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PREFACE 

Readers of this current volume may note that several chapters 
mention that, in the field discussed, there were no real breakthroughs 
reported during 1970. 
Medicinal Chemistry a t  present. "Where a r e  the new drugs?" has been 
used as a title of several talks and articles, but no definitive answer 
has been forthcoming. 

This may well characterize the whole a rea  of 

However, I believe encouragement can be found in a number of 
chapters which discuss significant new contributions to our understanding 
of normal and abnormal physiological function and of the mechanism of 
drug action. Interesting theories have been advanced which may pave the 
way to new breakthroughs. 

The problem of adequately thanking editors, authors and other 
contributors to this volume is no easier than for previous volumes. 
many favorable comments, reviews and personal communications received 
indicate general gratitude. 
best appreciate the efforts expended -- and they do, 

The 

I can only add that former contributors can 

Cornelius K. Gain 

ix 



Section I - CNS Agents 
Editor: Edward L. Engelhardt 

West Point, Pennsylvania 19486 
Merck Sharp 61 Dohme Research Laboratories, 

Chapter 1. Antipsychotic and Anti-anxiety Agents 

R. Ian Fryer, Hoffmann-La Roche Inc., Nutley, N.J. 07110 

Introduction - As in previous years, molecular modification of 
known structures, especially in the tricyclic systems, has 
played an important part in the chemistry and pharmacology of 
neuroleptic drugs. Most of the reported work on benzodiaze- 
pines was concerned with additional studies of compounds al- 
ready undergoing clinical investigation. There appeared to be 
less emphasis on the chemistry and pharmacology of the carba- 
mates and little new was added to the knowledge of mechanisms 
and modes of action of antipsychotic and anti-anxiety agents. 

Compounds Related to Butyrophenones - 
0 

6 - 4 - 3 - 

- 5 - 7 OCH3 

A double blind controlled study showed an approximately 
10% better response in schizophrenic patients with droperidol 
- 1 than with haloperidol. Pilot studies in schizophrenic 
patients with AL 1021 (2) indicated the drug to be a poten- 
tially useful antipsychotic agent. The chemistry of this and 
related compounds have been reported toget2er with per- 
tinent references to the clinical studies. The synthesis and 
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pharmacology of a aerie8 of splrooxazolidinone substituted 
piperidinobutyrophensnes ( e . g .  5) w e r e  reported. Although 
spatially related to  apliperone, the animal pharmacology i n d i -  
cates a neuroleptic profile nearer t o  tha t  Q €  cjhlorpromazine 
than to  that  of the butyrophenone derivatives. Two of the 
most active of a series i n  a new class  of potent CNS depres- 
sants are exemplified by structures 4 and 3. The preparation 
and animal phgnnacology of a t o t a l  of 57 related compounds 
are reported. Compound 6 was the most active of a series of 
related butyrophenone derivatives (2x thoridazine n mouee 
behavorial tests with a be t t e r  therapeutic index). I n i t i a l  
c l in ica l  t r i a l s  carried out with SU 17595A (I) indicated only 
a very s l igh t  psychotropic act ivi ty .  It would not be conai- 
dered a drug of cheies i n  the trsatmsnt of mvere &ymgtsmr of 
psychosis. 6 

5 

8 - 9 cF3 - 

Pimoz ide (€3) was compared t o  f luphenaz ine 
i n  a study i n  chronic schizophrenic 
patients.  An additional c l in ica l  paper 

lep i c  for the treatment of delusions and 

R = - N q  

10 
6 5 also reports pimozide as a major neuro- 

Q - 
hallucinatory behavior. The pharmacology of the related pen- 
fluridol ( R  16341, compound ?),  a new potent and long acting 
neuroleptic drug has been reported. Maintenance therapy with 
penfluridol i n  a double blind sfBdy was shown to  be effective 
w i t h  a single weekly oral  dose. 

I n  an additional s tudy ,  f luspiri lene (10) , administered 
intramuscularly i n  aqueous suspension, a t  weekly intervals 
was an effective antipsychotic agent. Side effects  were noted 
i n  70-75% of the patients. The pharmacolo i ca l  prof i le  was 
that  of typical known neuroleptic compounds. g2 A single 
weekly dose of fluspiri lene was be t t e r  or  equal t o  a daily 
dose of haloperidol i n  79% of schizophrenic pat ients ,  13 
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o r - X -  (CH ) -X- 0 - R  CH 

6H5 
12 - 2 

X = N, 0, S, CO, CH 
11 - 

Br-f-CH2-CH-CHOH 
1 1  
I C H  
OH 6 5 

NO2 

13 - 14 - 
A series of 93 compounds of type u w a s  prepared and 

tested. Some compounds exhibited signs of CNS depressant 
activity in he mouse. Other compounds showed antihistaminic 
properties. 
were a large number of compounds related to 12. ew of the 
compounds exhibited any significant CNS activity. An ini- 
tial report on the animal pharmacology of 13 indic ed the 

The compound to be a neuroleptic with medium f9xicity. 
phaBacokinetic properties of haloperidol 
do1 were studied in the rat. The pharmacology of a new 
neurolfgtic agent, BON (14) was covered in a series of re- 
ports. 

Tricyclic compounds with six-membered rings - 

Also synthesized and examined pharmacologically 
1t 

15 

ft 
and trifluperi- 

CH NHCH3 d1UR2 . S ’  &R2 ‘ s ’  \ 0 

17 - 16 - 15 - 

R2 = S02N(CH ) 

R2 = S02N(CH3) 

a) R1 = (CH2) 3 - o - c H 3  
3 2  

b) R~ = CH(CH~)~-E(-J-CH~ 

n 

R2 = C1 

R2 = COCH3 
’I 
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L d J 

A large number of papers appeared this year on some of 
the older phenothiazine type drugs (e.g. mesoridazine, flu- 
penthixol, chlorimpiphenin, clopenthixol, propericiazine, 
thiothixene). Few of these current reports add to our know- 
ledge on the efficacy or mode of action of these drugs. 

An attempt to reduce the extrapyramidal side effects of 
the phenothiazines by the incorporation of anticholinergic 
properties into phenothiazines was reported. This was ef- 
fected by the preparation of quaternary salts of chlorpro- 
mazine, trifluoperazine and perphenazine by the action of the 
oxime of phenacyl bromide on these compounds. Pharmacologi- 
cal results with these quaternary derivatives indicated a 
general loss of overall activity with a greater supression of 
extra9x;a;rpidal effects than loss of CNS depressant proper- 
ties, The chemistry of thiothixene ,I& and its related 
saturated analogue= was reported as the outcome of a search 
for compounds related to thioproperazine (and 
mazine =) with less extrapyramidal side effects. Ben- 
zactamine 17 was2$eported to be an antianxiety agent equiva- 
lent to d i p e p a m  

and lethargy a s  a i d e  effects .  
thiazine derivative 8-124 (u) was reportea clinically to be 

59 3-O 23 O - 

with little if any antipsychstis 
-~ Other reports OR- hi drug repoited dtow,sines.a at - ; -% 

A new piperidylpheno- 
activity. 

a m i l d  n s u r o l 5 p e  agent  , w i t h -  o n l y  s?me rplstan:-es ?f m i l d  
a i d e  effacte. .  Metab0 L Ism, abserbtlsn I B i s t r  L b U t  Lon and 
phamaeoiogiral  s t u d i e s  in animaPs were r -  orted for the new 
neuroleptis agent,  APY-666, compsilnd e. APY-666 has a 
patent syfllpatkslytic ac t ion  with am toxic i ty .  me comsund 

SB ~ -: - -  

was reported to have a spectrun of pharmacological activity 
different from that of either chlorpromazine or thoridazine. 

The synthesis and pharmacology of a series of 2-hyd58xy 
and 2-alkoxy thioxanthene derivatives has been described. 
Additional phenothiazines related to 15f substituted with an 
alkypiperidyl group were3glso prepared and reported to have 
CNS depressant activity. 
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Tricyclic Compounds wi th  a seven-membered r i n q  - 
The r e s u l t s  of  s e v e r a l  a d d i t i o n a l  c l i n i c a l  s t u d i e s  of 

oc toc lo thepine  i n  pat ients  w i t h  schizophrenic  psychoses w e r e  
reported3$his yea r  by s e v e r a l  d i f f e r e n t  au thors  i n  t h e  same 
j o u r n a l  . The r e l a t e d  c l o t i a p i n e  w a s  reported t o  be an e 
c e l l e n t  drug for the  t rea tment  of  e x c i t a t i o n  or a g i t a t i o n .  3s 

Y A series of 54 dihydrodibenzoxazepines 
and dihydrodibenzothjazepines related 

Z to  18 w e r e  prepared. The pharmaco- 
l o g i c a l  p r o f i l e  of these compounds in- 
d i c a t e d  t h a t  when R was a dialkylamino- 
a l k y l  group, t he  compounds were CNS 

X gyw-cm \N 

I 
- = Or 

s t imu lan t s  a t  h igh  doses. However, when R w a s  the 3- [ l - (2-  
hydroxyethyl)-4-piperazinyl]propyl group, the compounds w e r e  
CNS depressants  a t  h igh  doses and showed a n t i a n x i e t y  e f f e c t s  
a t  l o w e r  doses.  A number of compounds (2) r e l a t e d  t o  known 
neuro lep t i c  agents  w e r e  prepared and evaluated.  T r i f l u t h e p i n  
w a s  repor ted  to have the pharmacodynamic p r o f i l e  of a p o t e n t  

- 19a) X = S, R = CF3, 
R1 = CH3 ( t r i f l u t h e p i n )  

- 19b) X = S, R = H, 
= CH (pe ra th i ep in )  

- 1 9 ~ )  X = S, R = C 1 ,  
R1 = CH3 (oc toc lo thepin)  

19d) X = S, R = CN, 

- 19e) X = 0, R = C1, 
R1 = CH ( loxepine)  

R1 3 

1 
A 

20a, R = C1 7 - 19 R1 = CH3 - - 20b, R = H 

T 
3 

The s e l e n i p i n  d e r i v a t i v e s  corresponding t o  35 neuro lep t i c .  
pe ra th i ep in  and oc toc lo thepine  w e r e  prepared (l9, X = S e ) .  The 
c e n t r a l  depressant  a c t i v i t y  of t h e s  compounds was less than 
that  of the corresponding th i ep ins .  ' 6  The the rapeu t i c  index 
of a w a s  less favorable  than  f o r  t)3yt of octoclothepine,  b u t  
better than  for that  of pe ra th i ep in .  Oxepin analogues (l9, 
X = 0) a l s o  synth9Bized w e r e  less a c t i v e  than t h e  cor res -  
ponding th i ep ins .  One c l i n i c a l  s tudy carried o u t  on loxe- 
p ine  (19e) doubted the e f f i c a c y  of t h e  drug as an ant ipsy-  
chotic? w h i l e  o t h e r  workers i n  d i f f e r e n t  s t u d i e s  reported 
the compound to  be a u s e f u l  and e f f e c t i v e  drug. *O The syn- 
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thesis and pharmacological evaluation of a substituted deri- 
vative of peradithiepin 

Carbmates - Evidence has been reported that the major site 
of action of tybamate is at the spinal level. A somewhat 
lesser influence may simultaneously be exerted on the higher 
centers (the major site of CNS depressant actiyity of diaze- 
pam was shown to be at the brain stem level). In a study 
of the action of tybamate, it was concluded that this drug 
does not possess the anxiety-reducing properti23 to a degree 
that can be observed with the benzodiazepines. A series of 
44 basic dicarbamates related to X [ ( C H  ) OCONHRJ2 were pre- 
pared and pharmacologically screened. 2Sbdies in mice indi- 
cated that one compound had CNS depressant4groperties, while 
another exhibited antidepressant activity. Twenty-nine 
compounds related to 21 were prepared. None of these com- 
pounds eeibited any worthwhile behavioral or anticonvulsant 
effects. Pharmacological study of a series of twenty-six 
derivatives of 1-propargyl-2-carbamoylglycerol ethers (22) 
indicated t h a t  certain of these4tight have value as tran- 
quilizers and muscle relaxants. 

compound 2 was compared with pera- 
dithiepin itself (B) 41 

NHC02Et 

CH20CH2CSCH 
I 

CH2 1 
Rl-{- (CH2) .-L T - R  CH20CONH 2 

OR 'gH5 
2 1  2 2  - - 

Compounds Related to Benzodiazepines - 
i2 -& R3 

Rl%~N R 5 '" 
23, R = Cl; R2 = CH CH N ( C 2 H 5 ) 2 ;  R3 = 0; R4 = H; R5 = F 1 2 2  

= H  - 24, R1 = C1; R2 = C H 2 d  ; R3 = 0; R4 = H; R 

- 25, R 1 = C1; R2 = CH3 ; R 3 = H ; R  2 4  = H ; R  5 = H  

26, R = C1; R2 = H ; R3 = 0 ;R4 = 0H;R = H 
1 5 

- 27, R1 = NO2; R2 = H ; R 3 = O ; R  4 = H ; R  5 = H  

- 
5 

- 
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28, R 

- 29, R1 = NO2; R2 = CH3 

30, R = C1 : R2 = CH3 

= C 1  : R2 = H : R3 = 0 : R4 = 

: R3 = 0 , R4 = H : R5 = F 

: R3 = 0 : R4 = H : R5 = H 

: R5 = NO2 1 - 

1 c 

3 2  kH3 33 
I 

- _  - 
47 

Flurazepam (=)was  marketed i n  t h e  United States i n  
1970 as a hypnotic.  Animal pharmacology has been reported.  
The metabol' m of flurazepam i n  bo th  dogs and humans w a s  in- 
ves t iga t ed .  
modi f ica t ion  of t h e  diethylaminoethyl  s i d e  cha in  o r  lacked 
the l - s u b s t i t u e n t  a l t o g e t h e r .  The major metabol i te  i n  man 
w a s  t he  1-(2-hydroxyethyl) compound while  i n  t he  dog, t he  cor- 
responding l - (acet ic  ac id)  predominated. Severa l  a d d i t i o n a l  
r e p o r t s  on prazepam (24) appeared during 3870. These in-  
cluded metabolism i n  man4' and i n  t h e  dog 
cology , and a double b l i n d  con t ro l l ed  study i n  psycho- 
neu ro t i c  p a t i e n t s .  52 
i n  t h e  -&yaBent of anxie ty  assoc ia ted  wi th  somatic d i -  
seases. A double b l i n d  crossover  s tudy wi th  phenobar- 
b i t a l  and YFdazepam showed s i g n i f i c a n t  d i f f e rences  favor ing  
medazepam. 
metabolites w a s  reported as w e r e  s t u d i e s  i 
neuropharmacological ac t ion  of t h e  compound. Oxazepam 
(26) w a s  repor ted  t o  markedly improve the  d i s tu rbed  day s l e e p  
of n igh t  workers, bu d id  not  e f f e c t  a normalization equiva- 
l e n t  t o  n i g h t  s l eep .  
group i n  nitrazepam (27) i s  w e l l  known. This reduct ion  
now been inves t iga t ed  wi th  t i s s u e  prepara t ions  i n  v i t r o .  

All of  t h e  metabolites i d e n t i f i e d  e i t h e r  showed &8 

, animal pharma- 

Medazepam (=) was reported e f f e c t i v e  
51 

The animal harmacology of the  drug and i t s  
5 9  

97:a@ On the 

The i n  vivo reduct ion of t h e  n i t r o  59 

kBS 

Clonazepam 28 and Ro 5-4200 2 w e r e  reported t o  be more 

61 

po ten t  (5x) than nitrazepam and diazepam (30) i n  t h e i r  a n t i -  
e p i l e p t i c  and ant iphotoconvuls ive p r o p e r t i e s .  Clonazepam, 
bet ter  t o l e r a t e d  than Ro 5-4200,would be the  drug of choice.  
A prel iminary c l i n i c a l  s tudy i n d i c a t e s  clonazepam t o  be 
valuable  drug i n  t h e  management of minor motor s e i zu res .  
Several  pharmacological s t u d i e s  i n  animals were a l s o  reported 

82 
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on thie compound. 

A numbe of reports o n  pharmag$lsgbcal, toxicological, 
6 3  teratological neurophysiological and clinical studies on 

chlorazepate (31) appeared this year. A summary of four 
years experience with the drug by one inve~figator, showed 
its effectiveness as a minor tranquilizer 
cology of oxazolazepam (32) was reported, 

nimal pharma- 6 6 ,  69 

Additional reports on the synthesis and pharmacological 
activity Q 1 gbs4&tu$,yd +2:-ljy~odiazepinee have appeared 

tation pattqqn of 1,4-benzodiazepine derivatives has been 
elucidated. In one article, x-ray analyeie wae used in an  
attempt to relate molecular structure to $)3e anticonvulsant 
activity of diazepam and diphenylhydantoin. The authors 
f a i l  to discuss the steric conformation of the less active 
deschloro analogue. A study of the structural activity re- 
lationships of 1,4-benzodiazepines base on molecular o r b i t a l  
calculations was reported in a lecture. '' The mode of action 
of chlordiazepoxide, diazepam and nitrazepam as been sug- 

A benzaze- gested to iqgolve catecholamines in the CNS. 
pinone (33) was synthesized and found to be inactive, The 
synthesis (and in some c a s e s ,  the animal pharmacology) for 
diazepine analogues in which the fused benzene ring has been 
replagd by a hetero ring have appeared in the patent litera- 
ture. 

Other structures of current interest - 

this year.  &€iJ-s , > f The mass spectral fragmen- 

79 

R~---~~2 CH 2~~ OR 

35 - 34 - 
C m  CH2-NHCOOCH2CH20H 

CH-2 

A series of dimides of cyclobutane-1,l-dicarboxylic 
acid B&re prepared and reported to have depressant proper- 
ties. The activity of bis (1,1,l-trichlor0-2-propyl) -1 2- 
cyclobutane-dicarboxylate was shown to be due to the in vivo 
hydrolgfis to the known hypnotic lJl,l-trichloro-2-pro- 
panol . Preliminary pharmacological results in mice indi- 
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cate t&t some N-pyridoyltryptamines (34) were CNS depres- 
sants. The synthesis of 35, structurally related to oxy- 
pertine,was reported. No CNS activity was detected in mice. 
Sulpiride, 36,  was rggorted to prevent the formation of gas- 
tric ulcers in rats. 
stratiB8 the clinical efficacy of both molindone. and oxy- 
pertine appeared this year. An additional favorable stud 
on trioxazine with psychoneurotic patients was carried out. 
Compound 37 was the most active of a series of a-amino-2- 
xylenes prepared. This compound was reported to ve the 
pharmacological spectrum of a minor tranquilizer. 

83 

Several additional repor& demon- 

x7 

Be 

N02 

38 - 
40 - 39 - 

Compound 38 was one of the most active as a CNS depres- 
sant in mice of a series of substituted benzamides. 8gYP0- 
tensive properties paralleled the depressant action. The 
quinazolone 2 (SL 146) was reported to have a phamacological. 
profile qualitatively similar to chloridazepoxide. Initial 
pharmacology on Hoe 36,801 (9) indicates that the benzoxa- 
zine derivefive has tranquilizing properties with a stimulant 
component. A series of phenylisoquinolines and the corres- 
ponding dihydro and tetrahydro derivatives were prepared. 
Preliminary pharmacological screening in cated that these 
compounds had CNS depressant properties. 
zino [ l,Z-a] quinolines exhibited a variety of pharmacological 
effects, dependent on the substituent pattern, &luding 
antireserpine, depressant, hypotensive effects. Racemic 
glaziovine (a) was shown in pharmacological studies to be 
similar to chlorpromazine. However, unlike chlorpromazine, 
no dose response was noted. In some respects (2) glaziovine 
appeared to act like a minor tranquilizer.94 

A series of pyra- !#3 
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A series of 8-aminopropionohydroxamic acids and B-amino- 
propionic esters showed an initial CNS stimulation followed by 
depression in rats. 
hibited hypotensive properties in cats. 

Almost all of the Ggmpounds reported ex- 

A series of N-piperazinyl-alkyl substituted cyclic 
imides related to 42 were prepared and screened for peycho- 
sedative activity. Preliminary pharmacology indicates that 
these compounds possess in varying degrees, psychotropic pro- 
perties typical of the major tranquhiizers. 
tivity relationships are discussed. 

Structure ac- 

A series of nineteen 5-spiroalkane and 5-spiro-4-piperi- 
d i n e  derivatives of 2-amino-2-oxazoline-4-one were prepared. 
Three of these compounds showed characteristics CNS etimu- 

Clinical lants, while the rest were weak CNS depressants. 
evidence f o r  the efficacy oG8homeostan (43) as a minor tran- 
quilizer has been reported. 

8# 

Substance P, a polypeptide of molecular weight of about 
1650 has been found in various parts of the anatomy. This 
compound exhibits CNS depressant effects agg is proposed as a 
transmitter substance in sensory pathways. 

Pharmacoloqical Investisations - Several additional studies 
?8d, tf8?f-183 on the role of the biogenic mines in the causes 

mont of mental dispggers have appeared this year.  
Weischer and Opitz have suggested that lithium chloride al- 
ters  the metabolism of monoamines in the brain. A summary of 
The  ChemiBkry of Psychotropic Drugs in 1969 was reported by 
Protiva. 
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Chapter 2. Antidepressives and Stimulants 

John Krapcho 
Squibb Institute for Medical Research, New Brunswick, NJ 08903 

I. ANTIDEPRESSIVES 

New Data and Structures - In a preliminary study with depressed 
outpatients, imipramine (lJ and ketipramine (2J were approxi- 
mately equivalent in therapeutic ef fectiveness. A comparison 
of desipramine (3J with a placebo in both endogenous and neur- 
otic depression showed desipramine to be superior to placebo 
in patients with endogenous depression after 5 days, but no 
significant difference in response was noted in the neurotic 
patients. Further chemical modification of imipramine 
yielded a new derivative, Leo 640 (9, a compound having a 
pharmacological profile similar to that of imipramine, but 
considerably less toxic. 
of this material in man gave encouraging  result^.^ 
mine (3, an imipramine analog with sedative properties, was 
slightly less effective than amitriptyline (5) in the treat- 
ment of neurotic depressed outpatients .4  N o  significant dif- 
ference was observed between imipramine and nortriptyline (3 
used in the treatment of depressed female outpatients.5 A 
liquid oral form of imipramine (pamoic acid salt) was more 
effective than a placebo in the treatment of non-schizophren- 
ic and post-alcoholic depression. 6, 

Preliminary pharmacological studies 
Trimepra- 

X 
II H2 H2 K-cp 

T ,CH3 It ,CH3 
CH-CHZCH~N 

CH2-7H-CH2N\ Y Z ‘Z 
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The absorp t ion  o f  t r i cyc l i c6  v a r i e s  coneiderably i n  pa- 
t i e n t s .  S i g n i f i c a n t  d i f f e r e n c e s  w e r e  observed i n  t h e  plasma 
levels of n o r t r i p t y l i n e  (z) i n  i nd iv idua l s  r ece iv ing  t h e  same 
amount of drug: however, t h e r e  w a s  a p o s i t i v e  c o r r e l a t i o n  be- 
tween t h e  plasma l e v e l s  and t h e  s u b j e c t i v e  s i d e  e f f e c t s .  The 
monitoring of plasma l e v e l s  of a drug might be rewarding i n  
terms of improved p a t i e n t  care.8 

F u r t h e r  c l i n i c a l  s t u d i e s  of i p r i n d o l e  (€3) showed t h a t  t h e  
t i m e  of onse t  of t h e  t h e r a p e u t i c  response w a s  s i m i l a r  t o  t h a t  
f o r  o the r  t r i c y c l i c g  b u t  i p r  indole  produced fewer troublesome 
s i d e  e f f e c t s .  The ques t ion  of h e p t a t o t o x i c i t y  r e l a t e d  t o  
i p r  indole  therapy  has been d iscussed .  13-15 A s i n g l e  dose of 
i p r indo le  enhanced and prolonged t h e  psychomotor a c t i v i t y  el-  
i c i t e d  by g-amphetamine i n  t h e  r a t ,  probably due t o  an  inh ib i -  
t i o n  of t h e  metabolism of g-amphetamine.16 A series of epoxy 
compounds r e l a t e d  t o  amitriptyline was h igh ly  active i n  'rever- 
s i n g  te t rabenazine- induced depress ion  i n  mice; MK 940 (2) w a s  
about 80 times more active than  a m i t r i p t y l i n e  i n  t h i s  t es t  
procedure.  17 I n  a pre l iminary  c l i n i c a l  s tudy,  depressed p a t i e n t s  
r ece iv ing  d a i l y  doses of 8-24 mg (9 w e r e  found t o  be more s t i -  
mulated than  w e r e  p a t i e n t s  rece iv ing  1 5 0 a g  d a i l y  doses of a m i -  
t r i p t y l i n e .  Both compounds exer ted  a g r e a t e r  a n t i d e p r e s s i v e  
e f f e c t  than  d i d  a placebo. A double-blind comparison of (2) 
with an e s t a b l i s h e d  a n t i d e p r e s s i v e  having some s t imu la to ry  
e f f e c t ,  such as imipramine, i n  an a c u t e l y  depressed populat ion 
w a s  recommended.18 Although t h e  s t r u c t u r e  of azaphen (10) is 
markedly d i f f e r e n t  from t h a t  of t h e  usua l  t r i c y c l i c s ,  i ts  
pharmacological p r o f i l e  i s  s i m i l a r .  Azaphen e x h i b i t s  seda- 
t i v e  p r o p e r t i e s  and is  used c l i n i c a l l y  i n  t h e  USSR f o r  t h e  
treatment of depress ion .  l9 A n a r c o t i c  an tagon i s t ,  cyclazocine 
(11) showed c l i n i c a l  and EEG p a t t e r n s  s i m i l a r  t o  those  produced 
by t h e  t r i c y c l i c  an t idep res s ives .  An improvement was observed 
when depressed p a t i e n t s  were t r e a t e d  wi th  cyclazocine:  however, 
secondary e f f e c t s  w e r e  common, i n d i c a t i n g  a narrow t h e r a p e u t i c  
range €or  t h i s  agent.20 A c l i n i c a l  s tudy  of four  d i f f e r e n t  non- 
t r i c y c l i c  s t r u c t u r e s ,  each having a t  least  one pharmacological 
p rope r ty  considered u s e f u l  f o r  p r e d i c t i n g  an t idep res s ive  prop- 
er t ies  i n  man, showed a poor c o r r e l a t i o n  be tween t h e  r e su l t s  of 
animal t e s t i n g  and subsequent c l i n i c a l  e f f e c t s .  

A series of p a r t i a l l y  hydrogenated analogs of ami t r ip ty -  
l i n e  and related t r i cyd l i r s  w a s  prepared: t h e  most a c t i v e ,  (121, 
was s l i g h t l y  more po ten t  than amitriptyline i n  antagonizing t h e  
cen t ra l  e f f e c t s  of R o  4-1284 i n  ra ts .22 The p y r r o l i d i n o  com- 
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pound, AHR-1118 (131, exhibits a pharmacological and neuropharm- 
acological profile in animals similar to that of the tricyclics 
and appears to merit study in man.Z3 The amido compound, N- 
1157 (14), antagonized reserpine-induced toxicity and hypo- 
thermia in rats, and potentiated reserpine-induced hypermotili- 
ty in mice.24 OH a I 

9 - 

HO 

11 - 10 - 

CH3 
CHCH2CH2N (CH3) 2 C H ~ C H ~  

12 - 13 - 

dCH3 

The speed and efficacy of imipramine in the treatment of 

This combination was effective in patients who became re- 
depression were enhanced by the addition of thyroid hormone. 25, 
26 
sistant to the tricyclic antidepressives. 27 
number of studies utilizing a combination of a standard tri- 
cyclic antidepressive and a small quantity of a tranquilizer 
has been reported. 28-35 

An increasing 
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Small quantities of CNS depressants enhance the spontane- 
ous increase in motor activity caused by 2-amphetamine. This 
increase in motor activity may be due to an inhibition of fear 
and anxiety, thus leading to a smooth and uniform increase in 
activity. 36 

Cardiovascular side effects continue to be re orted fol- 
lowing therapy with the tricyclic antidepressives .p7-39 The 

A patient who responded well to phenelzine,an MA0 inhibitor, 
experienced a crisis after ingesting a meal of beef liver, 
which wae aubsequently found to have a high ptyrmine content. 
Hypertensive crises associated w i t h  the administration of MA0 
inhibitors have diminished the utility of these agents in the 
treatment of depression. A comprehensive review on this sub- 
3ect has been published.42 
toxicity of psychotropic drugs has been published.43 A study 
of the relation of s e x  and aging to levels of amines and mono- 
mine oxidase in human brain, plasma and platelets showed that 
MA0 activity in these three sources of enzymes was higher in 
women than in men of the same age, and that these MA0 levele 
tended to rise after the age of 40, This finding supports th6 
known higher incidence of depression in women and in the elder- 
ly of both sexes .44 

tricyclics antagonize the kypotensive efrscts of guanethidine, 40 

4 

An updated review of the cardiac 

T e ’  P es - The effects of a variety of tricyclics on 
m i o r  of reserpinized white mice were reported. 
This test procedure may be a useful tool in the further class- 
ification of the effects of antidepressives on the central 
nervous system,45 The induction of aggressive behavior in 
newly hatched chicks might serve as a useful test in the eval- 
uation of new antidepressive drugs.46 Studies on central 5- 
hydroxytryptamine neurotransmission in the rat showed that 
imipramine potentiates the effects of tryptophan, indicating 
that a combination of tryptophan and imiprarnine might be more 
effective than either alone in the treatment of depression .47 
A preliminary clinical paper reported that high doses of &- 
tryptophan produced an antidepressive response similar to that 
elicited by imipramine.48 Imipramine caused a decrease in the 
rate of disappearance of norepinephrine from the rat brain 
after a single intraperitoneal dose, but not after long-term 
administration by this route. This result may explain the 
delayed onset of action of the tricyclic antidepressives, and 
suggests that thyroid hormone or pharmacological agents that 
increase the turnover of norepinephrine in the brain, if 
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administered in combination with the tricyclics,may accelerate 
and enhance the clinical antidepress ive effects of the latter p9 
A study of female patients gave evidence implicating cyclic 
AMP in depression and mania. A distinct decrease in the lev- 
els of cyclic AMP in the urine was observed in various stages 
of depression, but a marked increase of these levels was 
noted in the state of mania. In addition, imipramine, ami- 
triptyline, nortriptyline and protriptyline were eight times 
more potent than caffeine as competitive inhibitors of rat- 
brain cyclic AMP phosphodiesterase, Cyclic AMP was ale0 ef- 
fective in reversing reserpine-induced depression in mice. 50 

Experiments in vitro indicated that the antidepresaives inhib- 
it cyclic AMP phosphodiesterase. This inhibition would tend 
to increase the l o w  level of cyclic AMP in the depressed pa- 
tient.51 

Clinical Reviews - A chapter dealing with differential drug 
effects in seven categories of depression has been published. 52 

The resent status of antidepressive therapy is also reviewed. 
53-5f; The effect of drugs that alter brain amines on the 
switch process from depression to mania was studied.59 
lications dealing with the treatment of mania with lithium 
salts are increasing at a rapid rate. A critique of these 
studies indicates that the available data demonstrate neither 
efficacy nor inefficacy, primarily because of inadequate ex- 
perimental design. 6o Serious side effects have been observed 
during therapy with lithium carbonate. 61 

Pub- 

11. CENTRAL STIMULANTS 

Methylphenidate (15) and magnesium pemoline (16) were 
more effective than placebo in mildly depressed outpatients; 
however, ps chiatric patients did not respond well to these 
stimulants. 82 In a study dealing with a group of "neurophysi- 
ologic immature" inpatient children, minimal doses of methyl- 
phenidate produced favorable improvement in five of eight 
children.63 

A clinical study of prolintane (17), a compound related 
to amphetamine (18), was conducted in fatigued volunteers. 
Prolintane (40 mg) was less effective than 2-amphetamine (20mg) 
in producing definite stimulant, euphoriant, anorectic and 
sympathomimetic clinical effects .64 
the stimulant, pyrovalerone (191, indicated a favorable effect 
in the management of emotional symptoms associated with meno- 
pause. 65 

A preliminary study of 
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The piperidino derivative, SU-19789B (a, produced a 
stimulant effect in mice and rats similar to that of methyl- 
phenidate; however, (20) did not change the duration of sleep 
induced by hexobarbital in mice (methylphenidate prolonged 
such sleep). Neurophysiological studies in the cat suggested 
a peripheral site of action for this compound.66 

Of a series of substituted oxazolines related to pemoline, 
(21) was the most active stimulant in mice (about 1/10 as ac- 
tive as Q-amphetamine) ,67 

16 - 15 - 

21 - 20 - 

Studies on the inhibition of uptake of norepinephrine by the 
adrenergic nerves in the rabbit aorta showed a correlation 
between biological activity and the structural conformation of 
a series of stimulant compounds.68 

Amphetamine inhibited the oxidative deamination of nor- 
ephe&rim in rabbit-brain cortex, suggesting that the mech- 
anism of action of amphetamine is primarily an inhibition 
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of t h e  uptake of t h e  norepinephrine i n t o  t h e  neuron, t hus  
l i m i t i n g  access of norepinephrine t o  in t r aneurona l  monoamine 
o ~ i d a s e . ~ ~  A s tudy  comparing t h e  g- and &-isomers of amphet- 
amine and t h e i r  i n h i b i t i o n  of norepinephrine and dopamine up- 
t a k e  i n  r a t  b r a i n  a l s o  sugges t s tha t  t h e  i n h i b i t i o n  of nore- 
p inephr ine  uptake is t h e  major mechanism of a c t i o n  of Q-amphe- 
tamine.70 A comprehensive review of s t i m u l a n t s  has  been pub- 
l i s h e d  r e c e n t l y  ( see  J .  H .  B i e l ,  i n  "Amphetamines and Re la t ed  
Compounds," E .  Cos ta  and S .  G a r a t t i n i ,  Eds . ,  Raven P r e s s ,  New 
York, 1 9 7 0 ,  pp.  3 - 1 9 ) .  

SUMMARY - The enhancement o f  t h e  speed  and e f f i c a c y  of  imipramine 
by t h e  a d d i t i o n  of t hy ro id  hormone t o  t h e  treatment program 
r e p r e s e n t s  a promising development i n  t h e  c o n t r o l  of depres- 
s ion .  The apparent  c l i n i c a l  f a i l u r e  of many new s t r u c t u r e s  
t h a t  e x h i b i t e d  high a c t i v i t y  i n  one o r  more animal t es t  pro- 
cedures is i n d i c a t i v e  of t h e  poor c o r r e l a t i o n  between animal 
models and t h e  complex na tu re  of human depression.  Biochemi- 
cal, neuropharmacological and human pharmacological s t u d i e s  
may y i e l d  new c l u e s  t o  t h e  d iscovery  of more e f f e c t i v e ,  rapid-  
ac t ing ,  and less t o x i c  an t idep res s ives  than  those  t h a t  are now 
available. 

Acknowledsement - The au thor  is indebted t o  D r .  David F ros t ,  
Squibb Science Ed i to r ,  f o r  h i s  va luab le  comments and sugges- 
t i o n s  i n  t h e  p repa ra t ion  of t h i s  manusc r ip t .  
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Chapter 3.  Hallucinogens 

Raj K. Razdan, John C. Sheehan Institute for Research, Inc., 
Cambridge, Mass. 02138 

During 1970, the momentum gathered last year in the development of 
the chemistry and biology of marihuana and ergot alkaloids has continued 
and much more clinical data has appeared which gives a clearer definition 
and evaluation of the action of various hallucinogens in man. Reviews on 
hallucinatory substances from plants , on psychopharmacology2 including 
studies of hallucinogens in man and animals and on the mechanism of action 
of hallucinogenic drugs on a possible serotonin receptor in the brain,3 
have appeared. Papers on the various aspects of hallucinogens including a 
theory of hallucinosis, which were presented at a psychotomimetic drugs 
workshop in 1969 were published in book 

Chemistry - Rapid advances continue to be made in the chemistry of canna- 
binoids. Various papers on the botany, chemistry and pharmacology of 
marihuana have appeared in book5 form and are already out of date. 
up-to-date version is given in a revied article. 
cation of Cannabis Sativa has been re~iewed.~ 
view, that the active constituents of marihuana occur in the female plant 
only, both male and female flowering tops show similar THC content. 
addition it has been reported that the cannabidiol content is high andA 
andpl(6j-THC content is low in hemp culti ens while the reverse appears to 
be the case in plants grown for smoking. 8s' Induction of female flowers on 
male plaats of C. Sativa by 2-chlor ethanephosphonic acid has bee 
ported. A n-propyl analog" of A -THC and cannabielsoic acid A (L), a 
new type of cannabinoid, have been isolated from hashish. The latter has 
been synthesized by a novel photo-oxidative cyclizatio cannabidiolic 
acid. THCs from (+)- 
trans-2-carene oxide o h a s  appearedzhis provides an entry into canna- 
binoids via carane d ivatives and is the first one step stereospecific 
synthesis of Al-THC." The revised structure of cannabicyclol (4) has 
been confirmed by an X-ray study.14 

A more 
A taxonomical classifi- 

Contrary to the general 

In 1 

'q2re- P 

A stereospecific synthesis of (->-A'- and (-1- 

Various stereospecif ic cyclizations 
11 

CH3 0 OH OQC5Hll 9 + 6 6 1 \ \ 2  5'*c 
\ 3' 

4' 
/ 

-10 

*8\0 6' 5 11 
9 

'gHll ' COOH OH ' : H  

1 
/$ OH 

- 1 - 2 olive t o 1 A -THC 
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and isomerizations of cannabichromene (2, R-H) have been reported. l5 
is converted to 4 with BF3 whereas its acetate (3, R=COCH ) gives the 
acetate of A1-3,4-cis-THC. 
in this series, once the chromene ring A is formed, it remains. Highly 
stereoselective cyclizations of cannabinoid 1,5 dienes17 e.g., canna- 
bigerol (5)-*6 were reported. The suggestion has been made that these 
reactions may represent an organic model for related biochemical cycliza- 
tions. 

It 

3 The latter contradicts the postulation16 that 

The results of a conformational analysis ofd-THC and related com- 
pounds based on Westheimer and extended Huckel M.O. calculations, are in 
substantial agreement with PMR observations resulting from Overhauser and 
Solvent effect studi 
have been developed. 

l8 Detection methods for marihuana constituents 
B ; 2 0  

Alkaloids of the ergoxine group, i.e., ergonine [La, R"=CH(CH ) ] 3 2  
and ergoptine [La, R"=CH2CH(CH ) ] were s nthesized by the method pre- 
viously used for related ergot3a~kaloids .'l The synthesis of 2'P-iso- 

0-L N 

7 a, R = CH CH - 2 3  
R' = H 

by R = CH(CH3)2 
R' = H 
R" = CH2CH2CH3 

c, R = CH(CH3)2 
R' = H 

H , 
propyl-5c(-propyl-9,lO-dihydro er opeptine (zb, 9,lO-dihydro) and its N'- 
methyl derivative was described.q2 Numerous derivatives of this class of 
compounds were synthesized and claimed to be useful in the treatment of 
migrane and hypotension. 23 The bromo derivative of d-ergocryptine [Icy 
R"=CH CH(CH ) ] was found to be much less toxic in its emetic and vascular 3 2  effecgs compared to the parent 52mpound. It inhibits the secretion of Dro- 
lactin, fertility and lactation 
mg/kg s.c.). Ergocornine [Icy R"=CH(CH ) ] and its methanesulfonate 3 2  (0.2 mg s.c.) also showed antitumor activity in rats26 and mice27 respec- 
tively. Bios nthetic studies relating to the origin of the side chain of 
ergometrine,28 the proline part of the peptide chain of ergot~xine~~ and 
the amide substituent of N- (d-hydroxyethyl) lysergamide were carried out 
in a culture of Clavice s paspali.30 
tions has appeared +zymatic oxidative closure of Ring D of the ergo- 
lene nucleus of chanoclavine 8 in vitro gave elymoclavine 9 without the 
intermediacy of agroclavine 10. 
The synthesis and incorporation of chanoclavine aldehyde33 into 9 by 
claviceps was also shown. On the other hand in the dihydrochanoclavine 
series it is suggested that the ring closure involves the -CH20H group. 
Central stimulatory amphetamine-like effects were found in lysergic acid 

and showed antitumor activity25 (3-6 

A review on ergot alkaloid fermenta- 

An intermediate 11 has been postulated. 32 

34 
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3; piperazides 2. 
R -H,CH3; R =H,Br,Cl,F and R =H 6-C1, 2-C1) were made and showed adrenoly- 

37 
tic and hypotensive propertiis. j6 
(0.3 mg/kg) was also claimed for D-6-methyl-8- (2-hydroxyethyl) ergoline. 

A new alkaloid cycloclavine,38 (14) containing a three-membered ring was iso- 
lated from Ipomoea hildebrandtii. A novel procedure for the determination 
of dissociation constants of ergot alkaloids was reported. 39 

Various ergoline derivatives of type 2 (R1=H,OCH 

A long lasting hypotensive effect 
2- 3 

The photolysis of N-chloroacetyl mescaline40 has provided some ad- 
ditional examples of unusual rearrangements of the mescaline skeleton. 
Numerous new mes~alinoids~~ of type 15 were synthesized (where Ri=H,CH ; 
R2 and R5=H,C1,0CH3; R3 and R6=H,Cl and Rq=various ethers) as potentiaj 
psychotropic agents. In a study of hallucinogenic amphetamines, a signifi- 
cant correlation was found between the ease of perturbability of the 
amphetamine ffelectrons and their activity. However, it did not account 
for the activity of all the compounds.42 

43 
A versatile route to iboga and vinca alkaloids has been developed. 

The sequence utilizes in its penultimate step a reductive cleavage re- 
action to generate the nine-membered ring system of the cleavamine molecule 
In this way carbomethoxydihydrocleavamine (2) is synthesized which is 
then converted to dihydrocatharanthine (JJb, R=COOCH3) and coronaridine 
(Ea, R=COOCH ) .  The latter is then converted to ibogamine (ga, R=H). 
Synthesis of ? b o g a ~ n i n e ~ ~ , ~ ~  and a n a l o g ~ ~ ~ , ~ ~  were also reported, some of 
which showed cardiac activity. 
Subaeru~inosa~~ but no psilocin was detected. 
and its analogs was reported utilizing a new synthesis of the indole 
nucleus. 

49 Psilocybin was isolated from g. 
A synthesis of psilocin 

The chemistry of Amanita muscaria components has been reviewed50 
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COOCH3 16 - 
in detail and the pharmacology of ibotenic acid 
and muscimol are given. Isolation of (-)- 
allomuscarine is reported .5l Dihydrokawain- 
0 1 , ~ ~  a new alcohol and two new pyrrolidines 25 
have been isolated from p. methysticum. 
sticin and yangonin with acids were described. 

Biology - Interest has centered around metabolic studies of A 1 - and & 1(6)- 
THCs. Liver homogenate or its supernatant metabolized &THC to the phar- 
macologically active 7-hydro~y-&-THC~~ (Q). 
6,7-dihydroxy-&THC was alsa identified. 
be metabolized to the active 7-hydroxy-A1(6)-THC both in vitro and in vivo. 
Distribution of tritiated &THC in the rat after inhalation of the moke 

58 
indicated that the main route of elimination was through the feces. 
Studies on the disposition and metabolism of A1-THC in man were reported. 
&THG3H binds to human plasma protein in vitroSg and this may account for 
the slow elimination of the drug in man and animals. Al-THC (4 and 16 mg/- 
kg) was found to potentiate the effects of pentobarbital (10 mg/kg) and pro- 
long pentobarbital (30 mg/kg) sleeping time,60 
behavioral effects in pigeons under a multiple schedule of food presenta- 
tion. 
nal value (36 mg/kg) without disrupting behavior and no withdrawal syndrome 
was detected when the drug was withdrawn." Evidence of tolerance was also 
reported in mice.62 R=CH(CH )CH(CH3)- 
C H 1 showed qualitatively similar effects t o s -  and$(6)-THC ?n un- 

React ns of (f)kawain, methy- 3 e 

An inactive metabolite, 
Similarly A1 f6)-THC was shown to56 

-- 
59 

It causes tolerance to the 

The dose (1.8 mg/kg) was gradually increased to 20 times its origi- 

Two heterocyclic analogs [ 19 and 20 

5 11 

20 - 19 

anaesthetized dogs (0.2-0.5 mg/kg i.v.) . They potentiated epinephrine and 
norepinephrine in anaesthe ized dogs (0.1 mg/kg) but did not show any re- 
duction in blood pressure, '' A water-soluble derivative (the 8-diethyl- 
aminobutyric ester) ofAhl-THCG3 was re orted in preliminary tests to have 
a pharmacological profile similar to ALTHC. In a comparison of various 
CNS effects, the Gayer test64 was found t o  be specific for picking out &l- 
THC. 
C. Sativa. 

- 18 - 

A proteolytic enzyme ede~tinase6~ wae isolated from the seeds of 
- -  
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including man repeated administration of LSD leads to a regular cyclic re- 
sponse the amplitude of which seemed to be dose dependent and the period 
species dependent.66 
in mouse braid7 and increases catecholamines68 in the reticular formation 
of the mid-brain and decreases the levels in the hypothalamus. 
basis of a study of the flexor reflex and stepping reflex in chronic 
spinal dogs,69 it was suggested that the mode of action of LSD-like psy- 
chotogens is similar to tryptamine but is different from that of 5-HT, 
serotonin. 
in the liver fluke E. hepatica and an increase in the activity of phospho- 
fructokin se.’O 
proposed. The behavioral effects of LSD and mescaline were markedly re- 
duced in ra$h given p-chlorophenylalanine thus indicating serotoninergic 
mechanisms. LSD affected the nest-building behavior73 in mice (100 up/- 
kg i.p.) and the performance of rats in the maze test.74 The open field 
performance in rats75 has been studied. 
effects may play a role in determining the response to LSD in an electro- 
shock alley T-maze test in mice.76 
same amount of chromosome damage as 4.2 pg/ml LSD and the damage was 
linear1 related to concentration. 77 
in micef8 but different results were shown in other  paper^.^^,^^ The ef- 
fect of ergotamine on norepinephrine 
dog was reported.81*82 The synapsesg appears to be the site of action of 
mescaline as indicated by subcellular uptake studies. 
that the 
mediated!‘ Unlike LSD N,N-Die thyl-1 ,2,5,6- te t rahydro- l-me thyl- 
nicotinamide markedly potentiated the behavioral effects of mescaline.85 
Differences ve e found in the effects of psychotogens on single midbrain 
raphe neurons. fi6 

- 
Research continues apace in LSD. In several mammalian species 

LSD reduces both the synthesis and turnover of 5-HT 

On the 

Like serotonin, however, LSD causes an increase in glycolysis 

A possible neuronal basis for the action of LSD has been 

It was suggested that genetic 

lOOR of X-irradiation produced the 

LSD was reported to be teratogenic 

epinephrine and isoproterenol in the 

It was also shown 
adycardia and arrhvthmia produced by mescaline in mice is CNS 

A detailed quantitative stuay of hannine metabolism in man and rats 
was reported (0.5 mg/kg i.v.). Harm01 sulfate was the primar conjugate 
in rats and harmol glucuronide excretion predominated in man.157 Harmine 
(1 .v . )  in cats, rats and humans induced bradycardia and hypotension and 
the effects of acetylcholine and epinephrine were potentiated due to in- 
hibition of ch linesterase and MA0 respec ively.%% The effect of harmine 
on serotonin-lsC metabolism was reported. 69 

The EEG and behavioral effects (cats)” and autoradiographic study 
(monkeys)g1 of harmaline have been reported. Muscimol and ibotenic acid 
(5. muscaria) showed an increase in serotonin levels in the midbrain and 
hypothalentue perhaps due to reduced serotonin turnover. 92 
was claimed to be better than mephenesin against strychnine poisoning.93 
Indolea&lamioes vere shown to affect 5-HT metabolism in a manner similar 
to LSD. 

Clinical - Initial symptoms on smoking cigarettes containing D -THC by 6 
subjects vere numbness and tingling of the extremeties, lightheadedness, 
1088 of concentration, palpitation, sveating, tremulousness and weakness 
followed by increased mental impairment, mental confusion, loss of time 
sense and feeling of euphoria. 

Hethysticin 

1 

An increase of heart rate by-20 beats/- 
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min and a reddening of the conjunctiva was observed in 5 out of 6 subjects. 
The isomeric A3-compound and its homolog synhexyl produced similar but less 
severe effects.95 In another study where A1-THC and synhexyl were adminis- 
tered orally, it was found that plasma cortisol and platelet serotonin 
were unchanged. The lack of major effects of marihuana-like drugs on 
these and other clinical measurements of stress corroborates the clinical 
observation that the drugs of this type are less stressful than the usual 
psychotomimetics.96 
integration stemming artly from impaired immediate memory, disorganized 
speech and thinking.gg In a laboratory setting both marihuana and alcohol 
seemed to be mild intoxicants. With THC the EEG changes were characterized 
by an increased abundance of low voltage fast (20-30 Hz) activity, de- 
creased alpha abundance and slight alpha slowing. 
jects who were regular users of marihuana were unable to distinguish be- 
tween smoked marihuana and the THC free placebo.98 A measured dose of &I1- 
THC (5 mg) by smoking, showed a significant decrement in motor performance 
tests in experienced subjects. 98a 
cannabis smoking was reported. A toxicological study carried out 5 days 
after death showed only cannabinol in urine.99 
actions to marihuana and suggested treatment has appeared .loo 

High oral doses of THC (20-60 mg) induce temporal dis- 

Interestingly the sub- 

A fatal intoxication by man due to 

An article on adverse re- 

101 
102 

The effect of LSD (1.5 pg/kg) on sleep-deprived men has been reported. 
LSD (1.5-2 pg/kg) and mescaline (4-6 mg/kg) when administered orally pro- 
duced an antidiuretic effectlo3 in 10 of 16 subjects. 

A study of the effects of LSD on human pregnancy was published. 

Quantitative EEG and behavior changes after LSD and Ditran (i.v.) 
were reported in a group of chronic schizophrenic patients.lo4 Close cor- 
relations between EEG changes and alterations in psychopathology were seen 
after both the drugs. Compared to dimethoxyphenethylamine (DMPEA) its N- 
acetyl derivative (NA DMPEA) is more potent in rats. In a modified rising 
dose tolerance test (1.3-16.4 mg/kg) it did not show any hallucinogenic 
effect.lo5 
lished. 
diethyltryptamines was reported. lo6 
or N,N-dipropyltryptamine in 36 subjects no increase in the activity of the 
two enzymes CPK (creatine phosphokinase) and aldolase was found. 
sults are discussed with reference to the known increase in the activity 
of these enzymes in acute psychoses. lo7 

Proceedings of a symposium on amphetamines have been pub - 
A comparison between N,N-dipropyl ,N,N-diethyl and 6-f louro- 

Following the administration of LSD 

The re- 

Ergotamine and ergometrine were shown to have potent venoconstrictor 
action in the forearm of normal subjects. It is suggested that this may be 
important in provoking the harmful cardiovascular side effects that are 
sometimes observed in patients with preexisting heart disease.lo8 
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Chapter 4. Analgesics 

Franklin M. Robinson 
Merck Sharp 8, Dohme Research Laboratories, West Point, Pa. 19486 

Research on strong analgesics has shown a relative increase in 
detailed structure-activity studies and investigations of biochemical and 
pharmacological mechanisms. 
narcotic replacements for morphine, and none appears to challenge the 
growing use of pentazocine. 

Few new candidates have been proposed as non- 

In the area of mild analgesics some novel structures have been re- 
ported to have higher analgesic potency and fewer side effects than the 
compounds now in use. 

1 2 
Reviews of recent work on analgesics and on pain mechanisms have 

appeared. 

I. StronR Analgesics 
A.  New Clinical Studies - Only two of the newer compounds reaching clin- 
ical trial appeer to be potentially useful as non-narcotic analgesics. 

Tilidine (I) has been studied in over 3000 patients3 and was said to 
be an orally effective agent nearly as potent as meperidine. Although 
definitive dependence studies in man have not been reported, extensive 
pharmacological and toxicological studies show little capacity to produce 
dependence in animals. 

Continuing clinical studies of diviminol (If) have sho? a favorable 
comparison with codeine in potency and lack of side effects. No tolerance 
development or narcotic side effects were observed. 

B. Pentazocine - Reports too numerous to list continue to appear. It has 
been demonstrated that pentazocine has properties of both morphine and 
nalorphine and can cause physical dependence.= 
are relatively rates7 and narcotic control has not been recommended. 

However reports of abuse 

C. Structure-Activity Studies - Only work which includes new relationships 
or novel structures i s  discussed below. Unless specified othenvfse, po- 
tency estimates refer to the mouse hot plate test and dependence capaci- 
ties to morphine dependent monkeys. 
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1. Morphine - Originally B/C trans-morphine was  said t o  be inact ive,  but 
i t  i s  now reported t o  be 10% as ac t ive  as morphine. I n  t h i s  eries, po- 
tency i s  not reduced by methylation of the phenolic hydroxyl, 
isocodeine shows twice the potency of  trans-isomorphine. 

8 and t rans-  

A negative e f f e c t  of the  hydroxyl was seen i n  the etheno-thebaine 
analog 111--R=H which was more ac t ive  (2000 times morphine) than the o r i -  
pavine analog III--R=cBI (1600 times morphine). This e f f e c t  was not seen 
when the phenethyl group was replaced by a l k y ~ ~  The pyrazole analog I V  
was a very potent analgesic which showed no antagonism o r  support of 
morphine dependence. 10 

The high analgesic a c t i v i t y  (2.8 times morphine) of t he  subs t i t u t ed  
formal morphanone cleavage product V i n  the Haffner test appears t o  be due 
t o  the presence of the hydroxyl group. 11 

V 

12 I n  continued s tudies  of azamorphinans, V I  was found t o  be h a l f  as 
potent as  morphine and would not support morphine dependence. 

2. Benzomorphans - The discovery t h a t  strong analgesic a c t i v i t y  and nar- 
c o t i c  antagonism a r e  found i n  the 
a lges i c  a c t i v i t y  and physical dependence capacity i n  the dextro forms has 
proved to  have numerous exceptions. Both o p t i c a l  isomers of the analog 
V I I ,  lacking a quaternary carbon atom, w e r e  analgesics with no physical 
dependence capacity and both showed antagonist  propert ies  .I3 
isomers of V I I I  were potent analgesics which supported morphine dependence 
while the dextro isomers did not. None was an antagonis t . lo  

€oms of benzomorphans and weak an- 

Both 
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HO HO 

The benzomorphan-prodine hybrid IXa was more l i k e  prodine than a 
typical  ben~omorphan’t~ It would support morphine dependence i n  the mon- 
key, i n  contrast  t o  a previous benzomorphan-meperidine hybrid (IX-b). The 
stereoisomers of the phen lmorphan X behaved l i k e  benzomorphans r a the r  
than meperidine analogs. li: 

Contrary t o  m o s t  known analogies,  expansion of the piper idine r i n g  of 
Removal of  netazocine gave the analogs X I  with good analgesic  activity.’“ 

the methylene bridge of V I I  t o  give XI1 destroyed act ivi ty .16 

a3 
/ 

HO XI Hb X I  I 

3 .  Miscellaneous - Cl in ica l  s tud ie s  of the close analog of propoxyphene 
XI11 (u-d-form) , L i l l y  31518, showed analgesic potency about one-third 
tha t  of morphine, and some problems of dependence were seen.17 
other  analogs of propoxyphene X I V  were ac t ive  i n  the r a t  inflarmned foot ,  
but unlike propoxyphene not i n  the normal foot.” 

Three 
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Azabicyclane XV was reported to be 6-8 times as potent an analgesic 
as meperidine but to have much less anticholinergic activity. It was 
stated that tolerance developed rapidly but no dependence was seen.l9 
a series of 60 analogs (XVI) of profadol, maximum analgesic activity was 
found with an N-phenethyl group and a free phenolic hydroxyl.20 Alkyla- 
tion of the hydroxyl prevented the potentiating effect of the phenethyl 
subs ti tuent . 

In 

I 
(333 R' 

4. Conformational Studies - The absolute stereochemistries of the four iso- 
methadol isomers (XVII, R5=CH3, R6=H) have been deduced and compared with 
those of the methadols (XVII, R5=H, &=CH3). It was suggested that po- 
tency differences between enantiomers are due to an obstructive role of the 
methyl groups on receptor binding or intramolecular geometry. 
chemistry of the isomers of trimeperidine (XVIII) was established.22 A cis 
5-methyl/k-phenyl is most advantageous for analgesic activity but orienta- 
tion of the 2-methyl group has less influence. 

Stereo- 

XVII a3 XVIII 

A series of 8 compounds represented by the general formula X I X  was 
synthesized to test the proposed requirement for an "out of plane two 
carbon chain" between the quaternary carbon and nitrogen in potent anal- 
gesics. None was a potent analgesic ( > 2 q  codeine), but the most active 
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w e  r e  t h o s e  with the greatest conformational flexibility. Synthesis 
of aminotetralins XX with 2-alkyl substituents to fix ring c~nformation~~ 
reduced analgesic activity below that of the parent (R=H) .  

D. New Compounds - Tramadol (XXI) was shown in the clinic to have an 
analgesic effect of the order of codeine but CNS side effects were not 
tolerable. 
cated that it had more potent analgesic activity and fewer side effects 
than other members of this large series. 

25 

A series of pharmacological studies of XXII, Agr 614,26 indi- 

10 Compounds XXIII-XXV were reported to have analgesic potencies be- 
tween codeine and morphine and no capacity to support physical depen- 
dence. 
duced a reaction resembling abstinence mixed with sedation. 
analgesic activity of tetrahydrocannabinols in general has been hard to 
demonstrate .27 

The cannabinol analog XXIII in morphine dependent monkeys pro- 
Significant 

XXIII 

11. Antiinflanrmatory Analgesics 
For comDlete coverage of this class of compounds refer to the chap- - 

ter on Antiinflammatory Agents (Section 4). The compounds discussed be- 
low are those for which significant analgesic activity was reported. 
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Flufenisal, XXVI, in a clinical study on episiotomy pain appeared 

Analgesic activities of XXVII (Y-3642) ,23 XXVIII (RA-101)30 and 

about twice as potent as aspirin with longer duration of effect. 

XXIX (naproxen)3I were reported to be superior to phenylbutazone in 
animal tests. 
greater than phenylbutazone without corresponding increases in anti- 
inflammatory activity. 

Analgesic effects of XXX= and XXX133 were several fold 

i Pr 

XXVIII 0 

111. Biochemical Mechanisms 
A great many reports of attempted correlation of levels of neuro- 

humoral agents with analgesia and tolerance have appeared. 
lar, the report that increased brain serotonin turnover was associated 
with tolerance and dependence, and that this could be prevented by p- 
chlorophenylalanine 34 stimulated much investigation. 
flicting r e p c ~ r t s ~ ~ y ~ ~  still leave this question unresolved. 

