopamine(s), 173, 174
5,10-methylenetetrahydrofolate,

121
methylenomycin B, 116
methylhistamine(s), 91
2-methyl-L-arginine, 116
methyl B-novioside, 114
N~-methyl=-N-n-propyldopamine, 174
a-methyl-norepinephrine, 174
a-methylornithine, 169
15R methyl PGE,, 96, 97
15S methyl PGE,, 96, 97

l1-methylpseudouridine, 121

9-methylstreptimidone, 132
methyltetracycline(s), 114
metiamide (SKF 92058), 60, 92, 93
metronidazole 125, 145

mexilitine (Ko 1173), 40
mexlocillin, 101
MG 8926, 43, 46



COMPOUND NAME AND CODE NUMBER INDEX

MIF, 152, 154

mimosamycin, 116
minocycline, 111, 141
mitomycin C, 124

MJ-8798-1, 173

MJ-9022, 6

MJ-9067, 43

MJ-9184-1, 173

MK-196, 206

MK-251, 41, 205

MK-302, 146

MK-~447, 184

MLC (morphine-like compound), 20

MLF (morphine-like factor), 20

monesin, 115, 131, 146

moperone, 251

morocromen, 45

morphinans, 24

morphine, 24, 184, 188

Motridﬁl 303

moxisylate, 55

mycosubtilin, 115

MYaK-38, 82

N-0164, 81, 185, 187

NAB-35 (clenbuterol), 72

nabilone, 15

nafronyl oxalate, 55

naloxone, 20, 21

naltrexone, 24

nanaomycin, 116

Naproxeéb, 184, 185, 303

narasin (A-28086), 115, 131, 146

nebramycin, 112

nectriapyrone, 117

neocarzinostatin, 122

neomycin, 193

neothramycin, 116

N-ethyl sisomicin (netilmicin),
110, 112

netilmicin, 110, 112

nicergoline, 54

nicotine, 201

nicotinyl alcohol, 55

nifedipine (Bayer 1040),
65

nikkomycin, 116

nitramisole, 142

nitrazepam, 10

nitrofurantoin, 84

nitrofurazone, 125

nitroscanate, 142

42, 45,

w
W

nitrosoureas, 120, 121

nocardicin A (FR 1923), 105

nonactic acid, 117

nonactin, 132

norapomorphine (N-desmethyl apo-
morphine), 176

norocaine, 202, 203

norepinephrine, 33, 166, 174,
255, 256

(-)-norepinephrine, 251

nortriptyline, 4, 322

noviose, 114

novobiocin, 114, 115, 134

nybomycin, 134

nystatin, 117

2-octanone, 194

octapeptin, 115

25-0HD, 224, 229

25-0HD,, 224, 227, 228, 229

1,25(0H) »D3, 224, 228

24,25 (OH) oD3, 224, 228

oncodazole, 143

OPC 2009, 72

Org 6001, 41

Org 6582, 2

Org NA 13, 42

OTMX (tixanox), 76

7-oxa=-13-prostynoic acid, 187

d-oxazepam hemisuccinate (RV 1208),
10

oxfendazole, 141

oxilorphan, 24

oxisuran, 206

oxypertine, 15

oxytocin, 321

p=3355, 116

PAF, 156

PATA, 122

PamineR, 73

papaverine,

parathyroid hormone,

patulin, 134

PC-904, 101

penfluridol, 251

D-penicillamine, 14

penicillin(s), 112, 135, 302

pentoxifylline, 55

pepstatin, 261

perhexilene, 45

PGD,, 83

PGE(s), 81, 82, 94, 95, 166, 167,
224, 230

50, 53, 54, 165, 166
94, 223



338 COMPOUND NAME AND CODE NUMBER INDEX

PGF, _,
pcedd’ 81, 83
PGH,, 81, 83

PGX (prostacyclin), 83

PHD (thromboxane Bsy), 81
phenacetin, 204, 325
phenelzine, 185, 186
phenobarbital, 196, 206, 320
phenoxybenzamine, 322
phenoxybenzamine, 34
phenprocoumon, 202
phensuximide, 202
phentermine, 327
phenylbutazone, 82
2-phenyl-dopamine, 173
phenylephrine, 173
phospholipase A,, 85
phytohaemagglutinin, 125
pimaricin, 117

pimozide, 251

81, 97, 168

pinazepam, 10
pipamperone, 251
piracetam, 55

pirbenicillin, 101
piribedil (ET-495), 176

piromidic acid, 203
piroxicam, 206
plasmin, 85

plasminogen, 85

platelet factor 3, 84
platinum complex, 120, 123
podophyllotoxin, 124
polyenes, 117

polyene macrolide, 132
polyether, 131
polymyxin(s),
polyoxins, 136
polypeptin, 115