In particu- 

However, con- 

Many new data have supported a role for catecholamines in analgesia 
and the abstinence syndrome. 37,38 Stimulation of brain catecholamine 
biosynthesis by morphine can be inhibited by narcotic antagonists and 
tolerance develops to this stimulatory effect.39 

It was suggested that the apparent inhibition of brain protein syn- 
40 thesis by morphine is due to its effect on amino acid transport. 

Morphine has been sham to reduce cortical release of acetylcholine 
in vivo analogous to its in vitro effect.41 
this inhibition. 

Narcotic antagonists reverse -- 
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I t was re por ted that TPN (3 -me thy 1 su 1 f ony 1-10- [2 - (1 -me thy 1-2 - 
pi per idy 1) e thy 1 3 pheno thiaz ine ) and chloropromazine inhibited developmen& 
of tolerance to morphine as well as temporarily arresting the tolerance. 

In mice tolerant to levorphanol's effects, increased levels of drug 
in brain tissue were found, indicating lowered sensitivity of receptor 
sites .43 

Iv. Pharmacology 
A mathematical model for analgesic potency has been constructed 

using the effective doses of drugs administered intraventricularly as a 
measure of intrinsic activity and distribution coefficients between hep- 
tane and water as a measure of transport into the CNS.44 
emphasize the importance of polarity for receptor activity and indicate 
passive transport into the brain. 

The results 

Evidence for an active transport gocess for removal of morphine 
from cerebral ventricles was reported. 
tassium dependence suggest involvement of an ATPase. 

Inhibition by ouabain and po- 

Discussion o f  the extensive research on new phannacological models 
for measurement of analgesia and addiction liability is outside the scope 
of  this review. 

V. Narcotic Antagonists 
Some clinical studies have indicated the use of c clazocine or 

naloxone may be an effective treatment €or addiction.' More definitive 
studies are in progress. 
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Chapter 5. Antiparkinsonism Drugs 

Vernon G. Vernier  
E. I. du Pont de Nemours and Co., Wilmington, Delaware 19898 

Physicians now can treat p a t i e n t s  wi th  parkinsonism more e f f e c t i v e l y  
and d e f i n i t i v e l y .  This  improvement of t he rapeu t i c  out look has  followed a 
spur t  of r ecen t  research  a c t i v i t y .  
ments stemming from it  are summarized here .  

This  r e sea rch  and the  drug develop- 

The medicinal chemist should c o n s u l t  t he  r ecen t  review of Engelhardt 
and Stonel .  
I l a h i  and Shenker2 ; Calne3), pharmacolo 

Other reviews of p e r t i n e n t  area stress the rapeu t i c s  (Klawans, 
(Hornykiewicz4), physiology 

(Shute and Lewis5,6) and anatomy (Carman 7 ). 
Levodopa - This  na tu ra l ly -occur r ing  amino ac id  (I, L-3,4-dihydroxyphenyl- 
a lan ine)  was f i r s t  used t o  t rea t  parkinsonian p a t i e n t s  i n  1961. Morgan 

H O - @ X ~ - T H  -COOH 

MI2 
HO 

I 
Hd 

I1 

and Bianchine8 and Barbeau9 have w e l l  suuunarized the medical use and 
h i s  to ry  of levodopa. 
t i o n  has  r ecen t ly  appeared100 

A more d e t a i l e d  monograph wi th  ex tens ive  documenta- 

The background and t h e o r e t i c a l  b a s i s  of levodopa therapy can be sum- 
mar ized 

1. 

2 .  

3 .  

4.  

5. 

thus : 

Parkinsonian p a t i e n t s  b ra ins  show c y t o l o g i c a l  
d e t e r i o r a t i o n ,  p r i n c i p a l l y  but  no t  exc lus ive ly  in 
midbrain and basa l  gangl ia .  

Parkinsonian p a t i e n t s '  b r a i n s  show a def ic iency  of 
dopamine (11) i n  the s u b s t a n t i a  n ig ra  of the  mid- 
b ra in  and i n  the  corpus s t r i a t u m  (caudate  nucleus 
and putamen) i n  the b a s a l  gangl ia  of the fo reb ra in .  

The dep le t ion  of dopamine i s  presumably due t o  
degenerat ion of f i b e r s  of t he  n i g r o s t r i a t a l  t r a c t .  

Dopamine may a c t  as a s p e c i f i c  t r ansmi t t e r  a t  c e r t a i n  
"dopaminergic" synapses. 

Dopamine cannot c r o s s  the blood-brain b a r r i e r ,  bu t  i t s  
immediate biochemical precursor  levodopa does so  r e a d i l y  
and could r e s t o r e  func t ion  by r ep len i sh ing  dopamine. 
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Although the r e s u l t s  of e a r l y  trials were confl ic t ing,  probabl 
t o  the use of low doses and br ie f  treealtment periods, Cotzias e t  a l .  
convincingly established the e t r ik lng  e f  ficecy, of a degree exceeding tha t  
of  a l l  previous medications, when high sustained doses oE levodopa were 
administered. Many others subsequently confinned t h i s  finding. I n  over 
3,000 pa t ien ts  the success rate has been between 70 and 80%. 

due 
111,12 

Levodopa favorably a l t e r e d  nearly a l l  symptoms of Parkinson's disease,  
though not equally. 
ear ly .  Tremor responded i r regular ly  and later. Many o ther  symptoms were 
p a r t i a l l y  or completely reversed by levodopa, including impaired posture, 
loss  of associated movements, increased sebum secretion, impaired speech 
and sialorrhea.  
a t e l y  t o  severely a f fec ted  pa t ien ts  than did ant ichol lnergic  drugs. Most 
observers noted no loss of levodopa ef f icacy  wlth time i n  contrast  t o  pre- 
viously e f fec t fve  drugs. Levodopa is superior t o  surgery, which is 
plagued by i r regular  response, ser ious hazards and recurrence of symptoms. 

Rig id i ty  and hypokinesia have responded w e l l  and 

Levodopa induced grea te r  o v e r a l l  improvement i n  moder- 

Levodopa works best  i n  pa t ien ts  with mild disease of short  duration 
but i t  also helps pa t ien ts  with severe longterm disease. While i t  helps 
a l l  forms of the disease, postencephalit ic cases are very sens i t ive  t o  
both the therapeutic e f f e c t s  and the s ide  e f f e c t s .  Levodopa treatment 
must always be s t a r t e d  with low doses (300 t o  500 rng per day) and the dose 
must be slowly and carefu l ly  increased up to the point of optimal eff icacy 
or l imit ing s ide  e f f e c t s  (usually 2.5 to  6 g per day, although a few 
pa t ien ts  may receive the maximal recommended dose of 8 g) .  
dil igence in management of dosage, symptoms and s i d e  e f f e c t s  is e s s e n t i a l  
t o  e f f e c t i v e  therapy with t h i s  drug, s ince there  are da i ly  and within -day 
var ia t ions  in e f f e c t ,  which are re la ted  to the shor t  h a l f - l i f e  and t o  
in te rac t ions  with d ie ta ry  amino acid intake (mainly phenylalanine) which 
cause re f rac tory  periods of rapfd onset and var iable  length. 

S k i l l  and 

S i d e  e f f e c t s  are numerous and troublesome occurring i n  nearly 100% of 
pat ients ,  bur a r e  not generally serious.  They have caused termination of 
drug i n  about 5% of cases. They involve nearly a l l  organ systems but the 
most important are 1) nausea, vomiting and anorexia, 2) cardiac dysrhyth- 
mias, 3) hypotension, 4) abnormal involuntary movements, and 5) behavioral 
and personality changest 

Nausea, of ten  accompanied by vomiting, i s  seen a t  some stage of 
therapy i n  all patients.  Loss o f  appet i te  may occur with o r  without these 
signs. Gasrto- intest inal  signa, desp i te  t h e i r  frequency, a r e  r a r e l y  dose- 
l imiting. Co-administration of food may cont ro l  nauseal Phenothiazine 
anti-emetics and pyridoxine may block or reduce levodopa eff icacy and 
should not be used for control  of nausea or  emesis. 

The commonest cardiac problems with levodopa therapy are  sinus tachy- 
cardia  and premature vent r icu lar  contractions,  with r a r e  instances of 
a t r i a l  f i b r i l l a t i o n .  Cardiac deaths with vent r icu lar  tachycardia and f i b -  
r i l l a t i o n  have been reported but drug causation is unclear. 
s i d e  e f f e c t s  of levodopa can be a serious threa t  par t icu lar ly  t o  pat ients  

The cardiac 
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with coronary a r t e r y  d i sease .  
be i n s t i t u t e d  cau t ious ly  i n  the h o s p i t a l  wi th  access t o  monitoring and 
con t ro l  equipment. 
t o  dopamine, which a c t i v a t e s  B-adrenergic r ecep to r s .  
blocking agent  such as propranolo l  would be l o g i c a l  therapy f o r  card iac  
problems when they occur. 

Levodopa therapy i n  these  p a t i e n t s  should 

Levodopa ca rd iac  responses  are mediated by conversion 
A f3-adrenergic 

P a t i e n t s  wi th  Park inson ' s  d i sease  have a lower blood pressure  than 
age- and sex-matched c o n t r o l s  and o f t e n  show o r t h o s t a t i c  hypotension. 
Contrary t o  expec ta t ions ,  levodopa produces increased  o r t h o s t a t i c  hypoten- 
s ion  which may become c l i n i c a l l y  important. The incidence i s  probably 
h igher  t han  the  25 t o  35% repor ted  s i n c e  one c a r e f u l  s tudy of blood pres-  
sure  showed 75% of p a t i e n t s  w i t h  a decrease of g r e a t e r  than 10 nun Hg i n  
blood pressure  on s tanding.  Dizziness ,  v e r t i g o  and syncope are unconnnon. 
They occur e a r l y ,  can gene ra l ly  be con t ro l l ed ,  and d isappear  later wi th  
the development of to le rance .  The mechanism of the  o r t h o s t a t i c  hypoten- 
s ion  due t o  admin i s t r a t ion  of a pressor  m i n e  precursor  i s  not  c l e a r  and 
i t s  occurrence i s  su rp r i s ing .  

Abnormal involuntary  movements f r equen t ly  accompany opt imal  improve- 
ment with levodopa. The dura t ion  and the dose are r e l a t e d  t o  the occur- 
rence of these movements so t h a t  up to  73% of p a t i e n t s  have them a f t e r  12  
months of t reatment .  Abnormali t ies  are seen ea r l i e s t  i n  the head and 
mouth, then later i n  the  limbs and t runk,  sometimes becoming v i o l e n t  and 
severe. 
adding o the r  drugs (phenothiazines ,  ha lope r ido l  o r  pyridoxine)  bu t  with 
both approaches some the rapeu t i c  b e n e f i t  i s  o f t e n  l o s t .  

Usually they can be reversed  by lowering the  levodopa dose o r  by 

The parkinsonian populat ion,  gene ra l ly  aged, has  a s i g n i f i c a n t  i n c i -  
dence of impairment of mental func t ion  (memory , judgment, dementia and 
s o c i a l  adap ta t ion ) .  Levodopa t reatment  i s  accompanied by behaviora l  and 
personal i ty  changes i n  some p a t i e n t s .  The c e n t r a l  s t imulant  e f f e c t  seen 
e a r l y  i n  therapy may be r e l a t e d  t o  a tox ic  de l i r ium which levodopa can 
cause. The more f l o r i d  cases show paranoid ideas ,  de lus ions ,ha l luc ina-  
t i ons  and loss  of judgment, bu t  f requent ly  a milder  p i c t u r e  i s  seen wi th  
less d i s rup t ive  s t imulant  e f f e c t  and nervousness, anx ie ty  and s l eep le s s -  
ness  (sometimes wi th  v i v i d  dreams) p lus  some autonomic s igns .  Rarely 
seda t ion ,  malaise ,  and emotional depress ion  t o  the  po in t  of s u i c i d a l  ideas  
a r e  noted, bu t  drug causa t ion  i s  unc lear .  Levodopa has  been publ ic ized  a s  
an aphrodis iac ,  bu t  t h i s  may be mainly the  t a l k  of t ox ic  de l i r ium p a t i e n t s ;  
however the  r e m i t t e d  i l l n e s s  of a previous ly  incapac i t a t ed  v i c t i m  may per- 
m i t  the  appropr i a t e  renewal of sexual  performance. There i s  no t  f i rm  
evidence t h a t  i t  has  f u l f i l l e d  the  anc ien t  concept of a s p e c i f i c  aphrodi- 
s i a c .  

Many o the r  i n f r equen t  symptoms and abnormal l abora to ry  f ind ings  have 
been a s soc ia t ed  with levodopa t reatment .  Metabol i tes  cause the u r ine  t o  
tu rn  reddish  and then black. Many drug i n t e r a c t i o n s  a r e  poss ib l e ;  few a r e  
conf inned, bu t  t h i s  p o s s i b i l i t y  should be watched. Some monoamine oxidase 
i n h i b i t o r s  repor ted  e f f e c t i v e  i n  Park inson ' s  disease caused hypertensive 
r eac t ions  i n  combination wi th  levodopa, b u t  t r i c y c l i c  an t i dep res san t s  
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(imipramine and amitr iptyl ine)  also e f f e c t i v e  i n  parkinsonism, have been 
used with levodopa without ser ious s ide  e f f ec t s .  

Levodopa was approved by F M  i n  June 1970 f o r  marketing i n  the t r e a t -  
ment of Parkinson's disease.  
decl ining and drug a v a i l a b i l i t y  is increasing. 

Drug cos t s  were r e l a t i v e l y  high but a r e  

It i s  not known whether levodopa alters the steady progression of 
Parkinson's disease,  s ince few pa t i en t s  have been observed longer than 3 
years. 
observed i n  successfully-treated pa t i en t s .  

Generally i t  i s  s t a t ed  t h a t  no fu r the r  de t e r io ra t ion  has been 

Other medical uses f o r  levodopa include success i n  t r e a t i n g  the 
akinetic-dystonic syndrome of manganese poisoning i n  miners. Other neuro- 
l og ica l  and psychiatr ic  indicat ions are not ye t  established. Levodopa has 
yielded conf l i c t ing  resul ts  i n  dystonia musculorum deformans, Wilson's 
disease,  Huntington's chorea, and progressive supranuclear palsy. Reports 
of l imited t r ia l s  of levadopa f o r  the possible treatment of d e p r e s s i o P l 6  
have appeared, but they are d i f f i c u l t  t o  i n t e r p r e t .  Studies t o  resolve 
the issue are i n  progress. 

Decarboxylase Inh ib i to r s  - A t  least two agents designed t o  decrease the 
per ipheral  enzymatic i nac t iva t ion  of levodopa have been t r i e d .  Both 
Ro 4-4602 (111) and MK 485 (N) have been reported t o  lower the optimal 

111 I V  
levodopa dose t o  one-f i f th  t o  one-eighth. It i s  not y e t  c l ea r  t ha t  any 
therapeutic advantage is achieved i n  e f f i cacy  or greater  s ide  e f f e c t  
margin beyond the decrease i n  the levodopa dose requiredl7-21. Abnormal 
involuntary movements are s t i l l  seen a t  the lower dosage. More informa- 
t i o n  is required t o  say whether or not t h i s  combination therapy with levo- 
dopa w i l l  be useful.  

Apomorphine - This morphine de r iva t ive  (V, common s t r u c t u r a l  elements with 
dopamine, 11, indicated) has recent ly  assumed considerable theo re t i ca l  and 

possible p r a c t i c a l  importance i n  understanding 
the pharmacological r o l e  of levodopa and dop- 
amine i n  the therapy of parkinsonism. 
reported tha t  i t  rel ieved tremor i n  pa t i en t s  but 
was of too shor t  duration f o r  useful therapy and 
was only e f f e c t i v e  parenteral ly .  Then, 
Vernier23j24 found t h a t  apomorphine s t r ik ing ly  
reduced the tremor of monkeys with midbrain 
les ions made by the technique of Ward25 
Pe terson26 and of Carpenter27. Poir iere8 and 
GoldsteinZg have used these methods to  study 
b ra in  catecholamine changes and t o  study these 

SchwabZ2 

- v  
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and o the r  drug e f f e c t s .  More r e c e n t l y  C o t ~ i a s ~ ~  has  confirmed Schwab' s 
f ind ing  i n  man. The work of s e v e r a l  groups has  now converged t o  i n d i c a t e  
t h a t  apomorphine a c t s  upon many phys io log ica l  systems and vascu la r  beds 
t o  cause e f f e c t s  s i m i l a r  t o  those of  levodopa o r  d 0 p a m i n e 3 1 , ~ ~ .  Thus apo- 
morphine probably d i r e c t l y  a c t i v a t e s  "dopaminer ic"  r ecep to r s  and i t s  mode 

dopa or  dopamine may a c t  p a r t i a l l y  through metabol ic  conversion t o  apor- 
phines  resembling apomorphine. 

of a c t i o n  i n  parkinsonism i s  c l e a r e r .  Sourkes 33 has  suggested t h a t  levo- 

Amantadine - Amantadine hydrochlor ide (VI) was introduced i n  1967 a s  an 
a n t i v i r a l  agent  f o r  i n f l ~ e n z a ~ ~ ~ ~ 5 .  I n  1968 Schwab e t  al.36 noted t h a t  

amantadine caused remiss ion  of parkinsonian 
symptoms i n  a p a t i e n t  t r e a t e d  p rophy lac t i ca l ly  
dur ing  an  inf luenza  epidemic and they subse- 
quen t ly  s tud ied  the  e f f e c t  i n  163 p a t i e n t s .  
Since then more than 80 r e l e v a n t  papers have 
appeared of which more than 30 a r e  r e p o r t s  of 
c l i n i c a l  s t u d i e s .  They inc lude  over 1,000 

VI p a t i e n t s  wi th  over 300 from con t ro l l ed  t r ia ls  
(e.ga37,38,39).  Most au tho r s  concluded t h a t  

.Hcl a 
arnantadine shows some degree of an t ipa rk inson ian  a c t i v i t y  (e  . g . 4 O ~ 4 ~ , 4 ~ ) .  
The onse t  of e f fec t  is  gene ra l ly  r ap id ,  24 t o  48 hours ,  compared wi th  
w e e k s  or months wi th  levodopa. The c l i n i c a l  r e p o r t s  suggest  t h a t  the  
amantadine degree of a c t i v i t y  i s  a t  least as g r e a t  and perhaps g r e a t e r  
than t h a t  of the s tandard  an t ipa rk inson ian  drugs,  p r i n c i p a l l y  a n t i c h o l i -  
nerg ics ,  bu t  no t  a s  g r e a t  as t h a t  of levodopa. Dose response r e l a t i o n -  
sh ips  f o r  the a c t i v i t y  of amantadine i n d i c a t e  t h a t  doses of 200 t o  300 mg 
d a i l y  a r e  opt imal  f o r  most pa t ien ts43 .  
e f f e c t  a f t e r  prolonged t reatment .  

Schwab36 noted some decreased 

Amantadine has been s u c c e s s f u l l y  adminis tered concur ren t ly  wi th  o the r  
drugs,  including levodopa whose e f f i c a c y  i t  tends t o  pred ic t36 .  

Arnantadine i s  gene ra l ly  w e l l  t o l e r a t e d  i n  most p a t i e n t s 4 4 ~ 4 5  and 
causes  fewer s i d e  e f f e c t s  than levodopa o r  a n t i c h o l i n e r g i c s .  Some 
repor ted  s i d e  e f f e c t s  may be due t o  concurren t  a n t i c h o l i n e r g i c  medication 
o r  t o  amantadine i n t e n s i f i c a t i o n  of t h e i r  e f f e c t s ,  bu t  t h i s  i s  not  y e t  
c l e a r l y  e s t ab l i shed .  Livedo r e t i c u l a r i s  has  been reported46.  

Vernier  e t al .47 concluded t h a t  amantadine was adequately t o l e r a t e d  
on long term chronic  admin i s t r a t ion  t o  r a t s ,  dogs and monkeys a t  doses  
more than 13 t o  33 times the  usua l  human doses  wi th  no evidence of organ 
pathology. These tox ico log ica l  s t u d i e s  showed some c e n t r a l  nervous system 
s t imu la t ion ,  anorexia ,  r a r e  emesis and some convuls ions a t  h igh  doses.  
Amantadine caused s e v e r a l  e f f e c t s  a t  h igh  doses ,  i n d i c a t i v e  of c e n t r a l  
nervous system s t i m u l a t i o n  o r  catecholamine i n t e r a c t i o n  inc luding:  
increased spontaneous motor a c t i v i t y ,  antagonism of te t rabenazine- induced 
seda t ion ,  a mild,  t r a n s i e n t  vasodepressor  e f f e c t ,  some c a r d i a c  arrhythmias,  
and some block of uptake of norepinephrine i n t o  l a b i l e  s t o r e s  (po ten t i a -  
t i o n  of norepinephrine vasopressor  e f f e c t ,  b lock of phenethylamine vaso- 
pressor  response,  i nc rease  of myocardial  c o n t r a c t i l e  fo rce ,  r a d i o a c t i v e  
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norepinephrine d i s t r i b u t i o n  s tudies ,  and antagonism of tetrabenazine 
e f f e c t s ) .  

The possible modes of act ion of amantadine and other drugs i n  parkin- 
sonism a r e  summarized i n  Table 1. Amantadine does not a c t  l i k e  the 
central ly-act ing anticholinergics48,49. I n  three animal preparations 
amantadine f a i l e d  t o  cause ant ichol inergic  e f f e c t s  (guinea pig ileum, 
acetylcholine-induced depressor e f f e c t s  i n  dogs, oxotremorine tremor i n  
mice). 

Amantadine i n t e r a c t s  with catecholamines i n  the c e n t r a l  nervous sys-  
tem and i n  the periphery. This might be predicted from i t s  primary amine 
s t ructure .  How can these in t e rac t ions  contr ibute  t o  i t s  e f f e c t  i n  parkin- 
sonism? Table 1 l i s t s  f ive  mechanisms by which amantadine and other drugs 
could counteract the d e f i c i t  of extrapyramidal i nh ib i t i on  which is respon- 
s i b l e  f o r  symptoms of parkinsonism. 

Recent evidence points t o  a loca l  r e l ease  of catecholamines as the 
major mode of ac t ion  of amantadine i n  parkinsonism. This i s  the most 
s ens i t i ve  e f f e c t  of amantadine reported t o  date and occurs a t  the lowest 
dose. Althou h e a r l i e r  c lues  pointed t o  t h i s  action, the r e s u l t s  of 
Grelak e t  a1.88 c l a r i f i e d  t h i s  point. They reported tha t  a small tran- 
s ien t  pressor e f f e c t  of amantadine alone, intravenously i n  dogs, was 
markedly in t ens i f i ed  b dopamine-priming. This suggested t h a t  amantadine 
released dopamine and& other catecholamines from neuronal s to re s  t o  
cause the per ipheral  pressor act ion.  The e f f e c t  was noted a t  very low 
amantadine doses. There was no evidence fo r  block of dopamine uptake. 
E a r l i e r  Vernier47 reported tha t  t r ans i en t  increases i n  myocardial con- 
t r a c t i l e  force occurred following moderate intravenous doses of amantadine. 
These a l s o  suggested local  catecholamine release,  since they were 
abolished by reserpinizat ion and restored by norepinephrine infusion. 

Recently several laborator ies  have reported evidence for  amantadine- 
induced release of radiolabel led catecholamine (mainly dopamine) from r a t  
brain50?51,52. This seems t o  confirm in the c e n t r a l  nefvous system what 
was seen i n  the periphery. 
mode of ac t ion  of amantadine i n  parkinsonism, the quan t i t a t ive  r e l a t i o n s  
between t h i s  and other  biochemical actions upon catecholamines remain 
be worked out. 

Although t h i s  may be the most l i k e l y  major 

t o  

It i s  in t e re s t ing  t o  note t h a t  several authors have shown t h a t  levo- 
dopa may release amines i n  the brain,  s p e c i f i c a l l y  serotonin,  which may 
imply t h a t  i t  shares a somewhat similar a c t i o n  with a1naneadine5~,54. 

Recent biochemical f indings suggest t h a t  under some conditions amanta- 
Thus Scatton50 concluded dine may increase dopamine accumulation in brain.  

t h a t  amantadfne may st imulate  dopamine synthesis  and Stromberg5l has 
reported compatible data. 
f inding t o  the clinical efficacy of amantadine 

It: i s  too early t o  assess the relevance of t h i s  

Does amantadine block the reuptake of catecholamines and i s  t h i s  
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e f f e c t  r e l a t e d  to  i t s  an t ipark inson  ac t ion?  Severa l  groups have s tudied  
the e f f e c t  of amantadine upon catecholamine uptake s ince  Vernier47 
repor ted  da ta  compatible wi th  reuptake blockade. At doses 5-10 t i m e s  the  
human therapeut ic  dose amantadine antagonized te  trabenazine-induced seda- 
t i o n  i n  mice. It a l s o  po ten t i a t ed  norepinephrine-induced pressor  response 
i n  dogs, blocked pehenethylamine-induced pressor  response i n  dogs, and 
blocked the uptake of r ad io l abe l l ed  norepinephrine by mouse h e a r t .  I n  
c o n t r a s t  Grelak48 repor ted  no clear i n d i c a t i o n  of amantadine p o t e n t i a t i n g  
dopamine i n  t h e i r  r e l e a s e  experiments. 

It i s  not  y e t  c l e a r  whether amantadine blocks uptake of dopamine (o r  
o the r  catecholamines) i n  b r a i n  to  prolong the u s e f u l  presence of t r ans -  
m i t t e r .  
reported a t  high amantadine doses ,  it probably does not  play a major r o l e  
and the evidence of several groups i s  aga ins t  i t so-55 .  The q u a n t i t a t i v e  
and q u a l i t a t i v e  r e l a t i o n s  must be worked o u t  before  the r o l e  of reuptake 
block of catecholamines can be assessed .  Snyder57 suggested t h a t  ca t e -  
cholamine uptake blockade (mainly block of dopamine uptake by striatum) 
may con t r ibu te  t o  the  mode of a c t i o n  of a n t i c h o l i n e r g i c s  and a n t i h i s t -  
amines i n  an t ipark insonian  therapy. 

While uptake block of dopamine and norepinephrine has  been 

Since amantadine gene ra l ly  lacks  the prominent g a s t r o i n t e s t i n a l  symp- 
toms (nausea and emesis) shared by apomorphine and levodopa it  i s  not  
l i k e l y  t h a t  i t  stimulates dopamine r ecep to r s  d i r e c t l y .  

Z e t l e d g  and Simon, Malatray and Boissier56 have repor ted  amantadine 
antagonism t o  phenothiazine-induced and o the r  drug-induced ca ta lepsy .  
They suggest  t h a t  amantadine may be e f f e c t i v e  i n  drug-induced parkinsonism 
o r  o the r  extrapyramidal  d i so rde r s  i n  man. 
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TABLE 1 - MECHANISMS OF ACTION OF ANTIPARKINSONISM DRUGS. 

ACT ION DRUGS EVIDENCE 

I* INCREASE EXTRAPYRAMIDAL INHIBITION 

( R e s t o r e  D e f i c i e n t  C e n t r a l  A d r e n e r g i c  
T r a n s m i s s i o n  - Mainly D o p a m i n e )  

A. SUPPLY PRECURSOR LEVODOPA HORNYKIEWICZ' ; BARBEAU' ; COTZIAS l2 
F. 
3 
: B. RELEASE LOCAL TRANSMITTER AMANTADINE GRELAK48 ; VERNIER47 ; SCATTON50 ; 

BALDESSARIN152 ; STROMBERG51; OTHERS E. 
C INCREASE TRANSMITTER SYNTHESIS AMANTADINE SCATTON5 ; STROMBERG5 

D PROLONG TRANSMITTER AVAILABILITY ANTIHISTAMINES SNYDER57 
BLOCK DOPAMINE UPTAKE ANTICHOLINERGICS SNYDER57 

E- ACTS AS TRANSMITTER APOMORPHINE SCHWAB22 ; VERNIER2' 

I1 DECREASE EXTRAPYRAMIDAL FACILITATION 

( B l o c k  C e n t r a l  A c e t y l c h o l i n e  SCOPOLAMINE EXTENSIVE CLINICAL AND PHARMACOLOGICAL 2 
M u s c a r i n i c  T r a n s m i s s i o n )  ATROPINE EVIDENCE - DWOISIN58 ;  VERNIER59 Y 

2. 
ID BENZTROPINE 

TRIHHCYPHENIDYL Y 

OTHERS 



Section I1 - Fhennacodynamic Agents 
Editor: John G. Topliss, Schering Corp., Bloomfield, New Jersey 

Chapter 6. Antihypertensive Drugs 

Fred M. Hershenson, G. D. Searle & Co., Qlicago, Illinois 

140 new antihypertensive agents were marketed in the United States in 
1970, althou& several compaunds progressed through clinical trials and 
pose as potential products. 
available antihypertensive agents appeared along with an excellent review4 
on the subject of antihypertensive drugs.  
in hypertension was discussed in detail.5 

Several clinics comparisonsl-3 of currently 

In addition, the role of‘renin 

Ihe spontaneously hypertensive rat ( S H R )  was reported as a useful 
model to screen for antihypertensive drugs.  
(pargylige) are active in the SHR, but are inactive in normotenaive 
.anima&s. The SHR is more responsive than renal-hypertensive rats to 
agents which depress sympathetic activity (reserpine, guanethidine) .7 
W e  DOCA-salt treated rats, which have decreased cardiac norepineph- 
rine (HE) concentration and an increased cardiac BE turnover, the SHR 
has unchanged endogenous levels of NE in the heart, brainstem, and ileum, 
and a decreased rate of 1oE synthesis in the heart and brainstem.8 

Methyldopa and MA0 inhibitors 

cbmpouads Under Clinical m u a t i o n  - Guancydine (I) resembles hydralazine 
more thsn any other hypotensive agent in its hemdynamic effects. While 
the occurrence of fluid retention aud tachycardia preclude its long-term 
use as a single agent, combination with reserpine and a diuretic has 
provided effective control of blood pressure with minimal side-effects.9 
Guancydine has also been used effectively in guanethidine-resistant 
hypertension . lo 

Guansdrel (11) exerts a guanethidine-like response with only one- 
third the potency on a weight basis. Side-effects include orthostatic 
hypotension and a significant reduction in renal f’unction in the erect 
position. Unlike guanethidine, guanadrel reportedly does not cause 
diarrhea. l1 

r3 tl-” 
I I1 

Verapamil (Isoptin@) (111) provides a rapid onset of activity at 
5 mg, i.v., in renal-hypertensive patients with only a slight effect on 
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heart rate.12 A single, oral dose of 1.8 mg/kg of compound IV lowered 
systolic and diastolic blood ressures 20 minutes after administration 
with peak activity occuring $ hours later.l3 Clinical evaluations of 
these compounds are continuing. 

Although PDP (V) alone produces a reduction in blood pressure 
without orthostatic hypotension, the concurrent administration of a 
B-adrenergic blocker such as propranolol is required to control reflex 
increases in cardiac activity.14 Hydrochlorothiazide has a l s o  been used 
with PDP to prevent sodium retention. 

R 
111 (R=H) 

IV (RmOCH3) 

V 

aonidine (&tapre@) (VI) continues to represent an interesting 
new approach to the treatment of hypertension. 
zffects, sedation and d r y  mouth, have been overcome by the combination of 
Aonidine w i t h  chlorthalidone.15 Unlike guanethidine and reserpine, 
Zlonidine does not cause orthostatic hypotension. This has been attri- 
mted to its ability to leave the vasoconstrictor reflex intact.16 
series of clonidine analogs have been examined for hypotensive activity 
dthout the unwanted CNS effects. 
5t 608 (VIII) have been selected for f'urther study.l7 

Its most common side- 

A 

Two derivatives, St 600 (VII) and 

Yew colupoun ds (Central Activity) - Bayer-1470 (nC) produces a brief 
iypertension followed by a long-lasting decrease in blood pressure in 
mesthetized dogs at 0.25-1.0 mg/kg. 
reduction of sympathetic tone by predominately central effects, is similar 
to that of clonidine.18 

Its mechanism of action, involving 

~y-8678 (X), active at 0.5 mgfkg in unanesthetized rats and dogs, 
also displays the characteristic profile of activity involving inhibition 
)f sympathetic tone at central sites.19 



54 - Sect. I1 - Pharmacodynamic Agents Topliss, Ed. 

Incorporation of an 2-tolylpiperazino moiety into a rigid molecular 
framework provided compound XI which displayed hypotensive activity at 
1-5 mg/kg, i.~., in anesthetized cats. 
central site of action, compound X I 1  acts peripherally.20 

While XI has predominately a 

c1 

X @=%HI51 

XII (R=h-F-C@I4-C (0) CH2 ) 

In a series of 38 a;ralkylbutenylamines, compound XI11 provided the 

Compound X I V ,  active at 1 mg/kg, i.v. in rabbits, is reported to 
The decahydro- 

best hypotensive activity; 50 mg/kg, orally, in renal-hypertensive dogs.21 

display a hypotensive activity similar to reserpine.22 
isoquinoline derivative, XV, was a lso reported to have reserpine-like 
activity .23 

a30 \ 

CH~O ' 
XI11 XIV 

XV 

m e  antihypertensive activity of both dl- and d-propranolol given 
intraventrimarly to anesthetized cats suggests a central component to 
the hypot sive response that is independent of the 0-adrenergic blocking 
activity . 8 
New Oanrpaur ds ( G 8 n g l i  on Blockers) - ~ 7 6  (XVI) produced hypotensive 
activity in anesthetized cats via blockade of sympathetic ganglia, and is 
as effective as pentolinium biGtrate.25 
related N-alkyl and N,N,-diaUcyl-aminopropionh 

EScamination of a series of 
oxamic acids failed to 

provide a compound with more potent activity. 8 
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While the unbridged analogs of mecamylamine, XVII and XVIII had 

only one-tenth the ganglionic blocking activity of mecarqylamine,V a 
series of tertiary hexylamines were found to be more potent in 
anesthetized cats. In addition, compound Mx had twi e the hypotensive 
activity of mecamylamine with only 20$ the toxicity. 28 

(OX 

XVII (R=NH2) 

XVIII (R=NHCH3) 

New Compounds (Catecholamine Biosynthesis) - Several reports appeared 
involving agents which would disrupt the biosynthesis of norephinephrine, 
specifically at the first step by the inhibition of tyrosine hydroxylase. 
A series of halogenated phenylalanines were found to inhibit both 
tyrosine and phenylalanine hydroxylase in vitro. a4ethylation enhanced 
the tyrosine hydroxylase inhibition activity of the 3-halophenylalanines 
without affecting phenylalanine hydroxylase inhibition. 29 

-- 

A microbial product, Oudenone, obtained f'ram a strain of microorgan- 
isms related to Oudemansiella radicata, was reported to possess tyrosine 
hydroxylase inhibition activity. Oudenone also had hypotensive activity 
in spontaneously hypertensive rats at not less than 3.13 mg/kg, i.p.30 

Deoxyfienolicin, 80 analog of the antibiotic f?renolicin, is also a 
potent tyrosine hydroxylase inhibitor in vitro and in vim, although no 
mention of its possible antihypertensive activity was made.3 

aaethyl dopa does not 886111 to exert its antihypertensive effects 
by producing a weakly active false sympathetic neurotransmitter. 32 Its 
activity is not blocked by adenoreceptor or ganglionic blocking agents or 
by dopamine B-oxidase inhibitors. 
compound XX, did not inhibit dopa decarboxylase in vitro, and was inactive 
in DOCA and renal-occluded, hypertensive rats.33- - 

-- 

!The cyclic analog of a-methyl dopa, 

HO 

RO 

HO m: 
xx XXI 
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Examination of the optical isomers of metaraminol ( X m ,  R = H) 

- 

shared that only the (lR,2S) or (-) erythro isomer produced catechol- 
mine depletion and antihypertensive activity. 34 A series of metaraminol 
ethers, found to cause norepinephrine depletion, are dealkylated in vim 
to metesaminol.35 

New Campoun ds (Miscellaneous) - The tautomerism end conformations of the 
benzothiadiazine antihypertensive agents were predicted by means of 
Extended Huckel Molecular Orbital calculations. 36 
nature of the electronic molecular mechanism of action and the structure 
of the receptor were a l s o  we.37 

Speculations on the 

NH cH3 

(333 
c1 NH2 

II 

XXZI XXIII 

Several aralkylaminoguanidines were found to' exert adrenergic 

Campound XXII, which shows hypotensive activgty at 
neuron blocking activity without causing depletion of cardiac norepin- 
ephrine stores. 
50-225 mg in man, has been selected for clinical evaluation.3 

SKF-lll97 (XXIII) produces its antihypertensive effects by reducing 
peripheral resistance via direct vasodilatation. 
SKF-lll97 produced h m 5 s i o n  and tachycardia in anesthetized dogs and 
cats, and in unanesthetized, normotensive and renal-hypertensive dogs.39 

At 5-10 ng/kg, i.v., 

NC-7197 (Xmv) w a s  found to be active at 0.3-1.0 mg/kg in anesthe- 
tized dogs. 
compound's competitive a-adrenergic blocking activity.40 

The hypotensive effects of NC-719'7 were due to the 

The antihypertensive action of BHT-324 (XXV)  parallels the accum- 
ulation of norepinephrine in the heart, and is attributed to a decreased 
activity of the sympathetic nerwus system. 

Derivatives of B-hydroxyethylcyclohexylamine, (Xxvr, R = C1, Om3, 
produce CNS depression and hypotension in nomtensive rats at 4 mg/ 

2,43 These compounds display a rapid onset and short duration of 
activity. 

Compound XXVII was reported active at 1 mg/kg, i.v., in anesthetized 
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and unanesthetized ogs and active orally in renal and neurogenic 
hypertensive dogs.4t "he hypotensive activity appears to be related to 
histamine-releasing properties of the compound. 

ri 
n 

XXvI 

The thiosemicarbazone of 3-fonrgrlimidazo ,2-4 pyridine, XXVIII, 
produced antihypertensive activity at 2.5-10 mg d g, i.v., in anesthetized 
dogs, and at 25-100 mg/kg, orally, in unanesthetized dogs. 
edema w a s  also observed with XXVIII, probably resulting from a change in 
pulmonary hemadynamics .45 

SIN-10 (Xxnr), at 1-5 mg/kg, orally or i.v., in anesthetized dogs, 

Pulmonary 

produced a gradual and prolonged fall in blood pressure, along with 
decreased cardiac output and increased respiratory rate.& 

H S 

XXVIII XXM 

Viopudial, isolated from Viburnum opulus, was reported to have 
hypotensive and smooth muscle antispasmotic pr0perties.~7 
terpene dialdehyde decreased arterial blood pressure at 2 mg/kg in dogs. 

This sesqui- 
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Chapter 7. P l a t e l e t  Aggregation I n h i b i t o r s  

Leonard J .  Czuba, P f i z e r ,  Inc. ,  Groton, Connect icut  06340 

In t roduct ion  - The the rapeu t i c  approach t o  thromboembolic d i s e a s e  which 
is based on the  i n h i b i t i o n  of p l a t e l e t  aggrega t ion  was previous ly  re- 
viewed as p a r t  of an annual  r e p o r t  on t h e  broader  t o p i c  of agents  a f -  
f e c t i n g  thrombosis.1 The r eade r  is r e f e r r e d  t o  t h i s  prev ious  work f o r  
information on the  sea rch  f o r  agen t s  t h a t  act by f i b r i n o l y t i c  o r  a n t i -  
coagulant mechanisms. 

Considerat ion of thrombus formation a s  a probable  common mani- 
f e s t a t i o n  of many card iovascular  d i seases ,  such as myocardial i n f a r c t i o n  
and s t r o k e ,  l eads  one t o  t h e  conclusion t h a t  thromboembolism may be the  
most preva len t  d i sease  e n t i t y  i n  our  middle-aged populat ion.  An ap- 
proach t o  the  t reatment  of t hese  card iovascular  d i seases  t h a t  i s  based 
on a common mechanism would seem t o  be t h e  most product ive  course  t o  
pursue, and it  is €or  t h i s  reason t h a t  t h e  management of thrombosis has  
emerged as an important  t he rapeu t i c  o b j e c t i v e  i n  r e c e n t  years .  The use 
of f i b r i n o l y t i c  agents  f o r  t h e  d i s s o l u t i o n  of thrombi and t h e  prophylac- 
t i c  use of an t i coagu lan t s  f o r  t h e i r  p revent ion  has  been known f o r  some 
t i m e ,  but  success  wi th  these  agents  has  been s i g n i f i c a n t  only i n  t h e  
management of venous thrombosis i n  which coagula t ion  f a c t o r s ,  no t  
p l a t e l e t s ,  play an important  r o l e .  Arterial thrombi, which are essen- 
t i a l l y  composed of aggregated p l a t e l e t s  and a r e  no t  blood c l o t s ,  are 
not  a f f ec t ed  by an t icoagulants .  Indeed, these  drugs have no t  been proved 
e f f e c t i v e  i n  the  prevent ion of d i s e a s e  states such as myocardial in -  
f a r c t i o n  which a r e  be l ieved  t o  be due t o  ar ter ia l  thrombosis. In  r ecen t  
years ,  t he  approach t o  the  management of a r t e r i a l  thromboembolism based 
on knowledge of the  f a c t o r s  a f f e c t i n g  p l a t e l e t  func t ion  has  gained 
prominence. The r a t i o n a l e  behind t h i s  approach is based on t h e  hypo- 
t h e s i s  t h a t  p l a t e l e t  aggrega t ion  is  an e a r l y  event  i n  t h e  formation of 
a thrombus and t h a t  i n h i b i t i o n  of t h i s  aggrega t ion  i n  a s p e c i f i c  manner 
without  s u b s t a n t i a l l y  a l t e r i n g  hemostasis  would c o n s t i t u t e  an  e f f e c t i v e  
method f o r  t he  prevent ion of thrombosis. This  p o i n t  has  been elabo- 
r a t ed  ex tens ive ly  i n  r ecen t  art icles by Mustard and Packham,2 9 3  

who have a l s o  r ecen t ly  compiled a comprehensive review on blood p l a t e -  
l e t s . 4  
research  i n  t h i s  a r ea  during 1970. 

The present  r e p o r t  w i l l  a t tempt  t o  p re sen t  t h e  h i g h l i g h t s  of 

By way of i n t roduc t ion ,  i t  may be u s e f u l  t o  reiterate b r i e f l y  some 

The 
of t h e  s a l i e n t  f e a t u r e s  of t h e  p l a t e l e t  role i n  hemostasis  and throm- 
b o s i s  which are developed i n  d e t a i l  i n  t h e  reviews mentioned above. 
p r i n c i p a l  mechanisms involved are the  p l a t e l e t  release r e a c t i o n ,  ADP- 
induced p l a t e l e t  aggrega t ion ,  and blood coagula t ion .  Platelets  a r e  in- 
duced t o  aggrega te  by va r ious  substances i n  response t o  stimuli o r  
i n ju ry .  Some of the  b e s t  known of these  subs tances  are ADP, co l l agen ,  
thrombin, and epinephrine.  Under aggrega t ing  cond i t ions  p l a t e l e t s  
undergo a r eac t ion  which r e s u l t s  i n  t h e  release of blood coagula t ion  
f a c t o r s ,  s e ro ton in  and ADP among o t h e r  substances.  Released ADP induces 
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f u r t h e r  aggregat ion.  

Prostaglandins  and Cycl ic  AMP - The a c t i v i t i e s  of pros tag landins  a s  
i n h i b i t o r s  of p l a t e l e t  aggregat ion have been reviewed.l 
conspicuously a c t i v e  member of t h i s  group of compounds is  PGEl which is  
a t  least 100 times more poten t  a s  an  i n h i b i t o r  of human p l a t e l e t  aggre- 
ga t ion  than t h e  next  most active member, PGE2. Nei ther  PGEl nor  PGE2 
has an e f f e c t  on rat  blood coagulat ion in v i t r o 5 .  Pros tag landins  have 
been found t o  be products of t he  p l a t e l e t  release reac t ion .  A t  least 
two pros tag landins ,  PGE2 and PGFz,, were re l eased  from human p l a t e l e t s  
s t imula ted  with thrombin, but  i t  is i n t e r e s t i n g  t o  note  t h a t  no de tec t -  
a b l e  amount of PGEl was reported.6 

The most 

The a c t i o n  of PGEl on p l a t e l e t s  is thought t o  be  mediated by in -  
t r a c e l l u l a r  c y c l i c  AMP levels. 
l e t  adenyl cyc lase ,  and thereby inc reases  c y c l i c  AMP l e v e l s  has  been 
accumulated i n  s e v e r a l  l abo ra to r i e s .  7-11 Adenyl cyc la se  a c t i v i t y  of 
p l a t e l e t  homogenates was found t o  be increased by PGEl and NaF, and de- 
creased by co l lagen ,  se ro tonin  and thrombin. The enzyme a c t i v i t y  w a s  
no t  a f f ec t ed  by ADP, c y c l i c  AMP o r  d ibu ty ry l  c y c l i c  AMP. 
aggregat ion and the  release r e a c t i o n  of i n t a c t  p l a t e l e t s  induced by 
co l lagen ,  thrombin, ADP, and epinephrine were i n h i b i t e d  by d ibu ty ry l  
c y c l i c  AMP. Cyclic  AMP w a s  a l s o  a c t i v e  but  less e f f e c t i v e .  This w a s  
a t t r i b u t e d  t o  t h e  poss ib l e  supe r io r  membrane pene t r a t ing  a b i l i t y  of 
d ibu ty ry l  c y c l i c  AMP. 7 
t h e s i s  rates were inh ib i t ed  by epinephrine i n  i n t a c t  p l a t e l e t s  and 
p l a t e l e t  membrane f r a c t i o n s .  
but  not  by propranolol  cons i s t en t  wi th  the  involvement of a-adrenergic 
receptors .  The p o s s i b i l i t y  t h a t  t he  epinephrine e f f e c t  w a s  due t o  ATP 
dep le t ion  w a s  un l ike ly  because i n h i b i t i o n  of c y c l i c  AMP syn thes i s  was 
independent of ATP concentrat ion.  Also, epinephrine had no e f f e c t  on 
the a c t i v i t y  of i s o l a t e d  phosphodiesterase .8 It appears  t h a t  compounds 
t h a t  cause a rise i n  i n t r a c e l l u l a r  c y c l i c  AMP levels genera l ly  i n h i b i t  
the  p l a t e l e t  release reac t ion .  This is  exemplif ied by adenyl cyc lase  
s t imu la to r s  such as PGEl on the  one hand and by phosphodiesterase in-  
h i b i t o r s  such as theophyl l ine on t h e  o the r .  Both compounds i n h i b i t  
p la te le t  aggregat ion and the  release reac t ion .  9 
i t y  i n  p l a t e l e t s  has been assayed before  and a f t e r  thrombin o r  ep i -  
nephrine t rea tment ,  and t h i s  enzyme does no t  appear t o  be modulated by 
a d i r e c t  e f f e c t  of i n t r a c e l l u l a r  c y c l i c  AMP l e v e l s  as i t  i s  in o t h e r  
cells. 10 
manner by PGE1, theophyl l ine ,  and a s p i r i n .  
nuc leo t ide  levels in p l a t e l e t s  u t i l i z i n g  14C-labeled adenine have reveal-  
ed t h a t  i n h i b i t i o n  of the  release of ADP and ATP, as w e l l  as ATP break- 
down, r e f l e c t s  the  same dose-dependent r e l a t ionsh ip .  PGEl s t imula ted  the  
syn thes i s  of r ad ioac t ive  c y c l i c  AMP. These s t u d i e s  revealed the  somewhat 

The evidence t h a t  PGEl s t imu la t e s  p l a t e -  

Both i n i t i a l  

Both PGE1-stimulated and basa l  c y c l i c  AMP syn- 

This e f f e c t  w a s  blocked by phentolamine 

Phosphorylase a ac t iv -  

Collagen-induced aggregat ion i s  i n h i b i t e d  i n  a dose-dependent 
Recent s t u d i e s  of adenine 
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unexpected r e s u l t  t h a t  theophyl l ine  d i d  no t  a f f e c t  c y c l i c  AMP levels 
by i t s e l f ;  however, t heophy l l ine  and PGEl e x h i b i t e d  a s y n e r g i s t i c  
e f f e c t  on c y c l i c  AMP s y n t h e s i s  and i n h i b i t i o n  of aggrega t ion .  
importance of c y c l i c  AMP levels as t h e  modulator of aggrega t ion  w a s  
diminished by the  f ind ing  t h a t  bo th  compounds caused s i g n i f i c a n t  i nh i -  
b i t i o n  of p l a t e l e t  aggrega t ion  a t  low dose levels which caused no 
apprec iab le  change i n  c y c l i c  AMP l e v e l s . l l  On t h e  o t h e r  hand, f u r t h e r  
evidence t h a t  aggrega t ion  is  i n h i b i t e d  by r a i s e d  c y c l i c  AMP l e v e l s  is  
provided by r e p o r t s  of t he  coincidence of aggrega t ion  and phosphodi- 
esterase i n h i b i t o r y  a c t i v i t y  i n  t h e  same compounds. Far  example, many 
poten t  phosphodiesterase i n h i b i t o r s  such as theophy l l ine ,  2-chloroadeno- 
s i n e ,  promethazine and chlorpromazine a r e  i n h i b i t o r s  of p l a t e l e t  
aggregat ion.  12 
both types of i n h i b i t o r y  a c t i v i t y . 1 3  Although f u r t h e r  i n v e s t i g a t i o n  i s  
requi red  t o  e s t a b l i s h  the  p o i n t  f i rmly ,  t h e  ma jo r i ty  of experimental  
evidence is  c o n s i s t a n t  wi th  the  hypothes is  t h a t  p la te le t  aggrega t ion  i s  
regula ted  by i n t r a c e l l u l a r  c y c l i c  AMP levels and t h a t  PGEl i n h i b i t s  
aggregat ion by s t i m u l a t i n g  p l a t e l e t  adenyl  cyc lase .  

The 

Papaverine and i t s  d e r i v a t i v e s  have been shown t o  possess  

Aspi r in  and Other Nonsteroidal  Anti-Inflammatory Agents - Many non- 
s t e r o i d a l  anti-inflammatory (NSAI) agen t s  have been found t o  be 
i n h i b i t o r s  of p l a t e l e t  aggrega t ion .  S tudies  designed t o  compare t h e  
r e l a t i v e  potency of t hese  compounds on p l a t e l e t s  have g e n e r a l l y  shown 
t h a t  a s p i r i n  and indomethacin are t h e  most po ten t  i n h i b i t o r s  i n  t h i s  
c l a s s ,  and compounds such as mefenamic a c i d  and phenylbutazone are much 
less p 0 t e n t . 1 4 ~ 1 5  
platelets. That is, they i n h i b i t  aggrega t ion  by prevent ing  t h e  p l a t e l e t  
r e l ease  r e a c t i o n .  Thus, aggrega t ion  induced by co l l agen ,  an t igen-ant i -  
body complexes, ep inephr ine  and low concen t r a t ions  of thrombin i s  in-  
h i b i t e d ,  bu t  ADP induced aggrega t ion  is n o t  i n h i b i t e d .  Also, c o n s i s t a n t  
with t h i s  mode of a c t i o n  t h e  "second wave" of  ADP induced aggrega t ion  
due t o  re leased  endogenous ADP is  abol i shed .4  
genera l ly  one t o  two o rde r s  of magnitude less active than very  po ten t  
i n h i b i t o r s  of ADP-induced p l a t e l e t  aggrega t ion  such a s  adenosine.  

The NSAI agen t s  have a common mode of a c t i o n  on 

The NSAI agen t s  are 

Although su l f inpyrazone  is used c l i n i c a l l y  only  a s  a u r i c o s u r i c  
agent ,  i t s  e f f e c t  on p l a t e l e t  func t ion  is s i m i l a r  t o  t h a t  of t h e  NSAI 
agents  and it has been i n v e s t i g a t e d  i n  t h i s  regard.16 Along wi th  a sp i -  
r i n  and dipyridamole,  su l f inpyrazone  is one of t h e  only t h r e e  compounds 
which have undergone s i g n i f i c a n t  c l i n i c a l  eva lua t ion  a s  ant i thrombogenic  
agents  i n  man. P la te le t  s u r v i v a l  t i m e  i s  shor tened  i n  p a t i e n t s  wi th  
a r t i f i c i a l  h e a r t  va lves ,  and t h i s  is a s soc ia t ed  wi th  p l a t e l e t  aggrega- 
t i o n  and eventua l  thromboembolism. 
finpyrazone has been found t o  c o r r e c t  p l a t e l e t  abnorma l i t i e s  i n  these  
p a t i e n t s .  1 7  

A d a i l y  o r a l  dose of 800 mg of su l -  

There has been cons iderable  i n t e r e s t  r e c e n t l y  i n  s tudying  a s p i r i n  
a s  an ant i thrombogenic  agent  because of t h e  du ra t ion  of a c t i o n  of t h i s  
compound, The i n  v ivo  i n h i b i t o r y  e f f e c t  i n  man of a s i n g l e  1-2 g dose 
has been observed t o  las t  f o r  2-7 days.18 Asp i r in  has  been observed t o  
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i n h i b i t  t he  release of pharmacologically active substances from a 
v a r i e t y  of t i s sues .19  
be one l o c a l  mani fes ta t ion  of t h i s  genera l  p roper ty .  The e f f e c t  of 
a s p i r i n  and o the r  NSAI agents  on t h e  release of 14C-serotonin from human 
p l a t e l e t s  induced by connective t i s s u e  p a r t i c l e s  has  been s tudied.14 
These d a t a  ind ica t ed  t h a t  p l a t e l e t s  may e x h i b i t  two mechanisms f o r  
se ro tonin  r e l e a s e  because under t h e  condi t ion  of maximal i n h i b i t i o n  by 
a s p i r i n  f u r t h e r  release of s e ro ton in  could be e l i c i t e d  by r a i s i n g  con- 
nec t ive  t i s s u e  p a r t i c l e  concentrat ion.  Based s o l e l y  on t h e  r e l a t i v e  
i n h i b i t i o n  of 14C-serotonin r e l e a s e ,  indomethacin w a s  found t o  be more 
poten t  than a s p i r i n .  The release of p l a t e l e t  f a c t o r  4 ,  hepar in  
n e u t r a l i z i n g  a c t i v i t y  (HNA), i n  response t o  exogenous ADP i s  i n h i b i t e d  
by a sp i r in .20  
HNA and the  release of so lub le  HNA a s soc ia t ed  wi th  the  p l a t e l e t  r e l e a s e  
r e a c t i o n  are blocked by a s p i r i n .  Aspi r in  a l s o  i n h i b i t e d  t h e  release of 
p l a t e l e t  f a c t o r  3 from human p l a t e l e t s  induced by ADP. P l a t e l e t  f a c t o r  
3 release appears  t o  depend on the  degree of aggregat ion and does not  
p a r a l l e l  t he  release of s e ro ton in  o r  endogenous ADP.21 

I n h i b i t i o n  of t he  p l a t e l e t  release r e a c t i o n  may 

Both the  formation of i n i t i a l l y  formed p l a t e l e t  bound 

The mechanism of i n h i b i t i o n  of t he  p l a t e l e t  release r e a c t i o n  by 
a s p i r i n  is be l ieved  t o  involve a c e t y l a t i o n  of t he  p l a t e l e t  membrane, and 
t h i s  a l t e r a t i o n  of t he  membrane i r r e v e r s i b l y  al ters p l a t e l e t  func t ion .  
This would expla in  t h e  long dura t ion  of a c t i o n  observed i n  v ivo  wi th  
a s p i r i n .  The experimental f a c t s  cons i s t en t  wi th  membrane a c e t y l a t i o n  
have been summarized i n  a recent  repor t .22  
fol lows:  (1) acetic anhydride i n h i b i t e d  p l a t e l e t  aggregat ion i n  an  
a sp i r in - l ike  manner, (2) s a l i c y l i c  ac id  is r e l a t i v e l y  i n a c t i v e  as an 
i n h i b i t o r ,  and (3) r a d i o a c t i v i t y  was incorporated i n t o  p l a t e l e t s  from 
a s p i r i n  labe led  with 146 i n  the  a c e t y l  group, bu t  no incorpora t ion  of  
l a b e l  w a s  observed with a s p i r i n  l abe led  i n  the  s a l i c y l a t e  po r t ion  of 
t h e  molecule, The poss ib l e  incorpora t ion  of labe led  acetate from t h e  
a c e t a t e  pool  r e s u l t i n g  from a p r i o r  r ap id  hydro lys is  of a s p i r i n  could 
not  be excluded by the  a v a i l a b l e  experimental da ta .  It has  been shown 
t h a t  a s p i r i n  and o the r  NSAI agents  do not  block glucose uptake o r  14CO2 
formation by unstimulated p l a t e l e t s .  16 
vented the  thrombin- and collagen-induced 14CO2 product ion a s soc ia t ed  
wi th  t h e  energy expended i n  aggregat ion,  but  d id  not  a f f e c t  increased  
14C02 production induced by exogenous ADP. These observa t ions  are 
cons i s t en t  wi th  the  hypothesis  t h a t  t h e  a c t i o n  of N S A I  compounds i s  not  
due t o  an  e f f e c t  on p l a t e l e t  metabolism. 

Br i e f ly ,  these  a r e  as 

Furthermore, these  compounds pre- 

A number of r e p o r t s  on i n  vivo s t u d i e s  of t he  antithrombogenic 
p r o p e r t i e s  of a s p i r i n  have appeared recent ly .  In  t h i s  regard ,  i t  is  
important t o  r e a l i z e  t h a t  the  v a l i d i t y  of animal models of thrombosis re- 
mains open t o  quest ion.  Platelets from a s p i r i n  t r e a t e d  r a b b i t s  were 
found t o  be morphologically normal, bu t  d id  not  aggregate  i n  t h e  presence 
of col lagen i n  v i t r 0 . ~ 3  Thrombus formation induced i n  rats by 2. typhosa 
endotoxln was i n h i b i t e d  by a s p i r i n  previously adminis tered by stomach 
tube.24 P l a t e l e t s  from these  animals exhib i ted  a reduced tendency t o  
aggregate i n  v i t r o  and the  prevent ion of thrombus formation could be 

-- 
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a s soc ia t ed  wi th  a dec rease  i n  p l a t e l e t  aggrega t ion .  
i n  man were c a r r i e d  o u t  on p a t i e n t s  r e c e i v i n g  a d a i l y  o r a l  dose of 1-2 g 
of a s p i r i n ,  Under t h i s  treatment p a t i e n t s  w i th  abnormally enhanced 
p l a t e l e t  aggrega t ion  e x h i b i t e d  a n  i n h i b i t i o n  of p l a t e l e t  aggrega t ion ,  
and a r ap id  c l i n i c a l  improvement w a s  seen  i n  p a t i e n t s  w i th  thromboembolic 
d i seases .  18 
o r a l  doses of a s p i r i n ,  which are exempl i f ied  i n  p a r t i c u l a r  by g a s t r i c  
complaints and hemorrhages, t h e  dose requirements  have been examined. 
Recent i n v e s t i g a t i o n s  i n  human s u b j e c t s  have i n d i c a t e d  t h a t  a 300 mg p e r  
day o r a l  dose of a s p i r i n  has  a s i g n i f i c a n t  e f f e c t  on p l a t e l e t  func t ion ;  
no g r e a t e r  e f f e c t  could be obta ined  from l a r g e r  doses.25 S i g n i f i c a n t  
i n h i b i t i o n  of collagen-induced aggrega t ion  and a reduced tendency f o r  t h e  
p l a t e l e t s  t o  adhere t o  g l a s s  were observed.  Also, no accumulat ion of 
plasma s a l i c y l a t e s  and no s i g n i f i c a n t  s i d e  e f f e c t s  were found i n  t h e s e  
s u b j e c t s ,  The e f f e c t s  of a s p i r i n  on p l a t e l e t  f u n c t i o n  have been demon- 
s t r a t e d  t o  p e r s i s t  dur ing  long  term admin i s t r a t ion .21  Comparison of 
p l a t e l e t s  from p a t i e n t s  wi th  c e r t a i n  b l eed ing  d i s o r d e r s  w i th  those  from 
a s p i r i n  t r e a t e d  normal s u b j e c t s  shows similarities. 26 Impaired co l lagen-  
induced aggrega t ion  a s s o c i a t e d  wi th  a decreased release of p l a t e l e t  ADP 
w a s  exh ib i t ed  i n  both c a s e s ,  bu t  t h e  a s p i r i n  e f f e c t  w a s  less pronounced. 
Aspi r in  p o t e n t i a t e d  the  e f f e c t  of dipyridamole i n  t h e  p reven t ion  of 
p l a t e l e t  i n t e r a c t i o n  wi th  a r t i f i c i a l  h e a r t  v a l v e s ,  b u t  i t  had l i t t l e  
e f f e c t  when adminis te red  a lone .27  
p l a t e l e t  s u r v i v a l  i n  man.3 

Ear ly  i n v e s t i g a t i o n s  

Because of undes i r ab le  s i d e  e f f e c t s  a s s o c i a t e d  wi th  l a r g e  

Aspi r in  has  been observed t o  prolong 

In  summary, t he  p l a t e l e t  i n h i b i t o r y  p r o p e r t i e s  of a s p i r i n  appear  
t o  be due t o  i t s  a b i l i t y  t o  a c e t y l a t e  p r o t e i n s ,  and thereby  cause an  
i r r e v e r s i b l e  change i n  the  p l a t e l e t  membrane which i n h i b i t s  aggrega t ion .  
Therefore ,  t he  d u r a t i o n  of i n h i b i t o r y  a c t i o n  roughly p a r a l l e l s  p l a t e l e t  
s u r v i v a l  t i m e  and is much longer  than  expected on t h e  b a s i s  of t h e  
s h o r t  serum h a l f - l i f e  of t h i s  drug. R e l a t i v e l y  low potency has  been 
observed i n  v i t r o ,  and t h e  ques t ion  of e f f e c t i v e  an t i t h rombot i c  dosage 
-- i n  vivo remains t o  be s e t t l e d  i n  c l i n i c a l  i n v e s t i g a t i o n s .  
doses  may be p r o h i b i t i v e  over  long  pe r iods  because of undes i r ab le  
g a s t r i c  and o the r  s i d e  e f f e c t s .  

Large o r a l  

Other I n h i b i t o r s  - Pyrimidopyrimidines are w e l l  known i n h i b i t o r s  of 
p l a t e l e t  aggrega t ion ,  and dipyridamole (Pe r san t ine )  is  t h e  o l d e s t  and 
most thoroughly s tud ied  of these  compounds.1-4 Dipyridamole i n h i b i t s  
ADP-induced aggrega t ion  and se ro ton in  release induced by co l l agen .  The 
e f f e c t  on the  release r e a c t i o n  appears  t o  be d i f f e r e n t  from t h a t  of 
a s p i r i n  because dipyridamole caused a spontaneous l o s s  of 14C-serotonin 
from p l a t e l e t s ,  whereas a s p i r i n  d i d  not .14 
t h a t  i n h i b i t i o n  of ADP-, co l lagen-  o r  thrombin-induced aggrega t ion  of 
human, p ig  o r  r a b b i t  p l a t e l e t s  wi th  dipyridamole and r e l a t e d  ana logs  i s  
accompanied by i n h i b i t i o n  of g lucose  uptake and depressed  I4CO2 pro- 
duc t ion  from glucose-6-14C. 
d i s t i n c t  from a s p i r i n  and o t h e r  NSAI a g e n t s ,  e x e r t  t h e i r  a c t i o n  by 
an e f f e c t  on p l a t e l e t  metabolism.16 Since  adenosine is  a p o t e n t  i n -  
h i b i t o r  of p l a t e l e t  aggrega t ion  and dipyridamole blocks t h e  uptake of 
adenosine by p l a t e l e t s ,  i t  has  a l s o  been suggested t h a t  dipyridamole 

It has  r e c e n t l y  been shown 

This  sugges t s  t h a t  t h e s e  compounds, as 



65 - Chap, 7 Plat el et Ag gr egration Inhibitor s Czuba 

may act by increasing platelet membrane adenosine toncentration.28 
cent clinical studies in patients with artificial heart valves have 
shown that platelet survival time is decreased by an amount directly 
related to the surface area of the valve. 
effect, but no impairment of platelet function could be demonstrated 
-- in vitro with blood samples from the treated patients.27 

Re- 

Dipyridamole prevented this 

;“I 

R2 

Dipyridamole, R1 = R3 = -N(CHZCH~OH)~ 

R2 = R4 = -PI3 

-, RA 233 R1 = R3 -N(CH2CQOH)2 

R2 = H, R4 = 

Dipyridamole has hypotensive activity and has been studied ex- 
tensively as a coronary vasodilator.29 
other vasoactive agents such as adenosine and PGEl which also inhibit 
both ADP-induced aggregation and the release reaction of platelets. 
Efforts to obtain dipyridamole derivatives with enhanced effects on 
platelets relative to vasodilator activity have produced the two analogs 
RA 433 and RA 233. Recent in vitro studies have shown that both are 
more potent than dipyridamole as inhibitors of ADP-induced aggregation of 
human platelets. 
platelet function tests and the in vitro evidence indicated that RA 233 
was the more potent of the two.36 In contrast to these results, in vivo 
studies in rats have indicated that RA 433 is more effective t h a n x m  
in the inhibition of thrombogenesis. Furthermore, RA 433 produced both 
an antithrombogenic effect and a hypotensive effect at lower doses, and 
exhibited a more favorable ratio of antithrombogenic to hypotensive pro- 
perties than RA 233. 
hibited a significant hypotensive effect at dose levels required for an 
inhibition of thrombogenesis. 2a 

In this respect it is similar to 

Both compounds were highly active in a variety of 

In the rat, RA 433, RA 233 and dipyridamole all ex- 

Three new structural types of platelet aggregation inhibitors which 
Compound have appeared recently are exemplified by compounds ;1, 2 and 2. 

- 1 was the most active of a series of analogs which inhibited ADP-induced 
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aggregation of rabbit platelets in vitro. 
active as adenosine, but the inhibitory activity was compa.rable to that 

None of these analogs were as 

of known tricyclic antidepressants and antihistamines .31 
of a variety of phenyl derivatives of 4-aminothiophene-3-carboxylic acid, 
which may be regarded as isosteres of mefenamic acid, revealed 
that compound 2 was the most potent as an inhibitor of collagen-induced 
aggregation of human platelets in vitro. A number of these analogs 
also exhibited fibrinolytic activity at concentrations at least one 
order of magnitude higher than those required for inhibition of plate- 
let aggregation, Structural changes which increased fibrinolytic 
activity reduced activity on platelets. 32 
antipyretic and anti-inflammatory activity, compound 2 was reported to 
be a potent inhibitor of ADP-induced platelet aggregation.33 

Investigation 

In addition to analgesic, 
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Chapter 8. Agents Affecting Gas t ro in tes t ina l  Functions 

P a t r i c i a  W. Evers and Peter  T. Ridley 

Smith Kline & French Laboratories,  Philadelphia,  Pa. 

Tkis review covers t h e  two-year period, 1969-1970. A s  Hess noted i n  
t h e  previous review i n  t h i s  s e r i e s , l  t h e  bulk of drug research is  still 
directed primarily toward agents f o r  t h e  treatment of pept ic  u lcer  
disease. It seems t o  us, however, that t h e  approaches being used a r e  now 
o r i e n ~ e d  more toward t h e  inves t iga t ion  of basic  physiologic cont ro l l ing  
mechanisms (hormones, prostaglandins,  CAMP) which could lead  t o  completely 
new types of therapeutic agents. 

Gas t ro in tes t ina l  Hormones 

The great  i n t e r e s t  i n  these compounds and t h e  l a r g e  amount of on- 
going research on them is r e f l e c t e d  by t h e  number of reviews which were 
published during t h e  las t  two years. Gastr in-- i ts  myriad e f f e c t s ,  m a- 
surement, and metabolism--has been t h e  subject  o severa l  t h e  
l i t e r a t u r e  on secre t in ,?  cholecystokinin (CCK)79 and r e l a t e d  caerulein,  9 
and glucagonl* has a l s o  been summarized. 
g a s t r i c  secretory hormones and chalones, and Brooks12 reported on a 
gas t ro in tes t ina l  hormone research symposium sponsored by t h e  Nobel 
Foundation (proceedings t o  be published by Wiley-Interscience) . 

Gregoryll b r i e f l y  reviewed 

Gastrin - Early s t ruc ture-ac t iv i ty  s t u d i e s  on g a s t r i n  showed that, of t h e  
biological ly  ac t ive  te t rapept ide  sequence, t h e  a s p a r t i c  acid posi t ion w a s  
most sens i t ive ,  s u b s t i t u t i o n s  at that posi t ion being devoid of ac t iv i ty .  
Now Morleyl3 has shown t h a t  t h e  B-carboxy group of Asp can be subs t i tu ted  
by a te t razoly l  group which has s i m i l a r  spac ia l  and electronic  character- 
i s t i c s  and that t h e  r e s u l t a n t  compound r e t a i n s  t h e  b io logica l  a c t i v i t y  of 
the  parent compound. 
dehydroleucyl produced a c t i v e  te t rapept ides;  thefie compounds were made as 
intermediates i n  t e preparation of t h e  te t rapept ide  labeled with t r i t ium 

Subs t i tu t ion  of t h e  Met group by norleucyl o r  4- 

i n  the  Asp group. 1C 

Our knowledge of t h e  d i s t r i b u t i o n  and metabolism of gas t r in  has 
been expanded by a number of studies.  By bioassay, t h e  h a l f - l i f e  of both 
pentagastrin and synthet ic  human g a s t r i n  I w a s  found t o  be qui te  b r i e f ,  
1.5 and 2.65 minutes, respect ively;  this w a s  a t t r i b u t e d  t o  diffusion i n t o  
ex t race l lu la r  water as well as t o  destruct ion and/or elimination.Ir  
Pentagastrin is i n a c t i v a t e  by serum, but  not rapidly enough t o  account 
f o r  t h i s  b r i e f  half-life.'' Pentaga t r i n  has a l s o  been reported t o  be 
inact ivated by rat  l i v e r  homogenatelg and by passage through t h e  l i v e r  i n  
man,1? but l ittl  inac t iva t ion  of endogenous g a s t r i n  w a s  a t t r i b u t e d  t o  
t h i s  mechanism.lg Kidney is apparently capable of destroying g a s t r i n  ,I9 
but lung is not.20 Although endogenous g a s t r i n  is found i n  thoracic  duct 
lymph a f t e r  re lease ,  this does not seem t o  be its major route  t o  t h e  
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peripheral  circulation.18 

A number of attempts have been made t o  compare the  potency of dif-  
fe ren t  g a s t r i n s  and r e l a t e d  compounds, but because of t h e  d i f fe ren t  tech- 
niques used t h e  s tud ies  cannot be compared among themselves. Pure porcine 
g a s t r i n s  I and I1 gave almost ident ica l  dose response curves, as did 
caerulein and CCK; the  g a s t r i n s  were much more potent. Comparative 
potencies f o r  the  two p a i r s  of compounds could not be determined, however 

pentagastrin w a s  found more potent than the  whole molecule i n  v i t r o . r A n  
important observation has been that gas t r in  l o s e s  some of its a c t i v i t y  
during t h e  process of iodination used t o  l a b e l  the  compound f o r  radio- 
immunoassay and d is t r ibu t ion  studies.24 

because the  curves were not parallel.21 I n  contrast  t o  findings in vivo, & 

Reviews on the  development of r a d i o i m n o a s s a y  techniques f o r  
gas t r in  point up t h e i r  degree of refinement; one can now measure very low 
l e v e l s  of gas t r in  (down t o  1 pg) and d i f f e r e n t i a t e  species-specific 
g a s t r i n s . 5 ~ ~  
expensive procedure, using crude porcine gas t r in  without conjugation to a 
c a r r i e r  protein. 
human plasma gas t r in  e x i s t s  primarily as a complex (app oximate mol. w t .  
7000) of t h e  heptadecapeptide and a more basic peptide.' Although there  
is a f a i r l y  wide range of gas t r in  concentrations which have been found i n  
both no m a 1  
used,5, 7 25,2 there  is general agreement that gas t r in  blood l e v e l s  a r e  
markedly elevated i n  pa t ien ts  with pernicious anemia or  with Zollinger- 
El l i son  syndrome. 
l a t t e r .  Another po ten t ia l  c l i n i c a l  use f o r  gas t r in  antibodies was sug- 
gested by the  demonstration t h a t  such antibodies could i n h i b i t  t h e  
a c t i v i t y  of endogenous 

The Yalow and Berson technique is the  simplest and l e a s t  

With such methods, it has been demonstrated t h a t  i n  

b j e c t s  and peptic u lcer  pa t ien ts  by the various methods 

Immunoassay may become useful  i n  diagnosis of the 

Studies  with a s e r i e s  of a l ipha t ic  alcohols have shown t h a t  t h e i r  
effect iveness  as l o c a l  st imulants of gas t r in  re lease  is primarily inf lu-  
enced by molecular configuration ( length and shape f the  carbon chain) ,  
e thyl  and n-propyl alcohols being the  most a c t i ~ e . ~ ~ , ~ 9  Further s tud ies  
with ethyl  alcohol showed t h a t  a c t i v i t y  w a s  correlated with concentration 
and pH, f a l l i n g  off  rapidly below pH 3. That pH influences the  effective- 
ness of a stimulant of gas t r in  re lease  is well  known; recent data  suggests 
that t h i s  may be a t t r i b u t a b l e  t o  the  e f fec t  of pH on the  ionizat ion of the  
stimulant molecule as well  as on the  charge of the mucosal s u r f a c e . 5  

Cholecystokinin (CCK) and Caerulein - The C-terminal octapeptide sequences 
of CCK and caerulein d i f f e r  only i n  the  presence of methionine o r  
threonine i n  posi t ion 6. 
considerable number of s t ructure-act ivi ty  
inves t iga tors  at Squibb and a t  Farmita1ia.f 9 

Cholecystokinin --Asp-Tyr(S0 H)--Met--Gly--Try--Met--Asp-Phe--NH2 

Caerulein --Th--  

Since- these compounds have been synthesized, a 
tud ies  have been conducted by 

8 7  6 5 4 3 2 1  

3 
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Both the  pos i t i on  and s u l f a t i o n  of t he  Tyr res idue a r e  c r i t i c a l  t o  
cholecystokinetic a c t i v i t i e s  of both m o l e ~ u l e s ; 3 ~ ~ 3 ~  however, the su l f a t ed  
tyrosine residue p s t  be pa r t  of a peptide chain of c e r t a i n  length f o r  
optimal ac t iv i ty .b  
t h e  C-terminal octapeptide of CCK i s  more potent than the  t o t a l  molecule 
on a molar basis.8 
of some of t he  b io log ica l  a c t i v i t i e s  of caerulein have been accomplished 
by changing its s t ruc tu re .  
biological  assay of CCK have been designed.B,3'+ 

Contrary t o  experience with other  peptide hormones, 

Erspamer9 has reported prel iminari ly  that dissociat ion 

New in vivo and i n  v i t r o  techniques f o r  

The p o s s i b i l i t y  of producing analogues of CCK which could be used 
c l i n i c a l l y  t o  block g a s t r i n  induced ac id  sec re t ion  but have l i t t l e  i n t r i n -  
sic secretory a c t i v i t y  of t h e i r  own has been p re l imina r i ly  e%lox-;,~~35 
Such compounds could conceivably be administered i n t r a n a s a l l y  
having an advantage over s e c r e t i n  which must be given by inject ion.  

Secret in  - The scope of physiological a c t i v i t i e s  of s e c r e t i n  has been 
broadened by recent  f indings;  it now seems f a i r l y  c e r t a i n  t h a t  these 
a c t i v i t i e s  include s t imulat ion of pepsin secretion37 and of Brunner I s  
gland secretion.38 Since t h e  a v a i l a b i l i t y  of na tu ra l  s e c r e t i n  of great  
pu r i ty  and synthet ic  s e c r e t i n ,  i nves t iga to r s  have been ab le  t o  demonstrate 
that, in  contrast  t o  o lde r  preparations,  pure s e c r e t i n  is e f f ec t ive  by 
the  subcutaneous route39 and up t o  ten times more potent.40 

GlucaRon - It has been known f o r  some time that glucagon is capable of 
suppressing g a s t r i c  s ec re t ion  in man and an'mals;10 
referred t o  as a *'physiologic antigastrin"." The mechanism of secretory 
inh ib i t i on  by glucagon is cu r ren t ly  undergoing some sc ru t iny  i n  several  
l abo ra to r i e s ;  the i n h i b i t i o n  does not appear t o  e mediated by hyper- 
glycemia, nor by decreased serum calcium levels." Although glucagon 
loses some of i ts  a c t i v i t i e s  a f t e r  passage through the  l i v e r ,  i ts e f f e c t  
on g a s t r i c  secret ion remains even a f t e r  i n t r a p o r t a l  administration.42 

it  has even been 

Gas t ro in t e s t ina l  Chalones 

Gastrone - A t  present t h e  most pu r i f i ed  mater ia l  which exh ib i t s  gastrone 
a c t i v i t y  is the  glycoprotein of Glass and h i s  coworkers. I n  recent 
invest igat ions t o  determine its mechanism of a c t i o n ,  they have found that 
in dogs the  decreased g a s t r i c  s ec re t ion  induced by this mater ia l  i s  
associated with a decrease i n  mucos 1 blood flow. Both e f f e c t s  appear an 
hour a f t e r  gastrone administration.'3 The an t i s ec re to ry  e f f e c t  is a l s o  
associated with pyrexia and leucopenia f o  owed by leucocytosis ,  e f f e c t s  
resembling those of b a c t e r i a l  endotoxins. titi 
EnteroKastrone - S t a r t i n g  with a p a r t i a l l y  p u r i f i e d  preparation of CCK-PZ, 
Brown and others45 separated f r a c t i o n s  which s t rong ly  i n h i b i t e d  a c i d  and 
pepsin sec re t ion ,  and g a s t r i c  motor a c t i v i t y ,  but had no cholecystokinin 
or  s e c r e t i n  a c t i v i t i e s .  Amino ac id  ana lys i s  of t h e  most potent anti- 
secretory f r a c t i o n  revealed high concentrations of a s p a r t i c  and lutamic 
ac ids ,  as w e l l  as ly s ine ;  prol ine,  found i n  CCK-PZ, w a s  absent.4g The 
polypeptide w a s  cleaved a t  its s i n g l e  methionine r e s idue  with cyanogen 
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bromide; subsequent t e s t i n g  of the  C-terminal fragment showed i t  t o  have 
about one-half the  a c t i v i t y  of the  whole m l ecu le  when tes ted  against  
pentagastrin st imulated secret ion i n  dogs. 87 

Another material  prepared from hog i n t e s t i n e  inhibi ted g a s t r i c  
secret ion and mot i l i ty  but lack 
hormones and was not pyrogenic.‘g T h i s  substance was ef fec t ive  against  
secret ion euhaximally st imulated by histamine i n  dogs, while purif ied 
preparations of CCK and secre t in  were not.49 

t h e  a c t i v i t i e s  of other gas t ro in tes t ina l  

Urogastrone - Purif icat ion and t e s t i n g  of urogastrone have been taken up 
by chemists and pharmacologists at Imperial Chemical Industr ies ,  Ltd. So 
far ,  t h e i r  data indicate  that urogastrone is a r e l a t i v e l y  s m a l l  ac idic  
polypeptide (M.W.= 4000) composed of a s ingle  chain with in te rna l  disul-  
f i d e  bonds; both ends of t h e  molecule appear t o  be blocked.’’ Urogas- 
t rone i n h i b i t s  g a s t r i c  secret ion stimulated by histamine and both exogen- 
ous and endogenous gas t r in ;  it does not a f f e c t  g a s t r i c  mot i l i ty ,  pancrea- 
t i c  exocrine secret ion,  or  sal ivary secretion.50 

Another urogastrone mater ia l ,  prepared from human pregnancy ur ine ,  
has been s tudied f o r  a number of years by a group at the University of 
Milan. The most ac t ive  f rac t ion  appears t o  be a glycoprotein with l i t t l e  
or no gonadotropic a c t i v i t y ;  it reduces g a s t r i c  secretory volume and acid 
concentration, but has no e f fec t  on pepsin concentration i n  rats.51 

Prostaglandins i n  Gastrointest inal  Function 

A number of s tud ies  on the  occurrence, re lease ,  and metabolism of 
prostaglandins and t h e i r  r o l e  i n  gas t r ic  secret ion and gas t ro in tes t ina l  
mot i l i ty  have been completed o r  are i n  pr0gress .5~  
CAMP i n  t h e i r  mode of act ion remain 

The implication of 
of i n t e r e s t ,  and t h i s  topic  has 

been t h e  subject  of recent reviews. 93-55 

Gastr ic  Secretion - FGE2, which is present i n  the  gas t r ic  mucosa of m a n ,  
reduced pentagastrin inducegcisecretion i n  anesthetized rats when adminis- 
te red  i n  hypotensive doses.’L 
and pentagastrin induced secret ion i n  rats.56 
(AY 20,524) exhibited one-tenth the  a c t i v i t y  of R%, while FGF analogues 
were about one-eighth as ac t ive  as AY 20,524.57 
w a s  shown t o  suppress basal  acid secret ion i n  m a r 1 . 5 ~  
basal volume and a c i d i t y  i n  man, although i t  appeared t h a t  t h e  inh ib i t ion  
w a s  not dose re la ted ,  and not as ef fec t ive  i n  the  hypersecreting 
individual. 59 

A synthet ic  FGE racemate inhibi ted basal 
Another FGEl analogue 

For t h e  f i r s t  time FGEl 
F G A l  a l s o  suppressed 

Controversy still prevai ls  on the  cause/effect re la t ionship  between 
ant isecretory e f f e c t s  and blood flow changes. 
FGEl has a d i r e c t  e f f e c t  on the  secretory mechanism. 
pentagastrin o r  histamine stimulated secret ion i n  dogs without depressing 
t h e  mucosal blood flow t o  secret ion ra t io .  I n  cont ras t ,  doses of norepi- 
nephri e which reduced secret ion a l s o  reduced the  blood flow/secretion 
ratio.:O F G q  was a l s o  reported t o  i n h i b i t  histamine or pentagastrin 

Some evidence suggests t h a t  
FGEl inhibi ted 



- 7 2  Sect. 11 - Pharmacodynamic Agents Topliss, Ed. 

stimulated sec re t ion  i n  t h e  f rog  g a s t r i c  mucosal preparation.52 

The possible  i n t e r r e l a t i o n s h i p s  between prostaglandins and CAMP on 
ac id  sec re t ion  were f u r t h e r  invest igated.  
according t o  seve ra l  c r i t e r i a ,  that methyl xanthines i n  t h e  f rog  mediate 
secret ion by accumulation of CAMP.61 
i t i n g  g a s t r i n  and histamine induced sec re t ion  in the  f r o g  mucosa, i t  did 
not a f f e c t  CAMP mediated secretion. 
fusion of R E 1  over t he  mucosa of t he  rat  stomach did i n h i b i t  g a s t r i c  
secret ion produced by addi t ion of CAMP.52 Complicating t h e  p i c tu re  a r e  
data  which ind ica t e  that both histamine and prostaglandin increase adenyl 
cyclase a c t i v i t y ;  g a s t r i n ,  however, is without e f f e c t  on t h i s  enzyme.62 

H a r r i s  and o the r s  demonstrated, 

Although R E 1  w a s  capable of inhib- 

However, i t  w a s  a l so  found t h a t  per- 

Gas t ro in t e s t ina l  Mot i l i t y  - Longitudinal muscle of s m a l l  and l a r g e  intes-  
t i n e  contract  i n  the  presence of prostaglandins of t he  E and F t ~ p e s . 5 ~  
On the  other  hand,  the  F types general ly  cause contract ion of c i r c u l a r  
muscle, whereas the  E compounds produce r e l a x a t i o n . 6 3 ~ 6 ~  The e f f e c t  of 
prostaglandins on c i r c u l a r  muscle appears t o  be d i r e c t ,  but t h e  e f f e c t  on 
l o n g i t u t p l  c e l l s  probably a l s o  involves non-anticholinergic exci ta tory 
nerves. In  m a n ,  FGEl produces b i l e  r e f l u x  i n t o  the  stomach, suggestive 
of an e f f ec t  on a n t r a l  m o t i l i t y  as w a s  observed i n  t h e  d0g .5~  In  another 
study i n  man, FGE increased propulsion and t r a n s i t  time, and produced 
c o l i c  and nausea.25 

A b e t t e r  understanding of t he  function of prostaglandins i n  gastro- 
i n t e s t i n a l  mo t i l i t y  could come from t h e  a v a i l a b i l i t y  of competitive 
antagonists.  
chloro-10 , 11-dihydrodibenz fi , flcI , 

CH 

co 
I 
NH 

NH receptor s i t e  as prostaglandins.67 

There is an ind ica t ion  that SC 19220 [ 1-acetyl-2-(8- 
oxazepine-10-carbonyl) hydrmine] 

competit ively i n h i b i t s  the e f f e c t s  of 
FGE2 induc contract ions of guinea 
p i g  ileum.E2 A s e r i e s  of synthet ic  
prostaglandin analogues has a l s o  been 
reported t o  compete f o r ' t h e  same 

I 3  

I 

co 
I 

SC 19220 

Agents with Antisecretory or  Antiulcer Act ivi ty  

An t i s e c r e t o r y  Thioac etamides - SC-15396 fi2-phenyl-2- ( 2-pyridyl ) - t hio- 
ace t amidd  was the  subject  of many publ icat ions over t h e  time period of 
t he  previous review1 but subsequently fewer. Recent f indings reconfirm 
the  e a r l i e r  observations t h a t  t h i s  compound is  an i n h i b i t o r  of g a s t r i c  
s ec re t ion ,  more powerful against  g a s t r i n  than against  vagal or histamine 
stimulated secret ion;  i t  proglces dose r e l a t e d  suppression against  a l l  
t h ree  challenges i n  the  dog, and dose r e l a t e d  i n h i b i t i o n  of 
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pentagastrin induced secret ion in t h e  rat.69 

Another thioacetamide, 2-pyridyl-thioacetamide, was found t o  be a 
potent i n h i b i t o r  of pentagastrin induced secret ion i n  rats and d0gs.7~ 

The compound a l s o  i n h i b i t s  basal 
secret ion i n  rats, and is very ac t ive  
i n  a var ie ty  of experimental u lcer  
techniques. Although t h e  compound 
blocked t h e  e f fec t  of pentagastrin on 
smooth muscle, no anticholinergic 

S 

2-pyridyl- thioac etamide or  antihistaminic a c t i v i t y  was-found. 
Up t o  t h e  present,  no s t ructure-  

a c t i v i t y  s tud ies  have appeared i n  the  l i t e r a t u r e ,  nor is there  evidence 
of a c t i v i t y  of this type of compound i n  man. 

Depepsen - Sulfated amylopectin (SN-263, a sodium salt  of su l fa ted  potato 
amylopectin) is a potent i n h i b i t o r  of pepsin proteolysis  i n  v i t r o ,  and 
protects  against  c e r t a i n  experimentally induced u lcers  i n  animals. 
quent, l a rge  doses i n  m a n  enhanced healing r a t e  of gas t r ic  u lcers  as 
evidenced by measurement of u lcer  s i z e  by s e r i a l  radi0graphy.7~ I n  a 
double bl ind study t h e  e f f e c t  of SN-263 alone and i n  combination with 
propantheline bromide was s tudied i n  75 pa t ien ts  with chronic duodenal 
ulcer.  Ulcer recurrence following placebo was 7%, 3% with propanthe- 
l i n e ,  16% with SN-263, and 12% i n  the  group which received the  combina- 
t i 0 n . 7 ~  Although it seems l i k e l y  that a mechanism of act ion of Depepsen 
is inhib i t ion  of pepsin, i t  still remains in t r igu ing  that t h i s  agent may 
a l s o  prevent protease digestion by binding mucus t o  damaged areas  of t h e  
mucosa, o r  perhaps by a l t e r i n g  t h e  chemical composition of t h e  mcus.72 

Carbenoxolone Sodium - Carbenoxolone (Biogastrone) , and the  form spec ia l ly  
prepared t o  re lease  i n  t h e  duodenum (Duogastrone), is a compound or igi-  
nat ing from the  ear ly  observations that l i c o r i c e  is useful  i n  t r e a t i n g  
g a s t r o i n t e s t i n a l  disorders. Carbenoxolone, the  disodium salt of 
glycyrrhetinic ac id  hydrogen succinate,  is believed t o  protect  the  mucosa 
or  enhance healing by increasing mucus secretion.73 The mechanism by 
which t h i s  compound a c t s  is not understood, but it may be necessary t o  
have g a s t r i c  absorption of t h e  compound t o  promote healing of g a s t r i c  
u lcers ,  and duodenal absorption f o r  healing of u l c e r s  located at this 
site.74 It does not appear t o  s ign i f icant ly  suppress g a s t r i c  secret ion 
i n  g a s t r i c  u l c e r  pa t ien ts ,  but t h e  acid secret ion i n  these pa t ien ts  was 
correlated with degree of healing.75 In the  same double-blind study by 
t h i s  group using a dose of carbenoxolone that only produced minimal s i d e  
e f f e c t s ,  s i g n i f i c a n t l y  more u l c e r s  healed i n  the  t r e a t e d  subjects.  The 
efficacy of Duogastrone i n  healing duodenal u l c e r s  remains equivocal. 
Amure76 found ef fec t ive  healing i n  a small group of ambulatory pa t ien ts ,  
while i n  another double b l ind  study, a l s o  i n  a small group, 200 m day f o r  
12 weeks produced a s l i g h t  but ins igni f icant  c l i n i c a l  improvement57 

Fre- 

Over t h e  years considerable i n t e r e s t  has a l so  been placed on vari-  
a n t s  of carbenoxolone o r  l i c o r i c e  which would be devoid of the  s i d e  
e f f e c t s  on f l u i d  and e l e c t r o l y t e  balance. A control led study@ on such 
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an agent (Caved-S) i n  g a s t r i c  u lcer  pa t ien ts  revealed s igni f icant  reduc- 
t i o n s  i n  ulcer  niche and disappearance of c r a t e r  in t h e  t rea ted  group 
with no evidence of edema or  excessive weight gain. 

- 

Xylamide - Introduced in Europe i n  1967, Milid (Rotta;  N-benzoyl-N,N- 
di-2-propyl-DLrisoglutamine) has been t h e  topic  of several  c l i n i c a l  
reports. 
improves the  condition of t h e  duodenal u l c e r  pa t ien ts ,79  suppresses 
histamine induced secret ion i n  duodenal u l c e r  p a t i e n t s ,  8o decreases 
volume and a c i d i t y  of g a s t r i c  contents within a week, and “normalizes1’ 
secret ion within three  weeks.81 It is reported t o  be to le ra ted  w e l l  
with no immediate or  delayed s i d e  effects .  
the  compound does not seem t o  suppress g a s t r i c  secre t ion  i n  normal secre- 
tory states.82 Evidence suggests that t h e  compound is not a spec i f ic  
”ant.igastrin” s ince i t  depresses histamine induced secret ion a t  lower 
doses than pentagastrin st imulated ac id  secret ion i n  both rats82 and 
man. 83 

In o r a l  and parenterdl  doses up t o  8.0 gms dai ly  it reportedly 

I n  a n i m a l s  as well a s  i n  m a n  

Miscellaneous Antisecretory Compounds 

Relhtionship between blockade of catecholamine uptake and an t i secre torg  
a c t i v i t y  - Following the  e B l i e r  f indings t h a t  imipramine i n h i b i t s  basal 
g a s t r i c  secret ion i n  rats, and a l s o  reduces a c i d i t y  and r e l i e v e s  pain 
i n  u lcer  p a t i e n t ~ , ~ 5  s t u d i e s  have been published on t h e  ant isecretory 
a c t i v i t y  of other compounds t h a t  block norepinephrine uptake. 

and man.87 DMI suppresses 2-DG induced s e c g t i o n ,  but  not carbachol 
induced secret ion i n  Heidenhain pouch dogs. This f inding and the lack 
of e f fec t  on secret ion produced by preganglionic e l e c t r i c a l  st imulation 
suggest that the s i t e  of DMI act ion i s  within t h e  CNS.86 

DM (desmethylimipramine) is ant i secre tory  i n  t h e  dog and ra t ,  86 

Lu 5010 ( 3 ,  >dimethyl-1- (3methylaminopropyl)-1-phenylphthalan) , a 
spec i f ic  blocker of catecholamine uptake devoid of ant ichol inergic  
a c t i v i t y  inhibi ted both basdl and pentagastr in  st imulated secret ion i n  

Studies by Lippmann on Lu 3010 and another s e r i e s  of com- 88 
pounds the re la ted  t o  N,N1-bis-(l-naphthylmethyl)-1,4-cyclohexane-bis- 
(methylamine) dihydrochloride (AY 9928) suggest that d i r e c t  cor re la t ion  
between blockade of catecholamine uptake and an t i secre tory  e f f e c t  is moot. 

3 
CH 

CH2CH2CH2NHCH3 

CH2NHCH2 
I 

Q 
CH2NHCH2 

Lu 5010 AY 9928 
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Lippmann a l s o  reported on the  ant isecretory and norepinephrine blocking 
e f f e c t s  of 2-[pchlorophenyl-2- (pyridy1)-hydroxymethyl] imidazole 
m a 1  e a t  e (Sch-12650 1.90 

Suppression of g a s t r i c  ac id  secret ion through inh ib i t i on  of h i s t i -  
dine decarboxylase has been a r e l a t i v e l y  recent  approach taken t o  f ind  
an t i s ec re to ry  compounds, and i t  does appear t h a t  these agents can decrease 
g a s t r i c  secretion.%-93 I n  the c l i n i c ,  Brocresine (NSD 1055; 4-bromo-3- 
hydroxybenzyloxyamine) w a s  found t o  suppress basal  but not histamine 
induced ga t r i c  ac id  secret ion i n  two p a t i e n t s  with Zollinger-Ellison 
syndrome.9‘ The decrease of secret ion w a s  accompanied by a marked r e l i e f  
of diarrhea. Further trials of Brocresine and other  h i s t i d i n e  decarboxy- 
l a s e  i n h i b i t o r s  should be conducted t o  a sce r t a in  the  c l i n i c a l  u t i l i t y  of 
t h i s  type of agent. 

Biological s t u d i e s  indicated t h a t  Famino-khromanone hydrochloride 

tion.95 
synthesized, the most a c t i v e  compound 
D ~ o  ( sc )  2.6 mg/kd is shown. 

w a s  an a c t i v e  i n h i b i t o r  of g a s t r i c  secret ion i n  the  Shay rat  prepara- 
O f  a s e r i e s  o f . 3  compounds 

3-ac etamido-kchrornanone 

Regarding the  e f f e c t  of catecholamines and blocking agents on gas- 
t r i c  s ec re t ion ,  conf l i c t ing  r e s u l t s  from d i f f e ren t  l abora to r i e s  still 
a r e  common. 
f o r  some of these discrepancies. Isoproterenol reduced ac id  secret ion 

; t h i s  did not co r re l a t e  with blood glucose or  blood pressure 
d%f%% I n  man, t h e  P-a on i s t  ny l id r in  (Arl idin,  U.S. Vitamin) in- 
creased g a s t r i c  ~ e c r e t i o n . ~ ?  Using propr o 01 f o r  P-receptor blockade, 
equivocal r e s u l t s  were found i n  the ra t ,  9c9$ and a l s o  i n  man where it 
e i t h e r  depressed secretion97 o r  increased basal  secret ion while producing 
a sli h t  s h i f t  of t he  pentagastrin peak of t he  dose response curve t o  the 
lef t .59 Both a-adrenergic stimul ts and antagonis ts  seem t o  suppress 
g a s t r i c  s ec re t ion  i n  the  1 - a t . 9 ~ , 9 ~  

Differences i n  species  used and preparation probably .account 

Thiocyanate has been recognized f o r  many years  t o  be a r e l a t i v e l y  
potent,  s p e c i f i c ,  and r eve r s ib l e  i n h i b i t o r  of g a s t r i c  acid secret ion.  
The mechanism of -SCN inh ib i t i on  of secret ion remains controversial  with 
e f f e c t s  on a bicarbonate act ivated ATP-ase,lOo a dead-end k i n e t i c  e f f e c t  
on a mucosal anion exchange c a r r i e r  system,”’ o r  cytochrome cl@* as not 
mutually exclusive s i t e s  of action. 
analogs of ‘SCN and isothiocyanate c a s t  some doubt on the  p o s s i b i l i t i e s  
t h a t  these compounds i n h i b i t  secret ion v i a  competition f o r  c a r r i e r ,  or  
i nh ib i t i on  of g a s t r i c  mucosal ATP-ase.103 

Studies  with non-polar mTthy1 

Nicotine - The e f f e c t s  of n i co t ine  on functions of the gas t ro in t e s t ina l  
t r a c t  a r e  of i n t e r e s t  both pharmacologically and c l i n i c a l l y .  
of nicot ine depress basal  secret ion i n  rats,1o4 i n  normal persons and 

Single  doses 
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peptic ul e r  patients,1°5 and i n  the  i s o l a t e d  frog g a s t r i c  mucosal prepa- 
ration.10g Recent s t u d i e s  show t h a t  in dogs n i co t ine  i n h i b i t s  c o n t r a c t i l e  
a c t i v i t y  of both c i r c u l a r  and longi tudinal  muscle i n  t h e  u per gastro- 
i n t e s t i n a l  t r a c t  as well  as in the descending colon. 107,108 This e f f e c t  
is apparently mediated by catecholamines released from adrenal glands and 
adrenergic nerve endings. 

Agents Which Affect Mot i l i t y  

Connell and George1°9 demonstrated a d i r e c t  co r re l a t ion  between the  
e f f ec t  of metoclopramide and the  i n i t i a l  (pre-drug) r a t e  of g a s t r i c  
emptying i n  man and a l s o  showed t h a t ,  as i n  a n i m a l s ,  metoclopramide did 
not a f f e c t  g a s t r i c  secret ion.  The ac t ion  of metoclopramide on the 
mot i l i t y  of the stomach and i n t e s t i n e ,  both i n  vivo and i n  v i t r o ,  can be 
inh ib i t ed  by ant ichol inergic  drugs.110,111 Further s t u d i e s  suggest t h a t  
increased tone and mot i l i t y  produced by metoclopramide may r e s u l t  from 
both a s e n s i t i z a t i o n  of muscarinic receptors  t o  acetylchol ine and a 
blockade of non-cholinergic (e.g., tryptaminergic) receptors.111-112 

Based on Ariens' receptor  theory and agonist-antagonist  concepts, 

Studies  with r i g i d  and semi- 
some attempts have been made t o  design drugs which would help describe 
the  cholinergic and other  receptor  s i t e s .  
r i g i d  analogues of acetylchol ine have shown the importance of t he  s t e r i c  
r e l a t i o n  of the quaternary ammonium function ( t h e  minimum s t r u c t u r a l  
requirement f o r  cholinomimetic a c t i v i t y )  t o  the  r e s t  of t he  m0lecule .~l3 
Soze data suggest t h a t  t he  receptor  may cons i s t  of a l a r g e  nonpolar bind- 
ing  surface,  but do not e ucidate  differences i n  binding of the agonist  
and antagonists tes ted.  
t o  improve antagonis t ic  ac t ion  by combining s t r u c t u r a l  f ea tu re s  of agonist  
and antagonist  i n  t he  same molecule, suggesting t h a t  receptor  a f f i n i t y  w a s  
not improved by t h i s  approach. 
indicated electronic  r a t h e r  than s t e r i c  f a c t o r s  were s i g n i f i c a n t  deter- 
minants of r e l a t i v e  activity.116 

Hudgins and S tubb ins l l5  f a i l e d  i n  an attempt 

Studies  on a tryptaminergic receptor 

A technique f o r  measuring several  ant ichol inergic  a c t i v i t i e s  i n  the  
same animal preparation allows the  generation of data  useful  i n  calculat-  
ing "efficacy/side e f f ec t "  r a t i o s  t o  p red ic t  c l i n i c a l  u s e f ~ l n e s s . ~ ~ 7  
order t o  measure drug e f f e c t s  on i n t e s t i n a l  propulsion w i t  out the con- 
founding e f f e c t s  on g a s t r i c  emptying, Summers and others1'$ have designed 
a technique f o r  administering drugs intraduodenally through a chronical ly  
implanted tube. 

I n  

Although s t r u c t u r e s  with ant ichol inergic  (a t ropine- l ike)  a c t i v i t i e s  
continue t o  be synthesized and s tudied,  non-anticholinergic spasmolytics 
a l s o  have considerable c l i n i c a l  po ten t i a l .  Mebeverine, a compound of 
t h i s  type, was marketed abroad seve ra l  years  ago; it has r ecen t ly  been 
reported t o  a c t  by blocking u take of norepinephrine as well  as by a non- 
s p e c i f i c  depressant effect.118 Two new s e r i e s  of compounds were synthe- 
s ized by removal of t he  alcohol ic  OH group from the  B-carbon atom of 
c e r t a i n  a t ropine der ivat ives;  these compounds r e t a ined  spasmolytic ac t ion ,  
but lacked a t rop in ic  "side effects".120 The pharmacology of one of these 
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compounds tropanyl-2- (pchlorophenyl) a c r y l a t e  hydrochloride, has been 
reported. 12?- 

5 tropanyl-2- (pchlorophenyl)  ac ry la t  e 

Lactulose 

This synthet ic  disaccharide,  1,4-$-galactosido-frctose, 
i n  use abroad for a number of years  as an e f f ec t ive  ca tha r t i c .  
recent ly  i t  has found po ten t i a l  i n  the  treatment of hepatic encephalopathy 
where it may have considerable advantage over other types of ava i l ab le  
therapy.123,124 The mechanism of act ion i n  these cases has been described 
as an "acid dialysis".  Since l ac tu lose  is not metabolized by human 
disaccharidases and l i t t l e  is absorbed,125 it passes t o  the  colon where 
it is hydrolyzed by b a c t e r i a  t o  l a c t i c ,  a c e t i c ,  and formic acids. The 
r e s u l t a n t  decrease i n  the  pH of the  colonic contents has two e f f ec t s :  
the pH gradient s t imulates  passage of ammonia from the plasma t o  the 
i n t e s t i n a l  lumen, and absorbable ammonia i n  the  1 men is converted t o  
nonabsorbable ammonium ions  which a r e  excreted. 1289127 With the  decreased 
ammonia content of t he  blood, p a t i e n t s  have improved psychologically and 
behaviorally. 
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Chapter 9. Antiarrhythmic Agents 

Charles F. Schwender, Warner-Lambert Research Insti tute,  
Morris Plains, N .  J .  

Several years have passed since antiarrhythmic agents were reviewed 
in this series (1965). 
mental approaches and diverse effects observed during the evaluation of 
new agents. 

A t  t h a t  time Tanz discussed the varied experi- 

The two types of agents which have comnanded most attention are 8- 
adrenergic blocking agents and analogs possessing local anesthetic or 
direct nonspecific membrane action on the myocardium. 

6-Adrenergic Blocking Agents - This relatively new series of antiarrhythmic 
agents has received considerable attention during the past few years. 
They antagonize the positive inotropic and chronotropic effects of catechol- 
amines. Cardiac arrhythmias associated with excessive adrenergic stimulus1, 
re1 eased endogenous catecholamines or sensitization of the heart by anes- 
thetics** or cardiac glycosides4 may effectively be treated by 6-blockade. 
Some B-blockers also possess membrane or local anesthetic action and are 
effective against arrhythmias due t o  ischemia o r  cardiac glycoside toxic- 
i ty  as well. 
blockade since resolved isomers of 8-blockers possessed equal antiarrhythmic 
potency b u t  unequal @-blocking action. 

the antiarrhythmic activit ies were not fully discussed5. 
compounds which were not  reviewed have been included in this art icle.  

This membrane action was shown t o  be independent of 6- 

A recent review o f  6-adrenergic blocking agents has appeared, b u t  
The more recent 

Specific B-adrenergic blocking agents are able t o  antagonize cate- 
cholamine actions b u t  do not  have significant local anesthetic activity t o  
effectively reverse cardiac glycoside-induced arrhythmias. Analogs INPEA, 
sotolol and AH 3474 are relatively weak B-antagOniStS  when compared with 
p r o p r a n ~ l o l ~ - ~ .  Pindolol10 i s  reported t o  be a t  least three times more 
potent than propranolol. 
least 20-fold more potent orally t h a n  propranolol in dogs. 
been described as a cardinselective 6-blocker only 1/4 as potent as pro- 
pranolol in the heart b u t  1!130 as active in the trachea of guinea pigs 
and may be o f  use therefore i n  asthmatics13. 

Bunolol,11-12 has recently been reported t o  be a t  
Practolol has 

Dual-acting @blockers are effective against a variety of cardiac 
arrhythmias since they possess both 6-blocking and loca l  anesthetic 
activity. The most prominent analogs of this group are propranolol and 
a1 prenolol 
have been reported as effective antiarrhythmic agentsI6 , I 7 .  

fully characterized include USVC-6524 and KL-255I8, 19.  

5 .  In  addi tion, oxyprenol 01 , butidri ne , KO 592 and SD/1601 

Other &-blockers reported recently t o  be active in the dog b u t  n o t  
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CH3)2 

bunolol SD/1601 USVC-6524 

A major disadvantage i n  the use of @-blockers i s  their negative i n -  
o t ropic  and chronotropic e f fec ts  on the hear t .  
pat ients  w i t h  incipient  heart  f a i l u r e  i s  contraindicated20. Sotolol has 
less  depressant e f fec ts  and has a be t te r  therapeutic r a t i o  when compared 
c l i n i c a l l y  w i t h  most 5-blocking agents6. Oxyprenolol and alprenolol are 
a l so  l e s s  depressant upon basal heart functions possibly due t o  their 
i n t r i n s i c  6-sympathomimetic effects15,21.  

The relationship between cardiac depressant, local anesthet ic  and 8- 
adrenergic blockade actions has evoked considerable in te res t .  
mechanism could be responsible f o r  a l l  actions.  
racemic alprenolol and propranolol i n t o  their opt ica l ly  act ive isomers re-  
sul ted i n  only the leva isomers being potent 6-blockers while both  isomers 
possessed local anesthet ic  and cardiac depressant a ~ t i o n s ~ ' + , ~ ~ , ~ ~ .  
separation of bunolol in to  i t s  optical isomers resulted i n  a fur ther  
separation o f  the actions of B-blockers. Bunolol is  devoid of s ign i f icant  
antiarrhythmic and local anesthetic a c t i v i t i e s .  Dextro-bunolol i s  inactive 
as a  blocker b u t  d i d  possess a cardio-depressant action equal t o  t h a t  of 
the lev0 isomer11,12. 
bloc= or  toxic  cardiac depression actions e x i s t .  
f o r  the three a c t i v i t i e s  probably are involved. 

Therefore, their use i n  

A common 
However, the separation of 

The 

T h u s ,  no correlation between local anesthet ic ,  8- 
Separate mechanisms 

Local Anesthetic - Membrane Active Antiarrhythmics - Many established an t i -  
arrhvthmic aaents have been found t o  possess local anesthetic a c t i v i t v  
w h i h  p a r a l l i l s  their effectiveness against  a var ie ty  of cardiac arrhyth- 
m i a ~ ~ ~ .  
propranolol. 
res tor ing normal automaticity t o  the myocardium. 

t o  possess local anesthetic and antiarrhythmic a c t i v i t y  s imilar  t o  pro- 
pranolol i n  the dog. No 6-blocking action and a lower level of myocardial 
depressant action was observed24. 
having antiarrhythmic a c t i v i t y  s imilar  t o  qu in id ine  i n  potency. 
include 1,5-dimorphol ino-3-( 1 -naphthyl ) pentane (DA-1 686)25; 2-propyl amino- 
l-naphthylpropane (S-931)26; ethoxamine (BW 62-235)27; and xipranolol (BS- 
7977D)28. 

These agents include qu in id ine ,  procaine amide, 1 idocaine and 
They appear t o  a c t  by depressing impulse conduction and by 

An analog (ICI 46037) s t ruc tura l ly  s imilar  t o  propranolol was shown 

Other analogs have been reported recently 
These 

+ 

ICI 46037 DA-1686 S-931 
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@ H O H g H C H  ( CH 3 )  2 

bCH3 ethoxamine 

OCH 2CHOH CH 2NH CH ( CH 3 )  2 

x i  p rano lo l  

While 1 idocaine and procaine amide are e f f e c t i v e  an t ia r rhy thmics  , 
lack o f  o r a l  a c t i v i t y 2 9  and t o x i c i t y  has l e d  t o  the development o f  newer 
analogs. The f o l l o w i n g  have been repor ted  t o  possess l o c a l  anes the t ic  
and an t ia r rhv thmic  a c t i v i t i e s  i n  a number o f  experimental ly- induced 
cardiac a r r h y t h m i a ~ ~ ~ ’ ~ ~ .  

‘CH 3 

r 1 

QX-572 

HCHzCHzN (CH2CH3) 2 proadi fen 

c1. 

H2N - @ j N H C H Z C H I N (  CH2CH3)Z 

bCH3 metoclopramide 

phencarbamide 

O f  the analogs reported, f o u r  ( I C I  46037, S-931 , QX-572 and DA-1686) 
a re  claimed t o  possess weaker t o x i c  depressant e f f e c t s  than propranolol  o r  
qu in id ine .  One (QX-572) has a prolonged a c t i o n  w i t h  no cardiac depression 
a t  therapeut ic dosage bu t  has poor o r a l  a c t i v i t y  i n  man”. 

Other Anti arrhythmi c Agents - S t ruc tu ra l  leads t o  new a n t i  arrhythmic agents 
i n c l u d e  s m e  which have n o t  y e t  been c l a s s i f i e d  as t o  t h e i r  poss ib le  mode 
o f  an t ia r rhy thmic  ac t ion .  These agents include: cyproheptadineE1-methyl- 
4-( 5-di benzo-{ &e l -cyc lohepta t r ieny l  i d i  ne) - p i p e r i d i n e l  35 ; clemizol  e[ 1 -( p- 
chlorobenzyl)-2-( 1 -py r ro l  idinylrnethyl)-ben~imidazole]~~; lo-butylphenothia- 
~ i n e ~ ~ ;  ESP-2001 [l -ethoxy-2-( irnidazolylmethyl ) - n a p h t h ~ a t e ] ~ ~ ;  Ro-5-5340 
[N,N’ - irninodi tr imethy1ene)-di -p-toluene sul  f ~ n a m i d e ] ~ ~  ; 9,l O-trans-5H-5- 
(3,4,5-trimethoxybenzamido) -2-methyl decahydroisoquinol ine40 ; SU-13197 [3- 
(p-chlorophenyl)-2-(2-imidazolylmethyl)-l,2,3,4-tetrahydro-l-benze i n e I 4 l  ; 
WR 9792 [4-fluoro-4’-trifluoromethyl benzophenone guanyl h y d r a ~ o n e ] ~ ~ ;  WR 
81,844 [1-(3,4-dichlorophenyl)-3-E 4-N-ethyl-3-pi eridylamino)-6-methyl-2- 
py r im id iny l  g ~ a n i d i n e ] “ ~ ;  sodium m e r ~ a p t o a c e t a t e ~ ~ ;  4-ethyl-3-benzyl-5- 
cyclohexane-spi rooxazol i d i  n - 2 - 0 n e l ~ ~ ;  and t a u r i  ne[2-ami noethanesul f o n i  c 
acid]46. 
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Mode and S i t e  of Action - Attempts t o  cor re la te  ac t iv i ty  w i t h  bas ic i ty ,  
l i p i d  s o l u b i l i t y  or molecular s i z e  revealed no simple relat ionship w i t h  
ac t iv i  ty47,48. 
a c t i v i t y  depended upon the structure possessing an electron-rich aromatic 
r i n g .  Electron withdrawing groups reduced ac t iv i ty .  As evidenced by the 
d ivers i ty  of s t ructures  possessing antiarrhythmic a c t i v i t y ,  no general 
s t ructural  requirement can be formulated. Only s t ructures  w i t h i n  cer ta in  
s e r i e s  of agents such as 8-adrenergic blockers can be correlated w i t h  
potency and spec i f ic i ty .  

duction and an a b i l i t y  t o  cause arrhythmias. An understanding of the 
manner i n  which they a f f e c t  the heart  funct ion i s  important i n  the design 
of antiarrhythmic agents. 

Cardiac glycoside tox ic i ty  and antiarrhythmic a c t i v i t y  have been 
implicated i n  adrenergic neuronal and myogenic  function^'+^,^^. 
generally been assumed t h a t  d i g i t a l i s  and antiarrhythmic agents exert 
t h e i r  e f f e c t s  d i rec t ly  on the myocardium. However, d i g i t a l i s  i s  a lso 
associated w i t h  adrenergic exci ta t ion a t  low dosage a t  the neural level 
t o  augment nerve function. 
neurones and myocardi um 1 eads t o  the d i  sorgani zat i  on of the synchronous 
stimulation and resul t ing arrhythmias. 

Ritchie and Greengard51 noted t h a t  local anesthet ic  

Cardiac glycosides have b o t h  a beneficial e f f e c t  of improved con- 

I t  has 

A t  higher dosage, d i rec t  action on the 

Drugs w h i c h  are effect ive against  cardiac glycoside tox ic i ty  have 
the a b i l i t y  t o  influence neuronal s t ructures  by maintaining o r  restoring 
organized neural control.  
amide, lidocaine and d i lan t in  are  act ive neurodepressants in cats  a t  
dosage levels  corresponding t o  t h e i r  antiarrhythmic potencies49 s5O. 

central  nervous system origin.  Interruption of t h i s  central control by 
means of drugs or  surgery restores  normal heart  rhythm. 
view t h a t  adrenergic stimulus maintains a r o l e  i n  cardiac arrhythmias, i t  
has been reported t h a t  d-propranolol and d-alprenolol are  not as e f fec t ive  
against  a var ie ty  of arfiythmias when compared w i t h  the racemic forms 
s ince they lack 6-adrenergic blocking a c t i ~ i t y ~ ~ ~ ~ ~ .  

Local anesthetics are  able t o  depress or  block nerve conduction a t  
low d ~ s a g e ~ ~ , ~ ~ ,  
arrhythmic potency, local anesthesia and neuromuscular t r a n s m i ~ s i o n ~ ~ .  
actions of antiarrhythmic agents to  slow conduction can be explained by 
t h e i r  depression of neuromuscular transmission. 
explained th rough  a retardation of the nerve impulse propagation, by 
increasing the e lec t r ica l  exci ta t ion threshold and reducing the r a t e  of 
rise of the action potential5 ' .  

Electrophysiologic Factors - Hypoxia o r  drug-induced net loss of intra-  
ce l lu la r  myocardial Kf causes an a l te ra t ion  i n  the t ransce l lu la r  i o n  r a t i o  
o r  potential .  Modified automaticity and ectopic beats often resul t53.  
S k o ~ ~ ~  has reported the involvement of an energy-dependent act ive transport  

Drugs such a s  qui n i  d i  ne , propranolol , procaine 

I t  has been demonstrated t h a t  some heart  arrhythmias a r i s e  from 

Supporting the 

Davis has demonstrated a re la t ionship between an t i -  
The 

Slowed conduction can be 
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of Na' and K' across cellular membranes promoting the transmembrane 
potential of cells i n  a number o f  tissues. 

triphosphatase (Na,K-ATPase) were studied on heart enzymes isolated from 
a number of mammalian species. 
w i t h  -- i n  vivo changes i n  heart and enzyme func?ion a t  doses lower t h a n  
those necessary t o  induce toxicity and a r r h y t h m i a ~ ~ ~ .  

The effects o f  ouabain on a sodium and potassium dependent adenosine 

Ouabain inhibition -- i n  v i t r o  was correlated 

In the do heart, cardiac glycosides also caused a dose dspendent 
release of Ca' from intracellular membranes such as the mitochondria and 
sarcoplasmic reticulum. This release was proportional to the magnitude of 
the inotropic response. The increased intracellular Na/K r a t i o  resulting 
from the ouabain i n h i b i t i o n  of Na,K-ATPase may explain the positive 
inotropic effects of ouabain on the basis of Nat stimulated release of 
membrane-bound intracell u l  a r  Ca+2 56-58.  Nakamura and Schwartz observed 
an -- i n  v i t r o  increase o f  released Cat2 when the intracellular pH was 
increased. 
Intracellular acidosis due t o  anaerobic glycolysis d u r i n g  ischemia may 
decrease the re1 ease of calcium and reduce the contracti b i  1 i t y  of  the 
heart muscl e59. 

Increased Na+ or  Kt concentrations d i d  not a l te r  Cat2 release. 

Further studies have shown t h a t  decreased intracel lul a r  Kt concentra- 
t i o n  was required before ouabain induced arrhythmias i n  dogs. Increased 
Na' was not  necessary. 
and procaine amide reduced K' loss through a membrane stabilization effect 
of red blood cells and not  by a direct interaction w i t h  
A n d e r ~ e n ~ ~  demonstrated t h a t  1 idocaine was able t o  a1 te r  membrane per- 
meabili ty t o  Na' and Kt a t  therapeutic dosage. 
caused a major disruption of membrane integrity which resulted i n  diffusion 
of Na' and K+. The cationic form appeared t o  be the active species of  
the d r u g  i n  human red blood cells.  

W o o d b ~ r y ~ ~  has shown that dilantin augments the active t ransport  of Na' 
and K i n  the b r a i n ,  skeletal and cardiac muscle. I ts  abil i ty t o  reverse 
digitalis  t o x i c i t y  has been attributed t o  a direct action on N ~ , K - A T P ~ s ~ ~ ~ .  

positive inotropic and chronotropic effects on the heart66. Adenosine- 
3'  ,5'-cyclic monophosphate (cyclic AMP) has been shown t o  i n h i b i t  human 
gastro-intesti nal mucosal Na ,K-ATPase responsible for gastric secretions. 
This observation by M o ~ s i k ~ ~  may also explain the positive inotropic 
effects of cyclic AMP since ouabain's effects on the heart appear t o  be 
related t o  Na,K-ATPase inhibition. 