POP (pituitary opioid peptide), 20
potassium canrenocate, 203
PR-D-92-EA, 75

praziquantel (Embay 8440), 142
prazosin, 64

114, 115, 134

prednisone, 261
prednisolone, 94, 300
prenylamine, 43, 45
primidone, 12

probenecid, 187
probucol, 193
prodines, 23

prolactin, 250

promazine, 251, 257

propachlor, 205

propanolol, 34, 63, 94, 163,
201, 203, 323

propoxyphene, 201, 322, 323, 327

N-n-propyl-dopamine, 174

N-n-propyl-norapocodeine, 176

N-n-propyl-norapomorphine, 176

prostacyclin (PGX), 83, 166,
182, 186

prostaglandin(s),
304, 305

prothrombin, 84, 85

protostreptovaricins I-1IV, 114

protriptyline, 5

proxazole, 55

pseudococaine, 202

pseudoisocytidine, 121

pseudouridine, 121

PTH, 223, 224, 227, 230

PTLA, 195

puromycin, 136

putrescine, 168, 169

pyrenophorin, 117

quassimarin, 124

quazepam (Sch 16134), 11

quinidine, 321

quinomycin, 115

quinterenol, 173

R-818, 43

R-30,730, 26

RA-642, 62

rancinamycins, 116

raubasine, 55

reproterol (D 1959), 72

reserpine, 253

B-retinoic acid, 123

retronamide, 65

RGH-4405 (Cavintod® ), 55

rhodium II acetate, 123

ribostamycin, 113

rifampicin, 204

rifamycin(s), 114, 131

ripazepam (CI-683), 10

RIT 2214, 101

RMI 12,366A, 84

RMI 13,640, 195

RMI 14,425, 195

RMI 14,514, 195

99, 95, 223



COMPOUND NAME AND CODE NUMBER INDEX

RMI 71675 (GAG), 14
RO-07-0582, 125

RO-20-1724, 165, 166, 167
RO-20-5702, 185
rosamicin, 113, 131

rutin, 202

RV 1208 (d-oxazepam hemisuccinate),
10

S15-1 (SQ21,704), 142

$-584, 176

5-40032-7, 173

5-40045-9, 173

5$-8527, 193

salbutamol, 71, 166, 173

salicylhydroxamic acid (SHAM), 144

salmefamol, 71

salsolinol, 175

s§C-19,220, 187

5C-28,904, 96

$C-29,333, 96

SCE-100 (tetrahydro cephalexin),
103

Sch 1000 (ipratropium bromide),
72, 73

Sch 10,595 (bupicomide), 65

Sch 12,679, 12

Sch 16,134 (quazepam), 11

Sch 18,640, 115

Sch 22,591, 113

SE 1520 (indapamide), 66

secholex, 193

secobarbital, 327

secretin, 94, 95

serotonin, 80, 87

H-serotonin, 255, 256

SHAM (salicylhydroxamic acid), 144

showdomycin, 117

sibiromycin, 135

siomycin A, 115

SIRS, 154

sisomicin, 110, 111, 112

B-sitosterol, 193

SKF 7698, 62

SKF 40,383 (carbuterol), 71

SKF 59,962 (cefazaflur), 102,
104, 105

SKF 60,771 (BLS-640) (cefatrizine),
103

SKF 64,139, 62
SKF 15,073, 104
SKF 91,486, 91

33

SKF 92,058 (metiamide), 92, 93

SKF 92,334 (cimetidine, tagamet),
91, 92, 93

somatostatin, 94, 95

sorbistins Ay, Ay, B,

R=-soterenol, 173

S-soterenol, 173

SPE (sucrose polyester), 195

spectinomycin, 112

spermidine, 83, 168, 169

spermine, 83, 168

spironolactone, 206

spiroperidol, 251

sporamycin, 115

SQ 14,225, 62

SQ 20,009, 74

SQ 21,704 (s15-1), 142

SQ 65,396 (cartazolate), 12

112, 113

SRS-A, 156, 182

ST 155 (clonidine), 91, 92
streptamine, 112
streptokinase, 86
streptomycin, 112, 130
L-streptose, 130
streptovaricins, 114, 131