Local anesthetic agents such as quinidine, butidrine 

Toxic dosage levels 

Di lan t in  reversal of cardiac glycoside toxicity was well documented. 

Agents such as cardioactive sterols inhibit Na,K-ATPase and have 

Clinical Therapy - The use of cotherapy w i t h  existing agents represents 
a most significant advance i n  cardiac arrhythmic treatment. The combined 
use of  two antiarrhythmic agents is effective when certain agents are too  
toxic or ineffective. Propranolol i n  combination w i t h  either quinidine, 
procaine amide or digi ta l is  synergistically lowers the therapeutic dose 
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of each drug while reducing the incidence of toxic it^^^,^^. 

Dilantin appears to be the most effective agent used for arrhythmias 
due to digitalis toxicity. 
dilantin reduces the toxic effects while the positive inotropic action o f  
the glycoside remains70. 

The agent of choice for the treatment of ventricular arrhythmias and 
those associated with myocardial infarctions is l i d o ~ a i n e ~ ~ , ~ ~ .  
is also effective in some similar cases despite the potential hazards 
associated with  blockade^^. 

When used in combination with digitalis, 

Propranolol 

Bretylium tosylate is effective in treating certain pacemakqr-in- 
duced arrhythmias since it has an enhancing action upon the heart conduction 
sys tem73. 

It is hoped that better antiarrhythmic agents may be developed in the 
future by taking advantage of the more recent information concerning the 
el ectrophysiol ogi c basis of arrhythmias. 
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Chapter 10. D i u r e t i c s  

Gerald R.  Zins ,  The Upjohn Company, Kalamazoo, Michigan 

The top ic s  t o  be d iscussed  i n  t h i s  review include:  a) c l i n i c a l  f ind-  
ings, chemistry and pharmacology of new d i u r e t i c s ;  b )  anatomical  si tes of 
d i u r e t i c  a c t i o n ;  c )  biochemical mechanisms of d i u r e s i s ;  d )  hemodynamic con- 
t r i b u t i o n s  t o  d i u r e s i s ;  and e )  t he  an t ihype r t ens ive  a c t i v i t y  of  d i u r e t i c s .  

Sulfonamides - Compounds wi th  the  sulfonamide group cont inue  t o  be i n v e s t i -  
gated f o r  d i u r e t i c  a c t i v i t y .  Mefrus ide l  w a s  s tud ied  i n  both dogs2 and mat? 
and found t o  c l o s e l y  resemble ch lo ro th i az ide  as a d i u r e t i c .  It  was less 
e f f e c t i v e  i n i t i a l l y  than t h e  t h i a z i d e ,  b u t  a c t i v i t y  p e r s i s t e d  f o r  20 hr .  
Chronic admin i s t r a t ion  r e s u l t e d  i n  both K+ l o s s  and u r i c  ac id  r e t e n t i o n .  
Mefruside inh ib i t ed  carbonic  anhydrase i n  v i t r o  b u t  i t  w a s  no t  c l e a r  t h a t  
t h i s  contr ibuted t o  i t s  n a t r i u r e t i c  ac t ion .  Two sulfamoylbenzamides have 
also received a t t e n t i o n .  Clopamide could not  be  d i s t ingu i shed  from hydro- 
ch lo ro th i az ide  i n  dogs,  e i t h e r  on t h e  b a s i s  of antagonism of i t s  a c t i o n  by 
the  t h i a z i d e  blocking agen t ,  Ex-48774, o r  when superimposed on a maximal 
hydrochloro th iaz ide  d iu res i s f i .  
i n  man, much l i k e  the  t h i a z i d e s ,  even t o  the  e x t e n t  t h a t  hypokalernia and 
hyperuricemia occurred dur ing  r e p e t i t i v e  dosing6-8. Likewise, diapamide w a s  
comparable t o  the  t h i a z i d e s  i n  terms of u r i n e  volume and e l e c t r o l y t e  ex- 
c r e t i o n  i n  mang; e leva ted  plasma u r a t e  and glucose accompanied chronic  ad- 
min i s t r a t ion .  A sulfamoylquinazol inone,  metolazone, w a s  s tud ied  i n  dogs and 
found t o  c l o s e l y  resemble hydrochloro th iaz ide  i n  i t s  e f f e c t  on t h e  kidneym. 

I t  w a s  a n a t r i u r e t i c  and c h l o r u r e t i c  drug 

me t o  lazone 

A s t r u c t u r e  a c t i v i t y  
s tudy ,  done i n  rats i n  con- 
nec t ion  w i t h  t h e  sulfamoyl- 
benzhyd r az  id  e , a lipam id e 11, has 
led t o  t h e  conclus ion  t h a t  a 
hydroxamic a c i d  moiety could 
r ep lace  a hydraz ide  moiety 
wi thout  a c t i v i t y  loss .  Alkyl  
s u b s t i t u t i o n  of e i ther  sulfam- 
o y l  o r  jux tacarbonyl  n i t rogen  
reduced whereas a l k y l a t i o n  of 
t h e  t e rmina l  hydrazide n i t r o -  
gen enhanced t h e  a c t i v i t y .  
E f f o r t s  t o  apply  these  f ind-  
ings  i n  t h e  quinazol inone 
r i n g  system (I) were only  
p a r t l y  success fu l l2 .  n u s ,  

a c t i v i t y  was enhanced when R=OH bu t  dec l ined  when R=NH2. 
1 ,2  double bond no t  unexpectedly augmented t h e  potency of both d e r i v a t i v e s .  
O f  some f u r t h e r  i n t e r e s t  i s  t h e  f a c t  t h a t  s u b s t i t u t i o n  of t h e  sulfonamide 
n i t rogen  of hydrochloro th iaz ide  t o  form the  su l fony lu rea  r e s u l t e d  i n  a COW 
parably po ten t  d i u r e t i c  i n  rats bu t  w i th  a b e t t e r  u r i n a r y  Na+/K+ r a t io13 .  

Reduction of t h e  
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A s e r i e s  of N-substituted 4-chloro-5-sulfamoyl-anthranilic acids  in- 

creased ur ine volume along with Na+, K+ and C1' excretionl4.  The most ac- 
t i v e  of the s e r i e s  (N-pyrrolylcarbonyl and N-pyrrolidinylcarbonyl) were as 
e f f e c t i v e  i n  dogs as  hydrochlorothiazide and occupied the same receptors.  

Pyrazines, Triazoles.  Pter idines  and Pyrimidines - Invest igat ion of s t ruc -  
t u re -ac t iv i ty  re la t ionships  among analogues of amiloride has continued. 
Removal or  replacement of amino groups on the pyrazine ring15 or  N-oxida- 
t i on  i n  the 4 pos i t i on l6  generally reduced both the deoxycorticosterone 
(DOC) r eve r sa l  and the DOC-independent s a l u r e t i c  a c t i v i t i e s .  Likewise, 
subs t i t u t ion  of carbamoyl f o r  the amidine moiety destroyed a n t i k a l i u r e t i c  
a c t i v i t y  and such agents increased e l e c t r o l y t e  excretion only i n  the ratl7.  
Of somewhat greater  i n t e r e s t  i s  a s e r i e s  of pyrazinecarboxamidoguanidines 
from which several  compounds have been selected f o r  c l i n i c a l  t r i a l l 8 .  I n  
general  the r e l a t i o n  of s t r u c t u r e  t o  a c t i v i t y  i n  t h i s  series p a r a l l e l s  the 

N-amidinopyrazinecarboxamides from which amilor- 
ck,N ,Commc(=m)m2 ide was chosen. 

the group i n  reversing DOC reduction of ur inary 
Na+/K+ i n  adrenalectomized rats and comparable 
t o  amiloride as a s a l i u r e t i c  i n  rats and man, 

of halogen, preferably C 1 ,  a t  posi t ion 6 ,  a d i -  

11, among the most potent of 

m2 LNl,, 
I1 depicts  the optimum requirements. These consis t  - 

methyl o r  unsubsti tuted amino group a t  posi t ion 5, a f r e e  amino group a t  
posi t ion 3 and e i t h e r  hydrogen o r  an amino group on the terminal guanidine 
nitrogen. Most of these compounds share with amiloride a d i u r e t i c ,  n a t r i -  
u r e t i c  a c t i o n  independent of DOC reversal ;  a c t i v i t i e s  could be sepa ra t ed to  
some degree i n  d i f f e r e n t  molecules. Cyclization t o  form the analogous pyr- 
az iny l t r i azo le s  of ten resul ted i n  potency lossl8.  
s t i t u t e d  t r i a z o l e s  (111) were a l s o  described a s  non-kaliuretic d i u r e t i c s  . 

Weinstock e t  a l .  20-22 have discussed r e l a t ion -  
ships  between chemical s t ruc tu res  of types I V ,  V 
and V I  and n a t r i u r e t i c  and a n t i k a l i u r e t i c  ac t iv i t i e s .  
Many s t ruc tu res  resembling I V  were a c t i v e  i n  s a l i n e  
loaded rats but ,  of the e n t i r e  s e r i e s ,  I V  alone was 

I11 ef fec t ive  i n  the high mineralocorticoid, sodium de- 
f i c i e n t  r a t .  Type V compounds frequently were nat-  

b Several sulfhydryl  s u  

Q!y!- SH 

c1 kH2m=CH2 

- 
r i u r e t i c  i n  sa l t  loaded and s a l t  d e f i c i e n t  rats but a l s o  evoked ka l iu re s i s .  
A similar a c t i v i t y  p r o f i l e  was associated with triaminophenylpyrimido 
[4,5-d] pyrimidines. 
g rea t e s t  i n  the 2,4,7 - tr iamino- 6- pheny lp  t e r  id ine ( tr iam t e r  ene) (Vf) series.  
L i m i t e d  subs t i t u t ion  f o r  o r  a l t e r a t i o n  of the a r y l  subst i tuent  i n  posi t ion 
6 ,  and lower a l k y l  subs t i t u t ion  on the amino groups preserved quan t i t a t ive  
and q u a l i t a t i v e  a c t i v i t y  i n  many cases. These s tud ie s  have led t o  the con- 
cept t h a t  p t e r id ines  of type V I  bind t o  receptors a t  e s s e n t i a l  hydro- 

Natr iuresis  accompanied by minimal K+ r e t en t ion  w a s  
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p h i l i c  ( N - 1  o r  N-8) and r e i n f o r c i n g  hydrophobic c e n t e r s  t o  block c a t i o n  
t r anspor t .  Some v a r i a t i o n  i n  the  in t ramolecular  l oca t ion  of these  cen te r s  
is  permiss ib le  s i n c e  the  7-phenyl and 2-phenyl isomers of V I  r e t a i n  
a c  t i v i  t y . 

SC- 16102 (5-ethoxyethyl-2-amino-4-azido-6-phenylpyrimidine) , re  or ted  
previous ly  i n  terms of animal pharmacology1, has been s tud ied  i n  man 2! . 
Urinary e l e c t r o l y t e  and volume were increased and some potassium w a s  l o s t  
but  the  du ra t ion  of a c t i o n  w a s  s h o r t  and mild leucocytos is  w a s  observed, 
S i t e  of a c t i o n  could not  be eva lua ted  s i n c e  s o l u t e - f r e e  water c learance  may 
have been compromised by antagonism of a n t i d i u r e t i c  hormone (ADH). 

N ico t in i c  ac id  d e r i v a t i v e s  - A new type of d i u r e t i c  molecule,  t r i f l o c i n ,  
promotes the  exc re t ion  of as much as 30% of f i l t e r e d  sodium i n  t h e  dog a t  
high doses  and, t h e r e f o r e ,  approaches furosemide and e thac ryn ic  ac id  i n  

maximum ef f icacy24.  
r eabso rp t ion  w a s  i n h i b i t e d  i n  t h e  ascending limb of 
Henle ' s  loop i n  animals  and man bu t  t h e r e  was l i t t l e  

NH4+ exc re t ion  increased and u r i n a r y  a c i d i t y  was en- 
hanced. 
Synthesized d e r i v a t i v e s  a l l  were of less i n t e r e s t  than 
the  pa ren t  molecule27. 6-Aminonicotinamide a l s o  en- 
hances sodium exc re t ion  i n  the  r a t ,  appa ren t ly  by an 
a c t i o n  on the  d i s t a l  tubule28. 

A s  wi th  t h e  l a t te r  drugs ,  sodium 

y a c F 3  e f f e c t  a t  more d i s t a l  t ubu la r  s i t e s 2 4 ~ 2 5 .  Thus, Kf and 

Glucose metabolism w a s  no t  markedly a l te red26.  

Triflocin 

R '  

R '  - R 
V I I I  3zC1 H 
IX 4-Me H 
X 2-C1 SM2CH=CH2 

Miscel laneous d i u r e t i c s  - A series of 2-amino-- 
phenylcyc lohexane-methanols and t h e i r  corresponding 
e t h e r s  enhanced e l e c t r o l y t e  and volume exc re t ion  i n  
animals29. The conf igu ra t ion  of t h e  benzyl ic  s i d e  
cha in  w a s  a de te rminant  of a c t i v i t y  s i n c e  t h e  
e r y t h r o  isomers were more e f f e c t i v e  than t h e  th reo  
isomers. The (+)-cis-erythro isomer of V I I  w a s  t he  
most promising compound on t h e  b a s i s  of h igh  o r a l  
potency,  minimal k a l i u r e s i s  i n  rats and dogs,  and 
a f avorab le  the rapeu t i c  index. 

Synthes is  of a group of 2-amino-4-arylamino- 
6 - subs t i t u t ed  s - t r i a z i n e s  was a l s o  descr ibed  30 . 
The 6-unsubs t i tu ted  d e r i v a t i v e s ,  V I I I  and I X ,  
caused the  g r e a t e s t  i nc reases  i n  u r i n a r y  Na+ ex- 
c r e t i o n  i n  rats and produced f avorab le  Na+/K+ 
r a t i o s .  6 -Subs t i t u t ion  wi th  SH o r  OH was usua l ly  
de t r imen ta l  a l though X r e t a i n e d  apprec iab le  
n a t r i u r e t i c  a c t i v i t y .  

Anatomical s i tes  of a c t i o n  - The d i u r e t i c  a c t i o n  of carbonic  anhydrase in-  
h i b i t o r s  ( C A I )  gene ra l ly  has  been thought t o  be  exer ted  i n  the  proximal 
tubule.  Micropuncture evidence f o r  reduced HCO3' r eabso rp t ion  i n  t h i s  seg- 
ment i s  reasonably firm31,32 al though evidence f o r  r educ t ion  i n  N a +  and 
volume reabsorp t ion  i s  less clear31. The b e s t  argument f o r  a proximal tub- 



Chap. 10 Diuret ic  s 91 - Zins 

u l a r  s i t e  comes instead from measurements of solute-free water clearance 
(CH20) and solute-free water reabsorption (TcH20). During water d iu res i s  
ADH sec re t ion  from the neurohypophysis i s  suppressed and a l l  tubular seg- 
ments d i s t a l  t o  the turn i n  the loop of Henle become nearly impermeable t o  
water. Continued reabsorption of so lu t e  i n  t h i s ,  the d i l u t i n g  segment, 
under these circumstances leaves solute-free water behind, and the r a t e  of 
i t s  excret ion (CH20) quan t i f i e s  the reabsorptive process. 
i n  t h i s  segment is  not usually saturated and, therefore ,  can increase i n  
response t o  an increasing load. Administration of C A I  enhances CH2033-36 
which means t h a t  the quant i ty  of sodium delivered f o r  reabsorption t o  the 
d i l u t i n g  segment increases and, accordingly, proximal tubular reabsorption 
declines.  During e i t h e r  hydropenia o r  ADH infusion, the r e n a l  co l l ec t ing  
tubules become maximally permeable t o  water molecules , and the hyperosmol- 
a l i t y  of the inner medullary and pap i l l a ry  in t e r s t i t i um provides inducement 
f o r  the reabsorption of so lu t e  f r e e  water (TcH20) i n  proportion t o  the 
amount of N a C l  reabsorbed from the ascending limb. As would be expected 
from agents which increase del ivery of Na+ t o  the ascending limb, CAI in- 
crease T c H ~ O ~ ~ .  
more d i s t a l  s i t e s  i s  l e s s  ce r t a in .  The osmolality of e a r l y  d i s t a l  convo- 
lu t ion  ur ine is elevated by CAI~’ t o  suggest less sodium reabsorption by 
the ascending limb. However, carbonic anhydrase may not be involved i n  as- 
cending limb Na+ reabsorption s ince excess HCO3- from the proximal tubule 
may function a s  an osmotic d i u r e t i c  i n  t h i s  segment36. 

Sodium transport  

Whether CAI a l s o  i n h i b i t  so lu t e  and volume reabsorption a t  

Currently there  is almost no acceptable evidence t h a t  phthalamidine, 
thiazide or  benzamide d i u r e t i c s  i n h i b i t  Na+ reabsorption i n  the proximal 
tubule. A proximal ac t ion  w a s  i n i t i a l l y  suggested on the  basis  of stop- 
flow s tud ie s  but the eventual discovery of a more d i s t a l  ac t ion  compromised 
these f indings38. Likewise, the f inding tha t  chlorthalidone i n h i b i t s  Na+ 
e f f l u x  from a s a l i n e  droplet  i n  the proximal tubule has not been ve r i f i ed  
by seve ra l  other  studies31. The case f o r  a d i s t a l  ac t ion  of these drugs is 
much stronger.  An increase i n  the d i s t a l  tubular  Na+ minimum during stop- 
flow39, moderate reduction i n  ~ ~ ~ 0 3 3 , 4 0 , 4 1 ,  and elevated e a r l y  d i s t a l  con- 
volut ion Na+ and osmolal concentrations i n  micropuncture s tud ie s31~37  a l l  
point  t o  e f f e c t s  beyond the proximal tubule. The f a c t  t h a t  thiazides  do 
not reduce TcH20 i n f e r s  t h a t  these e f f e c t s  occur i n  the outer  medullary or  
c o r t i c a l  port ion of the loop of Henle39,40. The evidence i s  not convincing 
f o r  inhibi ted sodium transport  i n  the d i s t a l  convolution o r  the co l l ec t ing  
duct although the f a c t  t h a t  thiazides  enhance potassium secret ion,  which 
probably depends upon Na+ t ransport  i n  the late d i s t a l  convolution and/or 
co l l ec t ing  duct,  makes i t  unlikely.  

Contrary t o  e a r l y  stop-f low conclusions42, organic mercurials have 
not been c l e a r l y  shown t o  act i n  the proximal tubule43 but do i n h i b i t  Na+ 
reabsorption a t  more d i s t a l  sites. The l a t t e r  s i tes  must involve a t  least 
the inner medullary and pap i l l a ry  portions of the ascending limb of the 
loop s ince both CH20 and TcH20 a r e  usual ly  d e p r e ~ s e d ~ ~ , ~ ~ ~  
extent  of reduction i n  CH20 i s  not as great  as  might be expected from the 
increase i n  osmolal clearance44 which suggests an add i t iona l  e f f e c t  i n  the 
proximal tubule which i s  obscurred i n  the CH20 measurement by simultaneous 
inh ib i t i on  of Na+ t ransport  i n  the loop. 

However, the 
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Ethacrynic acid (EA) exe r t s  i t s  p r inc ip l e  ac t ion  i n  the d i s t a l  half  
of the r ena l  tubule. This agent markedly reduces CH20 and TcH20 by i n t e r -  
ac t ing  with thiazide-sensi t ive as w e l l  as independent s i t e s  i n  the diluting 
segment45-48. The r ena l  cortico-medullary e l e c t r o l y t e  gradient  i s  elimin- 
ated49 as a r e s u l t  of near ly  t o t a l  i n h i b i t i o n  of Na+ t ransport  i n  the as- 
cending limb. No consis tent  e f f e c t s  have been noted with EA i n  the  proxi- 
ma1 tubule43. Furosemide a l s o  blocks Na+ reabsorption i n  the ascendin 
limb, as  indicated by a reduced cortico-medullary e l e c t r o l y t e  gradient 
and reduced CH20 and TcH20, but seems ab le  t o  a c t  i n  the proximal tubule 
as w e l l .  I t  is not c l e a r  whether i t s  ac t ion  i n  the proximal segment is  of 
consequence to  i t s  d i u r e t i c  ac t ion  i n  animals52-55 although i n  man i t  
appears d e f i n i t e  t h a t  proximal tubular e f f e c t s  a r e  e x e r t e d 4 8 ~ 5 1 ~ 5 6 ,  57. 
Thus, CH20 i s  inhibi ted less by furosemide than by EA a t  any given r a t e  of 
osrnolal clearance which necess i t a t e s  del ivery by furosemide of more Na+ out 
of the proximal tubule. It has been speculated but  not proven t h a t  a p r o r  
imal ac t ion  of furosemide r e s u l t s  from carbonic anhydrase inh ib i t i on48~57 .  

50 

Amiloride (and presumably triamterene) i n h i b i t s  Na+ reabsorption i n  
the d i s t a l  half  of the tubule58. 
cortico-medullary osmotic gradient59 nor reduces cH206O~ 61 which suggests 
t ha t  i t s  s i t e  of ac t ion  is beyond the ascending limb. The HCO3- loss and 
K+ and t i t r a t a b l e  acid r e t en t ion  produced by t h i s  agent62 as we l l  as i t s  
a b i l i t y  t o  counteract the Kf losing e f f e c t  of o the r  diuretics63364 a r e  con- 
s i s t e n t  with i n h i b i t i o n  of Na' f o r  K+ o r  @ exchapge i n  the d i s t a l  tubule. 
Precisely where t h i s  mechanism re s ides  or  how i t  works i s  s t i l l  not c l ea r .  
Net K+ reabsorption occurs within the f i r s t  t h i r d  of the d i s t a l  convolution 
but s ec re t ion  is detected thereafter65. It has been contended t h a t  thisK+ 
secret ion occurs by s imple  d i f fus ion  d w n  an electrochemical gradient 
r a the r  than b a Na+ fo r  K+ o r  c a r r i e r  exchange mechanism66. However, a 
recent studyby showed t h a t  K+ s ec re t ion ,  not accounted f o r  by an e l ec t ro -  
chemical gradient and o b l i g a t o r i l y  coupled t o  sodium reabsorption, occurs 
i n  c o r t i c a l  co l l ec t ing  tubules. Unfortunately, the d a t a  on amiloride o r  
triamterene do not d i s t i ngu i sh  between these possible  si tes of act ion.  

Hwever, i t  ne i the r  a l t e r s  the r ena l  

Cel lular  mechanisms of d i u r e t i c  ac t ion  - The c e l l u l a r  mechanisms by which 
d i u r e t i c s  might a c t  a r e  abundant. For example, back d i f f u s i o n  of ions 
across the per i tubular  membrane may be enhanced, t he  c e l l ' s  a b i l i t y  t o  gen- 
erate a usable form of energy may be r e s t r i c t e d ,  u t i l i z a t i o n  of ava i l ab le  
high energy molecules might be inh ib i t ed ,  o r  Na+ en t ry  from u r ine  t o  the 
c e l l  may be impeded. Some evidence supports each of these p o s s i b i l i t i e s .  

Studies using frog skin,  toad bladder and rat  proximal tubules have 
suggested t h a t  some d i u r e t i c s  increase the back f l u x  of N a +  across  the ce l l  
membrane 68 . This could r e s u l t  from i n t e r a c t i o n  with membrane SH groups t o  
confer add i t iona l  negative charges which might c r e a t e  a "leak" component$g. 
The swelling by kidney s l i c e s  exposed t o  EA may r e f l e c t  enhanced c e l l  mem- 
brane permeability t o  Na+70~71.  
r ena l  oxygen consumption, which r e f l e c t s  the extent  of reabsorpt ive Na+ 
t ransport ,  w a s  normal i n  kidneys of EA-treated animals i n  s p i t e  of profound 
Na+ excretion72. However, heat  production which presumably r e f l e c t s  expen- 
d i t u r e  of energy f o r  N a +  t ransport  w a s  reduced i n  kidneys of dogs t reated 

Support a l s o  comes from the f inding tha t  
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with d i u r e t i c s  t o  suggest reduced r a the r  than i n e f f i c i e n t  Na+ transport73. 

There a r e  many examples of inhibi ted r ena l  oxidative and anaerobic 
metabolism by  diuretic^^^'^ l. Oxidative phosphorylation may be uncoupled 
as we1174,75. However, these act ions have not been s a t i s f a c t o r i l y  demon- 
s t r a t e d  a f t e r  therapeutic doses i n  i n t a c t  animals. Lactate accumulates i n  
the r ena l  medulla and p a p i l l a  of dogs treated with several  d i u r e t i c s ,  and 
t h i s  was thought t o  indicate  augmented anaerobic glycolysis as compensation 
f o r  inhibi ted oxidative metabolism76. This i n t e rp re t a t ion  may not be 
co r rec t ,  however, s ince  oxidative metabolism f a c i l i t a t e s ,  t o  only a small 
extent ,  Na+ reabsorption i n  the r ena l  medulla and papilla77-80 and, 
furthermore, chlorothiazide,  one of the e f f ec t ive  drugs, f a i l s  t o  i n h i b i t  
sodium reabsorption i n  t h i s  p a r t  of the kidney. 

The p o s s i b i l i t y  t h a t  d i u r e t i c s  i n h i b i t  u t i l i z a t i o n  of ava i l ab le  high 
energy molecules f o r  Na+ reabsorption has been extensively studied. 
enzyme, Na+-K+ATPase, i s  thought t o  be involved i n  energizing r ena l  Na+ 
transport81, bu t ,  while the d i u r e t i c  ac t ion  of ouabain may be explained by 
inh ib i t i on  of t h i s  enzyme82~83, i t s  r o l e  i n  the act ions of other d i u r e t i c  
drugs i s  not certain82. 
how i n t e r f e r e  with r e n a l  medullary energy u t i l i z a t i o n  s ince  ATP levels  i n  
t h i s  gart of the kidney a r e  elevated by these compounds84. Inh ib i t i on  of 
Na+-K ATPase could produce t h i s  buildup. On the other  hand, such e f f e c t s  
ce r t a in ly  would not r e s u l t  from reduced oxidative o r  anaerobic metabolism. 

The 

It i s  c l e a r ,  however, t h a t  EA and furosemide some- 

Hemodvnamic contributions t o  d i u r e s i s  - Almost ce r t a in ly ,  conventional 
d i u r e t i c s  prevent r e n a l  reabsorption of e l ec t ro ly t e s  by in t e rac t ing  with 
components of tubular c e l l s .  However, hemodynamic mechanisms may a l s o  be 
involved. Ethacrynic acid85,86 and f u r 0 s e m i d e ~ ~ ~ ~ 7  reduce r ena l  vascular 
r e s i s t ance  (RVR) and, thereby, enhance renal  blood flow (RBF). The 
increase i n  RBF is  proportional t o  the l eve l  of RVR when these dru s a r e  

agents a r e  not vasodi la tors  i n  the conventional sense s ince they do not in- 
crease blood flow i n  other vascular beds nor a t  pressures i n  the kidney be- 
low the autoregulatory r an  e89. Moreover, d i u r e s i s  i t s e l f  does not explain 
the e f f e c t  s ince  thiazidesg7 ,91 or  mercurials87 reduce r a the r  than increase 
RBF. 
probably supplemented by the change i n  RBF, i t s  contr ibut ion appears small. 
Thus, increased RBF can be demonstrated f o r  the duration of n a t r i u r e s i s  i f  
ur ine volume i s  replaced92 but i n  the more normal circumstance i n  which a 
f l u i d  d e f i c i t  develops, n a t r i u r e s i s  subs t an t i a l ly  o u t l a s t s  increased blood 
flow93. This is  a l s o  evident from a study i n  which RBF was held constant 
a f t e r  administration of WY-5256, a p t e r id ine  carboxamide diuretic94. This 
drug normally produced a moderate n a t r i u r e s i s ,  much of which pe r s i s t ed  i n  
the absence of a hemodynamic change. 

administered88,89 and occurs primarily i n  the middle r ena l  cortex 98 . These 

While the n a t r i u r e t i c  e f f e c t  of ethacrynic acid and furosemide i s  

Most s tud ie s  of mechanisms by which reduced RVR leads t o  increased 
sodium excret ion have involved agents which have no independent n a t r i u r e t i c  
a c t i v i t y .  Dopamine, f o r  example, produces n a t r i u r e s i s  by in t e rac t ing  with 
dopamine s p e c i f i c  receptors t o  d i l a t e  the renal  vasculatureg5. 
acetylcholine,  infused i n t o  the r e n a l  a r t e r y ,  d i la tes  kidney blood vessels  

Likewise, 
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and increases e l e c t r o l y t e  excretion96. 
and the na tu ra l  products,  prostaglandin98-loo and bradykininlOl,  behave 
s imilar ly .  The e s s e n t i a l i t y  of increased RBF t o  the n a t r i u r e s i s  has been 
c l e a r l y  demonstrated with both acetylchol inelo2 and bradykininlo1. The 
anatomical segment upon which a t  l e a s t  acetylchol ine a c t s  i s  the proximal 
convoluted tubule1°3, 1°4. 
hydrostat ic  pressurelo5, lo6 and/or reduced p ro te in  osmotic pressure1°7, l08 
i n  per i tubular  c a p i l l a r i e s .  The hydros t a t i c  pressure increment develops 
from reduced r e s i s t ance  beyond in t e r lobu la r  a r t e r i e s ,  while the decl ine i n  
co l lo ida l  osmotic p re s su re  i s  a product of enhanced plasma flow through the 
glomerulus i n  the absence of increased u l t r a f i l t r a t i o n .  I n  e i t h e r  case 
the tubular reabsorptive process i s  slowed because f l u i d  and e l e c t r o l y t e  i s  
less r ead i ly  mobilized back in to  the blood stream. 

Other agents such as hydrazine97 

The p rec i se  mechanism seems t o  involve increased 

Antihwertensive e f f e c t s  - The a b i l i t y  of n a t r i u r e t i c  drugs to  reduce ele-  
vated blood pressure has been recognized f o r  many years although the mech- 
anism remains i n  doubt. Early s tud ie s  disclosed a reduction i n  plasma vol- 
ume (PV), secondary t o  the d i u r e s i s  and coincident with the f a l l  i n  blood 
pressurelog, 110, which was accompanied by s u f f i c i e n t  reduction i n  cardiac 
output (CO) t o  explain the hypotensive ac t ion l lo .  
treatment, PV appeared replenishedlo9, and CO norma1112 which suggested 
tha t  d i u r e t i c s  eventually reduce blood f low r e s i s t ance  i n  the vasculature.  
In  s p i t e  of much e f f o r t ,  no firm evidence of a d i r e c t  vascular e f f e c t  has 
come f o r t h  i n  subsequent years. Moreover, evidence favoring the diminished 
CO concept i s  again mounting on the bas i s  of s eve ra l  long-term studies  
which disclosed p e r s i s t e n t l y  decreased PV113-116. Even i f  PV recovers, the 
concept r e t a i n s  merit s ince  b a r o s t a t i c  accommodation may occur and r e s u l t  
i n  reduced capacitance vesse l  tonus which would diminish e f f e c t i v e  PV and, 
therefore,  CO. This i s  suggested by the over-recovery of PV when long term 
d i u r e t i c  treatment i s  stoppedlog. Complicating t h i s  reasoning, however, 
is  the finding t h a t  the acute hypotensive ac t ion  of furosemide o r  hydro- 
chlorothiazide is prevented by maintenance' of body sodium but not of PV117. 

However, a f t e r  sustained 

Whether volume o r  sodium depletion is  more important, and providing 
the re  i s  no d i r e c t  vascular ac t ion ,  agents with comparable sal t  losing cap- 
ability should exert  equivalent e f f e c t s  on blood pressure.  By and large,  
t h i s  seems to  be t rue.  For example, chlorexolone i s  equivalent t o  hydro- 
chlorothiazide i n  i t s  e f f e c t  on both sodium balance and blood pressurel l8 .  
Similarly,  furosemide119 and ethacrynic acid12O, a t  doses e f f ec t ing  compar- 
able  weight loss,  were indis t inguishable  from th i az ides  i n  t h e i r  antihyper- 
tensive e f f e c t .  Of some su rp r i se ,  however, i s  the conclusion tha t  highly 
eff icacious furosemide and ethacrynic acid are less antihypertensive than 
the thiazides121, 122, although it  i s  not c l e a r  whether comparable na t r iu r -  
e s i s  was achieved. The aldosterone antagonis t ,  spironolactone, is  a l s o  
ac t ive  chronically;  i t s  e f f i c a c  r i v a l s  hydrochlorothiazide i n  terms of 
blood pressure and PV r e d u c t i o n l 2 3 ~  124. 
r e t a i n s  K+ l i k e  spironolactone and a l s o  evokes net sodium loss  i n  man, 
appears l e s s  e f f e c t i v e  than th i az ides  as an ant ihypertensive agent125-129. 

Conversely, amiloride,  which 
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Chapter 11. Antibiotics 

Kenneth Butler and Frank Sciavolino, Pfizer Inc., Groton, Connecticut 

General - A general review of the clinical applications and side effects 
of antibiotics has been pub1ished.l 
which deal with the changing ecology of bacterial infections as related 
to antibacterial therapyY2 and with the discovery of new and improved 
antibiotic substances from microbiological sources. 3 
the years since the introduction of the first effective sulfonamide up 
to present times. A symposium on the problems of drug resistant patho- 
genic bacteria was held in O~tober.~ A textbook on transferable drug 
resistance was published.5 
racycline series were reviewed;6 this article, which contains much pre- 
viously unpublished data, provides a useful counterpart to an earlier 
review of the chemistry of tetracyclines. 7 
of semi-synthetic penicillins , 8a cephalosporins ,8b and coumermycins8c 
were also the subjects of extensive review articles. 
reviews of major classes of antibiotics including macrolides ,9a aminogly- 
cosidesgb and miscellaneous antibioticsgc appeared. 
containing the proceedin s of the 6th International Congress of Chemo- 

Aminoglycosids - The structure @) l1 and a preliminary pharmacological 
evaluation12 of pseudomonas-active aminoglycoside antibiotic nebramycin 
factor 6 were reported. 
bacteria studied at 2 mcg/ml or less and was reported to be more active 
than gentamicin against 48 Pseudomonas aeruginosa strains. 

Retrospective analyses have appeared 

These surveys span 

Structure-activity relationships in the tet- 

The antimicrobial activities 

Other general 

Two massive volumes 

therapy were published. 18 

Factor 6 inhibited all Gram-negative species of 

Peak serum 

HO Hw w 
Hb 6 H  
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levels of 2.8 mcgfml were observed within 1 hour following administration 
of 75 mg of factor 6 intramuscularly. Antibiotic 6640 (sisomicin) was 
announced as a new aminoglycoside structurally related to gentamicin C u ;  
it has approximately 5 times the therapeutic activity of gentamicin in 
mice and twice the acute toxicity.13-15 SF-733 (ribostamycin) (2), a 
chemically novel 2-deoxystreptamine aminoglycoside was isolated ,T6 
characterized17 and synthesized. 18 
isolates of Pseudomonas aeruginosa was reported to arise principally from 
changes in sensitivity at the ribosome level (chromosomal changes) .I9 
High level transferable resistance to gentamicin was observed in strains 
of Klebsiella neumoniae Escherichia coli and Enterbacter aerogenes 

Gentamicin resistance among clinical 

carrying R-factors +’ 

Ansamycins (Ansa-macrolides) - Results of a world-wide evaluation of the 
toxicity and clinical effectiveness of rifampicin have been reported.21 
Clinical and bacteriological cures generally fulfilled the expectations 
based on in vitro studies. Original pathogens were eliminated in 70 - 
93% of infections due to staphylococci, pneumococci and gonococci, and 
in 45 - 58% of cases due to streptococci and Gram-negative bacteria. 
Rifampicin is recommended as a primary treatment for tuberculosis .22 
More than 82% of recent cases, and more than 54% of chronic patients 
showed improvement on rif ampicin therapy .21,22 
with other antitubercular agents, the clinical cure rate was 82 - 96.4% 
for chronic cases;21,23 emergence of resistant strains is reported to 
be low. 

When used in combination 

In vitro tests for susceptibility to rifampicin of 476 recent 
hospital isolates24 show all Neisseria gonorrhoeae and Hemophilus inf lu- 
enzae were inhibited by <1 mcg/ml; all but 3 of 125 strains of 
Staphylococcus aureus (86% were penicillin G and/or methicillin resistant) 
were inhibited by 0.02 mcgfml. 

and rat liver n ~ c l e i ~ ~ , ~ ~  have appeared; rifampicin inhibits the ini- 
tiation of new RNA chains. 

-- 

25 
Reports of the effects of rifampicin on RNA synthesis in 5. & 

Geldanamycin (2) is the first member of a new benzoquinone sub- 
group of the ansamycins . 27 * 28 

0 



101 - Chap. 11 Antibiotics Butler, Sciavolino 

B-Lactam Antibiotics - A series of publications described the intricate 
rearrangement of penicillin sulfoxides to cephalosporins .29-36 
tence of a penicillin sulfoxide-sulfenic acid equilibrium was shown by 
incorporation of deuterium in penicillin V sulfoxide, 37 and by trapping 
of the sulfenic acids .38 Cephalosporin sulfoxide esters react with for- 
maldehyde to produce 2-methylene derivatives (4) which have been reduced 
to the biologically active 2-methyl cephalosporanic acids. 39 The 2- 
methylene derivatives (4) were further modified to provide 2-thiomethyl 
(5) and 2-thiomethyleneW(6) - adducts. 40 

The exis- 

4 - 
C02R2 Copt 

5 
I 

6 - 
An efficient chemical conversion of benzylpenicillin to 6-APA has 

been described.41 

Detailed X-ray crystallographic data of certain cephalosporin anti- 
biotics was applied to obtaining insights into biological activity in 
this series .42 
found to be very stable to penicillinases prepared from 5. aureus and 
- -  coli carrying an ampicillin-resistant R-factor, E. and was a powerful 
inducer of periicillinase synthesis in - -  S. aureus and cephalosporinase 
synthesis in -- I?. vulgaris.43 

The Cg-epimer (trans-isomer) of benzylpenicillin was 

Carbenicillin became available for general clinical usage in the 
U. S. during the second half of 1970. The clinical utility of this par- 
enteral antibiotic has been demonstrated for Gram-negative infections 
especially those caused by Proteus and Pseudomonas species. 
is try and clinical profile of carbenicillin were reported . 4 4 ,  45 

have a similar in vitro spectrum to carbenicillin but T s  more active 
against Pseudomonas species; 89% of strains were inhibited by 100 pglm1.46 
Pivampicillin @), an oral pro-drug form of ampicillin, provides 3 - 5 
times the blood levels and 5 - 10 times the tissue levels of an equivalent 
dose of ampi~:Lllin.~~ BRL-2333 (2) has the same in vitro potency and 
spectrum as ampicillin, except that it is slightly less active E. g. 
influenzae-48 

The chem- 

Among new semi-synthetic penicillins, BRL 2288 (7 )  is reported to 

Human serum and urine peak levels are 2 - 3 times those 
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obtained with ampicillin; in animal protection tests it proved su- 
perior to ampicillin oral and parenteral routes.49,50 BL-P 1654 (10) 
is a new broad spectrum penicillin, active against ampicillin sensitivr 
organisms and some Klebsiella and Pseudomonas strains; MIC'S are very 
dependent upon the culture medium and are adversely ai'fected by calcium 
and magnesium ions .5l,52 
cloxacillin (peak b od levels = 14.7 l.ig/ml), and is less protein bound 
than dicloxacillin. 
sistant staphylococci,54 and may prove to be as effective as clox- 
acillin, 55 but at much smaller dosage regimens. 

Flucloxacillin is better absorbed than 

49 It is clinically useful against penicillin-re- 

7 
-.I 

8 - 

9 - 10 - 
Cephalexin has proved to be valuable and safe, particularly f o r  

urinary and respiratory infections .56-60 
cephaloridine have been reviewed.61362 Cefazolin is reported to be more 
potent than other cephalosporins against Gram-negative rods; i.m. 
injection provides 2 - 3 times the serum levels obtainable with 
cephaloridine, and it is rapidly excreted unchanged in urine. 63-66 

Lincomycin/Clindamycin - Total syntheses of lincomycin were reported from 
two laboratories.b7,m 
- via oxidative N-dealkylation of lincomycin was described .69 The clinical 
profiles of lincomycin and clindamycin were reviewed. 70 

The nephrotoxic properties of 

A chemically novel route to 1-demethyllincomycin 
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structure of kromycin, the aglycone of pikromycin, 
confirming the 14-membered ring nature of the 

The total absolute configuration of methymycin was 
The x-r;P Macrolides - 

has been determined, 
parent antibiotic. 
established, 72 and partial absolute configurations for neomethymycin and 
narbomycin were assigned. 73 
revised.74 
ly proposed str~cture;7~ D-chalose is bound at C-5 and 4-O-acetyl-L- 
arcanose is bound at C-3. The new structure is in accord with the 
suggested common biosynthetic origin of the various macrolide antibio- 
tics. A structure has been proposed for B-58941 which contains the novel 
macrolide sugar 2,3,6-trideoxyhexopyranos-4-ulose. 76 
found to be identical with leucomycin A3.77 
structure of demycarosyl leucomycin A3 was determined.78 
chemistry of erythromycylamine appeared, 79 differing in several aspects 
from results previously reported from other laboratories. 
and structure of 5,6-dideoxy-5-oxoerythronolide, a shunt metabolite of 
erythromycin biosynthesis was described. 80 

The structure of lankamycin has been 
The sugar substitution pattern is reversed from the previous- 

Josamycin has been 
The crystal and molecular 

A report on the 

The isolation 

Peptide Antibiotics - Janiemycin, a new peptide antibiotic was reported 
to be active against Gram-positive infections in mice at dosage levels 
equal to those. required with penicillin G.81 Syntheses of cyclic 
tides related to gramicidin S,82 polymyxin D183 and polymyxin M 84,8FP- 
were reported. The gramicidin analogs were devoid of biological 
activity. Synthesis of the polymyxin D1 cycloheptapeptide confirmed 
the previously proposed structure; synthetic material was comparable 
in efficacy with the natural antibiotic against E. - -  coli and - K. 
pneumoniae -- in vitro.83 

Tetracyclines - Treatment of gonorrhea with a single 250 mg dose of mino- 
cycline in 250 male patients gave an 80 - 92% incidence of cure.86 
Doxycycline has been studied in cases of severe renal impairment; no 
accumulation of antibiotic occurred in contrast with other tetracy- 
clines.87~88 
described in 1962, was determined.89 

The structure of chelocardin, a tetracycline first 

Miscellaneous - Negamycin, a new broad-spectrum antibiotic of unknown 
structural class, active against Pseudomonas organisms and exhibiting 
high urine concentrations was announced,YU and its mechanism of action 
studied.91992 --Structures were assigned to the optically active lipids, 
diumycinol, isodiumycinol and diumycene derived from the phosphorus 
containing diumycin antibiotics. 93 --Macarbomycin, a swine growth promo- 
tant structurally related to the diumycins, was reported to pre- 
ferentially inhibit E. - -  coli strains carrying episomes such as F,  R and 
T factors .94 --Isolation details, 95 a new synthesis ,g6 and chemical 
transf ormations97 of phosphonomycin were published. --Azirinomycin (11) 
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was reported as the first example of a natural product containing an 

H 

azirine ring; although active against Gram-positive and Gram-negative 
bacteria in vitro, it did not afford protection against lethal bacterial 
i n f e c t i o n ~ b n t a l e n o l a c t o n e ,  an antibiotic first reported in 1956 as 
PA-132,  was assigned the novel tricyclic lactone structure 12 by X-ray 
diffraction studies.99 
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Chapter 12. Syn the t i c  A n t i b a c t e r i a l  Agents 
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Only a few repor t s  o f  novel ,  c l i n i c a l l y  use fu l  drugs appeared du r ing  
1970. 
e x i s t i n g  drugs. Advances i n  the  development o f  s y n t h e t i c  a n t i b a c t e r i a l  
agents, s y n t h e t i c  t ube rcu los ta t i cs  and d i s i n f e c t a n t s  were reviewed'. The 
proceedings o f  t he  6 t h  I n t e r n a t i o n a l  Congress o f  Chemotherapy - Tokyo 1969, 
had severa l  dozen papers dea l i ng  w i t h  a l l  aspects o f  a n t i b a c t e r i a l  chemo- 
therap?. The t h i r d  e d i t i o n  o f  A. Burger 's  "Medicinal Chemistry" was pub- 
l i s h e d  i n  19703 and chapters on drug design, chemotherapy, sulfonamides, 
ant imycobacter ia l  agents and a n t i s e p t i c s  make t h i s  an e x c e l l e n t  i n t r o -  
duc t ion  t o  the f i e l d  o f  s y n t h e t i c  a n t i b a c t e r i a l  agents. 

A 10 yea r  study w i t h  E. c o l i  and the  K lebs ie l la -Enterobac ter  group 
showed t h a t  the  inc idence of r e s i s t a n c e  t o  a p a r t i c u l a r  drug decreased as 
the widespread use o f  the drug decreased4. 
drugs i s  i n d i c a t e d  as the cause f o r  the  increase i n  bacteremia seen i n  
hosp i ta l s5 ,  due poss ib l y  t o  an upsurge i n  r e s i s t a n t  s t r a i n s .  I n  a some- 
what r a d i c a l  approach, the  c o n t r o l  o f  i n f e c t i o n s  due t o  the  K l e b s i e l l a -  
Enterobacter group i n  a neurosurg ica l  i n t e n s i v e  care u n i t ,  by withdrawal 
o f  a l l  a n t i - b a c t e r i a l  agents was described6. 

Quinolone A n t i b a c t e r i a l  Agents - N a l i d i x i c  a c i d  ( I )  suspension has been 
successful i n  the  t reatment  o f  u r i n a r y  t r a c t  i n f e c t i o n s  i n  ch i l d ren7  and 
intravenous use has been recommended f o r  u rogen i ta l  sepsis8. Several 
cases o f  pho tosens i t i za t i on  due t o  I have been repor tedq.  A comparison 
between I and_oxo l i n i c  a c i d  I 1  i n  40 meningococcal s t r a i n s  i n d j c a t e d  an 

The major s y n t h e t i c  e f f o r t s  were d i r e c t e d  toward mod i f i ca t ions  o f  

The i n d i s c r i m i n a t e  w e  o f  

I 1  

average M I C  o f  0.68 ug/ml f o r  I and 0.14 ug/ml f o r  I I I O .  
have been found t o  be more a c t i v e  than c a r b e n i c i l l i n  o r  gentamicin i n  the  
treatment o f  h o s p i t a l  pa t i en ts  w i t h  Providence s t r a i n  i n f e c t i o n s l l .  0x0- 
l i n i c  ac id  has been found e f f e c t i v e  i n  the  t reatment  o f  recu r ren t  u r i n a r y  
t r a c t  i n f e c t i o n s ' * .  

Both I and I 1  

Sulfonamides - The s y n e r g i s t i c  combination o f  sulfamethoxazole w i t h  tri- 
methoprim has emerged as a f i r s t  choice drug i n  the  t reatment  o f  sa l -  
monellosis13,14, chron ic  p y e l o n e p h r i t i ~ ' ~  , non-spec i f i c  and chron ic  u r i n a r y  
t r a c t  i n f e c t i o n s I 6 ,  and upper r e s p i r a t o r y  t r a c t  i n f e c t i o n s  , e s p e c i a l l y  
chron ic  b r o n c h i t i ~ l ~ ~ ' ~ .  Favorable r e s u l t s  were a l so  achieved i n  the  
treatment o f  u r u l e n t  angina, b a c t e r i a l  s k i n  i n f e c t i o n s l q ,  s taphylococcal  
osteomyel i t isJo,  and endocard i t i s  due t o  E. c o l i 2 1  as w e l l  as a v a r i e t y  
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of other problems. 
dominal pa in ,  vomiting, c0nvu1sions~~,  and a f a l l  in thrombocyte and 
reticulocyte counts16 a 2 .  

be relatively non-toxic (LD50, P.o. ,  >6g/kg.,  i n  rodents) and t o  give 
higher effective serum levels than other sulfonamides. 
ance dose of 2.5 mg/kg and no extra fluid intake nor alkalization i s  

Side effects encountered include allergic rashes, ab- 

A new broad spectrum sulfonamide, sulfaclomide 111, was reported t o  

A daily maintain- 

I11 IV 

"ecomnende8 3. 
i. -- col i ,  are treated with s u l f  adiimidine or s u l f  afurazold 4. 
-esistant E. @J were found t o  have replaced previously sensitive organ- 
isms in chifdren with refractory E.  coli  infection^^^. 
Lo previous antibiotic treatment which altered the f lora  in the large 
intestine. Salicylazosulfapyridine IV has been found to  be effective in 
:he treatment of ulcerative co l i t i s ,  with no change i n  the relapse rate in 
i study based on two consecutive 5 yr .  periods26. In chronic, inter-  
i i t tent ,  ulcerative recto-colit is ,  the combination IV and steroids i s  con- 
,idered the therapy of choice2 7. 
:ytosine (Va), was 3-10 times more potent i n  vivo t h a n  sulfisoxazole, 
ulfisomidine, and sulfachlorpyridazind 8. I t  was rapidly absorbed and 
!xcreted almost unchanged. 
luce crystalluria.  In  vivo activity was also reported for Vb, which had 
inly 10% of the potency of sulfamonomethoxine, b u t  was more potent than 

Urinary t rac t  infections in children due t o  sensitive 
Sulfonamide 

This was attributed 

A promising new lead, N-sulfanil-l-ethyl- 

Due to  i t s  h i g h  solubili ty i t  should not  pro- 

Va R= - ( 5 : & H 5  
LJ 

V 

CH 3 

;ulfisoxazole against staphylococcal infectionsz9. 
found between the log of the association constant and molecular weight of 
iulfonamides and a relationship between these two parameters and activity 
sgainst E. coli. was derived3(). A l inear relation has been observed between 
the pKa values of sulfonamides and the prostatic fluid/plasma concentration 
ratios in dogs31. The metabolic fa te  of sulfonamides has been reviewed32. 

litrofuran and Related Antibacterials - Several clinical studies w i t h  n i t ro-  
furantoin VI (X=C=O, R1=H) indicate t h a t  i t  i s  effective i n  treatment of 

A correlation was 
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urinary  t r a c t  i n f e c t i o n ~ ~ ~ , ~ ~ .  
i t  f o r  long term prophylaxis r a t h e r  than therapeut ic  use. 
react ions t o  V I  have been reported35. 
CH2OH) was a l so  found t o  be e f f e c t i v e  i n  c l i n i c a l  u r i n a r y  t r a c t  i n fec -  
t i o n ~ ~ ~ .  

One o f  these papers34, however, recormnends 
Pulmonary 

The hydroxymethyl analog V I  (R1= 

Analogs o f  Nifuradene V I  (X=CH2, R1=H) were prepared37 i n  which 

V I I  U V I  

R' was subs t i tu ted .  The i n  v i t r o  and i n  v i v o  potencies i nd i ca ted  t h a t  
bes t  a c t i v i t y  i s  o b t a i n e d T i R ' r C k O R - ' o ~ C M ) 2 O H  ( M I C  vs E. c o l i  = 
0.8 ug/ml and 3.1 vg/ml, respec t i ve l y ) .  
V I Ia  were prepared3* and the analog wherein R =CbCH20H was found t o  be 
more potent i n  v i  t r o  than n i t ro fu razone  vs E. c o l i  , p. vu lga r i s ,  S. 
typhosa and Ps. aeruginosa. A group o f  5 -n i t ro -2- fu ry1  de r i va t i ves  o f  
i ndol i zine , imidazo[ l ,Z-a]  pyr im i  dine and i m i  dazo[2,1 -b ]  t h i  azole were pre- 
pared39. The most a c t i v e  was VIIb,  w i t h  an M I C  - 100 pg/ml vs E. c o l i .  
N i t r o f u r y l  pyr imidines of  type V I I c  were prepared40 and found t o  be in 
v i t r o  ac t i ve .  The most a c t i v e  had M I C  values o f  4 ug/ml aga ins t  E. c o l i ,  
-reus and I(. neumoniae. Ten analogs o f  fu razo l ium V I I d  ( R ' = H ~ w F  
prepared4' w i t h  the E___T bes t  R ' = C H & € l )  having ca. 1/2 the  a c t i v i t y  o f  t he  
parent compound. Some t r i az ined iones  were a c t i v e  i n  v i v o  against  E. c o l i  
i n  mice42. 
c o l i .  The most potent, 

s i s t i n g  o f  1- 14-( 5-nitro-2-furyl)-2-thiazolyl]hydantoins, hydrourac i l s  and 
r e l a t e d  compounds, the bes t  i n  v i v o  a c t i v e  compound was V I I I .  
ED50  of 65 mg/kg, p.0. and 110 mg/kg, S.C. vs S. aureus i n  mice44. 

species (400 s t r a i n s )  and was found45 t o  be most e f f e c t i v e  vs anaerobic 
species ( M I C  range o f  0.03-8 ug/ml). 
Salmonella s t r a i n s  i n  ~ i t r o ~ ~  and was a c t i v e  aga ins t  S.- typhimurium i n  
mice. I n  a group o f  6 n i  trobenzofurans , 3,7-dini tro-2-methylbenzofuran 
was the most potent and had a s i m i l a r  a n t i b a c t e r i a l  a c t i v i t y  and mode of 

Some 1,2,4-tr iazol inones o f  type 

- 

The most a c t i v e  compound V I Ie  had an M I C  o f  0.4 ug/ml vs E. 
Nitrones had s l i g h t  t o  moderate a c t i v i t y  in v i t r o .  

had an E D t i 0  of - 45 mg/kg vs Salmonella i n  m i c r  I n  a group con- 

I t  had an 

The a n t i b a c t e r i a l  spectrum o f  metronidazole I X  was s tud ied  i n  51 

N i r i dazo le  X was a c t i v e  aga ins t  many 
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action t o  n i  t r o f ~ r a z o n e ~ ~ .  Arylamino-5-aminomethyl-1,3,4-thi adiazole 
derivatives had ac t i  v i  t y  against  both gram-posi ti ve and gram-negati ve 
organisms4*. 
a group o f  l-substi tuted-2-ni t r o b e n z i m i d a z ~ l e s ~  were a lso  reported t o  
have -- i n  v i t r o  ac t iv i ty .  

N i  tro-l,3,4-thiadiazole-2-carboxaldehyde deri v a t i ~ e s ~ ~  and 

Synthetic pyrrolni t r in  (XI) analogs of type XI1 

XI I 

XI I Q 
were ac t i  ve i n  v i  tro against  a broad spectrum o f  organisms5 l .  
analogs of X r h n b r o a d e r  spectrum and were more active i n  v i t r o  than 
the parent compounds2. 

Des-ni t r o  

Antitubercular Agents - A survey of the history and control of tuberculo- 
s i s  and a review o f  present day therapy appeared53. 
Antibiotica e t  Chemotherapias4 was devoted t o  the experimental and c l i n i -  
cal evaluation of tubercul os ta t ics .  I t  deals extensively w i t h  capreo- 
mycin, thiocar l ide,  ethambutol and rifampicin. The combination of INH, 
rifampicin and ethambutol is  expected t o  prove more effective than a l l  
previous forms of treatment55, for the i n i t i a l  stages of TB as well as for 
re1 apses and r e s i s t a n t  cases. Prothionamide was studied i n  combination 
therapy and gave resu l t s  comparable t o  ethi  onami de, without gastro- 
in tes  t i  nal d i  s turbancess6 . Li ver toxi ci ty was however greater  and occurs 
without ear ly  symptomss7. Synthetic ant i  tubercular preparationss8 and the 
modern chemotherapy of tuberculosis are  reviewed59. 
usually opt imist ic  reports,  a study t o  determine the e f f e c t  o f  recent ad- 
vances i n  tuberculosis treatment, and comparing two five-year periods,  
found no marked improvement i n  prognosis. A comparison of the resu l t s  of 
surgery and d r u g  therapy showed tha t  the former was superior i n  the young 
and middle aged6o. 

twice as act ive as i t s  o-chloro analog (aminoquinol) and 1/5 as act ive as 
isoniazid.  
doses and no resistance developed61. Compounds o f  type XIV were found t o  

An entire volume of 

In contrast  t o  the 

The - i n  -- vivo active compounds included SQ 18571 (XIII)  which was about 

Large s ingle  weekly doses were as e f fec t ive  as small dai ly  

W C l  
X1I:I XIV 
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e x h i b i t  potent  a c t i v i t y  aga ins t  M. tubercu los is .  They were w e l l  t o l e r a t e d  
and showed s t ronger  a c t i v i t y  than ethox ide i n  mice62. 

Compounds tes ted  and found a c t i v e  i n  v i t r o  aga ins t  M. tubercu los is  
inc lude:  5-arylamino-3-phenylthiazolidin-2,4-diones6 3 ,  2,3-diaryl-5- 
a ry lazo-4- th iazo l id ine th ione-1  , l -d iox ides6 4 ,  N-substi  t u t e d  benz iso th ia -  
zo l  i n-3- t h i  ones6j , 4- ( indol -3-y1)-  i m i  dazoles6 , i n d o l -  3-yl carboxyl i c  ac ids 
and hydrazi des6 , 3- ha1 ophenyl azoi ndol  es6 , 3,4-di hydropyr i  do [2,3-d] p y r i  - 
dazin-1 [2H]-one6 , Schi ff bases from i s o n i a z i d  and s u b s t i t u t e d  benzalde- 
hydes7 6 ,  5-n- b u t y l  pyr id ine-2-carboxy l  i c a c i d  hydrazide71 , 4- thiosemicar- 
bazido-2-[ (5-ni trofuryl)vinyl]quinolones and butadiene analogs72, 3 - th io -  
4(  3H)quinazolone  derivative^^^, and N - ( p - t o l y l  )-N1-(2-benzothiazoly1)- 
N I( - a 1 ky 1 q uan i d i n es . 

Le ros  - I n  a survey o f  c u r r e n t  treatment, 4,4’-diaminodiphen l s u l f o n e  

b ined therapy u t i l i z i n g  DDS and the  polyoxyethylene e the r ,  Macrocyclon, 
was no t  super io r  t o  DDS alone. 
favorable r e s u l t s  , however , cos t  and res is tance development render them 
“second choice“ drugs. The value o f  l ong  l a s t i n g  sulfonamides remains a 
con t rove rs ia l  i ssue76.  Thalidomide gives remission t o  the l ep ra  reac t i on  
and r e l i e f  from n e u r i t i c  pa in77.  Clofaz imine ( X V I )  appears t o  be a most 
e f f e c t i v e  a n t i l e p r a l  agent i n  animal e x p e r i m e n t s 7 6 ~ 7 ~ .  
A f r i c a  gave excel l e n t  resu l  t s 7 6  and a successful c o n t r o l l e d  double b l i n d  

-nikJ-f X V )  remains the drug o f  choice f o r  a17 forms o f  leprosy  $5 . Com- 

Thiambutosine and carbanyl imide gave 

C l i n i c a l  t r i a l s  i n  

x v  B xvl 
c l i n i c a l  study has been p ~ b l i s h e d ’ ~ .  Data on an t im ic rob ia l  a c t i v i t y 7 7 ,  
acute and chronic  t o x i c i t y  and reproduc t ive  tox i co logy  have been re -  
por ted79.  I n  a d d i t i o n  t o  i t s  a n t i m i c r o b i a l  e f f e c t s ,  X V I  may i n h i b i t  o r  
prevent 1 epra l  symptoms and may reduce s t e r o i d  o r  t h a l  i domi de requ i re -  
m e n t ~ ~ ~ .  The most ser ious  s ide e f f e c t  i s  a dose dependent in tense s k i n  
pigmentation 8 i .  

Ant i sep t i cs  and Topica l  Agen‘s - P h e n y l m r c u r i c  ace ta te  and n i t romerso l  
po ten t i a ted  the i n  v i  t r o  and t o p i c a l  an t im ic rob ia l  e f f e c t s  of  hexachloro- 
phene and dichloEp-’. 
f e c t a n t  f o r  s u r g i c a l  ins t rumentsa .  I t  has po ten t  i n  v i t r o  a c t i v i t y  and 
i s  s tab le  and non-i r r i t a t i n g .  
guanidines were s tud ied  and po ten t  i n  v i t r o  a c t i v i t y  was found8 j .  
e i g h t  8-hydroxyquinol ine es ters  and t h e i r  chelates were synthes ized and 
founa a c t i v e  aga ins t  E. c o l i  and S. aureus i n  ~ i t r o ~ ~ .  The es te rs  were 
more a c t i v e  than the  chelates.  
qu ino l  i n e  were found85 t o  have moderate broad spectrum a c t i v i t y .  Thi ol 
analogs were found t o  be i n a c t i v e  and on ly  some t i n  s a l t s  had any 

Chlorhex id ine has been recommended as a d i s i n -  

The a n t i s e p t i c  p roper t i es  o f  benzoth iazo ly l  
Twenty- 

Some 7-amino d e r i v a t i v e s  o f  8-hydroxy- 
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a c t i  v i  ty86. 

quaternary X V I I  was found comparable t o  ce ty lpy r id in ium ch lo r i de  b u t  l ess  
i r r i t a t i n g  and less  
zines had -- i n  v i t r o  a c t i v i t y .  

Q u i t e  a few papers d e a l t  w i th  quaternary sa l t s .  The f l u o r i n a t e d  

A group o f  s ide  chain quatern ized phenothia- 
The most a c t i v e  had M I C  values o f  1 u g h 1  vs  

P 3  
H3C-N-R CN- CH2 - ( CF2 )6 - CF, CF ,SO 3e 

@ 

X I X  

X V I  I c c H 2  ) 14CH 3 

X V I I I  

-- E. c o l i  and 2;. aureus88. 
a c t i v e  -- i n  v i l T o x t h e  most a c t i v e  X V I I I  having M I C  values o f  0.4 ug/ml 
f o r  - S. -- aureus and B. s u b t i l i s .  
a ry loxye thy l  ammonzm bromides were preparedq0 and screened vs 8 comnon 
i n f e c t i o u s  organisms, and the  bes t  had a l k y l  groups o f  from 8-12 carbon 
atoms, w i t h  M I C  values as low as 0.5 ug/ml. Bis-quaternary s a l t s  o f  
e thy lene and hexamethylene diamine o f  type X I X  were a c t i v e  -- i n  vitrogl. 
most a c t i v e  had R=CloH2 and the ch lo r i de  had grea ter  a c t i v i t y  than the  
corresponding iod ide .  Another paper d e a l t  w i t h  the  s t r u c t u r e - a c t i v i  t y  re -  
l a t i o n s h i p s  o f  compounds o f  type X I X g 2 .  
as pH, w e t t a b i l i t y ,  v i scos i t y ,  sur face tension, etc. were r e l a t e d  t o  
a c t i v i t y .  

Miscellaneous I n  V i t r o  Ac t ive  Compounds - The f o l l o w i n g  types o f  compounds 
e x h i b i t e d  -- i n  v i t r o  a c t i v i t y  b u t  were e i t h e r  i n a c t i v e  i n  v i vo  o r  no -- i n  v i vo  
data were supplied. 

Quinazol ines : 2 ,4-diaminog 3 ,  ani 1 i noq4 8-hydroxy analogsg5 , 4-sp i ro  
anal ogsg6 and quinazol ine-5,8-di onesg 7 ;  3-hydrazi des and t h i  osemi carbazides 
o f  i s a t i  n- 1 -ace t i  c ac i  dq 8, 3-acy l hydrazones o f  1 - d i  a1 k y l  ami noal ky 1 
i s a t i n s g 9 ,  indolophenazineslOO, 4- and 7-hydroxycoumarins and der iva-  
tiveslO1, amides and hydrazides o f  4-dimethylaminosalicylic a c i d l o 2 ,  
subs t i t u ted  N-pheny lan thran i l i c  a c i d  hydraz ides lo3 ,  s u b s t i t u t e d  1,3- 
d is ty ry l -4 ,6 -d in i  trobenzeneslo4, s u b s t i t u t e d  B-ni t r o  s t y renes lo5 ,  s y n t h e t i c  
a l i p h a t i c  polyamines r e l a t e d  t o  sperminel O6 , guanidino d e r i v a t i v e s  o f  de- 
hydroabiety laminel  0 7 ,  b i s  quaternary ammonium s a l t s  o f  cyclohexanel 08, 4- 
aza-22-oxa-5a-chol es tane l  O9 , mono- and d i  azaphenanthrenes O, p i  p e r i d i  ne 
and te t rahydroqu ino l ine  analo s o f  t e t r a h y d r o f o l i c  a c i d l l l  , quino1ine-N- 
oxides and hydroxamic a c i d s l l j ~ ~ ~ ~ ,  5-ary lazo-6-subst i tu ted amino- 
pyrimidines114, f l u o r i n a t e d  deoxy u r i d i n e  der ivat ives115 , N-hydroxy- 
t h i  oureasl l6 , hexachl orocyclopentadiene adducts o f  unsaturated amides 
1,4-naphthoqui nones and halogenated de r i va t i ves  lI8, 2-mercapto benzo- 
t h i a z o l e  s a l t s  and d e r i v a t i  ves119, acetophenones , chal cones and benzyl idene 
flavanones12 O, and a lkoxy th io fo rmy l  d i s u 1 f i d e s l 2 l .  

Some qu inuc l id in ium compounds89 were q u i t e  

A group o f  68 N,N-dimethyl-N-alkyl-2- 

The 

Various phys ica l  p roper t ies  such 

', 
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Chapter 13. A n t i v i r a l  Agents 

Timothy H. Cronin, P f i z e r ,  Inc . ,  Groton, Connecticut 

In t roduct ion  - This  review w i l l  concern i t s e l f  i n  l a r g e  measure wi th  a 
d iscuss ion  of i n t e r f e r o n  as an a n t i v i r a l  agent  and wi th  drugs t h a t  cause 
i t s  formation and release. Although t h i s  a r ea  is by no means thoroughly 
understood, a g r e a t  d e a l  of research  has  been devoted during t h e  p a s t  year  
to t h i s  aspec t  of a n t i v i r a l  chemotherapy. There were s e v e r a l  reviews 
w r i t t e n  concerning i n t e r f e r o n  and o t h e r  a n t i  i r a l  d r ~ g s l - ~ .  
a n t i v i r a l  drugs f o r  1969 w a s  a l s o  presented''. Outs ide of t h e  i n t e r f e r o n  
area no major d i scove r i e s  were d i sc losed ,  and no drugs reached the  
marketplace o r  were repor t ed ly  newly introduced i n t o  man. 

A survey of 

In t e r f e ron  - This continued t o  be an extremely a c t i v e  area both i n  the  
labora tory  and i n  human s t u d i e s .  The role played by i n t e r f e r o n  i n  the  
course of n a t u r a l  v a r i c e l l a  i n f e c t i o n  w a s  studied'' i n  human p a t i e n t s  wi th  
and without impairment of host-defense mechanisms. 
with normal defense mechanisms, i n t e r f e r o n  t i tres p resen t  i n  cutaneous 
v e s i c l e s  were i n i t i a l l y  high,  and appeared t o  prevent  v i r u s  disseminat ion 
and allow rap id  recovery. 
d i sease ,  lymphomas and leukemias where t h e r e  is an impairment of host- 
defense mechanisms, low titres of cutaneous i n t e r f e r o n  were i n i t i a l l y  
p re sen t ,  and v i r a l  disseminat ion w a s  r ap id  and i n  some cases l e d  t o  death.  
I n  those cases which were reso lved  favorably the  remission followed t h e  
late appearance of high i n t e r f e r o n  t i t res .  

I n  i n f e c t e d  p a t i e n t s  

On t h e  o the r  hand, i n  p a t i e n t s  wi th  Hodgkins 

I n  a s tudy with human volunteers  chal lenged wi th  A2 Asian inf luenza ,  
a c o r r e l a t i o n  between v i r u s  shedding, c l i n i c a l  i l l n e s s ,  i n t e r f e r o n  t i t res  
and antibody w a s  attempted. It w a s  demonstratedl2 t h a t  t h e  development of 
c l i n i c a l  symptoms p a r a l l e l e d  the  r ise i n  i n t e r f e r o n  t i t res  and these  
symptoms subsided as the  i n t e r f e r o n  t i t res  reached a maximum. Although i t  
w a s  f e l t  t h a t  i n t e r f e r o n  probably l imi t ed  the  spread of t h e  d i sease  and 
caused some c l i n i c a l  improvement, i t  w a s  concluded t h a t  i t  was less 
e f f e c t i v e  than ant ibody i n  decreasing and e l imina t ing  t h e  shedding of 
v i r u s  and f i n a l  recovery from d i sease .  

I n  animal experiments13 i t  has  been found t h a t  macrophages s t imula ted  
t o  produce i n t e r f e r o n  by a non-rep l ica t ing  v i r u s  (chikungunya v i r u s )  can 
be t r ans fe r r ed  t o  mice a l ready  i n f e c t e d  wi th  encephalomyocarditis (EMC) o r  
Semliki Forest  (SFV) v i r u s  and e x h i b i t i n g  c l i n i c a l  symptoms, and w i l l  
a f fo rd  a s i g n i f i c a n t  degree of p ro tec t ion  (40% su rv ivo r s ) .  This i s  one of 
the few demonstrations of a the rapeu t i c  a p p l i c a t i o n  of i n t e r f e r o n  aga ins t  
these p a r t i c u l a r  v i r u s e s  and more p a r t i c u l a r l y  i n  a systemic d i sease  
s i t u a t i o n .  

In t e r f e ron  Inducers 

1) 
s ingle-s t randed  nuc le i c  (yeas t  RNA) w a s  aga in  demonstrated wi th  the  f ind ing  

Polynucleot ides  - t h e  spur ious  na tu re  of i n t e r f e r o n  induct ion  by 
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tha t  only one source of yeast  RNA among many gave measurable a n t i v i r a l  
protect ion of c e l l s  i n  v i t r o .  In  general single-stranded nuc le i c  acids  
must be complexed with a polybasic substance such as neomycin to be 
inducers of interferon.  Additionally, i n  the only ac t ive  yeast RNA 
preparation, contamination with small amount of double-stranded 
material cou3.d not be ruled out". This lends fu r the r  support t o  the 
argument that: only double-stranded polynucleotides or  su i t ab ly  complexed 
single-stranded polynucleotides can induce in t e r f e ron  exogenously. One 
series of experiments, however, holds tha t  f o r  i n t e r f e ron  produced a t  
l e a s t  by N e w c : a s t l e  disease v i rus  (NDV) the inyyt single-stranded v i r a l  
RNA is the st:imulus f o r  i n t e r f e ron  production . The first example of 
a naturally-occurring double-stranded RNA i so l a t ed  as a contaminant from 
a non-Penicil-lium species is t h a t  from Aspergillus foet idus,  and t h i s  has 
demonstrated protect ive a c t i v i t y  i n  mice against  l e t h a l  EMC o r  SFV 
infect ionsl6.  
induce in t e r f e ron  both i n  v i t r o  and i n  vivo. It was shown t h a t  ne i the r  of 
the components - the  p a r t i c u l a t e  coat (T4 ghosts) nor the f r e e  double- 
stranded DNA were ac t ive  inducers; and it was therefore  concluded t h a t  the 
i n t a c t  phage p a r t i c l e  allows the encapsulated DNA t o  reach the si te of 
act ion,  whereas the f r e e  DNA would be expected t o  have been degraded17. 
This cons t i t u t e s  one demonstration of a double-stranded DNA as an 
in t e r f e ron  inducer. Interferon induction by double-stranded RNA was shown 
t o  be a function of nucleotide chain length; polycations were shown t o  
enhance uptake of these materials18. A 2 hour preincubation of nucleotide 
duplexes a t  .37" markedly increases t h e i r  i n  v i t r o  a n t i v i r a l  a c t i v i t y ,  but 
has a much 
or  -__. i n  viva''. The bulk of the work with nucleotide duplexes has been 
carr ied out with poly I C .  
ce l l  l i n e )  which are unable t o  produce in t e r f e ron  but can be protected by 
exogenous in t e r f e ron ,  i t  was concluded t h a t  s ince poly I C  d id  not protect  
t h i s  c e l l  type then in t e r f e ron  must be the so l e  mediator of the poly I C  
a n t i v i r a l  effect20.  
is a metabolic process requiring protein synthesis  and is not s imply  a 
release of s tored,  preformed interferon21. 
state seen after induction of i n t e r f e ron  by poly I C  i t  w a s  concluded t h a t  
a feedback mechanism on in t e r f e ron  synthesis may be operative22. 

Recent experiments with T4 phage ind ica t e  t h a t  i t  w i l l  

ess marked but real e f f e c t  on in t e r f e ron  production i n  v i t r o  

From a study i n  Vero cells (a monkey kidney 

It is thought t ha t  induction of i n t e r f e ron  by poly IC 

From studies  of the refractory 

The spectrum of i n  vivo protect ive a c t i v i t y  by poly I C  continued t o  
be broadened t h i s  year. In t e re s t ing ly ,  it w a s  shown tha t  poly I C  can 
i n h i b i t  the growth of tobacco mosaic v i rus  i n  plants23. 
t ha t  the protect ive e f f e c t  i n  mice against  vesicular  s toma t i t i s  v i rus  
(VSV) w a s  due t o  i n t e r f e ~ o n ~ ~ .  In j ec t ion  of 1 mglkg of poly I C  e i t h e r  24 
hours before o r  after in fec t ion  with l e t h a l  rabies  v i rus  (25 LD5o) 
protected e s s e n t i a l l y  a l l  r abb i t s .  High t i tres of neutral iz ing serum 
antibody were found i n  a l l  survivors and 
r e s i s t a n t  tot r e in fec t ion  by rabies  virus2'. A s ign i f i can t  protect ive 
e f f e c t  of i n t r ape r i tonea l ly  administered poly I C  w a s  demonstrated against  
both in t r ace reb ra l ly  administered herpes simplex v i rus  (HSV) and EMC. 
Although the dose of EMC v i r u s  did not a l t e r  the r e s u l t s  subs t an t i a l ly ,  
the e f f e c t  algainst HSV was remarkably sens i t i ve  t o  dose, such tha t  good 
protection was only seen against  1 TCID50 of HSV26. 

It was a l s o  shown 

u r the r ,  a l l  survivors were 
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Poly IC is also thought to influence immune phenomena27 and inasmuch 

as there is probably a close tie between recovery from virus infection and 
the inmunological system of the host, it is considered of interest to 
briefly mention some effects observed with poly IC. 
enhancement of interferon production with poly IC in mice pretreated with 
Freund's complete adjuvant and an increase in the number of interferon- 
fodng cells in the spleen, it was concluded28 that interferon produc- 
tion, immune response and phagocytosis were closely related phenomena. It 
was also shown that poly IC potentiated the vaccination response to 
Japanese B encephalitis virus, giving a &fold enhancement of neutralizing 
antibody in serum29. A similar but time-dependent adjuvant effect of 
poly IC was seen in that fewer spleen cells om poly IC treated mice were 
required to produce a graft ys- host reaction . 
failed to inhibit the growth of trachoma agent in the rabbit eye, but 
markedly suppressed the ocular lesions produced by this agent. 
prompted the authors to speculate that poly IC was enhancing the immuno- 
logical responsiveness of the host, as it caused a decreased inflammatory 
response to trachoma agent31. In additional studies where poly IC 
provides protection to mice against a variety of Gram-positive and 
negative bacterial infections, this is due presumably not t o  interferon 
but to a heightened host immune response32. 

Because of an 

56 Intravenous poly IC 

This 

Further toxicological studies with poly IC have shown it to be toxic 
to the vascular and hepatic systems of mice, dogs and rats,33 and on 
endothelial cells of the small blood vessels of the chick cerebellum . 
The diffuse severe necrosis of villous epithelium in the rat seen after 
ply IC administration is enhanced some 1000-fold in adrenalectomized 
rat~3~. There is some conflict with regard to toxicity in the rabbit eye, 
however, because in one study 1 mg. of poly IC given intravenously pro- 
duced lens opacity in the rabbit eye which persisted for over a m0nth3~; 
in a second study with infected rabbits it was sham that a 1.3 mg. 
intravenous dose of poly IC exhibited a positive effect on the recovery 
from a herpes ocular infection but no lens opacity was noted37. 

he 
34 

Some early studies of poly IC in man have sham that a low titre of 
interferon (1:16) is achieved after intravenous admini~tration~~. No ef- 
fect on prolongation of life or alleviation of the disease conditions was 
seen in terminal cancer patients after intravenous administration of poly 
IC but the only side effect noted was mild fever39. Poly IC was also ad- 
ministered as a nose drop formulation to volunteers challenged with 
rhinovirus 13 and influenza A;!/Hong Kongl68. 
challenge experiment poly IC was considered effective as there was a 
lessening of cold symptoms and a markedly decreased shedding of virus. 
The results with Hong Kong influenza were not as significant40. 
considering any human trials, especially when poly IC is given by the 
intravenous route, it is well to keep in mind the finding that human 
serum rapidly degrades poly IC41. 

In the rhinovirus 13 

In 

2) 
particular area during the past year. 
the reports42943 on polyacetal carboxylic acids. 

Other Synthetic Polymers - There was very little activity in this 
These materials are 

The most significant finding were 
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obtained by sequential oxidation of amylose by periodate and chlorite 
respectively, and are considered to contain relatively large amounts of 
the repeating unit 1. The structure-activity relationships are similar 
to those found for other polycarboxylic acids i.e. the activity is a 
function of molecular weight and requires the presence of a high density 
of negative charge. The materials induce small amounts of circulating 

interferon after intraperitoneal administration and 
protect mice against mengo, vaccinia, SFV, and 
influenza APR-8 viruses. ([;lli2 over polyacrylic acid type polymers is the apparently 

n lower toxicity, which may be a reflection of the more 
bio-degradable nature of the backbone. 1 

The single major advantage 

- 
3) 
closure of the interferon inducing diamine Tilorone (2144-48. 

Tilorone - Perhaps the greatest excitement of the year was the dis- 
This 

material induced an antiviral state after oral 
administration to mice against a range of virus 

to be due to circulating interferon 
Maximum interferon titres were achieved within 
24 hours systemically and 48 hours intracrani- 

OR ally after oral dosing, and maximum protection 
was provided when virus was administered at one 
of these times depending on the route of 

infections which was dose-dependent 4ty7 though t 

0 
R = CH2CH2N(CH2CH3)2 

protectionagainst SFV at 250 mg/kg when given up to 72 hours prior to 
virus challenge, is optimum at 24 hou prior but does exhibit significant 
protection at 3 hours after d&1engez8. A hyporeactive state is produced 
after Tilorone administration . In another study a direct relationship 
between the dose of Tilorone, serum interferon titres and the survival of 
mice infected with VSV also prompted the conclusion that Tilorone exerts 
its antiviral effect via interfer~n~~. 
established an oral tGapeutic index of 15 and an intraperitoneal 
therapeutic index of 2.5 for treatment of this infection. An examination 
of mouse tissues 24 hours after dosing with Tilorone demonstrated that 
interferon titres are highest in lymph nodes and th 
chosen as the optimum member of the fluorene series’. An examination 
of other aromatic nuclei indicated that activity could not be predicted 
as some compounds with grossly similar structural features were essen- 
tially inactive whereas others approached the activity of Tilorone. 
Seemingly minor structural modifications even within the fluorene nucleus 
caused major changes in activity. Inasmuch as all the possible structural 
permutations were not presented, it would be inappropriate to attempt to 
summarize structure-activity relationships here. 
show that Tilorone causes changes in the hematopoietic and reticuloendothe- 
lial systems of the mouse, rat, dog and monkey, which regress on cessation 
of drug treatment52. 
not clear, these authors52 also found similar results with poly IC. 
concerning the efficacy and safety of Tilorone in man will obviously be 
awaited with great interest. 

2 infection45. Tilorone exhibits good oral 

These same authors50 also 

us50. Tilorone was 

Toxicological studies 

Although the significance of these observations is 
Data 
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Benzimidazoles - Although antiviral activity was described for certain 
benzimidazole  derivative^^^,^^ perhaps the most striking was found in a 
series of papers concerning bi~-benzimidazoles55-~~. Structural modif i- 
cation of a series of bis-benzimidazoles having features similar to 2, 
where changes were made in the position and nature of aromatic substitu- 
ents, in the length and substitution pattern of the connecting carbon 
chain, and in the substituents at N1, demonstrated that there were 
remarkably few structural variants that retained antiviral activity. 
Optimal for activity were a 5-methoxyl or ethoxyl moiety, a 2-carbon 

- 

connecting chain which is 
unsubstituted or substituted by 
hydroxyl (or acetoxyl) and no 
substituent at N1. The compound 
chosen for further study was 
(S , S) -1,2-b is (5-me thoxy-2- 
benzimidazolyl)-1,2-ethanediol 
(2)55. This was active in vitro 
both therapeutically and pro- 
phylactically against 55 strains 

-- 3 - 

of rhinovirus, 3 strains of polio virus and 2 strains of coxsackie virus 
with in vitro therapeutic indices of 100 or greater56. The mechanism of 
action was reported to be unknown. Pharmacodynamic studies indicated that 
good serum levels were obtained in mice after oral or intraperitoneal 
administration and that serum samples contained activity against rhino- 
virus and other picornaviruses but not against adeno, herpes, myxo and 
paramyxoviruses, thus establishing the same spectrum of activity in vivo 
as in vitro57. 
protection at high dose (100 mglkglday for 4 days) 
rhinovirus 30 ,  but severe diarrhea accompanied its use at this level. 
Testing in chimpanzees at lower dose levels of 15 and 50 mg/kg indicated 
partial rotectionzs100 TCID~O of rhinoviruses 44 and 9 without side 
ef f e ~ t s ~ ~ .  Further toxicological studies in primates ,5' dogs and rats 
showed that this compound caused severe irritation of the gastrointestinal 
tract. Activity a ainst polio virus has been described by others for this 

Further testing in chimpanzees indicated good oral 
100 TCID50 of 

class of compounds F9 . 
Nucleosides - A review dealing mostly with 5-iodo-2'-deoxy-uridine (IUDR) 
has appeared60. 
solution of IUDR in 90% dimethylsulfoxide is effective in promoting 
healing and in preventing local spreading of herpes hominis cutaneous 
lesions. 
threatening infections were reported. 
hominis encephalitis made an apparent recovery after infusion of a total 
of 400 mg/kg of IUDR62. 
encephalitis, IUDR given as a 'total of 430 mgfkg infusion was thought to 
be effective as 67%of a small population (6 patients) survived this 
grave infection63. A total infusion dose of 550 mglkg of IUDR allowed 
recovery from herpes simplex encephalitis, but the patient was left with 
serious se uelae, indicating the need for rapid diagnosis and aggressive 
treatment62. Although no cure was demonstrated with 5-bromo-2'-deoxyuri- 
dine (reportedly less toxic systemically than IUDR) in 2 cases of subacute 

It is claimed61 that local applications of a 30-40% (w/v) 

Several cases describing the use of IUDR in severe life- 
An infant with severe herpes 

In the treatment of adults with herpes hominis 
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sclerosing panencephalitis, it was suggested that some improvement was 
noted in one patient and that there was no further deterioration in a 
second. It was felt worthy of comment inasmuch as any improvement is 
worthwhile in this disease state65. 

Although no clinical testing of 5-trifluoromethyl-2'-deoxyuridine, 
which is reported to be a more potent analog of IUDR, has been carried 
out, molecular level studies have shown similar modes of action as this 
moiety is incorporated into vaccinia virus DNA replacin thymidine , and 
the resulting virions differ in morphology from normal 68 . 

Cytarabine has been used effectively at 100 mg total dose to cure a 
severe generalized primary herpes simplex infection in an adultb7. 
atory studies in vitro with an iodinated derivative (1-f3-D-arabino-furan- 
osyl-5-iodocytosine) indicate that this has similar activity to IUDR and 
in addition i s  active against IUDR resistant herpes virus . 
Natural Prodla - Cylindrochlorin, isolated69 from the mycelium of a fun- 
gus, Cylindrocladium =. , was reported to show activity 
diffusion plaque-inhibition method70. 
on the epid i th iad ike topiperaz ine  acetylaranotin showed that trithia and 
tetrathia br.idged compounds were also vivo active antivirals, whereas 
all non-brid,ged derivatives were inactiveT A polypeptide, a-amanitin, 
was shown72 to specifically inhibit the replication of influenza virus 
(fowl plague virus) presumably by inhibition of RNA synthesis although at 
the concentr.ations used (25 pg/ml) no effect was seen on host-cell RNA 
synthesis. .Aristolochic acid was shown to exhibit a weak, non-specific 
protective effect 2 Colybia SK virus (75%) when both drug and virus 
were administered orally . 

Labor- 

68 

NDV by an agar 
Further structure-activity studies 

7 

Studies relating to the antiviral properties of rifampicin continued 
this year. Further studies with vaccinia virus showed that rifampicin 
prevented the formation of mature progeny presumably by interfering with 
late transcriptional events, since early events such as DNA replication 
and assembly of membranes and immature particles were able to proceed in 
the presence of drug74. These effects can be completely reversed by the 
removal of rifampicin. At this time the irregular membranes previously 
observed, now undergo transformation to coated envelopes and the return o f  
RNA polymerase activity is coincident with the appearance of DNA containmg 
virus particles75. In a study76 of rifampicin and several analogs on the 
-- in vitro inhibition of Shope fibroma virus it was concluded that a hydra- 
zone side-chain was a requirement for activity. A further study proved 
that the side-chain of rifampicin (1-methyl-4-aminopiperazine) inhibited 
the replication of vaccinia virus to the same extent and by the same 
mechanism as the parent drug77. The first study claiming to demonstrate 
-- in vivo antiviral activity for rifampicin was recently described78. 
rifampicin c.aused as much as a 14-fold decrease in the antibody response 
to the non-lethal H1 virus infection in hamsters. The same authors 
however showed it to be inactive against 7 other viruses, offering not 
much hope for the use of the material in vivo. Finally, a derivative of 

Here 
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rifampicin (the N-demethyl analog) was found to inhibit at relatively high 
concentrations the now actively studied RNA-dependent DNA polymerase 
isolated from human patients with acute lymphoblastic le~kemia’~. 

Xsoquinolines - The -- in vitro antiviral activity of UK-2054 was further 
broadened with the finding that it 
it decreased the yield of rhinovirus 
types 2, 4, 9 and 43 from HeLa 
cells. Although this drug was 
previously shown to reduce the 
incidence of A2 influenza in man, 
similar efficacy was not exhibited 
- vs a human rhinovirus 9 infection. 
This lack of efficacy may well have 
been related to poor pharmacodyna- 
mics with respect to upper 
respiratory tract tissue, as this 
compound was not effective against 

the above-mentioned rhinovirus when tested in a semi-continuous line of 
human embryo lung f ibrob1asts8’. 

Q 
CH20 Oc1 - 

UK-2054 

Amines - Amantadine was evaluated both therapeutically and prophylacti- 
cally, in a double-blind trial in artificially induced A2 and B influenza 
in a large study involving 404 subjects. It was 51% effective prophylac- 
tically ys- A2 and 73-92% vs the more severe form of A2. 
who developed influenza h z  only mild symptoms and a reduced serological 
response. It was ineffective therapeutically influenza A2. It was 
also ineffective against B influenza81. In a smaller study involving 3 
prison populations, amantadine was given therapeutically after symptoms 
appeared. The authors concluded that it was beneficial as the duration of 
the febrile response was shortened and other symptoms were less severe, 
while no differences were noted in virus shedding or antibody titre82. In 
another trial amantadine also exhibited a limited therapeutic effect where 
patients treated with drug no later than 48 hours after clinical symptoms 
appeared exhibited a more rapid clearing of some clinical symptoms as well 
as a decreased shedding of virus83. 
inhibition of A2 influenza by other aliphatic amines has appearedg4, per- 
haps the major clinical interest continues to center around the use of 
amantadine on Parkin~onism~~ 9 86. 

NPT-10381 - Several commentaries and abstracts 87-91 have described, among 
other reputed properties, the antiviral activity of NPT-10381 which is 
reportedly the p-acetamidobenzoate salt of the inosine-dimethylaminoiso- 
propanol complex. It is claimed that the material exhibits in vitro and 
-- in vivo therapeutic activity against A1 and A2 influenza, herpes zoster 
and vaccinia and that it is active intranasally, orally, or intraperitone- 
ally. It is also reported that human clinical trials in a variety of con- 
ditions will begin shortly. 

Those subjects 

Although at least one report on 

LHiscellaneous Synthetics - Several substituted thenoylamides have been 
reported to be active in mice SFV and one against pse~dorabiesg~. 
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-- In vitro activity ~s APR-8 virus and vaccinia is reported for two biphenyl 
derivatives93. Ethyl 2-methylthio-4-methyl-5-pyrimidinecarboxylate was 
active in primary monkey kidney culture against all three types of viru- 
lent or attenuated strains of polio virus; no activity has been found 
against any other virusg4. A series of 8-hydroxyquinoline derivatives was 
shown to have some activity 
derivatives had activity against Ranikhet disease virus in chorioallantoic 
membraneg6. 
CHOAcCH3) with in vitro activity 
Several types of compounds, the most active being 8-aryl-a-mercaptoacrylic 
acid, and l-(o-aminophenyl)-3,4-dihydroisoquinolines have shown activity 
- vs myxoviruses in vitro and also inhibi58the enzyme neuraminidase. None 
showed any appreciable in vivo activity . 2,6 ,6-Trimethoxy-A3-dihydro- 
pyran was active ps influenza type APR-8 in vitrog9. 
phenyl)-l-isopropyl-4-methyl-2-imidazolone was active against polio virus 
in Rhesus monkey kidney cells; however, the compound caused chromosomal 
abnormalities at twice the dose in rat kangaroo cell culture100. 
acetylenic compounds were shown to inhibit the replication of polio virus 
type I in HeLa cells. 
but not the HeLa cell RNA polymeraselOl. 
dif&J was found to be highly selective and inhibited only echo virus 
12 
compounds. From a series of hydrazonopyrazol-5-one derivatives 3-methyl- 
4-phenylamidinohydrazonopyrazol-5-one exhibited pronounced in vitro 
activity ~s pox virus; but no -- in vivo activity was foundlo3, The 
thiosemicarbazones of 2-formylpyridine, 5-hydroxy-2-formylpyridineY and 
5-hydroxy-1-formyl-isoquinoline were found tol&hibit HSV, and cytomegalo- 
virus and the enzyme ribonucleotide reductase . The most active triazin- 
oindoles against a large number of rhinovirus strains were 2,2-dimethyl- 
3-[(5-methyl-!5H-as-triazino[5,6-b] indole-3-yl)amino]-l-propanol and 
2-methyl-4-[(!5-methyl-5H-as-triazino [5,6-b] indole-3-yl)amino1-2- 
butanollO5. The dithiosemicarbazone of 2-oximino-l , 3-indanedione is 
active - in -- vitro - vs vaccinialo6. 
isatin-B-thiosemicarbazone,Az benzo[b]thiophene-2,3-diones, 
4-oxotetrahyd:ro-4,5,6,7-benzo[b]thiophenes and especially 1,2-benzoiso- 
thiazol-3-carbohydrazi.de have good in vitro activity polio viruslo7. 

APR-8 virus in eggs95. Two propiophenone 

A series of 2-substituted phenoxathiins (R=COCH3, CHOHCH3 
type I11 polio virus was describedg7. 

3(3,4-Dichloro- 

Four 

They were shown to inhibit the viral RNA polymerase 
Rhodanine (2-thio-4-oxothiazoli- 

. A series of analogs provided only inactive or slightly active 

Several systems closely related to 
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Reviews - A thorough review of the clinical use of nystatin discusses all available 
formulations and all indications.’ The use of griseofulvin is similarly reviewed.2 An 
invaluable review of the treatment of the systemic mycoses gives current data on the 
mechanisms of antifungal chemotherapy, as well as a summation of the clinical experience 
with griseofulvin, saramycetin, 5-fluorocytosine, clotrimazole (Bay b5097), and the polyene 
 antibiotic^.^ The three leading antifungal antibiotics, nystatin, amphotericin B, and 
griseofulvin are also reviewed in a new text. 4 

Methods - The detection and preclinical evaluation of new antifungal agents is facilitated by 
a new test procedure. Single doses of potential agents are administered to infected mice 
previously X-irradiated. The procedure gives a more uniform “take” of the various 
infections, and reduces the time of the test p r ~ c e d u r e . ~  

Since the therapeutic outcome in the treatment of systemic mycoses with 
amphotericin B is related t o  the serum level achieved, careful monitoring is desirable. A 
bioassay has been proposed that gives precise and accurate results. Low levels of the drug 
were detected in th’e serum up to 7 weeks after cessation of therapy.6 

Clinical Experience- - Amphotericin B administered intravenously continues to  be a mainstay 
in the treatment of the systemic mycoses. As experience has been built up, a number of 
reviews of the action of the drug in various diseases have been published. In chronic 
pulmonary histoplasmosis, a review of the treatment of 408 patients is presented. In spite of 
the fact that low doses eradicated the organism in the sputum, a dosage of 35 mg/kg of 
body weight was required to decrease the case fatality ratio.’ In the progressive 
disseminated form of the disease a dosage of 25 mg/kg is life-saving but higher dosages are 
preferred.8 In extracutaneous sporotrichosis, several papers indicate the superiority of 
amphotericin B over iodides or hydroxystilbamidine i s o e t h i ~ n a t e . ~ , ~ ~  In a review of 109 
patients with chronic pulmonary coccidioidomycosis, it was observed that all patients 
receiving more than 30 mgfkg of amphotericin B did well, whereas those receiving less did 
poorly. Less drug was required than was the case with the disseminated form of the 
disease.ll With systemic North American blastomycosis, 1 4  of 16 cases achieved partial or 
complete remission with total dosages ranging from 0.39 to  60 g of drug.12 The case for 
intravenous amphotericin B in pulmon aspergillosis is not as clear, although, there is an 
impression that it is of some value. ‘g4 It appears ineffective when patients also have 
aspergillomas. An interesting procedure is the instillation of a paste containing amphotericin 
B or nystatin by repeated intracavitary needling for the treatment of patients with 
aspergillomas. Results are reported as e~ce l1en t . l~  It appears that amphotericin B 
administered by the intravenous route may not reach the aspergilloma in a therapeutic 
concentration. Amphotericin B proved effective in disseminated cryptococcosis that 
followed kidney transplantation, with its concomitant treatment with antibacterial 
antibiotics and immunosuppressive agents.16 The drug was also effective in several cases of 
ocular cryptoco~colsis.~~ Administered orally at  a dose of 1.5 to  2 g per day for 9 
days, amphotericin B eliminated Candida albicans from the stools of 21 of 22 patients. 1% l2 
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The tetraene antifungal antibiotic, pimaricin, has been shown to  be effective when 
applied topically in experimental C. albicans oculomycosis in rabbits." In human medicine, 
corneal ulcers caused by Fusarium and Ce halosporium sp. have been treated successfully 

A short review su ests that pimaricin is no with topically applied pimaricin ointment. 
more effective than nystatin in the treatment of candidal vaginitis. $5 

The production of levorin, a heptaene antifungal antibiotic, is being studied vigorously 
in the U.S.S.R.23*24 Toxicity studies in rats showed that there was a strong teratogenic 
effect when the drug was administered orally in repeated doses of 100 mg/kg. Deaths 
occurred with single doses of 500 mg/kg or more.25 In the clinic, the drug was administered 
orally in the treatment of various C. albicans infections of visceral organs. Improvement was 
reported in cases of candidal pneumonia cholecystitis, and colitis. Levorin was reported as 
superior to nystatin in these disorders?' although the rationale for employing nystatin, an 
agent that is not absorbed from the gastrointestinal tract, to treat pneumonia and 
cholecystitis is not clear. 

Analogs of griseofulvin prepared by modification of the 5' position proved to be less 
active than the parent compound in vitro and in vivo. 27928 In 3 of 1 4  patients treated with 
oral griseofulvin, there was rise in erythrocyte protoporphyrin that may have been 
secondary to hepatic toxicity2' Griseofulvin has been reported as effective in the treatment 
of Raynaud's disease, a vasospastic disorder. 30 

First clinical studies with 5-fluorocytosine have been reported. Doses of 100 mg/kg per 
day for as long as 87 days were administered orally to ten patients with severe candidosis. 
Cures or a favorable response were achieved in more than half the cases. No toxic symptoms 
were ob~erved.~'  Sixteen patients with cryptococcal meningitis were treated with 4 to 6 g 
per day for 30 to 111 days. Cures were achieved in half the cases. Toxic symptoms were not 

Clotrimazole (Bay b5097) will soon be on clinical trial in the U.S.A.34 Clinical studies 
in Germany demonstrated the compound to  be active by the oral route in single cases of 
candidal pneumonia and bronchitis, and a s p e r g i l l ~ m a , ~ ~ , ~ ~  but not in a case of 
c h r o m ~ m y c o s i s . ~ ~  High doses produced liver hypertrophy in rats. As an inducer of liver 
oxidative enzymes, clotrimazole is as active as phenobarbital. 38 

serious.32 The drug proved ineffective in experimental coccidioidomycosis in mice. 33 

Miconazole nitrate, 1- [ 2,4dichloro-&( 2,4dichlorobenzyloxy)phenethyl]imidazole, is 
reported effective both orally and topically in experimental infections of guinea pigs caused 
by Trichophyton mentagrophytes, T. canis, and C. aibicans. In humans it was very effective 
in the topical treatment of tinea pedis caused by a variety of Trichophyton sp. 39 

Haloprogin (M-1028), 2,4,5-trichlorophenyl~-iodopropargyl ether, was active when 
applied topically in experimental der atophytic infections of guinea pigs. It appeared to be 
approximately as active as tolnaftate. 43 

transport system of the mitochondria. 27 

In a review of thiabendazole, 2-(4'-thiazolyl)benzimidazole, a drug used as an 
anthelminthic, its antifungal properties were discussed. ts usefulness for the treatment of 
the superficial mycotic infections is being investigatedj' Study of the mode of action of 
thiabendazole suggested that the prim site of action is inhibition of the terminal electron 
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New Antifungal Agents - The structure of lomofungh, L, a new phenazine antibiotic, has 
been determined by degradation studies.43 This antibiotic is active against Gram-positive 
and Gram-negative bacteria and fungi. 

OH 
I 

C02Me 
I 

C HO OH 

A detailed account of the determination of the structure of LL-Z1271a has been 
published.44 The structure and biological properties were summarized in last year's Annual 
Reports in Medicinal Chemistry (pp. 132-3). A peptide antibiotic, havin good activity in 
vitro against C. albicans, is produced by a strain of Aspergillus rugulosus.' Acid hydrolysis 
indicates that aspartic acid, glutamic acid, glycine, alanine, threonine, valine and isoleucine 
are components. The production, isolation, and chemical and biolo 'cal properties of 
fumigachlorin, an antibiotic produced by a fungus, have been ~tudied.~&'umigachlorin has 
a molecular formula of C I ~ H ~ ~ C I ~ N O ~ ,  and has strong activity in vitro against some 
filamentous fungi. An a tibiotic, inomycin, has been isolated from cultures of Streptomyces 
griseus var. inornycini4' It is active in vitro against Saccharornyces species and also has 
antitumor activity. This antibiotic has the approximate molecular formula, C17H27NzO4, 
and appears to  be closely related to cycloheximide. Two new antifungal polyene antibiotics 
have been repo'rted; ge i ycin, a pentaene produced by an Actinosporangiurn species48 and 
tbilimycin, a heptaene. Ik  

Several derivatives of pyrrolnitnn have been obtained by the metabolism of substituted 
tryptophans by Pseudornonas aureofaciens. For example, tryptophan, substituted at the 
5-,6- or 7-position with fluorine, or at the 5- or 7-position with methyl, gave fluorinated and 
methylated pyrrolnitrins, r e~pec t ive ly .~~  Several 3-phenylpyrroles related to pyrrolnitrin 
were ~ y n t h e s i z e d . ~ ~  Some derivatives that lacked a nitro group on the phenyl ring had 
stronger antifu.ngal activity and a broader spectrum of activity in vitro than did pyrrolnitrin. 
A new synthetic antifungal agent, 4,4'-( decamethy1enediimino)diquinaldine acetate salt 
(1 :2) (3, has activity in vitro against Staphylococcus aureus, Streptococcus haernolyticus, 
C. albicans, T. mentagrophytes and Trichomonas vaginalis. It was effective in the treatment 
of skin and mucosal infections due to  these o r g a n i ~ m s . ~ ~  Anticandidal properties of 
derivatives of 0-nitrostyrene have been inve~ t iga t ed .~~  Of the derivatives examined, 
4-bromo-P-met.hy1-0-nitrostyrene had the best activity. This compound was effective against 
visceral candidiasis in mice and in the treatment of candidal lesions on rabbit skin. 

Chemical and Physical Studies of Antifungal Agents - Structural studies of n y ~ t a t i n ~ ~  have 
indicated that the attachment of mycosamine is at C-19. These studies also established the 
pyranose nature of the mycosamine ring and proved the lactone closure to C-37. Except for 
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the stereochemistry, the structure, 3 of nystatin has been completed by this work. The 

3 - O,+NH~ 

total structure of amphotericin B has been established as 4 by chemical studies55 and $7 
X-ray crystallography of the N-iodoacetyl d e r i ~ a t i v e . ~ ~  Chemical studies on flavofungin 
have led to the conclusion that this antibiotic is a mixture of two pentaene macrolides that 
have the same structures as the components of mycoticin, except possibly, for the 
configuration of one or more asymmetric centers. The biosynthesis of mycoticin has been 
studied, using labelled  precursor^.^^ 

The structure of X-537A (s), an antibiotic related to nigencin and monensin, has been 
determined by X-ray crystallography. 59*60 The absolute configuration is based on the 
Cotton effect exhibited by a degradation product.59 The structure of nigericin (polyetherin 
A) (5 R=OH) has been determined by chemical degradation and spectroscopy6' and by 
X-ray crystallography of the silver salt.62 The absolute configurati n was determined by 

68 anomalous dispersion. The structure of grisorixin, a new antibiotic, has been determined 
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by X-ray crystallography of the silver salt.64 The structure reported64 is the enantiomer of 
S , R = H .  

The total synthesis of racemic cryptosporiopsin, 3, has been r ep~r t ed .~ ’  This material 
is half as active as the naturally occuring dextrorotatory enantiomer. 

0 

Biological Studies of Antif’ungal Agents - The mode of action of pyrrolnitrin has been 
studied by use of monkey kidney cells, rat liver mitochondria and beef heart 
submitochondrial particles.66 These experiments indicated that pyrrolnitrin and “reduced 
pyrrolnitrin” (having an amino group in place of the nitro group) inhibit respiration of 
mitochondria, probably by blocking electron transfer between dehydrogenases and 
cytochrome components of the respiratory chain. 

The basis for the nephrotoxicity of am hotericin B has been studied, using turtle 
bladder as a model system. In one study!7 exposure of turtle urinary bladder to 
amphotericin B resulted in changes in the electrophysiological properties of the bladder and 
in morphological changes in the mucosal cells, The results indicate that the primary effect is 
on luminal plasma membranes. In another study,68 the impairment of urinary acidification 
was investigated, using turtle bladder that had been exposed to amphotericin B. The results 
indicate that this defect is attributable to  increased passive permeability of the luminal 
membrane and not to failure of active transport. 
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Sect ion IV - Metabolic Diseases and Endocrine Function 

Editor:  I. J. Pachter, B r i s t o l  Laboratories, Syracuse, New York 

Chapter 15. Prostaglandins and Related Compounds 

Gordon L. Bundy, The Upjohn Company, Kalamazoo, Michigan 

The f a d ;  t h a t  nearly three-quarters of the world's technical  l i t e r a -  
t u r e  on prostaglandins, amounting t o  over one thousand publications, has 
appeared i n  the  l a s t  three years i s  evidence of the r a p i d i t y  with which 
t h e  area of prostaglandin research i s  growing. 
pharmaceutical f i r m s  and numerous academic laborator ies  maintain ac t ive  
research e f f o r t s  i n  t h i s  f i e l d .  It i s  l ike ly ,  however, t h a t  even t h e  ex- 
tensive work reported i n  the  l i t e r a t u r e  thus f a r  may s t i l l  represent only 
a preview of things t o  came. With the recent development of several  syn- 
t h e t i c  r a t e s  t o  prostaglandins which should be amenable t o  large scale  
operations, progress i n  c l i n i c a l  and biological  areas w i l l  be even more 
rapid than before. 

A t  l e a s t  f i f t e e n  major 

This report  w i l l  summarize advances made during the  past  year i n  
chemical, bio:Logical and c l i n i c a l  prostaglandin research. Emphasis w i l l  
be placed upon the  chemical area, since numerous more extensive reviews 
have apprearecl recent ly  on the other aspects.  

I. Syntheses of na tura l  prostaglandins - E . J .  Corey and h i s  associates  
have recent ly  disclosed several  modifications of t h e i r  already e f f i c i e n t  
16-step synthet ic  route reported and reviewed e a r l i e r  The b is - te t ra -  
hydropyranyl e ther  1, the  precursor of PGE2 and PGFfl,l could be hydro- 
genated i n  methanol a t  -20" with a 5$ palladium on carbon ca ta lys t  yield- 
ing the  corresponding 5,6-dihydro compound. The l a t t e r  was then hydro- 

PGEl .( 2 .  :L. H 2  ozid. k 2 H  :: :: i PGFla 
zi .  H 

THP0= &TIP 
1 

lyzed t o  PGFlCZ (8@ yie ld)  or oxidized and then hydrolyzed, affording PGEl 
i n  64% yield." These transformations cons t i tu te  the  f i r s t  example of the  
synthesis of the  four primary prostaglandins from a s ingle  precursor. 
This reduction procedure has been used commercially (New England Nuclear) 
t o  prepare tr i t ium-labeled PGEl and PGFla of high spec i f ic  a c t i v i t y .  
and Dalenberk have found t h a t  homogeneous hydrogenation of PGE2 i t s e l f  
with RhCl(PPk3)S ca ta lys t  afforded PGEl i n  yields  up t o  5 6  and have made 
t r i t i a t e d  PGE]. by t h i s  method. 

Koch 

Corey has f'urther modified h is  e a r l i e r  route by developing a method 

L ( - )  malic acid was re- 
f o r  the  introduction of the C - 1 2  side chain containing the  required 13,14- 
t rans  double bond and the 1 5 ( S ) - c o n f i g ~ r a t i o n . ~  
duced t o  (S)-1,2,4-butanetriol @) and t h e  l a t t e r  was chain extended by 
three  carbons v ia  t h e  acetonide 2. The triphenylphosphonium s a l t  2 de- 
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r ived from 4 was converted t o  the  B-oxido phosphonium yl id6 
acted with the appropriate tetrahydropyranyl lactone aldehyde’ 7 t o  afford 
s t e reospec i f i ca l ly  the required unsaturated lactone 8 i n  better-than 5% 
y i e l d ,  
ear l ier . ’  
Corey’s syn the t i c  route t o  prostaglandins i s  now completely s tereospecif ic .  

which re- 

Conversion of 8 t o  PGE2 and PGF$ was accomplished as  described 
With the incorporat ion of t h e  modification j u s t  described, 

Several  a l t e r n a t i v e  routes  t o  key intermediates were invest igated by 
I n  one approachj7 the key s t e p  was the position-spe- Corey and h i s  group. 

1. Cl$=C=O 
2. Zn, HOAc 

3 .  H202, HOAC 
C& 4. BBr3 

crq 

c i f i c  and s t e reospec i f i c  addi t ion of t he  elements of dichloroketene t o  t h e  
b i cyc l i c  e the r  2. Subsequent dechlor inat ion of the a-dichloroketone, 
Baeyer-Villiger lactonizat ion,  and ether  cleavage gave the  endo cyclopro- 
pan01 LO i n  44% y i e l d  from 9 .  Chrmic acid oxidation of produced, 
along with two other  products, hydroxyaldehyde 11 which was not i so l a t ed  
but was t r e a t e d  immediately with t h e  sodio de r iva t ive  of 2-oxoheptylphos- 
phonate. The Wit t ig  product 3.2, c lose ly  r e l a t e d  t o  an intermediate from 
Corey’s e a r l i e r  route,’ was i s o l a t e d  i n  12% y ie ld .  
ciency and s e l e c t i v i t y  of t he  transformation lo+. t h a t  makes t h i s  ap- 
proach i n f e r i o r  t o  t h e  one presented ea r l i e r .=  

It i s  the low e f f i -  

A second approach’ involves conversion of t he  unsaturated bicyclobu- 
tanone 3 t o  the oxido a c e t a l  14 and opening of the epoxide with 1,3-bis 
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G+r 

Hgc12F a CaCO3 6H CHO -+ 10 

- - 17 
(methylthio ) a l ly l l i th ium 2, a nucleophilic equivalent of the  -CH=CH-CHO 
group. Hydrolysis t o  y ie ld  
amyllithium gave a mixture of alcohols 18 which offered a t i e - i n  point 
with Corey’s e a r l i e r  synthesis.’ The route from 9 t o  PGFS i s  a t t r a c t i v e  
by v i r tue  of i t s  directness  but  the  low s p e c i f i c i t y  exhibited i n  t h e  epox- 
ide opening s t e p  i s  a decided disadvantage. 

(3C$ from G),  followed by addition of p- 

A research group fram The Upjohn Company has recent ly  disclosed the  

Conversion of 15(R)-PGA2 ace- 
conversion of prostaglandins derived from t h e  marine organism Plexaura 
homomalla t o  PC:F&Y. and PGE2 methyl ester.’ 
t a t e  methyl e s t e r  u, i so la ted  from Plexaura homomalla i n  1.3% yield,” 

0 
1. M s C l  \\ 

U H  OH OH 
- 21, R = H - 23 
22, R = C& 

t o  15 (R)-PGG-diester was accomplished by epoxidation and reduction of the 
a,B-epoxyketone mixture formed. 
t u r e  by s i l i c a  chromatography (lla/ll@ = 75/25), the  lla-isomer was re- 
duced t o  t h e  PGF s e r i e s  where separation of C-9 epimers (W/gP = 68/32) a- 
gain required chromatography. Hydrolysis i n  base, se lec t ive  a l l y l i c  oxi- 
dat  i on’’ with 2,3- d i  chloro- 5,6- d i  cyano- 1, b-benzoquinone (DDQ) , reduction 
of the C-15 ketone’ and separation of C-15 alcohol epimers [15(S)/15(R) = 

After separation of the C - 1 1  epimeric mix- 
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73/27)]completed the synthesis of PGFS. Advantages of this partial syn- 
thetic route are that few chemical steps are involved and, in contrast to 
total synthesis, no resolution is required. 
tion of epimeric mixtures at C-9,  C - 1 1  and C-15,  all requiring chranato- 
graphic separation. 

A disadvantage is the genera- 

A modification of the above route led to PGE2, methyl ester 2. Sol- 
volysis of a C - 1 5  methanesulfonate derived from 1 5 ( R ) - P G A 2  methyl ester 
(22) [15(R)-%A2,  3, is a minor product from Plexaura homomalla] gave a- 
mong other products 15 ( S ) - P G &  methyl ester. 
before afforded FGE2 methyl ester 2 after chromatographic separation of 
C - 1 1  epimers. These partial syntheses represent the first reported con- 
version of non-mammalian natural products into primary prostaglandins. 

Epoxidation and reduction as 

€GE3l2 had until recently been available only from natural sources 
and in very limited amounts. 
sis of G-PGE3 methyl ester 3 via endo-bicyclohexane intermediates (e.g. 
- -  24), an approach which has been discussed in detail earlier.14 

Upjohn chemists13 have described the synthe- 

0 0 

3 .  H2,  Lindlar 
2b catalyst - 

A new approach to prostaglandin synthesis has been used by Merck 
chemists for the synthesis of dl-PGE1.15 Starting with the readily avail- - . 
HH 1. &PHBr 

2. Wittig 
3 .  CF3CO2H 

5. TsOH 
4. OSO, 

m ('(& )6c02c% 1. Ketal 

H 0'' 

C H 2 )  G C O ~ C H ~  
1. PhCHNp 2 .  bklo4-, 104; 

3. O m 3 -  2 .  c%co3$ 

1. redn. 

5 .  M S C l  - 02H 
6. DMSO, 100" 

d-) (CH2) 6 C02CH& 

k OAc 3 02CH,$ 

able 6-methoxy-3-indanol &, the desired relationship between C-8 and C - 1 2  
(prostaglandin numbering) was achieved through construction 01' a cis-hy- 
drindanone system in which an exo-carboxyl side chain arrangement is ther- 

- 
2 

(,CH2)6C02C& 1. oS04,104- 
2. Wittig 

3. NaBhr - 
4. KOH 
5 .  AqHOAc 

. dl-PGEl 

- 

1 Pd- C-H2 

OAc 2 
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modynamically Yavored (a) . 
C-12 was then generated by equ i l ib ra t ion  of a C-11 ace ty l  group, yielding 
l_o. The f a c t  t h a t  no yields  a re  reported makes a comparative evaluation 
of t h i s  route  d i f f i c u l t ;  however, the major disadvantage of t h i s  general  
approach appeal-s t o  be i t s  length (29 s t e p s ) .  

The t r ans  stereochemistry between C - 1 1  and 

11. 
dl-7-oxa-PGE1 was reported by J. Fried and h i s  coworkers16 and followed an 
approach s imi l a r  t o  t h a t  used e a r l i e r  t o  make other 7-oxa analogs.17 
key r eac t ion  i n  t h i s  sequence was the opening of an epoxide with d i e t h y l  
oc ty l  alane," which served t o  introduce the  a l k y l  s ide chain. 
of g-7-oxa-PGIC1 and t h e  corresponding 15-epimer exhibited 4 x lW4 t he  
a c t i v i t y  of PGE1 i n  a g e r b i l  colon smooth muscle assay.16 

Syntheses of s t r u c t u r a l l y  moLfied prostaglanKn5 - The synthesis  of 

A 

A mixture 

F r i ed ' s  group has a l s o  described the  synthesis of o p t i c a l l y  ac t ive  
7- oxa-PGFld9 and PGFla alcohol.19 
using key react ions from the 7-oxa syntheses, i n t o  na tu ra l  PGFla i s  an t i -  
cipated. The only r e a l  problem i n  t h i s  synthesis i s  the unfavorable open- 
ing of epoxide 

Conversion of t h e  l a t t e r ,  prepared 

t o  y i e l d  more & than the  desired 2 ( 2 @ ) .  

22 34 - - 2.2 OtBu 
Upjohn c:hemistss have disclosed the synthesis of the 15-methyl ana- 

logs of PGFla, PGFlB, PGFg and PGF2@ using the scheme indicated below f o r  
the PGF@ case (s--L=). 15-Methyl-PGEl and-PC;E2 were prepared v i a  
oxidation of t he  corresponding 15-rnethyl-PGFlB and -PGF&. These a r e  a- 
mong the  f i r s t  analogs 

QH 

- 36 

t o  be reported which a r e  not  substrates20 f o r  t h e  
1. DDQ ?H 
2. s i l y l a t i o n  
3 .  CH-MgBr 
4. hydrolysis > 
5 .  sep. of C-15 

eDimers 57 
G 

3rostaglandi.n 1 5 - d e h y d r o g e n a ~ e ~ ~ ~  22 (responsible f o r  t he  i n i t i a l  deacti-  
f a t i o n  of prostaglandins i n  man.22) 
Like a c t i v i t y .  

Nonetheless, they r e t a i n  prostaglan& 

E a r l i e r ,  N.A. Nelson" reported t h e  preparation of s eve ra l  dl-3-oxa 

These analogs were designed t o  block @-oxidation of the prostaglandin car- 
b o w l  s ide   hai in.^^,^^ 

prostaglandin a.nalogs, synthesized v i a  bicyclohexane intermediates.  -14 

Two d i f f e r e n t  syntheses have been described f o r  isomeric mixtures 
containing g-l .3,lbdihydro-PGEl .26 

converted intermediate 8 i n  s i x  s t eps  t o  a mixture 2 containing iscaners 
s t  c-8,11,12 an.d 15 i n  low yield.  

Klok, Pabon and van Dorp (Unilever)= 

The hydrogenation s t e p  r e su l t ed  i n  con- 
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1. A c ~ O  
2 .  NBS 
3. AgOAc 
4. TsOH 

OH 5 .  OH- 
2 6. H2 24 

s ide rab le  hydrogenolysis of the C-11 hydroxyl group as  well. Strikie and 
Smithz8 (Wyeth) u t i l i z e d  an a l d o l  cyc l i za t ion  of a subs t i t u t ed  l e v u l i n i c  
aldehyde 2 t o  form the  cyclopentenone 9 t o  which the  elements of water 

0 0 

* 

40 
were added b y b a s e -  catalyzed epoxidation fol’ibwed by hydrogenation. 
t he  previous case a complex mixture of isomers was obtained (mostly t r a n s  
Ce- lz ) .  
l i m i t s  the v e r s a t i l i t y  of these routes .  

As i n  

I n  both cases, the use of hydrogenation a s  t he  f i n a l  s t e p  severdy 

A f u l l  paper has appeared by Miyano2’ (Sear le)  on the  synthesis of 
15-dehydro-PGB1, which had appeared e a r l i e r  i n  the form of a cornmica- 
t i ~ n . ~ , ~ ’  U t i l i z i n g  resolved 1-octyn-3-01~’ and a general  route  disclosed 
ea r l i e r ,32  the Searle  group has synthesized o p t i c a l l y  ac t ive  PGBl .31 Modi- 
f i c a t i o n  of t h i s  route, s t a r t i n g  from hydroxydione 2, allowed the synthe- 
s i s  of ll-hydroxy-1~,14-dehydro-PGB1 (3). A s imi l a r  approach t o  prosta- e; @ CH2 ) eC0.d 

OH g OH 6H 9 
glandin synthesis,  based on the  f a c t  t h a t  t h e  1,4-carbonyl groups of 1,2, 
L- cyclopentanetriones can be protected v i a  orthoformic e s t e r s ,  has been 
investigated by Vandewalle, e t  al.33 i n  a model system. 