streptozocin, 94

3H-strychnine, 255

sucrose polyester (SPE), 195

sufentanyl, 26, 27

sulfinpyrazone, 80, 82, 185

O-sulfobenzimide, 206

suloctidil, 83

sulpiride, 7, 15, 94

suprofen, 82

suzukacillin, 115

T-1220, 101

talinolol, 63

tamoxifen (ICI 46,474), 123

tandamine, 1

TBXA9 (thromboxane Aj), 81, 83,
87, 182, 185, 186, 230

TCPH, 142

telampicillin, 102

TEPA, 121
terbutaline, 71, 166
testosterone, 322

tetracaine, 183

tetracyclines, 114, 132

tetragastrin, 93

tetrahydro cephalexin (SGE-100),
103
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tetrahydrocannabinol, 61
R-tetrahydropapaveroline,
S-tetrahydropapaveroline,
tetrahydrozoline, 91
tetrin A, B, 117
tetronic 701, 195
Th 1165a (fenoterol), 71
A8-THC, 205
Ad-THC, 14, 188, 205
thiothixene, 255
Cis-thiothixene,
theophylline, 55, 165, 166, 167
thienamycin, 105
5-thio-D-glucose, 125
thioridazine, 251, 252
thiostrepton, 115
thrombin, 80
thromboxane A, (TBXAj;),
186, 230
thromboxane B
tiadenol, 193
tibric acid, 193
ticarcillin, 83, 101
ticlopidine, 84
tilorone, 82
tirandamycin, 117
tirandamycin B, 116
tixanox (0TMX), 76
T™MB-6, 42
™D, 13
TMHT, 13
tobramycin, 110, 111, 112
tocainide (W-36095), 41, 205
(a-tocopherol, 185, 123
tolazoline, 91
tolypomycin, 131
tomaymycin, 135
tonin, 62
tranylcypramine,
trazodone, 3, 12
triamcinolone, 165
triazolam (U-33,030), 11
triflubazam, 11
trifluoperazine, 251
5-trifluoromethyluridine,
trifluperidol, 251
triflupromazine, 251
R-trimetaquinol, 175
S-trimetaquinol, 175
N,N,N-trimethyl-dopamine,
tripelennamine, 205

175
175

251, 255

182, 185,

(PHD), 81, 82

4, 186

121

174

COMPOUND NAME AND CODE NUMBER INDEX

120
202

trofosfamide,
tryptamines,
tryptophan, 5
L-tryptophan, 15

TYA (5,8,11,14-eicosatetraynoic

acid), 83
tyrocidine, 134
U-33,030 (triazolam), 11
U-41,792, 194
U-43,120, 116
UM-272, 45
UM-360, 42
UM-424, 42

B,Y-urogastrone, 95
urokinase, 86
vasoactive intestinal peptide, 95

vasopressin, 31, 33
verapamil, 40, 42, 45
verdamicin, 110
vinblastine, 124, 155

vincamine, 55
vinylbarbital, 12
viomycin, 134

Vipera Berus venom, 85
viquidil, 55
virginiamycin M, 117
vitamin D, 223, 227
w-8011, 75

W=36,095 (tocainide),
w-ethyl PGE;, 96
warfarin, 320
WB-4101, 255
3p-wB-4101, 254, 255, 256
WR142,490 (mefloquine), 140
WwY-13,876, 125
WY-16,225, 25
WY-16,922, 77
xanthinol nicotinate,
XK-90, 116
xylocaine,
YC-93, 45
zanchol, 196
zinc acetate,
339-29, 115
780SE, 193
1294B-2, 116

41, 205

193

186

123
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