Pace-Asciak and Wolfe3*j3’ found t h a t  enzymatic conversion of ara- 

- 45 - 47 44 - 
46 5,6-dihydro 

chicionic aTid i n t o  PGE2 a f f o r d e d T i n  addi t ion t o  PGE2, compounds s, 5 
and 47. The dihydro de r iva t ive  was derived from endogenous e i c o s a t r i -  
enoic ac id .  A b iosyn the t i c  r a t i o n a l e  for the formation of these products 
was presented. 

Final ly ,  Col le t  and Jacques36 have synthetized a number of prosta- 
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glandin "analogs" w i t h  the general s t ruc ture  48. q;H 
48 H - 

111. Biolopy - A d i f f i c u l t y  which has long plagued both biological  and 
c l i n i c a l  prostaglandin research i s  the  lack of a v a i l a b i l i t y  of re l iab le ,  
reproducible assay methods f o r  the  sub-microgram/gm amounts of prosta- 
glandins i n  t i s s u e s  and biological  f l u i d s .  The methods i n  common use (en- 
zymatic assay, absorption spectroscopy, fluorescence, glc,  bioassay, e t c . )  
have been reviewed by Shaw and R a m ~ e 1 1 , ~ ~  but most of these suf fer  from 
being e i t h e r  n.on-specific, too  complex, or too  inaccurate a t  the  low leve ls  
of prostaglandins involved. During the  past  year, important advances have 
been made i n  the  development of sensi t ive,  spec i f ic  assay methods. Jubiz 
and Fraile?' have obtained antibodies against  FGEl and F G F S  and are  cur- 
r e n t l y  developing a radioimmunoassay. Levine and V a n V u n a k i ~ ~ ~  reported a 
radioimmunoassay f o r  =El, A1 and F S  based on complement f ixa t ion .  Ja f fe  -- e t  a l .40 can determine PGAl by inmunoassay a t  l eve ls  lower than 0.1 pice- 
mole (10-l2 moles) and FGEl a t  l e s s  than 0.15 picomole. Burstein e t  a~~~ 
recent ly  reported a radioimmunoassay for  PGFS (picogram range) including 
the  extraction, and separation techniques e s s e n t i a l  for  appl icat ion of the 
technique t o  routine analysis.  They emphasize the  need for  a chromato- 
graphic separation a t  l e a s t  i n t o  classes  of prostaglandins t o  avoid cross 
reactions.  Several improved gas chromatographic assays have appeared.22, 
42-44 PGB's and PGF's (as s i l y l  e thers)  were determined by van D 0 1 - p ~ ~  i n  
nanogram amourits using electron capture detection. 
ported a combined gas chromatographic-mass spectrometric method f o r  sep- 
arat ion,  ident , i f icat ion and estimation of prostaglandins i n  amounts down 
t o  10 ng. have u t i l i z e d  a novel technique 
combining gas chromatography, mass spectrometry and reverse isotope d i -  
l u t i o n  (i .e. addi t ion of a deuterated c a r r i e r )  t o  analyze for  prostaglan- 
d in  (especiall-y PGE's) a t  the  nanogram leve l .  

Horton & 2.43 re- 

Sanuelsson and S ~ e e l e f ~ , ~ ~  

I n  1970 alone, more than two hundred a r t i c l e s  have appeared re la ted  
t o  the biology of prostaglandins. 
mater ia l  i s  f a r  beyond the  scope of the  current review and the reader i s  
therefore  referred t o  numerous other more comprehensive  review^^^-^' 
which have appeared recent ly  f o r  fbr ther  information. 

An adequate summary of t h i s  quant i ty  of 

The biosynthesis of prostaglandins has been reviewed by Samuelssonso 
and the  s t r u c t u r a l  requirements o f  the  subs t ra te  f a t t y  acids  have been in- 
vestigated by van DorpS1 who converted a number of novel unsaturated f a t t y  
acids t o  b io logica l ly  act ive prostaglandin analogs (e.g. A 2 ,  A3, A 4  and 
A18-PGE's). The metabolism of prostaglandins i n  man, guinea pigs and r a t s  
was summarized by Samuelsson.22 I n  these species, prostaglandins a re  de- 
graded by various cambinations of four  reactions:  oxidation of the  C-15-  
hydroxyl, reduction of the  A l 3 3 l 4  double bond, B-oxidation of the carboxy- 
l i c  acid chain and Q-  (and -1) oxidation of the  a lkyl  chain. Evidence 
was presented"2 t h a t  i n  man the above sequence represents the order i n  
which these s teps  occur. 
15-dehydrogenase occurs most abundantly i n  t i s sues  where prostaglandin 

Larsson and hgg&rdS2 found t h a t  prostaglandin 
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biosynthesis i s  a l s o  g r e a t e s t .  This suggests t he  p o s s i b i l i t y  t h a t  i n  some 
cases prostaglandins may be generated, u t i l i z e d  and deactivated within 
single c e l l s .  

- 

The r e l a t ionsh ip  between grostaglandins,  adenyl cyclase and cycl ic  
AMP i s  s t i l l  being u n r a ~ e l l e d . ~  J53754 In  most t i s s u e s  studied, PGE’s 
mimic the act ions of various s t imulat ing hormones. Available evidence 
suggests t h a t  prostaglandins ( t h e  E s e r i e s  more than the  F’s)  may serve as 
i n t r a c e l l u l a r  rriodulators of adenyl cyclase and hence of cyc l i c  AMP l eve l s ,  
although the exact mechanism of t h i s  i n t e r a c t i o n  i s  uncertain.  Sha?5 has 
pointed out t h a t  not a l l  ac t ions  of prostaglandins can be accounted f o r  by 
cycl ic  AFP formation or i nh ib i t i on ,  and a l s o  t h a t  prostaglandins a re  not 
required fo r  t he  functioning of a l l  adenyl cyclase systems. 

An area which may assume future  importance i s  t h a t  of prostaglandin 
antagonis ts .  Eakins, e t  a1.56157 reported the antagonism of the  smooth 
muscle s t imulat ing act ions of PGE2 and PGFS by polyphloretin phosphate. 
Although the mechanism of antagonism i s  not ye t  c l ea r ,  it i s  apparently 
se l ec t ive  for prostaglandins, as  contractions produced by other  ago- 
n i s t s  were not reduced. 
prepared by Sanner,’@ was an antagonist  of PGEl and PGE2, reported t o  a c t  
by preventing the prostaglandins from reac t ing  with t h e i r  receptors ,  

A dibenzoxazepin hydrazide de r iva t ive  (SC-l922O), 

A large e f f o r t  continues t o  be expended i n  more p rec i se ly  defining 
the  ro l e  of prostaglandins i n  reproductive physiology   review^^"^^) . 
Prostaglandins a re  present i n  human semen and menstrual f l u i d ,  i n  the 
human umbilical cor3 and amniotic f l u i d  a t  term and i n  human blood during 
labor .  Pharr iss  has hypothesized t h a t  P G F S  may be the  long-sought f o r  
u t e r ine  l u t e ~ l y s i n , ~ ~ ’ ~ ~  but fu r the r  work w i l l  be required t o  s e t t l e  t h i s  
point .  
mechanism of PGFg involvps reduction of ovarian blood flow. The luteo- 
l y t i c  e f f e c t  of PGFS may be overcome by l u t e i n i z i n g  hormone or human 
chorionic gonadotropin. K.T. Kirton demonstrated t h a t  P G F S  o r  PGE2 
could be used t o  i n t e r r u p t  e a r l y  stages of pregnancy i n  rhesus monkeys66, 
67 intravenously, subcutaneously and intravaginal ly .  P G F S  a l s o  lowers 
plasnia progesterona l e v e l s  within 24-46 h r s  of t he  i n i t i a l  administratio% 
Effects  of prostaglandins on the  reproductive system of rhesus monkeys a re  
s imilar  t o  those found i n   human^^^^"^ (e.g.  r e l a t i v e  potency of PGE, vs.  
PGFS, res is tance to termination of pregnancy during the  second t r imester  
of pregnancy, t o t a l  amounts of PG’s necessary t o  i n i t i a t e  myometrial con- 
t r t ic t ions.)  
basic  research. 

Data has been presented65 which suggests t h a t  the l u t e o l y t i c  

Hence the rhesus monkey i s  a reasonably good animal model f o r  

Evidence concerning the r o l e  of prostaglandins i n  the  g a s t r o i n t e s t i -  
n a l  t r a c t  has been summarized r ecen t ly  by Bennett and F l e ~ h l e r . ~ ’  
cepts r e l a t i n g  prostaglandins t o  various ocular I’unctions have been sur- 
veye:~ by Waitman.70 Shio, e t  a171 have discussed the e f f e c t  of prosta- 
glandins on p l a t e l e t  aggregation. 

IV. Clinical-* - Antisecretory: I n  1968, H ~ r t o n ~ ~  found t h a t  administra- 
t i o n  of 10-40 ug/kg of PGEl o r a l l y  produced no i n h i b i t i o n  of pentagastrin- 

New con- 
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induced g a s t r i c  secret ion i n  humans. 
PGAl infused intravenously a t  0.5-1.25 p g/kg/;;;;n for  t h i r t y  minutes de- 
creased both t h e  volume and a c i d i t y  of histamine induced secret ion.  
was found t o  s ign i f icant ly  i n h i b i t  st imulated g a s t r i c  secret ion i n  man 
with " tolerable"  s ide  e f f e c t s  a t  a t o t a l  dose of 4-5 pg/kg administered 
i - V . 7 5  (See also page 71, t h i s  volume). 

sens i t ive  t o  PGE's .76 
triethanolamine s a l t )  given as an aerosol had no e f f e c t  on resis tance t o  
a i r  flow i n  normal subjects,  but  reduced resis tance i n  asthmatic subjects 
with e s s e n t i a l l y  no e f f e c t s  on ECG, blood pressure or pulse rate.77 

Wilson, e t  G7" demonstrated t h a t  

PGEl 

Bronchodilation: Human bronchial  muscle Ln v i t r o  i s  known t o  be 
I n  preliminary s tudies  PGEl(orthe l e s s  i r r i t a t i n g  

Nasal patency: b.gg%rd78 reported t h a t  PGEl and PGE2 (10-15 pg) are  
e f fec t ive  i n  increasing nasal  patency. This increase i s  the  r e s u l t  of 
cons t r ic t ion  of nasal  blood vessels.  Recent, more extensive s tudies  with 
PGE17' show t h a t  vasoconstriction, when present a t  a l l ,  was f a i r l y  long 
l a s t i n g  (3-12 hrs)  a t  doses between 37-75 pg (higher doses were irri- 
t a t i n g ) .  

Hy-pertension, cardiovascular:80,81 The most in te res t ing  of the pros- 
taglandins for  rena l  and cardiovascular purposes a re  the =A ' s  s ince they 
possess the  cardiovascular and r e n a l  e f f e c t s  of PGE's without the  smooth 
muscle s t imulat ing actions of E-series. Also, PGA's exhibi t  low acute 
tox ic i ty ,  are  well  to le ra ted  by i .v.  infusion, and escape rapid deacti-  
vation i n  the  pulmonary circulation." 
the  PGA's e f fec t ive  i n  the treatment of pa t ien ts  with e s s e n t i a l  hyperten- 
sion. I n  fac t ,  the  p o s s i b i l i t y  has been suggested t h a t  PGAl and FGA2 may 
normally exer t  a regulatory antihypertensive endocrine function.85 

Lee82 and  other^^^,^^ have found 

Therapeutic abortion: Therapeutic abortions may be induced, es- 
pec ia l ly  during the f i r s t  t r imester  of pregnancy, using intravenous in- 
fusion of e i t h e r  PGE1, PGE2 or PGF$X.86-90 
use of PGFg, while Karim87,88 prefers  the  chemically l e s s  s t a b l e  but 8-10 
times more potent FGE2. 
e i t h e r  compound. 
minis t ra t ion of PGF@ d i r e c t l y  i n t o  the  u te r ine  cavity between the f e t a l  
membrane and the  uter ine wall l e d  t o  abortion with c l i n i c a l  effectiveness 
comparable t o  the 5.v. route .  By the in t rau ter ine  route, however, the  
t o t a l  dose required i s  only about 1/10 t h a t  necessary i . v .  and, thereby, 
generalized s ide e f f e c t s  were almost completely eliminated. Karim and 
SharmaS3 described the induction of abortion i n  45 women using i n t r a -  
vaginal administration of PGE2 and PGFG. Gil lespie  e t  alS4 reported 
three  cases of therapeut ic  abortion using 41-homo-PGEl. This i s  the f i r s t  
reported example of the use of a prostaglandin analog as an abor t i fac ien t .  
Bygdeman" and KarimS5 have both reported the use of prostaglandins as 
post-implantation a n t i f e r t i l i t y  agents. 
and PGFS intravenouslfo induced menses i n  women who were 2-7 days past  
t h e i r  expected menstrual date.  

Bygdeman's group'' favors the 

Vomiting and diarrhea a re  s ide  e f f e c t s  with 
Wiqvist and Bygdeman reported r e ~ e n t l ~ ~ r ~ ~  t h a t  ad- 

P G E ~  or P G F ~  i n t r a v a g i n a ~ y 9 ~  

Induction of labor:  Induction of labor a t  term may be readi ly  ac- 
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complished by i . v .  infusion of e i t h e r  PGEz or  FGF$.96-100 
increased uter ine tone encountered on occasion with t h e  PGEtslo0 can ap- 
parently be overcome using lower doses and longer infusion times.96,98,99 
Intravaginal  appl icat ion of PGE2 o r  PGFS, 2 mg and 5 mg respect ively 
every two hours, has a l s o  been used f o r  induction of labor with no adverse 
s ide  e f fec ts  noted.s3 Very recently,  Karimlol used PGE2 and PGFS o r a l l y  
t o  induce labor i n  100 p a t i e n t s .  The usual doses were 0.5 mg of PGE2 and 
5 mg of PGFg, repeated every two hours u n t i l  labor was establ ished.  
had the higher success r a t e  (79/80). 
three  matched groups of 100 pat ien ts  each, Karim9' found FGE2 b e t t e r  than 
F G F S  and the l a t t e r  b e t t e r  than oxytocin. 
102,103 however, did not f ind such marked differences between t h e  prosta- 
glandins and oxytocin. 
about the super ior i ty  of prostaglandins t o  oxytocin f o r  labor induction a t  
term. The prostaglandins may f ind  t h e i r  biggest  use i n  t h i s  area for  in- 
duction of labor before term (when oxytocin is  inef fec t ive)  and i n  cases 
of d i f f i c u l t  i n d u c i b i l i t y  
of using standard def in i t ions  of i n d u c i b i l i t y  (e.g. Bishop scores1os) i n  
a l l  labor induction work and standard def in i t ions  of "successtt i n  a l l  
abortion s tudies  s o  t h a t  comparison of r e s u l t s  fmm d i f f e r e n t  laborator ies  
can be s igni f icant .  

The problem of 

PGE2 
I n  a double-blind study involving 

Two other double-blind t r i a l s ,  

Roth-Brandel and Adamslo4 a l s o  express doubts 

Anderson103 has emphasized the  necessi ty  
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Chapter 1 6 .  Atherosclerosis 

J. F. Douglas, Wallace Laboratories, 
Division of Carter-Wallace, Inc., Cranbury, New Jersey 

Introduction - Atherosclerosis i s  defined by the WHO1 "as a 
variable combination of changes of the intima of a r t e r i e s  
consisting of the foca l  accumulation of l i p i d s ,  complex carbo- 
hydrates, blood and blood products, f ibrous t i s sue  and calcium 
deposits and associated with medial changes." Once formed 
the advanced plaque seldom regresses, and consequently major 
research a t ten t ion  has concentrated on prevention of addi-  
t iona l  deposits o r ,  i n  the longer view, on the primary 
prevention of a l l  lesions.  

The unfortunate sequelae of a therosclerosis ,  coronary 
heart  disease (CKD)  and cerebral  vascular accident a r e  the 
single l a rges t  cause of death i n  this country. There a re  
over 650,000 deaths per year from CHD and an addi t ional  
250,000 per year who succumb t o  atherothrombotic disease of 
major a r t e r i a l  vessels i n  other par t s  of the body. T h i s  
t o t a l  i s  threefold higher than the f a t a l i t i e s  a t t r ibu ted  t o  
cancer and accounts f o r  almost one-half the deaths occurring 
i n  males aged 45-54. A s  long ago as 1962,  The National 
Health Examination Survey estimated tha t  5$ of the population 
between the ages of 18 and 7 9  had de f in i t e  o r  suspected 
coronary heart  disease. 

mented pathologically and chemically, detai led and accurate 
descriptions appearing i n  textbooks as ear ly  as 1855.2 
Although l i t e r a l l y  armies of researchers from diverse f i e l d s  
of special izat ion have attacked the disease and accumulated 
mounds of data and much usef'ul information, the pathogenesis 
of atherosclerosis i s  s t i l l  only dimly understood. Further 
s ignif icant  developments w i l l  probably come from those inves- 
t iga tors  who can bring t o  bear t ra in ing  i n  multidiscipline 
approaches and a re  conversant with the more sophisticated 
techniques constantly being developed. 

The American Heart Association Study Group, "Primary 
Prevention of the Atherosclerotic Diseases," chaired by 
J. Stamler and A. M. Li l ienfeld,  have reported3 on the magni- 
tude of the prevention problem. T h i s  report  i s  comprehensive 
i n  i t s  background and recommendations and should be read by 
a l l  who a re  in te res ted  i n  this aspect of the subject. A 
broad review of ex erimental cardiovascular disease has been 

The disease and ensuing les ions have been well  docu- 

compiled by Selye. B 
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Etiolog - Life s ty l e  i s  apparently an important f ace t  i n  the + deve opment of atherosclerosis.  Although the disease i s  uni- 
versal ,  i t s  greatest  prevalence i s  generally found among the 
more technologically developed o r  aff luent  countries. This 
has been underscored i n  studies w i t h  groups of people 
migrating from areas w i t h  low atherosclerot ic  incidence t o  
regions w i t h  high incidence of the disease. Well known 
examples a re  Yemenites t o  I s r ae l ,  I t a l i ans  to United States ,  
Ir ish t o  Boston and Japanese t o  Hawaii. 
surprising that environmental o r  r i s k  fac tors  have been in- 
vestigated as possible contributors t o  disease development. 
Diet, lack of exercise, s t r e s s ,  c igare t te  smoking, hyper- 
tension and serum l i p i d  leve ls  have each been correlated w i t h  
atherosclerosis.  If an individual i s  ident i f ied  with several  
r i s k  fac tors  then h is  chances of developing atherosclerosis 
a r e  more than proportionally increased. Other conditions pre- 
disposing t o  the disease t h a t  have not been environmentally 
implicated include hemodynamics, blood coagulability, immuno- 
log ica l  make-up, genetic factors  and obesity. Most of the 
r i s k  fac tors  which have been correlated w i t h  atherosclerosis 
and CHD do not correlate  w i t h  stroke o r  cerebral  vascular 

and control of blood pressure i n  a long-living popu- 
l a t ion  i s  a major medical problem. 

Thus, i t  i s  not 

Hypertension, however, i s  associated with 

Although the e f f ec t  of d i e t  on atheromata formation i s  
well documented and i n  f a c t  d i e t  i s  the primary therapeutic 
approach, many of the atherosclerosis investigators a re  
debating the usefulness of dietary prevention on a national 
scale. Long-term studies such as those i n  Chicago, the 
New York Anti-Coronary Club, National Diet Heart Study and the 
Los Angeles Veterans Administration show tha t  a dietary 
regimen low i n  f a t  drops serum l i p i d  leve ls  and somewhat 
lowers the incidence of f a t a l i t i e s .  Whether s imilar  d i e t s  are  
prac t ica l  w i t h  large populations i s  the subject of  the current 
controversy.8,9 Noted researchers, including Stamler, Dayton 
and Malmros, have concluded tha t  modification of the national 
d i e t  i s  c r i t i c a l  while others such as  Kritchevsky are  of the 
opinion t h a t  the s t r e s s  resu l t ing  from adherence t o  an un- 
famil iar  d i e t  would override any benefi t  obtained from the 
more favorable food intake. 
dietary study funded and conducted by the government t o  
f 'urther c l a r i f y  the s i tuat ion.  

Pagel' recommends a massive 

Combination of foods, spec i f ic  foods or  lack of them and 
frequency of eating have a l l  been discussed during the past  
year.11'23 Sucrose has been c i t ed  as  a contributing f ac to r  t o  
atherosclerosis by a number of authors11'16 but questioned by 
others.17,18 L i t t l e  and c o ~ o r k e r s ~ ~ - ~ ~  showed conclusively 
tha t  sucrose feeding elevated serum l i p i d s  of pat ients  on a 
typical  North American d i e t  (high i n  animal o r  saturated f a t )  
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but d i d  not a f f e c t  Serum l i p i d s  of p a t i e n t s  on a l o w  choles- 
t e r o l  unsaturated f a t  in take .  When starch w a s  used as the  
carbohydrate source in s t ead  of sucrose,  t he re  were no e f f e c t s  
w i t h  e i t h e r  d i e t .  

Several  i nves t iga to r s  have suggested tha t  a s p e c i f i c  
d i e t a r y  def ic iency inf luences  atheromata formation. Sub- 
s tances  c i t e d  f o r  t h i s  e f f e c t  include ascorb ic  a c i d , l 9  
l i n o l e i c  acid2' and The l i n o l e i c  a c i d  evidence 
i s  based on t h e  increase  i n  a the rosc l e ros i s  s ince  the  tu rn  of  
the century and the  concomitant decrease i n  l i n o l e i c  in take  
due t o  hydrogenation and the  use of prepared foods. Moreover, 
l i n o l e i c  ac id  i s  the  b iosynthe t ic  source of prostaglandins ,  
important r egu la to r s  of body reac t ions .  S imi la r ly ,  chromium, 
a cons t i tuent  o f  raw sugar and necessary f o r  glucose u t i l i z -  
a t ion ,  has been lessened i n  the d i e t  by the r e f i n i n g  of sugar. 

Corroboration of previous f ind ings  r e l a t i n g  t o  various 
r i s k  f a c t o r s  (e. g. exerc ise ,  smoking, e t c .  ) were obtained 
during the  year.6,7 I n  stress,  Friedman e t  a1.23 found t h a t  
tense,  dr iv ing  ind iv idua l s  had higher  levzs'-7jf s e m  l i p i d s  
and a s i g n i f i c a n t l y  g r e a t e r  i n s u l i n  response t o  glucose than a 
more relaxed group while s eve ra l  authors  observed t h a t  forced 
exerc ise  i n  r a t s  increased  l i p i d  metabolism. 24, 25 Kanne126 
has pos tu la ted  that  exerc ise  i s  important i n  preventing CHD 
because it promotes c o l l a t e r a l  c i r c u l a t i o n  and l e s sens  the  
e f f e c t  of myocardial i n fa rc t ion .  He suggests a na t iona l  
program t o  increase  phys ica l  a c t i v i t y .  Cigare t te  smoking and 
the  r e s u l t i n g  hypoxia were again noted as in f luence r s  of 
atheromata development. 27-30 

l a t e s  that  a r t e r i a l  i n j u r y  occurs f irst  followed by a sequence 
of events culminating i n  plaque deposi ts .  The two prevalent  
theor ies  o f  plaque pathogenesis a r e  the i n f i l t r a t i o n  concept 
and the  thrombogenic theory. They involve d i f f e r e n t  mech- 
anisms and a r e  not  e a s i l y  reconci lab le .  The f i l t r a t i o n  theory 
presumes t h a t  the plasma cons t i t uen t s  which normally d i f fuse  
i n t o  the  vesse l  w a l l  from the  luminal sur face  a r e  loca l i zed  a t  
the  i n j u r y  s i t e  i n i t i a t i n g  plaque formation. In  the  o the r  
major theory,  mural thrombi adhere t o  the  i n j u r y  sur face  and 
become incorporated i n t o  the  w a l l  by an overgrowth of endo- 
thelium. The type of plaque formed i s  dependent upon the  
ratio of the adhering mater ia l s ,  p l a t e l e t s  and f i b r i n .  

The cur ren t  concept of a the rosc l e ros i s  formation postu- 

imrphy and coworkers31 presented an i n t e r e s t i n g  paper i n  
which they descr ibe an experiment w i t h  rabbits t ha t  suggests  
t he  i n i t i a l  i n j u r y  t o  the  ves se l  can be immunologic i n  nature.  
I n  t h e i r  study, r abb i t s  subjected t o  a l l e r g i c  i n j u r y  (horse 
serum) developed coronary a the rosc l e ros i s  similar t o  man while 
con t ro l  r abb i t s ,  even on a high l i p i d  d i e t ,  d i d  no t  develop 
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plaques. The extent of the fatty deposits in the allergen- 
treated animals increased with increasing degree of dietary 
lipid. 
also been mentioned as possible factors in the atherosclerotic 
process. 

immunological blood grouping32 and complement33 have 

Additional factors discussed as possibly influencing 
this disease include air poll~tion:~,~~ serum iron 
aortic proline hydr~xylase~~ and heart rate.38 One of the 
more original concepts of atheromata development in 1970 is 
the postulation by McCully and Ragsdale3' that an aberration 
of homocysteine metabolism may play a role in plaque for- 
mation. Their theory is based on several points, namely, that 
(a) homocysteinuria is associated with accelerated athero- 
sclerosis, (b) homocysteine added to normal cell cultures 
produces proteoglycans which have been im licated in athero- 
sclerosis and arterial elastin damage , (cp methionine, the 
precursor of homocysteine, is found predominately in meat and 
dairy products, and (d)  administration of homocysteine to 
rabbits for a five-week period produced vascular lesions 
similar to that found in early atherosclerosis. 

Diagnosis - Several new procedures have been advocated for the 
diagnosis of CHD prior to the appearance of clinical symptoms. 
Doyle and Kinch4' were able to identify ischemic heart disease 
in an ECG test following exercise. Over a five-year period, 
85% of those showing abnormal ECG developed CHD (either angina 
or myocardial infarction). If verified, this procedure would 
not only be useful in identifying clinically unknown athero- 
sclerosis but also might be useful in evaluating efficacy of 
CHD treatment. Page and coworkers41 find a correlation, 0.90 
probability, between CHD, age, total cholesterol and tri- 
glyceride while Lees42 is developing immunoassay techniques 
for the rapid identification of blood lipoproteins. Ultra- 
sonic measurements continue to be explored as ggtentially 
valuable in the estimation of arterial damage. 

Therap - The prevailing therapeutic approach to athero- 

tension, obesity, diabetes and other associated pathologies. 
At present there is no extensive program for regression of 
plaques. This review will confine itself to the treatment of 
hyperlipidemia; the related diseases are discussed in other 
chapters. 

serum lipids. One is the reduction of severe hyperlipidemia 
to (a) prevent lipid deposits (xanthomata) that can be dis- 
figuring and occasionally painful and (b) elimination of 
abdominal pain and pancreatitis due to high lipid levels. The 
other rationale to reduce serum lipids is the strongly 

+ sc erosis focuses on the treatment of hyperlipidemia, hyper- 

There are two major indications for the lowering of 
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suggested but as ye t  experimentally unproved hypothesis t ha t  
lowering of these blood const i tuents  will lessen the l i k e l i -  
hood of CHD and atherosclerot ic  r isk.  

Clinical  management of hyperlipidemia has been d i s -  
cussed i n  two well wri t ten manuscripts by authors w i t h  ex- 
tensive experience.44*45 
mind by a l l  researchers i n  the atherosclerot ic  drug f i e ld .  
Proper dietary management i s  the primary approach and i s  
essent ia l  t o  successml  therapy. In f a c t  most therapeutic 
f a i lu re s  a re  due to the i n a b i l i t y  of the pa t ien t  t o  fo l low 
the prescribed d ie t .  The d i e t s  used a re  directed toward 
reduction of obesity and replacement of meat and other satu- 
rated f a t  products with foods containing unsaturated f a t s  and 
nonmeat high protein substances. 

If food  management does not lower serum l i p i d s  suff i -  
ciently.  the leve ls  m a y  be decreased fu r the r  by administration 

Their concepts should be borne i n  

of hypblipidemic drugs: Drug therapy a t  the  NIH c l i n i c a l  
center has been outlined bs Lew and Fredrickson"' and i s  
shown i n  the following tabie:  

- 

Hyperlipoproteinemia Drug of Choice 
Type 1 no ef fec t ive  drug a t  present 
!Type I1 

Type I11 

cholestyramine, D-thyroxine, 
n ico t in ic  acid 
c lof ibra te ,  &thyroxine, 
n ico t in ic  acid 

Type I V  c lof ibra te ,  n ico t in ic  acid 
Type v n ico t in ic  acid,  c lof ibra te  

The regimens described by Lees** and C a ~ d o r p h * ~  a re  s imilar  
although the former a l s o  uses neomycin and B-sitosterol f o r  
pat ients  w i t h  Type I1 hy-perlipoproteinemia. 
w i t h  this therapeutic approach although he s t r e s ses  a l lev i -  
a t ion  of chronic overnutri t ion,  pa r t i cu la r ly  carbohydrates, 
which may lead t o  poor l i p i d  clearance, hyperinsulinism and 
glucose intolerance. 

K U O ~ ~  agrees 

A s  unsaturated fats have been known f o r  some time t o  
be helpful i n  reducing plasma cholesterol  l eve l s ,  most dietary 
regimens s t r e s s  the intake of foods containing t h i s  c lass  of 
compounds. Using the s t e r o l  balance study technique, Grundy 
and A h r e n ~ ~ ~  found tha t  unsaturated f a t s  do not  a f f e c t  s t e r o l  
excretion, absorption o r  biosynthesis but a c t  by causing re- 
d i s t r ibu t ion  of cholesterol  i n t o  t i s sue  pools. There i s  some 
as ye t  inconclusive evidence tha t  the  cholesterol  red is t r ib-  
uted i n t o  the t i s sues  i s  excreted secondarily i n  the form of 
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e i t h e r  b i l e  acids o r  neutral  steroids.  In  view of the impor- 
tance now given t o  unsaturated fats, it i s  imperative that  
fur ther  data be gathered t o  f u l l y  evaluate the significance of 
these findings. 

Atherosclerosis chemotherapy has centered on compounds 
o r  substances that  w i l l  lower spec i f ic  serum l i p i d s ,  notably 
cholesterol and/or t r iglycer ide.  
already commercially available f o r  a number of years 

In  addition t o  the drugs 

( clof i c r a t e  , n i c o t i k c  acid, choles tyramine @- ki tos te ro l ,  
D-thyroxine, neomycin and various estrogens), a number of new 
and old compounds were c i ted  during the year for t h e i r  l i p i d  
lowering and antiatherogenic properties. 

A n  extensive study of c lof ibra te  (2-@chlorophenox3i7- 2- 
methylpropionic acid ethyl  e s t e r )  manifestzd i t s e l f  i n  over 
100 publications i n  1970 which mentioned this drug. Most of 
the work, however, confirms previous findings and i s  of l i t t l e  
i n t e r e s t  except f o r  those compiling compendia. Vester and co- 
w o r k e r ~ ~ ~  discuss t h e i r  experience w i t h  c lof ibra te  i n  the 
treatment of diabet ic  pat ients  over a period of f i ve  years. 
The drug lowered serum cholesterol and t r ig lycer ide  below 
s t a r t i n g  leve ls  and maintained the lower concentrations 
throughout the study. Over t h i r t y  other laboratory measure- 
ments were monitored during the treatment period, and none 
showed more than a t rans i tory  change. The triglyceride- 
lowering act ion of  c lof ibra te  was variously a t t r ibu ted  t o  
decreasing production and accelerat in  clearance,5o stimu- 
l a t i o n  of adipose l ipoprotein l ipase ,  g1 reduction of t i s sue  
adenyl ~ y c l a s e ~ ~  and t o  inh ib i t ion  of ace ty l  coenzyme A 
carboxylase.53 
well a s  hepatic cholesterogenesis i n  the hamster.54 
the indiscriminate use of c lof ibrate ,  o r  any drug, without 
accompan ing  laboratory measurements was  underscored by Wilson 
and Leesg5 who found that  i n  several  pat ients  c lof ibra te  
reduced very low density l ipoprotein cholesterol but raised 
the cholesterol content of the low density l ipoprotein 
fraction. 

Clofibrate was found t o  i n h i b i t  i n t e s t i n a l  as  
Care i n  

O f  the many c lof ibra te  analogues that  were described f o r  
use i n  atherosclerosis during 1970, nafeno i n  (Su-13437, 2- 
meth 1 - 2 - f i -  (1,2,3,4- tetrahydro-1-naphth~l~-phenoq~-propionic 
acid7 was-studied the most extensively.5 ‘62 This drug  was 
found t o  be effect ive i n  reducing both serum cholesterol and 
t r iglycer ides .  The l a t t e r  a c t i v i t y  w a s  i l l u s t r a t e d  by Weiss 
e t  a1.56 who reported a 6876 decrease i n  t r iglycer ides  of 
hypetriglyceredemic pat ients  and by Duncan and Best57 who 
reported a 5176 decrease of this blood l i p i d  i n  similar 
patients.  
suggest that  the newer compound i s  the more potent and i n  
addition showed considerable a c t i v i t y  i n  Type I1 

Comparative studies of c lof ibrate  w i t h  n a f e n ~ p i n ~ ” ~ ’  
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hy-perlipoproteinemia. CLY-503 (1,3-propanediol bisfi-p- 
chJ.orophenoxyisobutyrate7), another  c l o f i b r a t e  analogue,was 
reported t o  be l e s s  t o x i c  and more a c t i v e  i n  t h e  reduct ion of 
serum cho les t e ro l  than the  parent  compound.638e4 

Agents a f f e c t i n g  c h o l e s t e r o l  absorp t ion  by r eac t ion  
with b i l e  ac ids  continue t o  be inves t iga ted .  Neomycin whose 
cho le s t e ro l  lowering a c t i v i t y  w a s  p rev ious ly  a t t r i b u t e d  t o  
i t s  an t imicrobia l  potency w a s  t he  sub jec t  of s e v e r a l  manu- 
s c r i p t s . 6 5 r 6 6  The au thors  of these  papers concluded that 
neomycin ac ted  not  as an a n t i b i o t i c  bu t  rather by s e l e c t i v e l y  
p r e c i p i t a t i n g  b i l e  ac ids .  Choles tyramine, a r e s i n  which 
lowers i n t e s t i n a l  b i l e  a c i d  by i o n i c  binding, has s t imula ted  
research f o r  a more a c t i v e  synthe t ic .  One ma te r i a l  cu r ren t ly  
undergoing c l in ica l  eva lua t ion  i s  c o l e s t i p o l  (U-26, 597A), an 
inso luble  copolymer of tetraethylenepentamine and epichloro- 
hydrin. Hypoli idemic e f f e c t s  of t h i s  substance have been 
shown i n  mane7sg8 but  f 'urther study, p a r t i c u l a r l y  on a com- 
pa ra t ive  basis with cholestyramine, i s  needed. The choles- 
terol-lowering a c t i o n  of N- (a-methylbenzyl) 1inoleami.de was 
reported t o  be mediated through i n h i b i t i o n  of s t e r o l  
absorption. 

Combination of drugs wi th  d i f f e r e n t  l ip id- lower ing  
mechanisms may be an area of future a c t i v i t y  although t h e r e  
are inherent  problems i n  this approach. O f  i n t e r e s t  i s  the 
paper by Samuel and coworkers7' who found t h a t  neomycin p lus  
c l o f i b r a t e  was more e f f e c t i v e  i n  reducing c h o l e s t e r o l  than 
adminis t ra t ion  of e i t h e r  drug s ingly .  

t-butylphenol7) lowers s e m - c h o l e s t e r o l  i n  mice; ratz and 
monkeys withzut a f f e c t i n g  s e m  t r ig lyce r ides .71  
substance represents  a new c l a s s  of hypocholesteremic com- 

usef'ulness i n  extended s tud ie s .  

cholesteremic which a l s o  moderates a o r t i c  l i p i d  formation, 
w a s  shown t o  reduce l i p i d  depos i t s  i n  the  h e a r t  of r a t s  
maintained on a high l i p i d  diet .73 
cho le s t e ro l  ox ida t ion  i n  rat mitochondria1  preparation^.^^ 
Pyridinolcarbamate, an o l d  compound repor ted  t o  d isso lve  
cho le s t e ro l  depos i t s  i n  a r t e r i a l  w a l l s  and promote regener- 
a t i o n  of damaged arteries, w a s  evaluated by Shimamoto 
e t  a1.75 i n  43 p a t i e n t s  s u f f e r i n g  from a t h e r o s c l e r o s i s  
Z l n e r a n s .  These i n v e s t i g a t o r s  found s i g n i f i c a n t  improvement 
i n  blood flow, mobi l i ty  and r e l a t e d  symptoms. The prel iminary 
results with these compounds a r e  p a r t i c u l a r l y  encouraging 
s ince  few substances aze  known that  will r e l i e v e  athero-  
s c l e r o t i c  symptoms a f t e r  development. It i s  poss ib le  t ha t  

Probucol ( D H - 5 8 1 ,  4,41-/isopropylidenedithio~is/2,6-di- 

Since t h i s  

it would be of i n t e r e s t  t o  determine i t s  c l i n i c a l  

N-y-phenylpropyl-N-benzyloxy acetamide (W-1372), a hypo- 

The drug a l s o  a f f e c t s  
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agents with this type of activity combined with hypolipidemic 
drugs will be the therapy of the future. 

Additional substances of interest which were cited in 
the literature for their effect in atherosclerosis or related 
conditions include N, N-dimethy1-N'- (4-phenoxyphenyl) sulfamide 
(U-25,030) ,76 2,2' 1 1-fll-rnethyl-4,4-diphenylbutylidene)bis p- 

4- (3,4- dimetEoxybenzy1)- 2-imidazolidinone (RO 7- 2956 ) , the 
terpene, alisol A-24-m0noacetate,~ 2-meth 1 - 2 - f i -  (p-chloro- 
phenyl)phenoxy7propionate, c clandelate ,'I cflor- 
cyclizine, 8 2 3 1 3 3  phenobarbital,", 83 reserpine and analogues 

Q8 chondroitin, 85 heparin and dextran, lecithin, 87 tomatine, 
lignin' and various other natural products. 9 Compound 
series studied includecyclohexane and indan derivativess2 and 
alkylidenedithio bi~phenols.~~ 

Other therapeutic approaches that are used include 
ileal bypass which was reviewed by Gomes et al.93 
suggest that this treatment should only brcxsidered if con- 
ventional procedures described above are unsuccessml. Aorto- 
coronary bypass as an emergency measure has also been 
suggested with reservations for acute cases of myocardial 
infarction. s4 

phenyleneoxy)7bistrie~hylamine (SQ-18,576) and its 1 

They 

Miscellaneous - One of the major problems facing researchers 
in the atherosclerosis field is the lack of a good laboratory 
model that resembles the human disease state. Several leads 
in this area were described during the year.31s3s~s5 Kramsch 
and coworkers s5 reported that they induced severe coronary 
atherosclerosis with 6074 narrowing of the arterial lumen in 
all of 40 Macaca irus monkeys fed a lipid diet for 1 8  months. 
The lesions r e s e m m  human disease in distribution and micro- 
scopic appearance. Similar deposits were also induced in 
rabbits by homocysteine administration3' and by allergic 
in jury. 31 

The 95-page report from the American Heart Association,3 
which includes discussion of long-term studies of anti- 
lipidemic drugs, provides contemplative reading for chemo- 
therapeutic investigators. While the study commission 
acknowledges the efficacy of the known hypolipidemic drugs, 
their comment on long-term therapy warrants quotation: "What 
is yet to be determined is whether biochemical action of these 
or similar drugs will exert any favorable effect on the cause 
of the atherosclerotic diseases and whether long-term con- 
tinued use of these substances produces significant delete- 
rious effects." It should be borne in mind that this avenue 
of thought is consistent with probable government action on 
long-term evaluation of oral antidiabetic compounds. s6 A key 
study on this subject, the effects of lipid-lowering drugs in 
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postcoronary pa t ien ts ,  i s  being carr ied out by 53 universi- 
t i e s .  The resu l t s  of this invest igat ion could es tab l i sh  
trends f o r  future  c l i n i c a l  evaluation of hypolipidemic agents. 

The study commission’s basic approach t o  primary pre- 
vention of a therosclerosis  i n  this country i s  threefold. They 
suggest a reduction of hypolipidemia and associated disease 
s t a t e s  by dietary r e s t r i c t ions ,  pharmacologic control of 
elevated blood pressure and elimination of c iga re t t e  smoking. 

Comment - The reduction of serum l i p i d s  has now advanced t o  a 
m n a l  c l i n i c a l  en t i ty .  
lipidemia should become available on a routine basis  as 
capabili ty t o  perform phenotyping of hyperlipoproteinemias 
expands beyond i t s  present l imited environment of laborator ies  
primarily devoted t o  l i p i d  research. 

p a r t i a l l y  t i l l e d  a re  the understanding of atheromata patho- 
genesis and the chemotherapy of l es ion  regression. 

- 

Appropriate treatment of hyper- 

Fields of a therosclerot ic  research which remain only 
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Chapter 1 7 .  S t e r o i d s  and B io log ica l ly  Related Compounds 

T. L .  Popper and A.  S .  Watnick, Schering Gorp., Bloomfield,  N . J .  

I .  REPRODUCTION 
A. 
type continued t o  be a t t acked  on t h e  ques t ion  of s a f e t y .  
e f f e c t s  were a s soc ia t ed  wi th  t h e  es t rogen  component. Analysis  of r e p o r t s  
of thromboembolism i n  t h e  U . K . ,  Sweden, and Denmark l ed  t o  t h e  conclusion 
t h a t  t h e  dose of es t rogen  c o r r e l a t e d  wi th  t h e  inc idence  of pulmonary 
embolism, deep v e i n  thrombosis,  c e r e b r a l  thrombosis,  and coronary throm- 
b 0 s i s . l  
warning t h a t  o r a l  con t r acep t ives  conta in ing  more than  75 pg of es t rogen  
may lead  t o  thromboembolic episodes .2 
c ized.3sh,5 
mestranol  and 2.5 mg norethynodrel  had a low inc idence  of thromboembolism 
while  Volidan which con ta ins  50 pg e thynyl  e s t r a d i o l  and 4 mg meges t ro l  
a c e t a t e  (MA) had a high inc idence  of thromboembolism. The Committee sug- 
ges ted  t h a t  t h e  na tu re  and t h e  dose of progestagen may a l s o  p lay  a p a r t  i n  
thrombogenesis. Oral  con t r acep t ives  appeared t o  i n c r e a s e  t h e  r i s k  i n  wo- 
men t o  ischaemic h e a r t  d i sease .6  Many papers  suppor t  the content ion  t h a t  
es t rogens  inc rease  t h e  r i s k  of thromboembolism. Women us ing  ethynodiol  
d i a c e t a t e  + 100 pg mestranol  had decreased an t i th rombin  I11 a c t i v i t y  t o  
l e v e l s  s i m i l a r  t o  those  of women i n  t h e  t h i r d  trimester of pregnancy.7 
P l a t e l e t s  i s o l a t e d  from women on d i f f e r e n t  combined estrogen-progestagen 
cont racept ives  aggregated more rapidly.899 Other r e p o r t s  suggested t h a t  
estrogen-progestagen con t r acep t ives  w e r e  no t  s u b s t a n t i a l l y  involved i n  
thrombogenesis. I n  a s tudy  comprising 5,952 women us ing  o r a l  contracep- 
t i v e s  (57,492 c y c l e s ) ,  thrombophlebi t is  w a s  repor ted  a t  an incidence r a t e  
of 1 .6  per  1000 women per  year  which is  w i t h i n  t h e  "normal" range.1° 

us ing  the  combination con t r acep t ives  inc lud ing  a b n o m a l  g lucose  to l e rance  
tests11,12*13,14*15 h y p e r t e n ~ i o n , 1 6 , ~ ~  changes i n  concent ra t ion  of t h e  
serum p r o t e i n  components ,19920921 decreased a b i l i t y  t o  u t i l i z e  f o l a t e  
polyglutamates ,22923 changes i n  plasma l i p i d s  ,*4 925 psychologica l  
changes26927 and cutaneous s i d e - e f f e c t s  .28 
cance of these  observed changes i s  no t  known. 

making r e sea rch  wi th  low dose progestagens a l l  t h e  more important .  
l a t t e r  type of con t r acep t ive  may decrease  t h e  number and s e v e r i t y  of t h e  
untoward r e a c t i o n s  seen wi th  combination type  con t r acep t ives  . 2 9 3 3 0 ~ 3 ~  
I n j e c t i o n  of a depot  progestagen, depot-medroxyprogesterone a c e t a t e  
(Depo-MPA) prevented pregnancy i n  women i n j e c t e d  every t h r e e  months wi th  
150 n1g.3~ Abnormal b leeding  p a t t e r n s  r e s u l t e d .  These could be  overcome 
wi th  d a i l y ,  o r a l  admin i s t r a t ion  of s t i l b e s t r o l , 3 3  b u t  t h e  a d d i t i o n  of es- 
trogen would seem t o  remove any a l l eged  advantages of an es t rogen-f ree  
cont racept ive .  Norethindrone enantha te  used i n  a similar way (300 mg every 
th ree  months) proved t o  be an e f f e c t i v e  cont racept ive ,34  wi thout  producing 
thromophlebi t is  o r  abnormal g lucose  to l e rance .  Although they were no t  com- 
pared i n  the  same series of women, breakthrough b leeding  d i d  n o t  seem t o  be  
a s  much of a problem a s  wi th  Depo-MPA. Dai ly ,  o r a l  doses  of a progestagen 

_II Female Contracept ives  - Oral  con t r acep t ives  of t h e  estrogen-progestagen 
Most untoward 

This led  t h e  Committee on Sa fe ty  of Drugs i n  t h e  U.K. t o  i s s u e  a 

These conclus ions  were c r i t i -  
It w a s  pointed ou t  t h a t  Conovid-E which con ta ins  100 pg 

Many papers  were publ ished concerning o t h e r  changes seen i n  women 

The long-term c l i n i c a l  s i g n i f  i- 

Most adverse  e f f e c t s  have been a t t r i b u t e d  t o  t h e  es t rogen  component, 
The 
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is another  method of  decreasing t h e  amount of drug requi red  f o r  contracep- 
t i on .  Chlormadinone acetate (CAP) can prevent  pregnancy i n  women tak ing  
500 pg each day.35 This  drug was removed from the  market because i n  
chronic  t o x i c i t y  s t u d i e s  beagles  rece iv ing  up t o  25 times the  human dose 
developed b r e a s t  nodules.36 The s ign i f i cance  of t h i s  f i nd ing  can be 
quest ioned,  s i n c e  t h e  occurrenceof nodules w a s  not  dose r e l a t e d ,  no nodules 
have been found i n  o the r  spec ie s  including man, and CAP i n  sequence with 
es t rogen  has  not  produced nodules i n  beagles .  Pregnancy w a s  a l s o  prevented 
when MA was given o r a l l y  on a d a i l y  basis .37 
peanut o i l  s o l u t i o n ,  enhanced t h e  cont racept ive  potency. 

of s i las t ic  rubber implants which permit some drugs t o  be maintained a t  
r e l a t i v e l y  cons tan t  blood levels over long per iods  of time. The s i las t ic  
implant can be removed a t  any time t o  s t o p  drug ac t ion .  The i n i t i a l  rate 
of release may be s i g n i f i c a n t l y  g r e a t e r  than t h e  cons tan t  rate eventua l ly  
achieved.38 
e f f e c t  t o  be achieved. Norges t re l ,  MPA and CAP are a l l  re leased  slowly 
enough t o  b r ing  about t h e  des i r ed  e f f e c t s  f o r  w e l l  over one year  when ad- 
minis te red  i n  a 30 mm si las t ic  tube. MA, 25 mg, i n  a s i las t ic  capsule  was 
found to  have a release rate of approximately 24 micrograms per 24 hours.39 
The vagina w a s  explored as a poss ib l e  s i te  from which cont racept ive  drugs 
i n  s i las t ic  could be absorbed.40 S i l a s t i c  was molded i n t o  c y l i n d r i c a l  
r i n g s  ranging i n  diameter from 72 t o  80 mm and conta in ing  2 grams of  MPA. 
The r e s u l t s  show t h e  drug is s u f f i c i e n t l y  absorbed from these  r i n g s  t o  
cause a rise i n  basa l  body temperature and t o  i n h i b i t  LH release. Removal 
of t h e  si lastic r i n g  l e a d s  t o  r a p i d  c e s s a t i o n  of drug a c t i v i t y .  Subsequent 
s t u d i e s  demonstrated t h a t  a cons tan t  release rate of 550 ug MA from a vagi-  
n a l  r i n g  is s u f f i c i e n t  t o  i n h i b i t  ovulat ion.41 
prove t o  be e f f e c t i v e .  

of progestagens. 
preovulatory LH surge.@ 
progestagen i n j e c t i o n  showed t h a t  f o l l i c u l a r  growth and development, from 
primordial  t o  Graaf ian s t a g e ,  was not  impaired. 
not  i n h i b i t  ovula t ion  as shown by culdoscopic  v i s u a l i z a t i o n  of t h e  ovary 
demonstrating f r e s h  corpora lu tea .43  I n  t h i s  s tudy v iscous  cervical mucus 
co r re l a t ed  w e l l  wi th  t h e  a n t i f e r t i l i t y  e f f e c t  of CAP. The drug a t  100 vg/ 
day caused similar cervical mucus changes wi th  no cont racept ive  e f f e c t .  
Other i n v e s t i g a t i o n s  confirmed ovula t ion  i n  women on microdoses of CAP but  
found lower than normal levels of  progesterone poss ib ly  due t o  de fec t ive  
func t ion  of t h e  corpus luteum.44 
(50 vg) d id  no t  i n h i b i t  ovu la t ion  but  d id  decrease  t h e  output  of proges- 
t e rone  from t h e  corpus luteum.45 
capsules  d id  not  i n h i b i t  ovula t ion  o r  prevent  t he  normal development of t h e  
endometrium. 
progesterone i n h i b i t e d  s e c r e t i o n  of  cervical mucus .46 However, spermatozoa, 
obtained i n  a pos t - co i t a l  test, exhib i ted  a f a i r  degree of longevi ty  d e s p i t e  
t h e  reduct ion  i n  quan t i ty ,  i nc rease  i n  v i s c o s i t y ,  and apparent  h o s t i l i t y  of 
t he  cervical mucus. Other s t u d i e s  i n d i c a t e  t h a t  CAP and MA cause cervical 
mucus changes prevent ing pene t r a t ion  of t h e  spermatozoa .47 
i n f e r t i l e  women pointed up t h e  d i f f i c u l t y  of c o r r e l a t i n g  t h e  phys ica l  

Formulation of MA, 500 vg i n  

A major advance i n  drug d e l i v e r y  systems w a s  a t t a i n e d  through t h e  use  

Progesterone d i f f u s e s  too r ap id ly  from silastic f o r  a du ra t ion  

Lower doses of MA may a l s o  

Attempts have been made t o  determine t h e  mode of con t r acep t ive  a c t i o n  
Depo-MPA inh ib i t ed  ovula t ion  presumably by i n h i b i t i n g  the  

Laparotomies performed on women 2-6 months a f t e r  

Oral microdoses of CAP d id  

Daily adminis t ra t ion  of n o r g e s t r e l  

The amount of MA r e l eased  from silastic 

I n t r a c e r v i c a l  s i las t ic  tubing r e l eas ing  200-250 ug/24 hr  of 

A s tudy of 



164 - Sect. I V  - M e t a b o l i c  & E n d o c r i n e  Pachter, Ed. 

p r o p e r t i e s  of t he  c e r v i c a l  mucus and t h e  i n f e r t i l e  s t a t e . 4 8  
a c t i o n  of low dose progestagens i n  women i s  unc lea r  and t h e  most t h a t  can 
be s a i d  i s  t h a t  t he  drug u s u a l l y  a c t s  a f t e r  ovu la t ion .  
can i n t e r f e r e  wi th  f e r t i l i z a t i o n ,  accelerate tuba1  t r a n s p o r t  of ova and 
produce o v i c i d a l  e f f e c t s .  Rats, r e c e i v i n g  d a i l y  0 .3  ug of n o r g e s t r e l  o r  
1 . 5  I.tg o f  MA, o r a l l y  f o r  1 2  months f a i l e d  t o  come t o  t e r m  a f t e r  a success-  
f u l  mating.5115* 
metabol ic  s t a t u s  of t he  u t e r u s  which could have l e d  t o  f e t a l  r e s o r p t i o n .  
It would be i n t e r e s t i n g  t o  know how soon a f t e r  t h e  s t a r t  of n o r g e s t r e l  o r  
MA therapy the  ra t s  became i n f e r t i l e .  I n  rats implanted wi th  s i l a s t i c  
tubing conta in ing  e i t h e r  proges te rone  o r  C A P ,  wi th  release rates of 84.32 
o r  10.76 pg/day, r e s p e c t i v e l y ,  f e r t i l i t y  w a s  no t  e f f e c t e d  dur ing  a 45 day 
per iod .53 Rhesus monkeys , implanted wi th  s i las t ic  capsu le s  r e l e a s i n g  ap- 
proximately 4-8 ug/kg of MA per  day ,  showed i r r e g u l a r  endometr ia l  pa t -  
t e r n s  .54 The degree of lymphocytic and polymorphonuclear i n f i l t r a t i o n s  i n  
the  endometrium w a s  t h e  most s t r i k i n g  obse rva t ion  and t h i s  may be the  
mechanism of con t r acep t ive  a c t i o n ,  i . e .  release of l eucocy t i c  lysozomal 
enzymes. 

The c l i n i c a l  use  of low-dose progestagens produced few repor ted  
seve re  s i d e - e f f e c t s .  Women wi th  subcutaneously implanted s i l a s t i c  capsules  
conta in ing  MA have had f e w  s i d e - e f f e c t s  and no g r o s s  evidence of t o t a l  t i s s u e  
r e a c t i o n  from t h e  s i l a s t i c . ”  Norges t r e l ,  a t  a d a i l y  dose  of 50 u d i d  

New con t r acep t ives  have been submit ted f o r  c l i n i c a l  t r i a l .  Dydro- 

The mode of 

CAP i n  r abb i t s49 ,50  

The only  s i g n i f i c a n t  change w a s  a dep res s ion  of t h e  

no t  decrease  g lucose  t o l e r a n c e  o r  raise serum transaminase l e v e l s .  56 

ges te rone  (1) combined wi th  q u i n e s t r o l  w a s  found t o  r e v e n t  pregnancy when 
given as a s i n g l e  o r a l  dose on day 22 of t h e  cycle .5P The main drawback t o  
t h i s  combination is t h a t  i t  causes  an  i r r e g u l a r  mens t rua l  p a t t e r n .  This  
approach is  not  new, and i s  dependent upon t h e  d u r a t i o n  of a c t i v i t y  of 
q u i n e s t r o l  which is s t o r e d  i n  t h e  body f a t .  This  method of d e l i v e r i n g  drug 

3 x=c1 
8 X=F 

over long pe r iods  of t ime may be more d e s i r a b l e  than  depot  i n j e c t i o n  but  i t  
does n o t  o f f e r  t he  same advantage as t h e  s i l a s t i c  v a g i n a l  r i n g  where drug 
a c t i o n  can be terminated when d e s i r e d .  R-2323 (2) appears  t o  have a bio- 
l o g i c a l  p r o f i l e  similar t o  t h a t  of n 0 r e t h y n o d r e l . 5 ~  
low es t rogen ic  a c t i v i t y  and p r o g e s t a t i o n a l  a c t i v i t y  i n  t h e  r a b b i t  bu t  does 
no t  main ta in  pregnancy i n  t h e  c a s t r a t e d  ra t .  It p reven t s  pregnancy i n  wo- 
men tak ing  t h e  drug o r a l l y ,  once-a-week, i n  c o n t r a s t  t o  nore thynodre l  which 
is given d a i l y  f o r  20 days i n  combination wi th  e s t rogen .  We hope c l i n i c a l  
information w i l l  b e  forthcoming t o  show whether 2 is q u a l i t a t i v e l y  o r  quan- 
t i t a t i v e l y  d i f f e r e n t  from nore thynodre l .  A new p r o g e s t a t i o n a l  agen t ,  
SQ 18,510 ( 3 )  has been r epor t ed  t o  be a more po ten t  an t i - e s t rogen  than  CAP 
and map be u s e f u l  as a low dose  cont racept ive .59  

Compound 2 e x h i b i t s  

U-13,851 ( 4 )  w a s  desc r ibed  
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a s  a compound wi th  inhe ren t  e s t rogen ic  and p roges t a t iona l  a c t i v i t y . 6 0  
compound may have p o t e n t i a l  a s  a once-a-week con t r acep t ive  i f  i t  does not  
induce withdrawal bleeding.  It is  w e l l  known t h a t  e thynyl  e s t r a d i o l  (EE) 
i n  rats can cause f e t a l  r e so rp t ion  i f  given a f t e r  implanta t ion .  
EE a t  a d a i l y  dose of 1.0 and 5.0 mg f o r  7 consecut ive days d id  not  cause 
abor t ion6I  and i t  w a s  concluded t h a t  EE may be e f f e c t i v e  a s  a pos t - co i t a l  
con t r acep t ive  i n  women during a r e l a t i v e l y  s h o r t  per iod  fol lowing ovu la t ion  
and j u s t  p r i o r  t o  implantat ion.  
days fol lowing t h e  f i r s t  day of t h e  l a s t  menstrual  cyc le ,  we cannot d i smiss  
t h e  p o s s i b i l i t y  t h a t  EE could te rmina te  a pregnancy immediately a f t e r  i m -  
p l an ta t ion .  

A number of non-s te ro ida l  agents  have been repor ted  t o  have post-  
c o i t a l  a n t i f e r t i l i t y  ac t ion .  
(~-pyrrolidinoethoxy)phenyl(2,l-b)naphthofuran adminis tered immediately 
post-coitum prevented concept ion i n  r a t s ,  mice and rhesus  monkeys.62 
a c t i v i t y  i n  monkeys can be  questioned because t h e  number of non-treated 
p r i m a t e s  becoming pregnant w a s  measured over a three-year per iod whi le  t h e  
monkeys were kept  on drug f o r  only 6 months. 
fu rans ,  5,6-polymethylene benzofurans and 1,2-diphenylnaphthofurans were 
found t o  have marked an t i -n ida t ion  a c t i v i t y  i n  r a t s . 6 3  
of 3-alkyl-2,3-diphenylpropiophenones (5a ,b ,c )  prevented implanta t ion  i n  
r a t s  a t  a dose  of 0.5 mglkg adminis tered f o r  t h e  f i r s t  f i v e  days 

This 

I n  women, 

Since es t rogen  t reatment  began 32 t o  48 

A s i n g l e  10 mg/kg o r a l  dose of 2-phenyl-3-p- 

The 

A series of 2,3-diphenylbenzo- 

Severa l  b a s i c  e t h e r s  

OH 
..CrCH 

- + C O - C H - C H  I a 2  

h R 
- R l  

-CH3 - R -1 R Is2 
4 5a E t  Et2NCH2CH20 H 

b E t  Et2NCH2CH20 4-C1 
C M e  Me2NCH2CH20 4-C1 

& 
p o s t - ~ o i t u m . ~ ~  Basic e t h e r s  of l-(p-hydroxyphenyl)-2-phenyl-l,2,3,4- 
t e t rahydroquinol ine  and l-(p-hydroxyphenyl)-2-phenylindole were a l s o  shown 
t o  prevent  implanta t ion  i n  r a t s . 6 5  Compound 6 w a s  t h e  most a c t i v e  i n  t h i s  
series, prevent ing pregnancy a t  a dose of 12.5 mg/kg adminis tered on t h e  
f i r s t  3 days post-coitum. Oral  admin i s t r a t ion  2:3:5'-tri-O-acety1-6- 

AcO OAc 
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azau r id ine  (7) a t  t h e  very  l a r g e  dose  of 300 mg/kg terminated t h e  pregnancy 
i n  r a b b i t s  and r a t s . 6 6  
Dimenhydrinate had no a n t i - f e r t i l i t  
t ive potency of e s t rogens  i n  r a t s . 6 7  A c o n s t i t u e n t  of t h e  seeds  Ensete  
superbum Cheesm, (VIDR-26D) prevented implanta t ion  i n  mice, r a t s ,  guinea 
p igs  and hamsters.68 
The seeds  of Abrus p r e c a t o r i u s  Linn. can prevent  pregnancy i n  rats when 
given before  and a f t e r  mating.69 

B. Ovulation Induct ion  - The e f f e c t  of c f m i p h e n e  c i t r a t e  (CC) on t h e  
ovula tory  mechanisms rece ived  much a t t e n t i o n  t h i s  yea r .  
of CC increased p i t u i t a r y  FSH concen t r a t ion  and t h e  release of LH whi le  
high doses had t h e  oppos i t e  e f f e c t . 7 0 ~ ~ ~  Low dose  s t i m u l a t i o n  of gonado- 
t r o p i n  r e l e a s e  i s  thought t o  be t h e  e f f e c t  seen  i n  anovula tory  women. CC 
(100 mg/day) was shown t o  cause  a rise i n  LH l e v e l s  i n  3 out  of 4 p a t i e n t s  
wi th  normal pre- t reatment  gonadotropic  l e ~ e l s . 7 ~  
thought t o  be s u f f i c i e n t  t o  cause r u p t u r e  of pre-ex is t ing  ova r i an  f o l l i c l e s  
because t h e r e  a r e  many i n d i r e c t  s i g n s  of ovu la t ion ,  e .g .  increased  b a s a l  
body temperature ,  increased  u r i n a r y  pregnanediol  l e v e l s  and p roges t a t iona l  
changes of t h e  endometrium.73 There is, however, a discrepancy between the 
number of p a t i e n t s  thought t o  have ovula ted  and t h e  number known t o  have 
conceived. I f  one accep t s  as f a c t  t h a t  ovu la t ion  has  occur-then in-  
a b i l i t y  t o  conceive may be due t o  a t  least fou r  p o s s i b l e  reasons:  (1) un- 
recognized abor t ion ,  (2) inadequate  l u t e a l  func t ion ,  (3) acce le ra t ed  tuba1 
t r a n s p o r t ,  ( 4 )  h o s t i l e  c e r v i c a l  ~ u c u s . ~ ~ , ~ ~  
i n d i r e c t  determinants  of ovu la t ion  are misleading and ovu la t ion  may no t  have 
occurred i n  a l l  ca ses .  Some p o s t u l a t e  t h a t  p roduct ion  of progesterone i n  
the  unruptured f o l l i c l e  may be f a i r l y  common i n  p a t i e n t s  t ak ing  CC.75 This 
hypothesis  i s  supported by t h e  r e p o r t s  of f o l l i c u l a r  lu te in iza t ion .73974975 
An a d d i t i o n a l  p o s s i b i l i t y  is t h a t  clomiphene, which has  an t i - implanta t ion  
a c t i v i t y  i n  ra ts ,  is prevent ing  pregnancy a f t e r  inducing ovu la t ion .  

c l i n i c a l l y . 7 6  
t e n t ' t h a n  the  t r a n s  form. 

C. 
l imi t ed  va lue  €or  c l i n i c a l  usage. Methylene, e thy lene ,  and propylene d i -  
methanesulphonates were repor ted  t o  e f f e c t  d i f f e r e n t  phases  of spermato- 
genes is  .77 The q u a l i t a t i v e  d i f f e r e n c e s  between t h e s e  drugs  a r e  i n t e r e s t i n g  
but  t h e i r  a c t i o n  is  r e l a t e d  t o  t h a t  of busulphan, an immunosuppressant. No 
f u r t h e r  i n s i g h t s  were develo ed as t o  t h e  mode of a c t i o n  of 3-chloro-1,2- 
propanediol (U-5897) . 78, 79 *88,81 U-5897 has been considered a s  a poss ib l e  
drug t o  l i m i t  t h e  wild rat popula t ion  by s t e r i l i z i n g  t h e  Although 
t h e  dose requirement may be h igh ,  t h e  suggested approach appears  t o  be  novel .  
A me tabo l i t e  of U-5897, 2,3-epoxypropane-l-o1 (g lyc ido l )  w a s  a l s o  
ant ispermatogenic  .82 

D. Es t rus  Synchronizat ion - Progestagens are s t i l l  being t e s t e d  a s  a method 
of synchronizing e s t r u s  i n  ca t t le .  Long term i n j e c t i o n s  of progesterone had 
d i f f e r e n t  e f f e c t s  on f o l l i c u l a r  development, depending on t h e  s t a g e  of t h e  
cyc le  when therapy was s t a r t e d . 8 3  
w a s  given f o r  a few days e a r l y  i n  t h e  cyc le  but  t h e  c y c l e  l eng th  w a s  in- 

Ovulat ion was not  i n h i b i t e d  i n  e i t h e r  ra t  o r  r a b b i t .  
a c t i v i t y  bu t  enhanced t h e  contracep- 

This agent  had no e f f e c t  on t h e  pregnancy i n  r a b b i t s .  

I n  rats,  low doses  

The release of LH is  

It is  a l s o  p o s s i b l e  t h a t  t hese  

The two isomeric  components of CC were i s o l a t e d  and t e s t e d  
Although both isomers are a c t i v e ,  t h e  cis form was more po- 

Male Contracept ives  - The developments i n  t h i s  area appear  t o  have 

The e s t r u s  c y c l e  w a s  shortened i f  drug 
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creased i f  t reatment  was continued. The e f f e c t  of melen e s t r o l  acetate 
(MGA) w a s  s tud ied  i n  d a i r y  cows and pregnant h e i f e r s . 8 4 ~ 8 5 ~ 8 6  MGA had no 
s i g n i f i c a n t  in f luence  on t h e  q u a l i t y  o r  quan t i ty  of milk. The cyc les  of 
t he  cows were synchronized al though t h e  f e r t i l i t y  i n  t h e  f i r s t  con t ro l l ed  
cyc le  w a s  reduced. I n  r a b b i t s ,  MGA inh ib i t ed  sperm t r anspor t  through t h e  
u t e rus ,  o r  decreased sperm f e r t i l i t y  during u t e r i n e  t r ans i t . 87  

was as e f f e c t i v e  i n  synchronizin t h e  cyc le  i n  ewes when used i n  vagina l  
sponges o r  when placed i n  feed.88 Decreased f e r t i l i t y  i n  f i r s t  cont ro l led  
e s t r u s  has  a l s o  been observed i n  ewes. Cronolone (8) caused ost- t reatment  
i n f e r t i l i t y  e i t h e r  by impairing sperm t r a n s p o r t  and survival8! o r  by in-  
h i b i t i n g  ovula t ion  a t  t h e  f i r s t  es t rus .90  
a l s o  exer ted  co r t i co id - l ike  a c t i v i t y .  
ovulation-inducer a f t e r  synchronizat ion wi th  cronolone pessa r i e s  . 9 l  
ewes acts  as a weak es t rogen ,  inducing e s t r u s ,  and i n h i b i t i n g  ovula t ion .  
E s t r a d i o l  was shown t o  be l u t e o l y t i c  i n  e w e s ,  when used 9 days a f t e r  
ovula t ion .  92 

I C I  33828 (l-a-methylallylthiocarbamoyl-2lnethylthiocarbamoyl- 
hydrazine) i n h i b i t s  t h e  r e l e a s e  of gonadotropin and has  been used to  syn- 
chronize e s t r u s  i n  g i l t s .  Those g i l t s ,  s t a r t e d  on I C I  33828 during the  
f o l l i c u l a r  phase, came i n t o  hea t  but  d id  not  ovulate.93 The drug may not  
synchronize ovula t ion  w e l l  s i n c e  more p r e c i s e  con t ro l  w a s  attempted wi th  
t h e  use  of g o n a d ~ t r o p i n . ~ ~  
w a s  s tud ied  i n  swine.95 

u t i l i t y  of o r a l  progestagens i n  t h e  "pet populat ion,"  injected-MPA w a s  used 
t o  l i m i t  t h e  canine r e s e r v o i r  and vec to r  f o r  r a b i e s .  
used o r a l l y  t o  prevent  e s t r u s  i n  b i t ches ,  is excreted r ap id ly  from the  
animals.97 
a s ide -e f f ec t  which caused t h e  removal of MPA from t h e  market. 

11. PROGESTATIONAL AGENTS 
During t h e  year  several novel chemical s t r u c t u r e s  wi th  p roges t a t iona l  ac- 
t i v i t y  were repor ted ,  some of them wi th  p o t e n t i a l  u se  as cont racept ives .  
The 116-chloro-19-norsteroids 9 and 10 are among the  most a c t i v e  progesta- 
t i o n a l  compounds so f a r  reported.98 

Progestagens are a l s o  being used t o  synchronize e s t r u s  i n  sheep. MPA 

It would not  be  s u r p r i s i n g  i f  8 

CC i n  
CC w a s  a l s o  used as a poss ib l e  

Fxcret ion and t i s s u e  d i s t r i b u t i o n  of I C I  33828 

MPA was used t o  suppress e s t r u s  i n  bi tches .96 I n  a d d i t i o n  t o  poss ib l e  

MA, which i s  being 

Rapid e l imina t ion  of MA may decrease  t h e  incidence of pyometria, 

The r e l a t e d  16-methylene compound I1 

i s  495 t i m e s  as poten t  as progesterone (McPhail test ,  p.o.).99 
r e t r o s t e r o i d s  12 and 13 were similar i n  a c t i v i t y  t o  the  9-unsubst i tuted 
analogs,  whi le  9a-methyl-19-norprogesterone had higher  subcutaneous a c t i v i t y  
than progesterone.100 The 6 ,6-d i f luoros te ro id  14 was twice as a c t i v e  a s  t he  
parent  no re th i s t e rone  i n  t h e  McPhail assay  and i ts  o r a l  an t i -u te ro t rophic  
a c t i v i t y  i n  mice was 3.9 times t h a t  of norethis terone.101 

The Y- 

The 116-methyl- 
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s t e r o i d s  15 and 1 6  exh ib i t ed  po ten t  p r o g e s t a t i o n a l  and an t i - e s t rogen ic  ac- 
t i v i t i e s ,  as w e l l  as  e s t rogen ic  e f f e c t s  i n  t h e  e s t rogen  d e f i c i e n t  s ta te . lo2  

15  X=O,Y=H 
1 6  X=B-OAC , P A C  c1 

The 4 ,6 -d ich lo ros t e ro id ,  Ro 7-2133 (17) ,  w a s  a t  least 50 times as 
po ten t  a s  pro  e s t e r o n e  and showed weak ant i -androgenic  a c t i v i t y  i n  cas- 

l i 3  I n  v i t r o  t h i s  compound is  repor t ed  t o  l o s e  t h e  4-chloro t r a t e d  rats.  
s u b s t i t u e n t  and may be even tua l ly  converted t o  CAP .Io4 
18 was repor ted  t o  be h igh1  a c t i v e  i n  t h e  Clauberg a s say  (105.4 x proges- 
te rone ,  i . m . ,  3 2 . 5  x p .0 . ) .  I05 The A-homosteroid 19106 and 8a-methyl nor- 
e t h i s t e r o n e l 0 7  were among novel  s t r u c t u r e s  r epor t ed  wi th  i n t e r e s t i n g  ac- 
t i v i t i e s .  I n  the  c a s e  of compound 19  a d e t a i l e d  dose-response curve  would 

-- 
The 21-f luoros te ro id  

ha ve provided a more a c c u r a t e  comparison wi th  t h e  pa ren t  MPA. C l i n i c a l 1  

2 1  19 
AcO 

0 

CK3 

YY 

c loges tone  a c e t a t e  (20)  proved h igh ly  e f f e c t i v e  i n  achiev ing  s e c r e t o r y  en- 
dometrium and then  inducing withdrawal  b leeding  on c e s s a t i o n  of treat-  
ment.108 
t h e  dose of 4 mg/day i n  t h e  second ha l f  of t h e  c y c l e ,  was found c l i n i c a l l y  
u s e f u l  i n  anovulatory women wi th  decreased ova r i an  func t ion . log  The water 
s o l u b l e  p roges t in  2 2 ,  r e l a t e d  t o  MPA, showed 10-100% of t h e  p r o g e s t a t i o n a l  
a c t i v i t y  of t he  pa ren t  s t e r o i d  in v ivo  and may b e  u s e f u l  f o r  in t ravenuous  
admin i s t r a t ion  t o  prevent  a b o r t i o n 7  It w i l l  be  i n t e r e s t i n g  t o  see i f  
t h i s  compound is  more e f f e c t i v e  i n  cases  of th rea tened  a b o r t i o n  than  t h e  
o r a l l y  a c t i v e  progestagens.  Both isomers  of 4-phenyl-1-acetylcyclohexanol 

RO 4-8347 (zI), a po ten t  o r a l l y  a c t i v e  proges tagen ,  when given a t  

rj.”l H&EcH&(cH3)3 

HCrCH2 CO 22 \ 
~ 2 0 3 ~ 0  ’ 

tH3 
exh ib i t ed  s i g n i f i c a n t  p r o g e s t a t i o n a l  a c t i v i t i e s  as measured by t h e  carbonic  
anhydrase assay.111 

I n  t h r e e  of e leven  p a t i e n t s  w i t h  endometr ia l  carcinoma, 19-nor-17a- 
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hydroxyprogesterone cap roa te  i n  o i l ,  i n s t i l l e d  d i r e c t l y  i n t o  t h e  u t e r i n e  
lumen, caused complete disappearance of t h e  tumor.112 The s u c c e s s f u l  u se  
of proges te rone  as an  immunosuppressive agent  i n  homologous s k i n  g r a f t  i n  
i n t a c t  and ovariectomized female rhesus  monkeys has  been demonstrated.  113 

l i v e r s  of mature  female rats,  but  no t  in male rats.114 
may be  due t o  d i f f e r e n c e  i n  endogenous androgen l e v e l s  which s t i m u l a t e  
h e p a t i c  enzymes i n  males. The u r i n a r y  me tabo l i t e s  of t he  o r a l l y  a c t i v e  
progesterone-3-en01 cyc lopenty l  e t h e r  i n  hea l thy  s u b j e c t s  were t h e  same as 
those  of progesterone.  The r a t i o  of 5a- t o  58-metabolites increased  seven 
f o l d ,  sugges t ing  t h a t  t h e  increased  and prolonged a c t i v i t y  of enol- 
cyc lopenty l  e t h e r s  of p roges t in s  may be due t o  metabol ic  d i f f  e r e n c e s . l l 5  

111. ESTROGENS 
R-2858 (23 ) ,  an  o r a l l y  active es t rogen ,  has  been found 5 times as potent  a s  
EE.I16 AY-20,121 (24) ,  an  es t rogen  wi th  long du ra t ion  of a c t i o n ,  prevented 

Proges te rone  w a s  r epor t ed  t o  induce drug metabol iz ing enzymes i n  the  
This sex d i f f e r e n c e  

& Ho *a & $ ? - - %  

27 25 / 26 0 
A C 4  ' 

concept ion i n  rats f o r  a longer  per iod than  EE o r  q u i n e s t r 0 1 . l ' ~  
(25) showed s i g n i f i c a n t  a c t i v i t y  i n  t h e  vag ina l  c o r n i f i c a t i o n  tes t  i n  r a t s  
and mice,  bu t  r e l a t i v e l y  weak u t e r o t r o p h i c  e f f e c t  i n  ra t s .  This compound, 
l i k e  e s t r i o l ,  exerts a weak e f f e c t  on t h e  endometrium i n  r abb i t s .118  
e s t r o g e n i c i t y  of e s t r i o l ,  e s t r o n e ,  and e s t r a d i o l  (between 0.001 pg t o  
0.1 ug) i n  l i p o i d  so lven t  were approximately t h e  same i n  mice.  I n  doses  of 
about  0.1 pg, a ueous e s t r i o l  was s i g n i f i c a n t l y  less e f f e c t i v e  than e s t r i o l  

AY-11,483 

The 

i n  peanut o i l .  149  
The u s e  of q u i n e s t r o l  i n  postmenopausal women w a s  reported.120*121,122 

The drug w a s  w e l l  t o l e r a t e d  and caused minimal changes i n  t h e  endometrium 

The b i o l o g i c a l  potency of s t e r o i d  hormones i n  rats w a s  g r e a t e r  wi th  
when g iven  d a i l y .  122 

drug placed i n  s i l a s t i c  implants  than  when i n j e c t e d  S . C .  i n  an o i l  v e h i c l e .  
There w a s  a more pronounced i n c r e a s e  i n  potency wi th  androgens and proges- 
tagens than  wi th  es t rogens  

Carneau pigeons spontaneously develop a o r t i c  a t h e r o s c l e r o s i s ,  similar 
t o  t h a t  seen  i n  man. Dai ly  admin i s t r a t ion  of es t rogens  up t o  26 months d i d  
not  enhance t h e  development of coronary a t h e r o s c l e r o s i s  i n  any of t hese  
animals .  124 

I V .  CORTICOIDS 
L-6400 (26 ) ,  i n  rats is a po ten t  ant i - inf lammatory agent  and e x e r t s  an e f -  
f e c t  comparable t o  t h a t  of dexamethasone no t  only on inflammation, bu t  on 
some of t h e  biochemical parameters (weight g a i n ,  food i n t a k e ,  n i t rogen  and 
e l e c t r o l y t e  ba l ance ) .  
blood sugar  i n  response  t o  a g lucose  load  is  less i n t e n s e  and of s h o r t e r  
du ra t ion  than  t h a t  of dexamethasone.125 I n  man, 26, used as 0.1% cream, 

Its e f f e c t  on t h e  p i tu i t a ry -ad rena l  axis and on 
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showed comparable a c t i v i t y  t o  that  of t r iamcinolone  ace ton ide  (0.1%) or 

- 

28 

f luc inolone  ace tonide  (0.025%) The isomeric  [16a,l7a-d]-oxazolino 
s t e r o i d  27 was a l s o  prepared b u t  i t  w a s  less a c t i v e  than  26.127 
l a t e d  hexacycl ic  c o r t i c o i d  28 had h igh  t o p i c a l ,  a s  w e l l  as h igh  systemic,  
a c t i v i t y  i n  t h e  r a t . I 2 8  Other novel  c o r t i c o i d s  wi th  h igh  a c t i v i t y  were 
dimesone (29)129 The l a t t e r  compound had 
ant i -exudat ive and a n t i - p r o l i f e r a t i v e  potenc ies  equal  t o  dexamethasone, 
while  t he  gluconeogenet ic  and ad rena l  weight  suppress ive  a c t i v i t y  of 30 w a s  

The re- 

and t h e  f l uo r ine - f r ee  30.130 

only about ha l f  of t h a t  
CHpOH 

of dexamethasone. 10 ( 5 4 )  Abeoprednisolone (31) 
CH20H CH20H 

w a s  repor ted  t o  possess  ant i - inf lammatory a c t i v i t y ,  bu t  lower than t h a t  of 
t h e  pa ren t  prednisolone.  131 
n i f i c a n t  thymolyt ic ,  gluconeogenet ic  and t o p i c a l  a c t i v i t i e s  i n  t h e  potency 
range of t r iamcinolone a ~ e t o n i d e , ~ ~ ~  and w a s  c l i n i c a l l y  e f f i c a c i o u s  as a 
0.1% ointment.  133 I n  a double  b l ind  t r i a l  i n  p s o r i a s i s ,  hydrocor t i sone  
17-butyrate (0.1%, ofw cream) under p l a s t i c  occ lus ion  was as e f f e c t i v e  as 
t r iamcinolone ace tonide  (0.1% same v e h i c l e ) .  The au thor s  suggest  t h a t  
under t h e  condi t ions  employed t h e  systemic e f f e c t s  of 0.1% hydrocor t i sone  
17-butyrate  cream may be less than  those  of 0.1% t r iamcinolone  ace tonide  
cream.I34 This observa t ion  i n d i c a t e s  aga in  t h a t  e s t e r i f i c a t i o n  a t  C17 en- 
hances t h e  t o p i c a l  a c t i v i t y  of most c o r t i c o i d s ,  even those  wi th  r e l a t i v e l y  
low potency. The 17-phosphates of some poten t  c o r t i c o i d s  (predniso lone ,  
betamethasone) were prepared f o r  t h e  f i r s t  time, b u t  were almost  e n t i r e l y  
devoid of hormonal act ivi ty .135 
renders  t h e  molecule i n a c t i v e  and t h e r e  are no 17-phosphatases t o  e f f e c t  
hydro lys is .  7-Dehydroprednisolone has  anti-inflammatory a c t i v i t y  bu t  no 
f i rm  d a t a  were r e ~ 0 r t e d . l ~ ~  
18,20-diol)  exh ib i t ed  ant i - inf lammatory a c t i v i t y  i n  i n t a c t  rats but  n o t  i n  
adrenalectomized animals.  This  compound i n h i b i t e d  histamine-induced u l c e r s  
i n  Shay ra t s .137  The t r i t e r p e n e  d e r i v a t i v e s ,  sodium nimbinate  and hedera- 
genin exh ib i t ed  s i g n i f i c a n t  anti-inflammatory a c t i v i t i e s  (carrageenan 
paw). i38 
o r  secondary amenorrhea and e leva ted  exc re t ion  of 17-ke tos te ro ids .  I n  30 
of 39 p a t i e n t s  a t  dosages of 5-10 mgfday normal exc re t ion  of 17-ke tos te ro ids  

Prednacinolone (32) i s  repor ted  t o  show s i g -  

It appears  t h a t  t h e  17-phosphate group 

Papava l l a r ino l  (3B-methylamino-5-pregnene- 

Isoprednidene (33) w a s  s tud ied  i n  h i r s u t e  women wi th  oligomenorrhea 
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was observed. During therapy h i r su t i sm decreased i n  only 2 women, bu t  
menstrual  cyc le s  became normal i n  2 1  women and 4 became pregnant.139 A l -  
though no p roges t a t iona l  a c t i v i t y  was r epor t ed ,  such a c t i v i t y  could account 
f o r  r e g u l a r i z a t i o n  of cyc le  i n  ha l f  of t h e  p a t i e n t s .  Fluclorolone aceto-  
n i d e  (34) ,  a po ten t  t o p i c a l  anti-inflammatory s t e r o i d ,  had n e g l i g i b l e  e f -  
f x t  on bone. I n  c o n t r a s t  t o  t hese  f ind ings  flumethasone ( a  6a,9a- 
d i f l u o r o s t e r o i d )  had l o w  t o p i c a l  a c t i v i t y  bu t  suppressed bone growth and 
caused os teoporos is  i n  r a b b i t s .  140 

The an t i a s thma t i c  a c t i o n  of c o r t i c o i d s  and t h e i r  mechanism of a c t i o n  
was reviewed. l4I  
t reatment  of pe renn ia l  a l l e r g i c  r h i n i t i s  r e s u l t e d  i n  good t o  e x c e l l e n t  re- 
l i e f  of symptoms i n  75% of t h e  pa t ien ts .14*  
l a t e d  t o  35 were shown t o  block c a t a b o l i c  and thymolytic responses  t o  exo- 
genous ACTH i n  c a s t r a t e d  male rats . l -43 

The use  of dexamethasone a c e t a t e  (i.m. suspension)  i n  t h e  

A series of cyanoketones re- 

Such compounds may i n h i b i t  t h e  
syn thes i s  o r  release of 
r e l a t e d  t o  36 exhib i ted  

OH 

0 & OH *. CH3 

Severa l  c a t a t o x i c  

ad rena l  c o r t i c o i d s .  Severa l  C-nor-D-homosteroids 
marked an t i -a ldos te rone  ac t iv i t ies  . I44 

H 

s t e r o i d s  were s tud ied  and were found t o  p r o t e c t  ani-  
mals a g a i n s t  t h e  t o x i c  a c t i o n s  of numerous drugs.  
s t e r o i d s  a r e  sp i ronolac tone ,  e t h y l e s t r e n o l  and norbolethone. Thus, sp i ro -  
no lac tone  o f f e r s  p ro tec t ion  a g a i n s t  ca rd iac  nec ros i s ,  convulsions and 
mor t a l i t y  induced by d i g i t a l i s .  E thy le s t r eno l ,  sp i ronolac tone ,  and 
prednisone ( t h e  las t  is n o t  a c a t a t o x i c  s t e r o i d )  pro tec ted  r a t s  a g a i n s t  
heavy overdoses of meprobamate.146 
due t o  c a t a t o x i c  s t e r o i d s  appears t o  be  un re l a t ed  t o  an t i -mine ra locor t i co id  
potency . 147 Probably many, i f  no t  a l l ,  of t hese  p r o t e c t i v e  e f f e c t s  are due 
t o  t h e  induct ion  of hepa t i c  microsomal drug-metabolizing enzymes by t h e  
c a t a t o x i c  s t e r o i d s . l 4 8  Most of t h e  c a t a t o x i c  s t e r o i d s  possess  a 178-oxygen 
func t ion  a s  w e l l  a s  a 17a-alkyl func t ion .  These moie t ies  a r e  known t o  in-  
crease t h e  e f f e c t  of s t e r o i d s  on l iver  func t ion .  

V.  ANJIROGENS 
I n  man, 19-nortestosterone 17-dodecanoate (100 mg, once a month) was found 
t o  be  a po ten t ,  long a c t i n g  anabol ic  agent.149 Ba-36,644 (37) had g r e a t e r  

The most a c t i v e  c a t a t o x i c  

The inc rease  i n  nonspec i f ic  r e s i s t a n c e  
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anabolic activity than stanozolol in animals as measured by effects on 
muscle ribosomes and bone his tology . 150 
antigonadotrophic properties of 13 clinically used anabolic steroids were 

The androgenic , myo trophic , and 

compared in rats. The data indicate that chemical alterations in andro- 
genic steroids can result in separation of androgenic from anabolic ac- 
tivity, while a separation between anabolic and antigonadotrophic proper- 
ties has not been achieved.15' 
with 4'-substituted or 4'-unsubstituted bicyclo[2,2,2]octane carboxylic 
acids were examined in the rat for their duration of anabolic activity. 
The esters 38 and 39 are exceptionally long-acting anabolic agents with low 
androgenic activity. 15* The dithiasteroid 40 had significant androgenic 
activity in the rat.153 The 7a-methylsteroid 41 is both anabolic and es- 
trogenic and was tested clinically against skeletal disorders In seven 
patients with senile osteoporosis, compound 41 caused a positive nitrogen 
balance in all patients, positive calcium balance in four patients 

A series of esters of 19-nortestosterone 

H3 &3&&;& 

c1 

change in three), and little change in phosphorus ba1an~e.l~~ 
nortestosterone-3-(4-hexyloxyphenyl)-propionate is a potent anabolic agent. 
It showed no toxic side-effects on liver or kidneys and had no effect on 
blood electrolyte balance. 156 
and safe drug in stimulating linear growth in stunted children. There were 
no adverse effects on liver function and no evidence on accelerated epi- 
physeal The use of testosterone in 5 male patients with 
Klinefelter's syndrome caused advance in bone age with all subjects, while 
decreasing gynecomastia; gynecomastia recurred after cessation of therapy. 
The investigators suggest testosterone therapy during adolescence and not 
in the pre- or post-adolescent period. 158 

The use of  ethylestrenol combined with phenformin to reduce platelet 
stickiness in 9 arteriopathic patients was reported.159 
although devoid of anabolic-androgenic activity, possessed hypolipemic ac- 
tivity in the rat.160 

The erythropoietic effect of testosterone cyclopentylpropionate (TCP) 
was studied in the rat and found to be associated with the kidney.161 In 
mice, several C21 steroid metabolites with the 58-configuration stimulated 

In man, 19- 

Norbolethone was found to be an efficacious 

The epoxide 42, 
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t h e  incorpora t ion  of Fe59 i n t o  c i r c u l a t i n g  e ry throcytes ,  and those  wi th  
5a-configurat ion had no e f f e c t .  The most a c t i v e  5%-metabolite was 58- 
dihydroprogesterone. 162 

V I .  ANTI-ANDROGENS 
The major t h r u s t  i n  t h i s  a r ea  w a s  not  on the  syn thes i s  of new compounds, 
but  on t h e  development of new assays and app l i ca t ion  of known androgen- 
an tagonis t s  t o  new uses .  

The 4-oxasteroid 43 exhib i ted  anti-androgenic a c t i v i t y  ( 1  mg/day, 
s .c . )  i n  rats.163 MA, melengestrol  a c e t a t e  (MNA) , and dimethis terone (DM), 

CH3 
t.0 

t h r e e  p roges t a t iona l  agents  were compared f o r  t h e i r  anti-androgenic ac- 
t i v i t i e s .  While t h e  p roges t a t iona l  ac t iv i t ies  i n  the  r a b b i t  were 
MNA>MA>>DM h e i r  anti-androgenic a c t i v i t i e s  i n  cas t r a t ed  mice (s .c . )  were 
DM>MNA=MA . The poten t  proges t in ,  Sch 12600 ( 4 5 )  and CAP were compared 
f o r  t h e i r  anti-androgenic a c t i v i t i e s  i n  s e v e r a l  spec ies .  Only 45 w a s  e f -  
f e c t i v e  i n  reducing t h e  secondary sex organ weights i n  i n t a c t  rats. 
a l s o  produced a feminizat ion of male f e t u s e s ,  as measured by a reduct ion  i n  
the  anogeni ta l  d i s t ances ,  when administered t o  pregnan.t r a t s .  Both com- 
pounds were found t o  be e f f e c t i v e  i n  reducing the  s i z e  of t he  p r o s t a t e  i n  
aged dogs wi th  benign p r o s t a t i c  hyperp las ia  (BPH) but  45 w a s  more effective.166 
A comparison i n  the  chick comb assay of s i x  anti-androgens, inc luding  two 
dodecahydrophenanthrene d e r i v a t i v e s ,  showed t h a t  cyproterone a c e t a t e  (46) 
was t h e  most po ten t  .167 
tetrahydrobenzo(c)-phenanthridine16g demonstrated anti-androgenic a c t i v i t i e s  
i n  c a s t r a t e d  rats. 

It 

The te t rahydrofuran  47168 and 7-hydroxy-7,8,9,10- 

A novel i n  v i t r o  method t o  measure anti-androgenic a c t i v i t y  has  been 
developed, 
hydro tes tos te rone  (DHT) by var ious  anti-androgens i n  r a t  p r o s t a t i c  t i s s u e ,  
Although t h e  assay has  t h e  advantage of r equ i r ing  small  amounts of t es t  
compound, t h e  s t r u c t u r e - a c t i v i t y  c o r r e l a t i o n s  are q u i t e  d i f f e r e n t  from those 
obtained from i n t a c t  animal assays.170 

It was demonstrated t h a t  although the  concent ra t ions  of t e s tos t e rone  and 
androstenedione do not  d i f f e r  between t h e  normal and hypertrophic  g lands ,  

This assay  measures t h e  i n h i b i t i o n  of uptake of t r i t i a t e d  d i -  

Methods f o r  chemotherapeutic t reatment  of BPH were b r i e f l y  reviewed, 1 7 1  
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t h e r e  is  a 5-fold i n c r e a s e  i n  t h e  concen t r a t ion  of  DHT i n  hyper t rophic  as 
compared t o  normal g lands .  A t e n t a t i v e  hypothes is  was advanced t h a t  t h e  
accumulation of DHT i n  t he  human p r o s t a t e  may be causa l ly  r e l a t e d  t o  t h e  
development of BPH.172'173 

Cyproterone a c e t a t e  (46) ,  t he  most widely s tud ied  ant i -androgen,  
f a i l e d  t o  e f f e c t  androgen-dependent aggres s ive  .behavior i n  m i c e .  It w a s  
concluded t h a t  46 probably does not  block the  androgen-receptor i n  t h e  
c e n t r a l  nervous t i s s u e  i n  the  same way a s  i t  does i n  non-neural t issue.174 
A 3-year s tudy i n  10 men r ece iv ing  46 (100-200 mg/day) ind ica t ed  no impair- 
ment i n  ad renocor t i ca l  func t ion ,  a l though e j a c u l a t e  volume and l i b i d o  were 
seve re ly  depressed dur ing  t h e  f i r s t  year  of t rea tment .  
volume began t o  inc rease  a f t e r  17 months and 2 of 10 men were ab le  t o  insemi- 
n a t e  t h e i r  spouses .I75 
have some the rapeu t i c  va lue  i n  t h e  t rea tment  of precocious puberty and 
adrenogeni ta l  syndrome.176 

appl ied  t o p i c a l l y  s i g n i f i c a n t l y  decreased sebum product ion .I7' 
cos tove r t eb ra l  organs of t h e  hamster is  used i n  an assay  t o  d i s t i n g u i s h  d i -  
rect t o p i c a l  a c t i v i t y  from a c t i v i t y  due t o  systemic e f f e c t .  
t o p i c a l l y  app l i ed  CAP, lg-nor-CAP, and Al-chlormadinone-16 ,17a-acetonide 
were completely i n a c t i v e .  
ques t ionable  whether i t  w a s  a d i r e c t  "end" organ effect .178 
t o p i c a l  t reatment  of acne wi th  s t e r o i d a l  anti-androgens is s t i l l  f a r  from 
r e a l i z a t i o n  + 

3-Deoxydigitoxigenin, prepared f o r  t h e  f i r s t  t ime, compared t o  d ig i tox igen in  
had s imi l a r  c a r d i t i o n i c  a c t i v i t y  on t h e  i s o l a t e d  f r o g ' s  h e a r t .  
c a t e s  t h a t  t h e  313-hydroxy is  no t  an  ind ispensable  requirement f o r  t h e  
a c t i v i t y  of a cardenol ide .  fT8yP80 Strophantidin-B-1-arabinoside , a new 
semi-synthet ic  c a r d i a c  g lycos ide ,  can be used as a s u b s t i t u t e  f o r  ouabain 
f o r  rap id  d i g i t a l i z a t i o n  by t h e  in t ravenous  route .181 The chemistr  and 
pharmacology of c a r d i a c  g lycos ides  and aglycones w a s  reviewed .182,153 

Pos ts te rone  (48) ,  a C21 s t e r o i d ,  was i s o l a t e d  f o r  t h e  f i r s t  t i m e  from n a t u r a l  
sources .  
metamorphosing s t e r o i d  ( c f .  ecdysterone)  and t h e  CIS-compound, rubros te rone .  
Pos t s t e rone  is  i n a c t i v e  i n  t h e  Cal l iphora  test, but  i t  induces a d u l t  de- 
velopment of t h e  b r a i n l e s s  pupae of t h e  s i l k  moth (Samia Cynthia) .  184 Among 
o the r  novel phytoecdysones repor ted  dur ing  t h e  yea r  are stachysterone-A (49) ,  
t h e  f i r s t  n a t u r a l l y  occurr ing  C27-steroid wi th  a rearranged methyl group, and 

- 

The e j a c u l a t e  

It was sugges ted ,  t h a t  anti-androgens l i k e  46 may 

CAP i n  high doses  (40-60 mglday, p .0 . )  and 17a-methyl-B-nortestosterone 
The pa i red  

I n  t h i s  assay  

Fur the r ,  A1-CAP and 46 showed a c t i v i t y  b u t  i t  is 
It appears  t h a t  

V I I .  CARDENOLIDES 

This ind i -  

VIII. INSECT HORMONES 

This  compound is  one of t h e  missing l i n k s  between a C27-insect- 
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stachysterone-B, a 14-dehydroecdysone derivative .I85 
ajugalactone (50) was isolated from plant sources, and its structure elu- 
cidated. It inhibits moulting of Chilo suppressalis (rice-stem borer) ac- 
cording to the dipping method.186 
water beetles, many of them known to be steroids, were reviewed.187 

The 4-aza-22-oxasteroid 51 in vitro showed good anti-microbial activity 
against C. albicans and 2. aureus88 Paecilomycerol, a steroid with un- 
published structure, showed strong antiviral activity in vitro with rela- 
tively low cytotoxicity.189 

An antiecdysone, 

The defensive substances of land and 

IX. MISCELLANEOUS 

Pancuronium bromide (52), (erroneously reported last year as an i.v. 

52 
53 

R=Ac 
R=H 

anaesthetic) and the related dacuronium bromide (53) were reported to have 
potent neuromuscular blocking a ~ t i o n . l g ~ ~ ~ 9 ~  
anaesthetic (a 3:l mixture of 3a-hydroxy-5a-pregnane-3,2O-dione and 3a,21- 
dihydroxy-5a-pregnane-3,2O-dione 21-acetate) produced immediate induction 
of anaesthesia of short duration when injected into experimental animals. 
The recovery was ra id and uncomplicated.192a 
verified in man. 1929 

as effective as either vitamin D2 or Dg in curing rickets in rats.lg3 
Hydroxydihydrostachysterol~ was synthetized and isolated in pure form. 
compound has weak antirachitic activity, but is a potent calcium mobilizing 
agent. 
the treatment of hypoparathyroidism and other similar bone diseases. lg4 

CT 1341, a new steroidal 

The animal data were also 

25-Hydroxyergoca1cifero1, a metabolite of vitamin D2 was 1.5 times 
25- 
This 

Its biological activity suggest that it may be the drug of choice in 

x. REVIEWS 
During this year some important reviews related to regulation of fertility 
were published. These dealt with the following sub'ects: physiology of 
early pre nancy,l95 aspects of fertility contro1,lgi antifertility 

tility,'" induction of ovulation.201 
the diseased liverzo2 and a historical review of glucocorticoids203 were 
also published. The psychoendocrine aspects of breast cancer were reviewed 

antifertility agents in the future,lg9 treatment of infer- 
A review of estrogen metabolism in 

204 
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Chapter 18. Non-steroidal Antiinflannnatory Agents 

Peter F. Juby and Thomas W. Hudyma 
Bristol Laboratories, Syracuse, New York 13201 

Introduction - This review will attempt to cover the highlights of research 
in the area of non-steroidal antiinflammatory agents (NAA), with an empha- 
sis on work relating to the chronic arthritic diseases. Although the goal 
of this research is the discovery of drugs which will arrest, or even re- 
verse, the inflammatory processes, the search also continues for safer, 
better tolerated drugs which will at least slow the processes and allevi- 
ate the disease symptoms. 
in 1970.1'5 

Etiology and Pathogenesis - In spite of new arguments 6,7 for mycoplasma as 
the cause f heumatoid arthritis (RA), the etiology of the disease remains 

8-16 A brief re iew article on the pathogenesis of joint inflam- uncertain. 
mation in RA has appeared. 

Several broad reviews of the area have appeared 

Y1 

Pharmacological and Biochemical Aspects - There have been few notable devel- 
opments in the past year in in vivo methods used to screen for and evaluate 
N U .  Increasing reliance is being placed upon the adjuvant-induced arthri- 
tis assay in the rat since it is felt that the histochemistry12 and pathol- 
ogy of this autoimmune disease most closely resemble the histochemistry and 
pathology of some of the human arthritic diseases. 
method that employs the dog has been reported13 in which the pressure ex- 
erted by the dog paw is measured after injection of an inflamnatory agent 
into the corresponding knee joint. 
sulfinilamidoindazole-induced arthritis model in the adult rat through a 
study of the histological, chemical, and hematological events. l4 

An improved quantitative 

An insight has been provided into the 6- 

In recent years there has been a growing awareness of an interrelation- 
ship between inflammation and the blood clotting processes. NAA have been 
shown to be effective as inhibitors of platelet and erythrocyte aggregation, 
as fibrinolytic agents, and as inhibitors of the release of damaging lyso- 
soma1 enzymes from leucocytes. A central theme of membrane stabilization 
underlies many proposed explanations as to how the compounds work in these 
different areas. 

Intrazole (BL-R743) ,  aspirin, and phenylbutazone effective1 inhibited 
rabbit platelet aggregation in both in vitro and in vivo screens.I5 Human 
blood platelet aggregation was inhibited by a s p i r g m  and other NAA.17-18 
In all these cases the compounds are considered to work by inhibiting the 
release mechanism. 

NAA inhibited macromolecule-induced aggregation of rat erythrocytes 
and at thera eutically active concentrations stabilized human - in -s vitro 

erythrocyte membranes. 2g The fact that NAA inhibited denaturation of 
serum albumin by heat21,22 focuses attention on the effects drugs may have 
on changes in protein conformation, and suggests that at least acidic NAA 
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22 may inhibit dog erythrocyte hemolysis by stabilizing membrane protein. 

Results from experiments with gelatin-induced aggregation of rat erythro- 
cytes have indicated that aggregation is an energy requiring process in- 
volving a2tjontractile protein situated on the outer surface of the cell 
membrane. 
hibit its adeqgsine triphosphatase and contractile properties. 
izing effect 
disulfide interchange refstion in rats with adjuvant-induced arthritis and 
the accelerating effect 
be relevant to this area. 

It is claimed that effective NAA bind to the protein and in- 

of antiinflammatory agents on a serum protein sulfhydryl- 

of NAA in an in vitro interchange reaction may 

The normal- 

A striking resemblance is observed between the structures of a2&arge 
group of compounds active as fibrinolytic agents in in vitro screens and 
the structures of many acidic HAA. Furthermore, the in vivo antiinflamna- 
tory ac53vity of these NAA correlates with their in vitro fibrinolytic ac- 
tivity. It has been shown that rats2gith adjuvant arthritis had highly 
increased euglobulin clot lysis times. These times were reduced towards 
normal by treating the rats with phenylbutazone at a dosage which reduced 
the size of the secondary lesions. Blood fihpnolytic activity was found 
to be inversely related to the degree of RA. 

Some recent investigations 30-32 have failed to substantiate earlier 
claims that NAA are effective as a result of35heir ability to stabilize 
lysosome membranes. It has been concluded, however, that lysosome mem- 
brane stability is very much dependent on experimental conditions and that -- in vitro methods using rat liver lysosomes are not sufficient for studying 
the effect of antiinflammatory drugs, Increased lysosomal enzyme activity 
in homogenates of rat paws ggralleled increases in paw volume in rats with 
adjuvant-induced arthritis. Oral administration of phenylbutazone ar- 
rested increases in both enzyme activity and paw edema. 
zyme activity was found in the serum and synovial fluid of a significent 
proportion of patients with RA.34 

Above normal lyso- 

Miscellaneous observations include the fact that the antiinflammatory 
effect of NAA in the rat appears to require a normal functioning of the 
thyroid gland.35~3~ Increased protocollagen 55oline hydroxylase activity 
has been noted in rheumatoid synovial tissue. 
proline in urine corresponded with the activity and extent of the arthritic 
process.38 Antiinflammatory agents reduced the hydroxyproline excretion. 

The excretion of hydroxy- 

The use of NAA has invariably been accompanied by gastrointestinal 
irritation. 
shown to be an impor ant factor in ulcer formation due to indomethacin39,40 
and flufenamic acid.ll Correlatjons between the antiinflammatory potenc 
of NAA and gastric irritation in the rat have been ~laimed4~ and denied. 
Leads to a solution of the irritation problem may have been provided by the 
observations that ~pironolactone4~ and Q-2-chlorocarbobenzoxy-L-lysin-OMe- 
~ ~ 1 4 5  prevented the ulcerogenic activity of KAA in rats, with the former 
causing only a limited depression of antiinflammatory activity. 

In the rat the operation of the enterohepatic cycle has been 

z3 

The common practice of clinically assessing NAA concomitantly with 
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unrestricted quantities of aspirin has now been questioned. 
salicyffc acid decreased plasma concentrations of indomethacin, 
aspirin an agonized expected therapeutic effects of NAA on adjuvant-induced 
arthritis.27 More importantly, from a study using aspirin with indometha- 
cin in patients with RA, evidence was presented suggesting impaired gastro- 
intestinal absorption of the ind~methacin.~~ 

In at studies, 
and 

* 
Agents under Investigation 

Arylalkanoic Acids and Related Compounds - The detailed pharmacology of 
alclofenac (1) has appeared.4Y 
to be equivalent to 0.3 glday of phenylbuta~one.~~ 
and inflammatory diseases, 3.0 g/day of 1, was found to be equivalent to 
75 mg/day of indometha~in.~~ 
tional evidence has appeared p r  the clinical efficacy of bufexamac (2) 
fn RA and osteoerthriti~.~~'~ 
flammatog (AI) activity of 2 in rats is not related to adrenocortical stim- 
ulation. 
the rat and dog 55 has been withdrawn from clinical study because of 
hepatotoxicity. 56 

In osteoarthritis 1.5 g/day of 1 was found 
In other degenerative 

Better tolerance of 1 was reported. Addi- 

Contrary to previous reports, the antiin-. 

Fenclozic acid (2), which undergoes the unusual NIH shift fn 

C 5  C02 H 

CH2 =CHC?O 

1 3 - 2 - - 
The preliminary pharmacology and structure-activity relationships of 

a series of relatively non-toxic 2-benzamidophenoxy- and g-benzamidophenyl- 
alkanoic acids have been published.57 One of these open-chain indomethacin 
analogs, clamidoxic acid (3, with A 1  activity equivalent to phenylbutazone 
in the carrageenin rat foot edema test (CE is undergoing clinical evalu- 
ation in rheumatic conditions. Naproxen 
most potent compound of a series of 2-naphthylacetic acids, 58*5 
times the A1 activity (CE) of phenylbutazone and is now in the clinic. 

ior to placebo in ankylosing spondylitis, RA, and osteoarthritis. 3 - g  

R = C02H, (+)-isome$, the 
had 11 

Naproxol (2, R = C OH), the corres onding carbinol, was biologically equi- 
~ a l e n t . ~ ~  In a le blind study,lo metiazinic acid (6J was judged su er- 

CH CO H / 2 2  

6 - 5 - 4 CL - 
(3,5-Dichlorophenyl) -2-tetrazoly~propionic acid (L) , one of a series of 
aryltetrazolylalkanoic acids,61 had 3.6 times the potency of phenylbutazone 

* Unless stated otherwise, agents were administered orally. 
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in the adjuvant arthritis assay. 
carboxylic acids with a conformationally fixed ctjboxyl group, gave 30% 
inhibition of edema (CE) at a dose of 3.7 mg/kg. 
resided in the (-)-isomer. 

Racemic g, one of a series of indan-l- 

Most of the activity 
Significant A1 activity (CE) has also been 

found for some 2-cyclohexylphenylpropionic acids (2) and related compounds. 63 

I 
9 - 8 c1 1 - 

Salicylic Acids and Fenamic Acids - Flufenisal (lo), an analgetic-antiin- 
flammatory agent, was reported to have 4 times the A1 potency of aspirin 
in acute animal screens, with less gastrointestinal i r r i t a t i ~ n . ~ ~  
analog 11 had activity approaching that of l.0, whilst 12 was essentielly 
inactivp5 In a clinical study of its analgetic properties, 10 had 2-4 
times the potency of aspirin with almost double the duration of action.66 
Benorylate (l3) at 4-6 glday had activity comparable to that of aspirin at 

The aza 

g C o c H 3  J&/ & COz H 

12 11 F' - ' \ - 10 F - F 

2.4-3.6 g/day in chronic rheumatic diseases, 67a68 which is, perhaps, as 
might be expected from the available salicylate. 
-9 14 69 and 

The fenamic acid analogs 
had significant activity in the UV erythema test. 

Indazoles - Tetrydamine (2) was found to be similar to phenylbutazone in 
acute and chronic A1 screens,71 superior to aspirin as an analgetic,71 
and devoid of ulcerogenic activity. 72 Extensive animal studies 
benzydaminesHC1 demonstrated A1 but not antiarthritic activity. 
series of indazoles for which A1 activity was claimed in acute screens is 
represented by -,74 17b,75 17c,76 and m.77 

7Yiti 
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- R2 
C6H5C0 

E - ~ - C ~ H ~ O C O C ~ H ~  

m - CF3C6 H4 - 
2 - C  1C6 H4 

Miscellaneous - Comprehensive studies on some acidic dioxoisoquinoline-4- 
carboxanilides (2) have been reported.78 Compounds $& and 18b were ap- 
proximately equipotent (CE) to phenylbutazone. Compound is the major 
human metabolite of E. Tesicam (18b) is in the clinic for evaluation in 
inflammatory diseases. 

18c C H ~  m - 
Compound l9, the most potent member of a series of 2-arylbenzofi 
3(2H)-one 1,l-dioxides with both A 1  and anticoagulant properties, 
times the activity (CX) of phenylbutazone. All compounds unsubstituted a t  
posttion 5 had anticoagulant activity. 

hiophen- 4 had 1.24 

n 

20 2 1  - 

li H 

0 

The ability to stabilize rat liver lysosomes and inhibit platelet 
8- regation was reported 80 for the weak antiinflammatory-analgetfc thieno- 
g3-gpyridine 20 (Y-3642'HCl) .81 Mepirizole ( 2 l )  had twice the A 1  potency 
(CE) of aminopyr'7;;e.82 Clinical efficacy has been claimed for 21 in a wide 
range of inflammatory afflictions at doses of 150-450 n~g/day.~~Diflumi- 
done (2-2) and triflumidate (23) were comparable to phenylbutazone in the ad- 
juvant assay.84 The hydantoin 24 (PC-796) was effective in a variety of 
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inflammatory models.85 
showed A 1  activity in both acute and chronic tests, E d  fibrinolytic ac- 
tivity in both in vitro and in vivo/in vitro assays. 
e.g. 26, of phenylbutazone had comparable activity (CE).87 

Benzarone (g), upon parenteral administration, 

Some styryl analogs, 

' H  

25 - 24 

0wc4Hg-2 

26 - 
OCH3 

A i onal reports of the efficacy of penicillamine in RA have ap- 
peared. "-" The parenteral use of gold was judged efficacious and safe 
for chronic pol arthritis when used with frequent laboratory checks.92 
Retikinonase 
inhibitor, both isolated from Streptomyces species, had potent activity 
(CE, i.p.). 
taneous treatment with DklSO for humero-scapular periarthrosisg5with one 
patient developing reversible changes in the lens of the eye. 
glandin E was active in rat ad want arthritis (200-500 pg, s.c., b.i.d.), 
but inactlve in acute screens.9d Ac vity (CE) has been claimed for some 
saponins and other natural products." The A1 activity (CE, i.p of toco- 
pheronolactone was comparable to that of hydroco isone acetate.ds Carra- 
geenin was found to inhibit inflammation in rats" and mice,loO when given 
i.p. before various irritants, including itself. The A1 effect of he 
carrageenin appears to be due to its ability to deplete kinino en. Tri- 
benoside inhibited the local Shwartzman phenomenon in rabbits. '02 The use 
of chloroquine in rheumatology has been appraised. 103 

a neutral proteinase, and chym~statin,~~ a chymotrypsin 

Side effects were noted in almost all patients receiving cu- 

Prosta- 

Immunosuppressives - Based on the premise that immunological mechanisms are 
important in the pathogenesis of some rheumatic diseases, a number of cyto- 
toxic agents have recently received clinical trial in thi 
ports h ve 
mide, '09* '" and 6-azaurLdine triacetate.lo9 The resulting picture is con- 
fusing. Some of the trials have lacked adequate controls, and oftentimes 
the cytotoxic drugs have been administered together with steroids or aspirin. 
Some benefit has been OF) ffrff3but often at the high price of severe side 
effects. Animal studies - have underlined the importance of the timing 
of drug administration in autoimmune diseases, with the est b ished disease 
being less amenable to modification. It has been concluded"' that aza- 
thioprine and chlorambucil fail to suppress imune responses of patients 
with RA, and that antigen-sensitive and antibody-producing lymphocytes es- 
cape inactivation despite a fall in the total number of circulating lympho- 
cytes. 

New re- 
peared on azathioprine,lo4* lo5 chloranbucil, Bo'r:;clophospha- 

Thus the position of the cytotoxic drugs in the treatment of the 
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rheumatic diseases remains uncertain. 

Comment - Although there are several promising agents now under investiga- 
tion, most bear a close structural resemblance to accepted but inadequate 
drugs, We feel there is a need for both a better understanding of the in- 
flammatory processes and for new screening methods with greater relevance 
to the clinical disease picture. By these means, new structural models 
will surely be discovered which will lead to the eventual attainment of 
the research goal. 
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Chapter 19. Anti-Diabetic Agents 

Michael J. Peterson, Dale A .  Mayhew and George R. Evanega 
Pfizer Inc., Groton, Connecticut 

Introduction - In the 50 years since Banting and Best first isolated insu- 
lin from dog pancreas, we have learned much about insulin's synthesis, 
structure, release and action on numerous tissues. However, we do not yet 
fully understand the factors controlling these varied aspects in the lab- 
oratory animal or man, much less the alterations in diabetes mellitus. 
Diabetes mellitus in man is broadly classified in two types: the maturity 
onset type characterized by a relative decrease in functional insulin, and 
the juvenile type in which there is a complete lack of insulin. Both 
groups suffer from the acute symptoms of diabetes (elevated fasting glyce- 
mia, glycosuria, glucose intolerance and derangements in handling other 
substrates) i n  addition to the long term complications (neuropathy, 
retinopathy, microangiopathy, etc.). 

Recent reviewsl-11 have discussed many aspects of insulin synthesis , 
release and effects on metabolism. It is the purpose of this chapter t o  
highlight more recent advances in the above areas as well as recent con- 
cepts regarding the etiology of diabetic complications. 
will briefly examine current methods of therapy. 
ments in diabetes research have been biological in nature, we have chosen 
to concentrate our review in this area. 

In addition we 
Since the major develop- 

Insulin and Glucagon Homeostasis - Recent studies1* on the morphology of 
the beta-cells of the pancreatic Islets of Langerhans (the cells responsi- 
ble for synthesis, storage and release of insulin) described the func- 
tional areas of synthesis and storage of insulin as well as some facets of 
the release of the stored hormone. Insulin is synthesized on the ribo- 
somes and "packaged" in the Golgi apparatus to produce storage granules. 
When appropriately stimulated these granules migrate to the outer edge of 
the beta-cell, possibly via the microtubular system, fuse with the cell 
membrane and expel their contents extracellularly by emiocytosis. 

Biochemical advances in understanding insulin synthesis include the 
identification and measurement of proinsulin in vitro and in man13-17. 
The amino acid sequence of proinsulin has been determined and the amount 
of the connecting or C peptide can be measured in plasmal8. The detection 
of proinsulin in human plasma in addition to its lower biological activity, 
suggested that a higher proportion of proinsulin might explain the func- 
tional lack of insulin in some maturity onset diabetics. This has been 
shown not t o  be the case15,16. Evidence has also been presented to show 
that newly synthesized proinsulin is often released in preference to 
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stored insulinl7. 
enzymes which convert proinsulin to insulin in the beta-cell. 

Present work in this area centers on isolating the 

In conjunction with the above, other experiments in man and in per- 
fused rat pancreas indicate that there are two pools of in~ulin~9-~3. One 
pool appears to be very labile and readily releasable under various stimu- 
lating conditions; the second pool is much larger, includes newly synthe- 
sized insulin, and in some manner helps replenish the readily exhausted 
labile pool of insulin. 

A number of factors influencing insulin release have been identified; 
however, a unifying hypothesis on the signal for insulin release remains 
difficult to establish. Numerous studies have shown the very close rela- 
tionship between glucose metabolism by pancreatic islets and the release 
of insulin2,5,7,9,24-33. These include measurement of levels of glucose 
metabolites (glucose-6-phosphate, 6-phosphogluconate, fructose diphos- 
phate plus trioses), enzyme activities (glucokinase, glucose-6-phosphatase, 
glucose-6-phosphate dehydrogenase and others) and cofactors (NADP, NADPH). 
These studies have led to the thesis that some property of the pentose 
shunt in islets is closely connected to insulin release. Evidence points 
to NADPH generation as a possible trigger for release. The pentose shunt 
is very active in islets. 
insulin (fish islets) and NADP and NAD are ineffective34?tylitolY which 
releases insulin in vitro and in vivo, can reduce these nucleotides in 
islet homogenates independent of its metabolism35,36, Glucose-stimulated 
insulin release may also in part be independent of glucose metabolism, 
suggesting the existence of a glucose-receptor for release3’. 

NADPH and NADH stimulate s v i t r o  release of 

Certain amino acids and protein ingestion cause release of both 
insulin2~7,38-~3 and glucagon42~43. 
ingestion seems logical, since without a carbohydrate source, insulin re- 
lease would lead to hypoglycemia unless glucagon were present to enhance 
glycogenolysis and gluconeogenesis. In normal man, glucose exerts nega- 
tive feed back Gn glucagon release. 
are elevated to diabetic levels, glucagon levels decrease as insulin 
levels increase. The absolute levels of glucagon under these conditions 
are substantially below that found in diabetic man. Diabetics exhibit a 
relative hyperglucagonemia44r 45, which is unresponsive to elevations of 
blood glucose, suggesting a significant role for glucagon in the diabetic 
syndrome. 

The release of glucagon after protein 

If blood glucose levels of normal man 

Studies with 2-aminobicycloheptane-2-carboxylic acid (BCH), a non- 
metabolizeable amino acid analog, gives support to the concept that amino 
acids do not have to be metabolized to release insulin46. BCH stimulates 
insulin release in vitro and in vivo and it has been suggested that it 
does so by interacting with transport sites. Another agent with struc- 
tural similarities to arginine, y-guanidinobutyramide, has been shown to 
stimulate glucose utilization b 
to stimulating insulin release4J348 . 
this agent stimulates insulin synthesis48. 
guanidinoacetic acid has been shown to enhance insulin release from 

muscle and adipose tissue in addition 
It has also been suggested that 

Another amino acid analog, 
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the perfused rat pancreas49. 

Other factors known to influence insulin release include the gut 
hormones: secretin, pancreozymin and gastrin50-53. Of these, secretin 
seems to be most important since at physiological levels it may act as 
a priming agent to enhance the initial phase of insulin release. 

Many ions2,7,10 have been shown to alter the release of insulin 

Changes 
( K i ,  Mg-U, Ca:+, Na+, Bat+ and Lii). Their effects are believed to be 
related to electrical potentials across cell mernbrane~5~ 3 55. 
in potentials across isolated islets have been measured and found to 
correlate with the release of insulin. 

Cyclic-3',5'-adenosine monoDhosphate (CAMP) appears important in 

It has also been shown that islet CAMP levels 
modulating insulin release56-58. 
insulin in vitro297,10. 
can be increased with theophylline or luca on both of which enhance 
-- in vivo and -- in vitro insulin release2,$,10,t6-38. The mechanism by 
which CAMP effects insulin release is not known; however,it was suggested 
that under special conditions this effect might be mediated through its 
action on the glycogen phosphorylase system, as described f o r  other 

Theophylline has been shown to enhance the depressed initial phase of in- 
sulin release in prediabetic subjects, essentially restorin 
Epinephrine inhibits in vitro and in vivo insulin con- 
comitantly depressing the level of islet CAMP56. 
epinephrine's mechanism of inhibition of insulin release since beta 
receptor stimulation with epinephrine in the presence of an alpha 
blocker56 leads to a normal accumulation o f  islet CAMP and no inhibition 
of hormone release. Recent work in normal nan indicates that the beta 
agonist, isoproterenol,2s$;yBlates release of insulin and alpha agonists 
inhibit insulin release . Cholinergic stimulation in vitro or 
-- in vivo has been shown to enhance insulin release 9 7,10.-This suggests 
a control of insulin levels via the sympathetic and parasympathetic 
systems since both types of nerve endings have been described in the 
islets. 

CAMP itself stimulates the release of 

-- 

tissues, thereby giving an intracellular source of glucose-6-~hosphate 59 , 

it to nomal60. 

-- -- 
This is believed to be 

Rational approaches to diabetic therapy by modulating insulin 
release, depend on a better understanding of the interrelationships 
and physiological significance of the above factors in controlling 
normal release. 
functional differences between normal and diabetic islets. A funda- 
mental problem in achieving such an understanding, has been the fact 
that no one has yet obtained 9 pancreatic preparation which allows 
an examination of the beta-cell function alone. Thus it is not only 
difficult to determine the metabolic response of beta-cells to various 
stimuli, but also to determine the relative functional contribution 
of the other islet cell types. 

It may then be possible to discern metabolic or 

Insulin and Glucose Homeostasis - Insulin deficiency, clinical and experi- 
mental, is in general a catabolic state characterized by an excessive 



Chap. 19 Anti-Diabetic Agents Peterson, Mayhew, Evanega 195 - 
mobilization of protein and lipid stores, a depressed capacity €or carbo- 
hydrate assimilation and a depressed ability to limit hepatic glucose pro- 
duction. All of these derangements are thought to contribute to the acute 
diabetic syndrome (i.e. hyperglycemia, glycosuria). It is apparent that 
levels of blood glucose reflect a balance between rates of glucose assimi- 
lation and hepatic glucose production, with the latter becoming increas- 
ingly important in the fine control of glucose homeostasis in the post 
absorptive and fasting states61,62. 
briefly review, and direct the reader to current articles regarding ab- 
normalities in glucose assimilation and production in the diabetic, as 
well as current thoughts regarding insulin mechanisms on glucose homeo- 
stasis. Discussion of abnormalities in protein and lipid metabolism will 
be primarily limited to their effects on glucose homeostasis. 

It is the purpose of this section to 

It is well documented that insulin deficiency in laboratory animals 
and man is, in part, characterized by excessive hepatic glucose out- 
p~t~3-71. This would appear to be grossly the result of an inability of 
the liver to maintain glycogen stores accompanied by an increased rate of 
gluconeogenesis. 
occur in alloxan or antiinsulin serum treated animal~7~, which is com- 
patible with increased phosphorylase and decreased glycogen synthetase I 
activities, the role of insulin per se in hepatic glycogen metabolism is 
uncertain. Thus while insulin and glucose administration are known to 
cause hepatic glycogen deposition, glucose alone is also very efficient in 
this res ect, and it has been difficult to determine the precise role of 
in~u1i.n~~. Although insulin alone is known to activate glycogen synthe- 
tase activity in diabetic li~ers7~, it is without effect in livers of 
normal animals73. The effect of insulin on glycogen synthetase activity 
in diabetics however, does not appear to correlate with depression in CAMP 
levels7s. Its effect on synthetase activity may be mediated by an insulin 
induced stimulation of synthetase D phosphatase activity76. 
recent work concerned with the regulation of hepatic gluconeogenesis has 
implicated variations in substrate supply from peripheral tissues as well 
as hormonal modulation of hepatic CAMP levels, as physiologically impor- 
tant control rnechani~ms~~-~~. It is becoming increasingly clear that amino 
acids represent the most important physiological substrates for hepatic 
gluconeogenesis in both man and laboratory animals77~7~. 
a situation in which insulin levels are low and gluconeogenic rates are 
high, significant release of amino acids from peripheral muscle occurs. 
Alanine, however, has been shown to be the principal amino acid released 
by muscle as well as the principal amino acid extracted by the liver, and 
of the potential lucogenic amino acids, alanine appears to be the pre- 
ferred s~bstrate7$~~0. Based on correlations between rates of alanine 
release from peripheral muscle, blood levels of alanine and rates of glu- 
coneogenesis in fasting man, these studies provide convincing evidence 
that the rate of alanine delivery to the liver plays an important role in 
regulating rates of gluconeogenesis. It should be pointed out, however, 
that although increased mobilization of amino acids occurs in fasting man, 
blood levels of alanine are observed to decline. This implies that hepa- 
tic extraction of alanine proceeds at a more rapid rate than does alanine 
release. This, in turn, implies that in fasting man, although an 

While increased hepatic levels of CAMP are found to 

The most 

In fasting man, 
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increased delivery of alanine to the liver is taking place, the liver 
itself has developed an increased total capacity for alanine utilization, 
A similar situation has recently been reported for diabetic man81. While 
a two to threefold increase of several ketoRenic amino acids was found to 
occur in the plasma of ketoacidotic diabetic patients, a 25-40 percent re- 
duction in the levels of glucogenic amino acids was observed. The mech- 
anisms by which insulin stimulates protein synthesis and reduces amino 
acid mobilization are poorly understood. It is possible that a fundamen- 
tal action of insulin on protein metabolism may be the induction of a 
"translation factor" which in turn allows for polysome f~rmation~*,~~. 
is still not clear, however, to what extent an insulin effect at the cell 
membrane or an insulin effect on amino acid flux across the cell is nec- 
essary €or observed effects at the nucleic acid 

It 

985. 

The basis for increased hepatic gluconeogenic capacity in experimen- 
tal diabetes, has for years been ascribed, in part, to observed increases 
in the activities of rate limiting gluconeogenic enzymes86-88. 
the mechanisms by which insulin, or its deficiency, alter the activity of 
these enzymes, have not been clear. A great deal of attention over the 
past few years has been given to the role of CAMP in the regulation of 
gluconeogenesis, and compelling evidence now exists that alterations in 
hepatic CAMP levels play an important role in diabetic gluconeogene- 
sisT8, 79 .  
and catecholamines has been shown to be secondary to hormone induced 
increases in hepatic CAMP levels. The site along the gluconeogenic path- 
way effected by these hormones (and CAMP itself) is observed to be between 
pyruvate and phosphoenolpyruvate, which suggests that one of two rate 
limiting enzymes for gluconeogenesis (i.e. pyruvate carboxylase, phospho 
enolpyruvate carboxykinase), or both, are activated directly or indirect- 
ly by CAMP. 
elevated tissue CAMP levels and increased gluconeogenesis which is also 
ascribed to increased flux between pyruvate and phosphoenolpyruvate. 
Insulin has a direct inhibitory effect on hepatic gluconeogenesis and 
opposes the actions of glucagon, catecholamines and insulin antiserum. 
These effects appear to be secondary to an insulin mediated lowering of 
hepatic CAMP levels, but the precise mechanism is not yet understood. In 
general these studies have demonstrated that at least the acute effects 
of insulin and insulin deficiency on gluconeogenesis may be secondary to 
altered CAMP levels. In chronically diabetic animals, however, it has 
been suggested that alterations in the activity of rate limiting enzymes 
may also be secondary to alterations in enzyme synthesis. In diabetic 
man, alterations in the activities of rate limiting gluconeogenic enzymes, 
similar to those observed in experimental diabetes, have recently been 
observed89, The aforementioned evidence that relative hyperglucagonemia 
may occur in clinical diabetes44,45 would, of course, provide a hormonal 
basis for possible increases in the steady state level of hepatic CAMP in 
diabetic patients. 

However , 

The rapid and direct stimulation of gluconeogenesis by glucagon 

Diabetes produced by alloxan o r  insulin antiserum results in 

While it has been known for years that a relative inability to trans- 
port glucose across cell membranes (in muscle and adipose tissue) plays a 
fundamental role in the inability of the diabetic to utilize 
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glucose, little has been learned about the mechanism by which insulin fa- 
cilitates transport. Much of the work in recent years, which relates to 
this problem, has attempted to define the active site on the insulin mol- 
ecule itself and to define components of the cell membrane which might 
represent likely insulin receptor systems. 

The early work in this area has been extensively reviewedg0 991992, 
The recent electron density data93 on the three-dimensional structure of 
insulin produced some insights on the significance of certain amino acids 
in the insulin molecule, some of which have been suggested by earlier 
workgl. In addition, chemical modifications on the amino acids by forma- 
tion of derivatives90,94-98, by removal99-l01 or chemical destruction of 
amino acidsl02, and the synthesis of synthetic A and B have 
confirmed the importance of the A1-Gly, the A21-Asp, the Alg-Tyr, the 
Al4-Tyr, the B5-His and the three disulfide bridges. The electron density 
data suggests that some of these are involved in hydrogen bonding to hold 
the molecule in a unique three-dimensional structure. The A21-Asp, which 
is essential to activity, is not involved in this type of hydrogen bonding 
and rests on the exterior surface of the molecule. 

A recent attempt to analyze the significant amino acids in insulin 
and correlate these with the active sites and binding sites has been 
madeg1,105. In view of the three-dimensional data on insulin, many of the 
invariant residues of mammalian insulins appear to be on the outside of a 
common surface, in a predominantly hydrophobic region and become exposed 
when the dimer dissociates. If this region is important for the attach- 
ment of insulin to its receptors, then the mechanism of attachment invol- 
ves a complementary fitg1. a-amino group of A1-Gly 
by groups larger than acetyl causes a loss in activity. Since A1-Gly is 
involved in this hydrophobic sector, and stabilizes the active site pro- 
bably by hydrogen bonding, modifications lead to drastic distortions of 
the configuration of the invariant residues. A similar explanation is 
invoked for the essential amino acid A21-Asp 105 . 

Modification of the 

Previously, indirect evidence suggested that cellular sulfhydryl 
groups may be involved in the mediation of effects of insulin on target 
tissueg0. 
fat cells which was not due to non specific transport processeslo6. Also 
a nucleophilic attack of sodium sulfide on the disulfide bonds of insulin 
indicated that loss in 
these disulfide bonds“’. On the other hand, thiol blocking groups such 
as N-eth lmaleimide do not inhibit the binding of insulin to smooth 
muscle 10iiylOg, suggesting that a thiol receptor is not involved at the cell 
surface”*, and there is no data to suggest a correlation between binding 
to tissue and metabolic effectsllo. 
believed mediated through the reaction of insulin with tryptophanlll. In 
fact the site of action is believed to be a peptide containing tryptophan 
since 2-hydroxy-5-nitrobenzyl bromide, which reacts selectively with try- 
ptophan, blocks the effects of insulin. 
are stimulated by two different tryptophan recognition sites, neither of 
which is involved in the insulin stimulation of protein synthesis112. 

A number of thiols produced insulin-like activity in isolated 

iological activity paralleled the reactivity of 

The binding of insulin to muscle is 

Sugar and amino acid transport 
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It has been suggested that insulin and digestive enzymes are at 

least ontogenetically related via the digestive tract113. 
sinogen behave and produce some metabolic effects similar to insulin in 
muscle. In rat adipose tissue, oxytocin and some synthetic analogs act 
like insulin in stimulating the uptake and oxidation of glucose and pro- 

lipid and protein synthesis although through a different mechan- yz::y'. It has been shown ;hat chymotrypsin and trypsin at low concen- 
tration destroy the binding site of insulin, o r  the insulin effector 
system without destroying insulin or the metabolic integrity of the 
cell1''. 
sential component of the insulin receptor site of isolated fat celldl5-117. 

Pepsin and pep- 

It was concluded that a trypsin sensitive polypeptide is an es- 

In order to develop a valid concept on the active site of insulin 
and thereby construct a synthetic model it would be helpful to have the 
many known chemical modifications evaluated in those biochemical systems 
known t o  be affected by insulin. Furthermore these modified insulins 
should be evaluated in test systems now utilized for defining the tissue 
receptor site. Finally, by comparing this data with circular dichroism, 
sedimentation data, and in certain selected cases, electron density data, 
it should be possible to analyze the significance of insulin's three- 
dimensional configuration for the significant amino acids relative to the 
disulfide bridgesgo. 

While glucose assimilation in diabetes is to a large extent depres- 
sed due to altered transport capability, it is also clear that insulin is 
capable of effecting carbohydrate utilization in peripheral tissues in the 
absence of stimulating a transport process118. 
acts not only to facilitate glucose entry but also to influence its intra- 
cellular fate. It follows then, that simply accelerating glucose trans- 
port in the diabetic would not necessarily guarantee normal intracellular 
glucose utilization. Effects of insulin on transport-independent glucose 
disposition in liver, muscle and adipose tissue, and the ossi e mechan- 
isms involved, can be found in several recent articles 76,?18-18i. 

In other words, insulin 

The influence of increased lipid mobilization in diabetes on glucose 
production and utilization is controversial. Recent articles concerning 
the effects of fatty acid metabolism on glucose assimilation, gluconeo- 
genesis and glucose homeostasis in generallZ5, and a possible role for 
antilipolytic agents in diabetes126, have appeared. 

Chronic Complications - A great deal of interest has been generated in 
recent years, regarding the possibility that polyol accumulation may be 
fundamental to the development of diabetic complications in certain tis- 
sues. While sorbitol accumulation in the lens has long been implicated 
as being causally related t o  diabetic cataract f ~ r m a t i o n ~ ~ ~ - ~ ~ * ,  more 
recent work has provided compelling evidence that a similar situation may 
exist €or the development of diabetic n e ~ r o p a t h y l ~ ~ - ~ ~ ~  and macroangio- 
p a t h ~ l ~ ~ .  

Generally speaking, these studies have demonstrated the presence, 
in pertinent tissues, of aldose reductase, which catalyzes the NADPH-linked 
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reduction of several sugar aldoses to their respective alcohols. The 
enzyme has an extremely high for glucose so that maximum rates of sor- 
bitol production depend on high glucose concentrations. Since the tissues 
involved (lens, peripheral nerves, aorta) are freely permeable to glucose, 
a hyperglycemic environment allows marked increases in the production of 
sorbitol, which crosses cell membranes with great difficulty. The result- 
ing increased intracellular level of sorbitol leads t o  increased osmotic 
pressure and intracellular edema. It has been strongly suggested that 
polyol-induced tissue edema may be fundamental to lenticular fiber des- 
truction in cataracts, segmental demyelination in neuropathy and possibly 
the vascular pathology of macroangiopathy. That hyperglycemia alone, 
however, may not totally account for increased sorbitol levels in the dia- 
betic, has been suggested in studies of peripheral nerve in vitro136. For 
the most part, these studies have been carried out in animal models. 
However, enough correlation now appears to exist between the experimental 
model and the clinical diabetic, to allow the suggestion that modulation 
of tissue polyol levels may represent a rational approach to the treatment 
of some of the chronic complications of diabetes. 

Current Therapy - Sulfonylureas - The sulfonylureas clearly stimulate in- 
sulin release from the pancreatic beta-cells, but this immediate and 
transient action alone does not appear to be responsible for the sustained 
beneficial effects of the sulfonylureas in diabetic patients2. 
ins lin releasing effects of sulfonylureas have been thoroughly review- 
edlY7 
reduce hepatic uptake of endogenously secreted insulin, thereby poten- 
tiating the peripheral action of the hormone139. 
sulfonylureas at physiological concentrations on isolated fat cells indi- 
cated potent antilipolytic effects140, although this has been demonstrated 
-- in vivo only in laboratory animalsl41. 

The non- 

Studies with perfused rat livers indicate that sulfonylureas 

-- In vitro studies of 

A recent report attempts to dissect the hypoglycemic effects and 
insulin releasing effects of tolbutamide by comparing the activity of its 
metabolites hydroxymethyltolbutamide and carboxyt~lbutamide~~~. Related 
effects have been seen with corticotrophin A, and its N-acetyl deriva- 
tive142,143. 
ving a direct suppression of lucagon release was demonstrated in vitro 
and in vivo in ducks and man 1$4 . 

A new concept on the mode of action of sulfonylureas invol- 
-- 

New High Potency Agents - The most recent additions to the "high potency" 
sulfonylurea agent glyburide are,glybornuride (which is 10-53~ more 
potent than tolbutamide in animals)145, glisoxepide (with no comparative 
data)I46, and glydiazinamide (100-5OOx more potent than tolbutamide)l47. 
In view of the large number of patents issued on structurally similar 
compounds 
e ~ p e c t e d l ~ ~ , ~ ~ ~ .  

re orts on the activity of other analogs can undoubtedly be 

A recent symposium148 on glyburide thoroughly describes the 
chemistry, structure-activity parameters, pharmacology, biochemistry, 
toxicology and clinical findings. 
the successful utilization of the drug148-150 and the limiting side 

A number of clinical studies have shown 
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Glybornuride 

v 

Glisoxepide 

Glydiazinamide 

R =  0 Glyburide 

OCH3 

effectsl5'. A number of significant in vitro and in vivo (animals) effects 
of glyburide have been reported 152 ,153.0fthese 
to promote insulin release from pancreatic pieces143 incubated in the 
absence of glucose might be related to the incidence of hypoglycemic 
episodes. 

the ability of glyburide 

Phenformin - The recent status of the mechanism of action of  phenformin, 
has been thoroughly r e ~ i e w e d ' ~ ~ ~ ~ ~ ~ ,  There have been additional reports 
on the anorexigenic effect, or  lack thereof156, and on the inhibitory effect 
of the drug on the rate of intestinal glucose absorption157. 
phenformin increases the tolerance t o  orally administered glucose, it has 
no effect on intravenous glucose tolerance in humans , 

Although 

158 

UGDP Study - The UGDP has presented its now controversial findings which 
attempt to compare the long-term effects of certain available methods of 
treatment for diabetesl59. 
and againstLb0 the UGDP conclusions. 

Cogent arguments have been published for1S9 

1. 
2. 
3 .  
4 .  
5.  
6 .  
7. 

8. 

9. 
10. 
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Introduction - Considerable e f f o r t  was expended i n  1970 i n  comparing, 
among d i f f e r e n t  species ,  t he  biotransformation of  a p a r t i c u l a r  compound. 
More and more, such s tud ie s  point out  t he  d i f f i c u l t y  o f  finding a s u i t a b l e  
animal species  for  t o x i c i t y  s tud ie s  t h a t ,  q u a l i t a t i v e l y  and quan t i t a t ive ly ,  
produces the  metabolites t h a t  are excreted by m a n .  I n  instances ,  t he  tox- 
i c i t y  of metabolites has been s tudied;  thus,  it has been possible  t o  es- 
t a b l i s h  unequivocally whether a biotransformation had r e su l t ed  i n  a "de- 
toxication." For generic names, s t r u c t u r a l  formulas or chemical names 
have been provided, i f  they are not present i n  The Merck Index. 

Psychoactive agents - Seven metabolites of Lu 5-003, a thiophthalane ( I )  
with antidepressive propert ies ,  were found i n  the  excreta  of rats, dogs, 
and man1. 

r e s u l t  o f  sulfoxidat ion,  demethyla- 
t i o n  with subsequent deamination o f  
t h e  s i d e  chain, or a combination o f  
these processes. Unaltered ( I )  and 
the demethylated metabolite were the  
major fecal const i tuents ,  whereas the  
s u l  foxides and propionic acid deriva- 
t i v e s  predominated i n  urine.  

Five o f  these metabolites, present i n  a l l  t h ree  species,  were a 

C H ~ C H ~ C H ~ N H C H J  

( 1 )  

amphetamine moiety were similar t o  
those obtained after dosing with 3H-d- 
amphetamine, namely, unchanged amphey- 
amine , hippuri  c acid,  and 

given f e n e t h y l l i n e  label led i n  the  
theophylline moiety, 1,3-dimethyluric 
acid,  1,3-dimethylxanthine, l-methyl- 

53 
The metabolism i n  m a n  of  fenethyl l ine (11), a psychostimulant r e l a t ed  

U r i -  
t o  amphetamine, w a s  s tudied with the compound t r i t ia ted i n  e i t h e r  t he  theo- 
phylline- o r  amphetamine-moieties, o r  with 3H-d-amphetamine i t s e l f 2 .  
nary metabolites found after o r a l  dosing with fenethyl l ine label led i n  the 

-hydroxy- * 1 ( - N ~ N C t 4 2 C H 2 N H  AN Rd EH) HCH2 0 0 l a t ed  amphetamine. When s u  5l jects were 
0 

t H 3  ( 1  1 )  

u r i c  acid,  and 3-methylxanthine were present i n  ur ine.  
t h a t  t he  CNS propert ies  of fenethyllinemay be a r e s u l t  o f  i t s  conversion t o  
amphetamine and theophylline. 

I t  is  suggested 

The metabolism of benactyzine w a s  s tudied i n  rats3. Benactyzine, 
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benz i l i c  acid (major component), and B-ethylaminoethyl benz i l a t e  were 
excreted i n  ur ine,  but benz i l i c  acid was a l s o  formed nonenzymatically. In  
another study i n  rats,  t h e  f a t e  o f  oxypertine,  a psychosedative, w a s  exam- 
ined a f t e r  i .v.  dosing4. L i t t l e ,  i f  any, unaltered oxypertine w a s  present 
i n  t h e  ur ine or b i l e .  
o f  one of the two methoxy groups, a lcohol ic  or aromatic hydroxylations, 
and the  formation o f  t h e i r  conjugates. 
methylation w a s  f u r t h e r  oxidized t o  t h e  -one. Dihydroxylated compounds 
are a l so  found as major metabolites because, t he  authors suggest,  the  mono- 
hydroxylated compounds s t i l l  possess good l i p i d  s o l u b i l i t y .  

The metabolites were the  r e s u l t  o f  0-demethylation 

The hydroxylated product of O-de- 

Metabolic a l t e r a t i o n s  o f  p r o t r i p t y l i n e  were s tudied i n  dogs, mini- 
I n  a l l  t h ree  species ,  a primary react ion was oxi- a tu re  pigs ,  and man5. 

dat ion of the cycloheptene moiety, presumably - v i a  an epoxide intermediate,  
yielding,  i n  the  ur ine,  mono- and di-hydroxylated metabolites and t h e i r  
conjugates. Another metabolite,  i d e n t i f i e d  as 5 ,lO-dihydro-lO-formyl- 
anthracene-5-propylamine, w a s  thought t o  be a product o f  t h e  rearrangement 
of  an hydroxylated intermediate,  derived from t h e  metabolically unstable 
parent  epoxide molecule. The primary amine, r e s u l t i n g  from N-demethyla- 
t i o n ,  w a s  found only i n  the dog. 

paper6. 
tions in v i t r o  t h a t  imipramine-N-oxide is  not an intermediate i n  the  for-  
mat ion of desmethylimipramine from imipramine. 
b l e  f o r  demethylation and f o r  the formation o f  t h e  2-hydroxylated metabo- 
l i t e  could be increased 2-fold by p re t r ea t ing  rats with phenobarbital ,  
whereas the enzyme system responsible for N-oxidation w a s  not induced. 
Similarly,  the demethylation- , but not t h e  N-oxidation-, react ion was sen- 
s i t i v e  t o  i n h i b i t i o n  by SKF-525A. 

The oxidat ive metabolism of  imipramine w a s  reported i n  an i n t e r e s t i n g  
The authors present evidence from s t u d i e s  with rat l i v e r  prepara- -- 

Enzyme a c t i v i t i e s  responsi- 

Psychoactive benzodiazepines - The metabolism of  prazepam, the  c clopropyl 
de r iva t ive  of  the  N-methyl group o f  diazepam, w a s  s t ud ied  i n  man . 5 This 
compound is  slowly absorbed and-slowly excreted,  pr imari ly  as conjugates. 
Dealkyiated prazepam w a s  t he  only unconjugated metabolite found i n  u r ine ,  
whereas 3-hydroxyprazepam and oxazepam were excreted as conjugates. 
least 10 other  metabolites were present ,  but  not i d e n t i f i e d .  
c ipa l  metabolic react ion f o r  prazepam, but  not f o r  diazepam, was 3- 
hydroxylation. I t  i s  suggested t h a t  t he  cyclopropylmethylene group i s  
more resistant t o  oxidat ive dealkylation than i s  a methyl group i n  the 
same posi t ion.  

A t  
The pr in-  

Medazepam (111) was metabolized d i f -  
f e r en t ly  by rats,  dogs, and man*. 
In rats, but not i n  dogs or man, t h e  
formation o f  diazepam and i t s  pheno- 
l i c  de r iva t ives  w a s  a s i g n i f i c a n t  
metabolic pathway. Both the  dog and 
man formed oxazepam v i a  a number of  
metabolic intermedia=, but appar- 
e n t l y  only man w a s  capable o f  forming 

N- C,H2 
CH2 ( I l l )  , c1 
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diazepam from medazepam. 

The disposi t ion of  flurazepam 
( I V )  was examined i n  a dog and m a n 9 .  
The compound w a s  metabolized by suc- 
cessive N-dealkylation . t o  y i e l d ,  
ult imately,  t he  alkylamine, which was 
excreted i n  the  ur ine.  Man oxida- 
t i v e l y  deaminated the  alkylamine t o  a 
conjugate o f  t he  homologous alcohol,  
whereas t h e  dog formed the  correspond- 

ing carboxylic acid,  both presumably v i a  an aldehyde intermediate. A me- 
tabolite a l s o  found i n  the  u r ine  of  b o r s p e c i e s  w a s  t h e  f luorinated ana- 
logue o f  oxazepam, although t h i s  metabolite i s  probably formed by a path- 
way i n  which N-dealkylation precedes 3-hydroxylation , s ince  t h e  3-hydroxy 
de r iva t ive  o f  flurazepam w a s  not detected i n  ur ine.  

s tudied with preparations o f  various organs of the ra t lo .  
f r ac t ion  of l i v e r  was 8 t o  9 times more ac t ive  than t h a t  of t he  kidneys 
and hear t ,  t h e  next most active t i s sues .  
Vmax f o r  nitrazepam reduction were found with l iver  preparations of the 
mouse, rat ,  guinea pig,  and r abb i t .  

Analgesics - Some o f  t h e  compounds placed i n  t h i s  category a l s o  possess 
an t ipy re t i c  or anti-inflammatory a c t i v i t y ,  or both. 
olism o f  4-allyloxy-3-chlorophenylacetic acid (V) w a s  studied i n  the  rat, 

fH2CH2N (C2H5) 2 a N-c:;H2 
( I V )  

c1 6' 

The reduction of  nitrazepam i n  v i t r o  t o  t h e  7-amino der ivat ive w a s  
The 9000 g 

Comparable values f o r  t he  Km and 

The comparative metab- 

r abb i t ,  dog, monkey, and man i n  a 
search f o r  an animal species  t h a t  
resembled man i n  i ts  pa t t e rn  of  excre- 
t i o n  and biotransformationll .  The rat  
and r abb i t  excreted (V) d i f f e r e n t l y  
than did man, and the r e s u l t s  of 

f e ren t  metabolites a l s o  were produced 
Although the  dog has many similarities t o  man i n  

CHz'CHCH20 '& H C 00 H 

Alclofenac (V) chromatography indicated t h a t  d i f -  

by these animal species .  
t h e  amounts of  free and conjugated compounds present i n  ur ine,  t h e  excre- 
t i o n  of t h e  administered r ad ioac t iv i ty  d i f f e r s  markedly between these two 
species .  
s i m i l a r i t y  o f  some, but not a l l ,  of  i t s  metabolites. 

The monkey is  c loses t  t o  man i n  i t s  mode o f  excret ion and i n  the  

The metabolic transformations of mepirizole ( V I )  by rats and r abb i t s  
were generally similar1 2, The major, i nac t ive  urinary metabolite was the 

carboxylic acid der ivat ive of t he  
methyl group o f  t he  pyrazole moiety. 
This methyl group, as well as the  one 
on the  pyrimidine r ing ,  are converted 
first t o  hydroxymethyl der ivat ives  a 

but t he  methyl group on t h e  pyrazole 
r i n g  i s  more suscept ible  t o  t h i s  bio- 

Other metabolites 

( V I )  

ATCH3 
CH3 

CH3 
CH30 

transformation than is the  one on the  pyrimidine ring. 
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ident i f ied  were the  monohydroxylated products of the  two unsubsti tuted 
carbon atoms o f  the  two r ings  of mepirizole, and a cleavage product of the 
molecule, 3-hydroxy-4-methoxy-6-methyl-pyrimidine. 

Pentazocine w a s  converted by man t o  t h e  "trans"-acid and "cis"- 
alcohol der ivat ives  of the  methyl groups of t h e  dimethylallyl  s ide  chain13. 
These metabolites and unchanged pentazocine were excreted i n  t h e  ur ine.  
The "trans"-alcohol metabolite, found i n  t h e  monkey, but not i n  human 
ur ine,  is  apparently converted rapidly by man t o  t h e  "trans"-acid metabo- 
l i t e .  

The disposi t ion of Myalex (VII) w a s  s tudied i n  r a t s ,  dogs , and mon- 
k e y ~ ~ ~ .  
of t h e  acyl glucuronide. 
species contained only unchanged (VII), but t h e  ur ine  of  r a t s  and dogs con- 

The drug i s  not metabolized by monkeys except f o r  t h e  formation 
In te res t ing ly ,  t h e  serum and blood of  a l l  

ta ined metabolites r e s u l t i n g  from an 
"NIH s h i f t "  i n  which hydroxylation a t  
t h e  para pos i t ion  resu l ted  i n  the 
loss  or  or tho  migration of  the  chloro 
subs t i tuent .  Glucuronide conjugates 
of these metabolites a re  present i n  
t h e  ur ine  o f  rats and dogs and i n  rat 

- cl@q;J-ooH ( V I  I )  

b i l e ;  they are present unconjugated i n  t h e  feces of e i t h e r  species .  

Cardiovascular agents - The metabolites of  metoclopramide, a compound re- 
l a t e d  t o  procainamide, were i s o l a t e d  from rabbi t  urine15. 
ident i f ied  as mono-N-de-e thylated me tocl opramide, 4-amino- 5-chloro-2- 
methoxy benzoic acid,  an unident i f ied metabolite t h a t  i s  an oxidation pro- 
duct of t h e  aromatic amino group, and t h e  s u l f a t e  and glucuronide conju- 
gates of metoclopramide. Acetylation of t h e  aromatic amino group appar- 
e n t l y  does not occur i n  t h e  rabbi t .  

t o l o l  (4-(2-hydroxy-3-isopropylaminopropoxy) a c e t a n m d e )  , was studied i n  
t h e  rat ,  mouse, and dog16. More than 85'0 of t h e  dose was excreted i n  the 
ur ine as unchanged prac to lo l  by t h e  dog and r a t .  I n  t h e  r a t ,  18 metabo- 
lites were a l s o  excreted,  two o f  them being i d e n t i f i e d  as  2-hydroxy-4-(2- 
hydroxy-3-isopropylaminopropoxy) acetan i 1 i d e  
Deacetylation of practolol  appeared t o  occur t o  a small extent .  

They were 

The metabolism o f  the  s e l e c t i v e  adrenergic beta-blocking agent, prac- 

and its glucuronide conjugate. 

The disposi t ion of ni t7ogfycerin w a s  t h e  subject  of two repor t s .  In  
one of them, r a t  blood serum w a s  found t o  contain an organic n i t r a t e  
reductase t h a t  resu l ted  i n  t h e  reduction of t h e  n i t r a t e  group at carbon-2 
t o  n i t r i t e ,  i n  preference t o  those attached t o  t h e  terminal carbons, 
and subsequent de-esterificationl ' .  
w a s  found between the  absolute blood leve ls  of n i t roglycer in  and its 
pharmacological effects18. 
centration gradient of n i t rog lycer in  , r a t h e r  than high blood leve ls  per se , 
are required t o  e l i c i t  an anti-anginal effect. 

In  t h e  o ther  study , no correlat ion 

I t  i s  suggested t h a t  a rapidly changing con- 

The metabolism of pentaerythr i tol  t e t r a n i t r a t e  by man resu l ted  
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primarily i n  t h e  formation o f  pentaerythr i tol ,  its mononitrate, and small 
amounts of the  d i n i t r a t e l g .  

The biotransformation of a racemic mixture of  the  R- and S-isomers 
of  warfarin w a s  s tudied i n  m a n  a f t e r  oral  administration20. 
o l i t e s  were t h e  r e s u l t  o f  two types of reactions.  
hydroxylation at  e i t h e r  t h e  6- o r  7-position of  the coumarin port ion,  
while t h e  o ther  involved a reduction o f  t h e  acetonyl s i d e  chain t o  y i e l d  
two diastereoisomeric alcohols. 

Urinary metab- 
One of them involved 

Biological disposi t ion of  stereoisomers - The f a t e s  of  (k)-, (-)-, and (+)- 
amphetamine were studied i n  man, monkeys, dogs, r a t s ,  rabbi t s ,  mice, and 
guinea pigs2'. Man, monkeys, and dogs metabolize the drug s imi la r ly ;  the 
major transformation products were benzoic acid and its conjugates. Rats, 
rabbi t s ,  mice, and guinea pigs metabolize amphetamine d i f fe ren t ly  from one 
another and from man, monkeys, and dogs. 
study, the  or ig ina l  paper should be consulted f o r  additional d e t a i l s .  

The conversion of nicotine-1 '-oxide and i ts  stereoisomers was 
s tudied i n  animal t i s s u e s  i n  v i t r o  and i n  the urine of cigarette-smoking 
humans2 2. 
i n  v i t r o  both isomers of  nicotine-1'-oxide were produced, but t h e  rela- 
--9 
t i v e  amounts of  each varied with the species and with t h e  t i s s u e .  Liver 
preparations from guinea pigs formed similar amounts of the  d- and 1- 
isomers of  nicotine-1'-oxide, whereas preparations of t h e  li'3ers of-mice 
o r  the  lungs of guinea pigs formed more of t h e  1-isomer. 
ing  humans excrete i n  t h e i r  ur ine predominantly-the - d-isomer . 

Owing t o  the  complexity of the 

When nicot ine w z  =zed by t i s s u e  preparations from animals 

Cigarette-smok- 

Insect ic ides  o r  t h e i r  synerRists - The metabolism of  t h e  bromo derivat ives  
of cyclo-pentane, -hexane, and -heptane were studied i n  rabbits23. The 
r e s u l t s  ind ica te  t h a t  a l l  three  compounds are hydroxylated at t h e  2-posi- 
t ion ,  with the  t rans  isomer predominating over the  c i s .  

tabolite of dieldr in24.  
with an hydroxyl group at position-9. 
l i t e  was at  least f i v e  times less than t h a t  of d ie ldr in .  

e r g i s t s  and re la ted  compounds were s tudied i n  rodents25. 
ora l  dosing, the  major metabolic pathway f o r  piperonyl butoxide, t h e  dia- 
stereoisomers o f  the  n-octylsulfoxides of  i sosaf ro le ,  dihydrosafrole, 
sa f ro le ,  and myristicTn involves cleavage of  t h e  methylenedioxyphenyl 
moiety, with t h e  loss  of t h e  methylene carbon as C02. 
pound re la ted  t o  piperonyl butoxide), piperonal , piperonyl alcohol, and 
piperonylic acid,  oxidation o r  conjugation of the  s i d e  chain, o r  both, i s  
the  major metabolic pathway. After ora l  doses of  piperonyl butoxide, t h e  
ur ine o f  mice contained compounds t h a t  lacked t h e  methylenedioxyphenyl 
moiety as well as 6-propylpiperonylic acid and its glycine conjugate, 
whereas, after dosing with Tropi ta l ,  t h e  ur ine  contained mainly the glycine 
and glucuronide conjugates of piperonylic acid. 

- 7 

A study i n  t h e  rat reinvestigated the  nature o f  t h e  major fecal me- 
Its s t r u c t u r e  is  thought t o  be tha t  of d ie ldr in  

In  mice, the  t o x i c i t y  of  t h e  metabo- 
- 

The biotransformations of some methylenedioxyphenyl insec t ic ide  syn- 
In mice a f t e r  

For Tropi ta l  (a com- 
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Antineoplastic agents - N-Demethylation was a major metabolic react ion i n  
rats and man i n  the conversion of 4(5) -(3,3-dimethyl-l-triazeno) -imidazole- 
5 (4) -carboxamide t o  4(5) -aminoimidazole-5 (4) -carboxamide26r 2 7 ,  

The transformations of the  a lkyla t ing  agent, methylene dimethane- 
sulphonate (MDS), were studied i n  rats and mice28. Formaldehyde i s  formed 
metabolically from MDS and is incorporated i n t o  the  methyl group of  methi- 
onine. 
and N,N'-difonnyl cyst ine.  
t a b o l i t e  of MDS i n  t h e  mouse. 

Other metabolites , derived from formaldehyde , are N-formyl cysteine 
Methanesulphonic acid w a s  i d e n t i f i e d  as a me- 

The metabolism o f  1- (2-chloroethyl) -3-cyclohexyl-1-nitrosourea (CCNU) , 
a compound act ive against  mouse leukemia L1210 , w a s  invest igated i n  several  
animal species2'. 
urine,  t h e  predominant excretory pathway. 
of  mice and dogs, when 14C w a s  present i n  t h e  cyclohexyl moiety, were 
cyclohexylamine , N,N'-dicyclohexylurea , and, presumably, cyclohexyl 
isocyanate. 
leukemia L1210. 

Generally, very l i t t l e  unchanged CCNU i s  excreted i n  
Metabolites found i n  the  ur ine 

None of these three  metabolites had a c t i v i t y  against  mouse 

Chemotherapeutic agents - The fate of the  aminonucleoside of puromycin 
IPAN) , 6-dime thy lamino- 9- ( 3 ' -amino- 3 ' -deoxy - B- D- r i b o  furanos y 1) purine , was 
s tudied e i t h e r  i n  v i t r o  with rat l i v e r  slices or i n  vivo with the l i v e r s  
of rats t h a t  h a r b x o s e d  i.v. with PAN3*. B o t h i n t r o  -- and i n  vivo, 
PAN w a s  demethylated and phosphorylated t o  t h e  5 ' -nucleotide of  6-methyl- 
amino-9- (3 ' - &no-3' deoxyribofuranosy 1) purine. I n  v i t r o  , an additional 
metabolite of PAN w a s  formed v& a second demethFation t o  form the  nucleo- 
s i d e  , 3'-amino-3'-deoxyadenosine. 

The fates of cephalexin ( E X ) ,  cephaloridine (CER) , and 7-(thienyl-2'- 

When t h e  three  compounds were given i .p .  
acetamido) -3-methylceph-3-em-4-carboxylic acid (TMC) i n  t h e  alimentary 
tract of rats were i n ~ e s t i g a t e d ~ l .  
t o  rats, they were found t o  have v i r t u a l l y  ident ica l  serum ha l f - l ives .  
When t h e  three  compounds were in jec ted  i n t o  t h e  cecum, they were poorly 
absorbed and were destroyed, probably by t h e  8-lactamases of  microorganisms 
t h a t  res ide i n  the cecum; CEX w a s  less suscept ible  t o  t h i s  inact ivat ion 
than w a s  CER32. 

Hallucinogenic agents - Several inves t iga tors  reported t h e  i d e n t i f i c a t i o n  
and synthesis of ac t ive  metabolites of A1 [A9) -tetrahvdrocannabinol ITHC) . - -  
Incubation of  t h e  l a t te r  with preparation; of r a t 3 3  br  rabbi t34  l i v e r ,  
yielded 7(11) -h droxy-Al (A9) -THC. 

t h e  ur ine of  rabbits35. 

Another report  described the  synthesis  
of 7-hydroxy-A1 f 6)-THC , an ac t ive  metabolite , or ig ina l ly  i s o l a t e d  from 

Hannine w a s  0-demethylated by ra t s36  and man3'  t o  harmol and its s u l -  
fate and glucuronide conjugates, a l l  of which were excreted i n  t h e  ur ine 
and b i l e  of rats and i n  t h e  ur ine o f  man. Hannine and harmol glucuronide 
were about equipotent as monoamine oxidase inh ib i tors ,  whereas harmol and 
harmol s u l f a t e  were considerably less ac t ive  i n  t h i s  respect.  
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Metabolism of other drugs - The metabolism of two bronchodilating agents 
was studied. One of them, isoprophenamine (1-o-chlorophenyl-2-isopropyl- 
aminoethanol) , was converted by mice, after orai dosing, to the urinary 
metabolite, o-chloromandelic acid, whereas rabbits and humans formed o- 
chlorobenzoic acid and - o-chlorohippuric acid38. The other bronchodilzting 

agent, trimetoquinol (VIII) , was 
given i.v. to rats and guinea pigs39. 
Biotransformation occurred by 0- 
me thy1 at ion and subsequent fo6at ion 
of the glucuronide, or by a direct 
conjugation of glucuronic acid with 

( V I  I I )  (VIII). The 0-methylation of the d- 
and 1-isomers of (VIII) showed some 
sterebspecificity for the 1-isomer, 
when the reaction was studTed in rat 
and guinea pig liver preparations - in 
vitro. 

H C I  
HO 

- CH3 

The antihistaminic, diphenhydramine, was converted by mice, guinea 
pigs, rabbits, dogs, and monkeys, but not by rats, to diphenylmethoxyacetic 
acid, the major urinary metabolite40. 
was conjugated by monkeys with glutamine, it was conjugated by dogs with 
glycine. 

The compound was 

Whereas diphenylmethoxyacetic acid 

Morphethylbutyne (IX) , an antitussive agent , was administered 
orally to rats41. 
rapidly hydrolyzed by tissue and 
serum esterases to 2-phenoxyisobutyric 
acid, which w a s  excreted in the urine, 

@O[! OC H 2 C H2 Nd \b 
H3 feces, or bile. The maximum anti- 

appears to be at the time when the 
(1x1 tussive activity of morphethylbutyne 

concentration of 2-phenoxyisobutyric acid is highest in the circulation. 
The anorexic agent, cloforex, was metabolized by rats after oral dosing or 
by rat liver preparations -- in vitro to chlorphentenine (4-chloro-a,a- 
dimethylpheneth lamine), as well as to an apparently conjugated metabolite 
of the latter4 < No unchanged cloforex was detected in the urine. 

The hypoglycemic agent, 2- (E-methoxybenzenesul fonamido) -5 - isobutyl- 
lJ3,4-thiadiazole (MIT), has a known history of producing tumors in the 
bladders of rats, but not of dogs43. 
lated and identified from the urine of rats and dogs after oral dosing44. 
They were 2- ( 

Two additional metabolites produced only by rats were the alcohol and car- 
boxylic acid produced by hydroxylation and subsequent oxidation of one of 
the methyl groups of the isobutyl side chain. 
evaluated for their carcinogenicity. Neostigmine, the anticholinesterase 
agent, was converted by rats to the urinary metabolite 3-hydroxyphenyl- 
trimethyl ammonium and its glu~uronide~~, as well as to 3-hydroxyphenyl- 
dimethylamine, which had been identified as a metabolite in earlier 
studies46 8 47. 

Three metabolites of MIT were iso- 

hydroxybenzenesulfonamido) -5-isobutyl-1,3,4-thiadiazole 
and the secon #- ary and tertiary alcohols of the isobutyl side chain of MIT. 

The metabolites are being 
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The biotransformation of probenecid w a s  s tudied i n  m a n  after oral 
dosing48. The metabolites found i n  t h e  ur ine  are similar t o  those pre- 
viously excreted i n  t h e  b i l e  of r a t s  t h a t  had undergone l i g a t i o n  of the  
renal p e d i ~ l e s ~ ~ ;  however, 6-ether glucuronides of t h e  metabolites a r e  
formed by rats, whereas t h e  acyl glucuronides are formed by man. 

The f a t e  of the  d i u r e t i c ,  meticrane ( X ) ,  w a s  studied i n  rats a f t e r  
o r a l  dosings0. 
was converted t o  hydroxymeticrane 
(hydroxylation para t o  the  S02) , 
which w a s  excreted unconjugated i n  
the  ur ine and feces and conjugated i n  
the  b i l e .  Unchanged metricane was 

A port ion of the  dose 

S02NH2 
WCH3 ( X I  

s02 

excreted mainly i n  t h e  urine; i n  t h e  feces ,  the  amount of meticrane 
excreted was a function of the amount of  t h e  dose administered. 

Microsomes obtained from t h e  l i v e r s  of r a t s  t h a t  had been induced 
with 3-methylcholanthrene were used t o  study t h e  metabolism of subs t i tu ted  
anisoies  and acetani l ides  i n  vitro5' .  The subs t i tuents  s tudied were F, 
C1 ,  Br, I ,  CH3, OQ13, CF3, and NOZ. 
great ly  influenced t h e  metabolites formed from the  aromatic subs t ra tes .  
A number of ortho-substi tuents blocked t h e  normal para-hydroxylation of 
acetani l ides .  
uen t ,  
and t h e  aromatic r ing ,  prevent proper binding of  ace tan i l ides  t o  the 
enzyme(s) and thus prevent metabolism by para-attack ." 
of 4-halo-substituted acetani l ides  resu l ted  i n  t h e  loss  or migration of 
the halogen. The novel formation of 3-hydroxyanisole from 4-iodoanisole 
w a s  observed. A similar react ion did not occur with 4-iodoacetanilide. 

-- 
I t  was found t h a t  steric factors  

- 
I t  is  suggested t h a t  " s t e r i c  e f f e c t s  o f  t h e  or tho-subst i t -  - 

which may involve t h e  r e l a t i v e  configuration of t h e  acetamido group 

e - h y d r o x y l a t i o n  

Studies with microsomal preparations o f  rat l i v e r  i n  v i t r o  demon- -- 
s t r a t e d  t h a t  members o f  a series of a-thiocarboxylic acids  were converted 
t o  the corresponding sulfoxides5 2. 
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Chapter 21. Biological Actions of Cyclic AMP Analogs 

George I. Drummond and David L. Severson 
Dept. of Pharmacology, University of British Columbia, Vancouver, Canada 

Adenosine 3' ,5'-cyclic phosphate (CAMP) has been established as an 
intracellular "second messenger" mediating the action of a number of 
hormones. According to this concept, the hormone (the first messenger) 
interacts at the membrane of the target cell to stimulate the intra- 
cellular formation of a second messenger which then facilitates the 
physiological or metabolic processes within the cell. This general 
concept, the growing list of hormones which affect intracellular levels 
of CAMP, and the amazing diversity of cellular processes known to be 
influenced by the cyclic nucleotide have been reviewed by Sutherland and 
his A number of hormones (especially amine and peptide 
hormones) increase intracellular levels of CAMP by stimulating adenyl 
cyclase, the enzyme which catalyzes the formation of CAMP from ATP and 
which resides primarily in the plasma membrane of most cells. The c y c l i c  
nucleotide is degraded to 5'-adenylic acid by ribonucleoside 3', 5'-cyclic 
phosphate diesterase, and so a hormone or drug may alter intracellular 
levels of CAMP by an action (positive or negative) on this enzyme as well. 
Several cellular processes affected by CAMP such as glycogenolysis, 
glycolysis, gluconeogenesis, glycogen synthesis, lipolysis, ketogenesis, 
etc., appear to be due to the action of the cyclic nucleotide on specific 
enzymes or enzyme systems. The involvement of CAMP in other diverse 
processes such as inotropism, permeability changes, hormone release, 
melanocyte dispersion, platelet aggregation, steroidogenesis, neuro- 
muscular transmission and enzyme induction is less well understood. 

The role of CAMP as a "second messenger'' implies that the compound 
should mimic the action of a hormone when administered exogenously to the 
target tissue. 
been demonstrated; the cyclic nucleotide is generally quite inert when 
added to isolated tissues or when administered intravenously to intact 
animals, even in doses several orders of magnitude greater than that which 
exists physiologically (10-8 to 10-6 M). 
low permeability of CAMP across cell membranes, presumably a reflection of 
the net negative charge on the molecule at physiological pH. Furthermore, 
any CAMP which may cross membrane barriers could be rapidly destroyed by 
cyclic phosphate diesterase. The need has arisen for chemically related 
compounds which might possess improved permeability characteristics and 
which might resist enzymic destruction. 
general procedures for the synthesis of both ribo- and deoxyribonucleoside 
3' ,5'-cyclic phosphates3s4 a variety of derivatives and analogs have becane 
available. In general, these compounds involve substitution in the 6 - ,  
7-, or 8- positions of the purine ring, alteration of the cyclic phosphate- 
diester group, or acylation of the amino group in the N6- position or of 
the 2'-hydroxyl of the ribose moiety. Use of these materials has provided 
valuable information regarding the validity of the second messenger 

There are however, relatively few instances where this has 

One reason for this is the very 

Following the availability of 
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concept; they have contributed to an understanding of structure-activity 
relationships and to the specificity and mechanism of action of CAMP in 
a number of enzyme systems and to some understanding of the structural 
requirements for cyclic phosphate diesterase action. Compounds of this 

type with some level of organ or tissue 
specificity carry the potential f o r  the 
development of useful therapeutic agents. 
This essay attempts to review some of those 
studies concerned with the actions of various 
analogs on enzymes and physiological systems 
in which CAMP has been implicated as a 
mediator of hormone action. 

Hepatic Glucose Formation - The first 
chemical modification of CAMP involved 
acylation at the 6-amino and 2'-hydroxyl 
positions yielding the N6-monooctanoyl, N6- 
monobutyryl, N6 ,2'-O-dibutyryl, 2'-0- 
monobutyryl and 2 '-0-monooctanoyl deriva- 

Cyc'ic-AMP tives5. Of these, the N6,2'-0-dibutyryl 
analog (DBcANP) has been particularily useful and generally mimics hormone 
action in many systems. Each of the above compounds was more effective 
than C A W  in producing hyperglycemia in dogs following intravenous 
admini t ation (13 umoles/Kg) and the duration of the response was also 

producing hyperglycemia when infused intravenously (0.2 mg/Kg/min for 1 t o  
1 112 hrs) into human volunteers'. The glycogenolytic activity of various 
derivatives has been studied in more detail using isolated perfused livers 
from fed rats. Infusions of 2 t-O-monobutyryl-cAMP (7.8 mmoles/hr) into 
isolated rat livers resul ed in greater increases in glucose output than 
equimolar amounts of CAM€" and liver glycogen content was also more 
extensively reduced. DBcAMP was found to promote greater glucose output 
than the 2'-O-butyryl derivative when infused at the same dose9. The 
dibutyryl derivative was especially potent early in the perfusion (during 
the first 33 min), supporting the possibility that it penetrated the liver 
cell even more rapidly than the iaonobutyryl derivative or was less 
susceptible to destruction. In similar studies, tubercidin 3' ,5'-cyclic 
phosphate (cTuKP) (7-deaza-adenosine 3' ,5'-cyclic phosphate) was found to 
be as potent as DBcAXF in stimulating glucose output''. 
cyclic phosphate (cIMP) 
slightly less potent than the above 2 compounds. 
phosphates of thymidylic, uridylic and cpgid lic acids (cTMP, cUMP and 
cCMP respectively) were not as effective 9". Guanosine 3' ,5'-cyclic 
phosphate (cGHP) has been reported to he either relatively inef fectivelO 
or highly effectivellslz i n  stimulating glucose output in perfused livers. 
These studies seem to indicate that several ribonucleoside 3 ' ,  5'-cyclic 
phosphates, particularly DBcAirfP, cIMP, the 2'-O-hutyryl derivatives of CAMP 
and cZMP, and cTuI@, display a glucagon-like action on glycogenolysis in 
liver tissue. 

longer u . The dibutyryl derivative was also more effective than CAMP in 

Inosine 3',5'- 
and its 2'-O-monobutyryl derivativelo were 

The 3',5'-cyclic 
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Perfusion of livers from fasted animals provides a means for 
studying the contribution of gluconeogenesis to hepatic glucose output. 
CAMP is known to stimulate 
fluid of such preparationslt~l4. Menahan and Wielandl5 found that DBcAMP 
at 10-4 or 10-5 M stimulated endogenous glucose formation in perfused 
livers from 24-hour fasted rats to a degree quite like that produced by 
glucagon. The cyclic purine nucleotides CAMP, , cIMP also increased 
gluconeogenesis to the same extent as glucagon'ylthough they were 
considerably less potent than DBcAMP, requiring a perfusion concentration 
of 1 x 10-3 M whereas the dibutyryl analog produced maximal effects at 
1 x lom6 M. M and cTMP was 
inactivell. 
by CAMP and cIMP has also been dem~nstratedl~,~~. 
cGMP inhibited gluconeogenesis. 
formation12,15,18, ketone body productionl5~19 and amino acid uptakela by 
the perfused liver. 
that CAMP mediates the effects of glucagon on gluconeogenesis, ketogenesis, 
ureogenesis and amino acid uptake by the liver. 

lucose formation when added to the perfusion 

cCMP and CW were less effective at 1 x 
Stimulation of gluconeogenesis in rat renal cortical slices 

In this preparation 
DBcAMF also increased endogenous urea 

All these observations add support to the possibility 

Lipolysis in Adipose Tissue - It now appears reasonably well established 
that hormone-induced lipolysis in adipose tissue is mediated, at least in 
part, by CAMP. Attempts to induce lipolysis by adding the cyclic nucleo- 
tide directly to intact adipose tissue preparations, however, have not 
enerally been successful except in a medium devoid of both Ca2+ and Mg2+ 

This procedure presumably increases the penetration of the cyclic 
A large amount nucleotide sufficient to stimulate the lipolytic process. 

of evidence shows that DBcAMP has a marked li olytic action in isolated 
epididymal fat pad preparations from rats 21,2' and in isolated fat cells 
(adipocytes) prepared from rat adipose tissue21,23-27 and from human 
adipose tissue28. 
26. 
variety of unsubstituted cyclic nucleotides can apparently penetrate 
isolated adipocytes and have been examined for lipolytic activity 
these circumstances DBcAMP and CAMP were now almost equieffective 
cGMP, dibutyryl-cGMP, cCMP, cIMP and cUMP also stimulated lipolysis but 
all were either less than one-half as effective as cAXP30, or required 
greater concentrations than CAMP or DBcAMP~~. No activity was observed 
with cTMP or with deoxyribonucleoside 3' ,5  '-cyclic phosphates exce t for 
deoxy-CAMP which was approximately one-third as active as CAMP 26,38. 

N6-monobutyryl-CAMP is also lipolytic in rat fat cells 
In Krebs-Ringer phosphate medium devoid of both Ca2+ and Mg2+, a 

26, !&," 

Some divergence exists between the actions of CAMP, DBcAMP and 
lipolytic hormones with respect to glucose utilization and lipolysis by 
fat cells. Lipolytic hormones (epinephrine, glucagon and ACTH) increase 
glucose utilization and stimulate glucose oxidation31. However only low 
concentrations of DBcAMP (.03-. 15 x M) stimulated glucose oxidation 
when lipolysis was not ~timulated~~, whereas concentrations of DBcAMP 
(0.3-3 x 10-3 M) which stimulated lipolysis actually inhibited glucose 
oxidation32~34, 
were reported to stimulate glucose utilization24,34. 
clearly shown that increased glucose utilization by hormones can be dis- 
sociated from their effects on lipolysis31 and therefore the significance 

In contrast to DBcAMP and cGMP CAMP, cCMP, cTMP and c W  
However, it has been 
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of these observations are difficult to evaluate. 

Adrenal Steroidogenesis - Because ACTH stimulates adrenal CAMP formation 
and because the cyclic nucleotide is capable of stimulating steroidogezsis, 
it has been considered that CAMP functions as an intracellular mediator of 
ACTH action. In accord with this, the intravenous infusion of cM@, 
DECAMP and 2'-O-acetyl-cAEIP (20 mg doses) caused significant increases in 
adrenal corticosterone secretion in hypophysectomized rats35. 
increases in corticosterone content of adrenal venous blood was greatest 
with DBcAMP (20 mg was almost as effective as 1 mU of ACTH), intermediate 
with CUP, and least with the monoacetyl ester. Stimulation of steroido- 
genesis by cyclic nucleotides has also been demonstrated using adrenal 
slices. Corticosterone production was stimulated b cGMP, cUMP, CCW, and 
cIXP to approximately the same extent as by  CAMP^^.^^; deoxy-CAMP was also 
active. 
inactive36. M whereas 
CAP required concentrations above 1 x loa3 Mfl. DBcAMP has been reported 
to be less effective than CAMP (each tested at 1 x 10-3 M) in stimulating 
steroidogenesis in adrenal cells in tissue ~ulture3~. However in 
suspensions of isolated adrenal cells, stimulation of steroidogenesis was 
much more sensitive to DBcAMP than to  CAMP^^. In this preparation DBcAMP 
at 1 x M produced maximal stimulation (equivalent to 0.1 mU of ACTH) 
and was 50 times more potent than the parent compound, CAMP. 

Secretion of Hormones - Considerable evidence exists that CAMP may be 
involved in the secretion of protein hormones. 
been used to provide further evidence for this possibility. 
alkyl derivatives have been observed to stimulate the release of hormones 
from the rat anterior p i t ~ i t a r y ~ ~ - ~ ~ .  N6-monomethyl-cAMP, N6-dimethyl- 
CAMP, N6-n-butyl-CAMP and DBcAMP were more active than CAMP in promotin 
release of growth hormone (GH) and thyroid stimulating hormone (TSH)40-t2. 
The N6-tert-butyl derivative was less active in stimulating GH release42 
and inactive in stimulating TSH release40. 
moiety is attached to the 3-position of the purine ring) was found to be 
more active than CAMP in stimulating TSH r e l e a ~ e ~ ~ , ~ ~  but less active in 
stimulating GH release42. 
required to promote hormone release in isolated adenohypophyses was 
usually 0.5-5 x 10-3 M. 
promoting the release of pr~lactin~~; iso-CAMP was in fact slightly 
inhibitory42. 
release from rat adenohypophyses in vitro. 
as 1 x M had no effect. The stimulator action of DBcAMP was 
inhibited by L-thyroxine4'. DBcAMP (1 x 
luteinizing hormone (LH) release by rat anterior pituitary in vitro44. 
Theophylline (which inhibits 3' ,5'-cyelic phosphate diesterase) at 10-2 M 
also had a stimulatory effect. When DBcAXP and theophylline were added 
concomitantly, the response was synergistic. The dibutyryl derivative of 
CAMP has been found to mimic the actions of TSH with respect to thyroid 
hormone release in thyroid slices and intact thyroid cells45-47. It also 
mimics TSH with regard to other aspects of thyroid metabolism such as 
intracellular colloid droplet formation48,49, iodide ~ p t a k e ~ O - ~ ~ ,  iodo- 
protein f o r m a t i ~ n ~ ~ * ~ * , ~ ~ ,  glucose oxidation54-56 and the synthesis of RNA 

The 

Deoxy-CTW and several nucleoside 2 ' ,  3'-cyclic phosphates were 
DBcAMP produced maximal steroido enesis at 1 x 

A number of analogs have 
Several N6- 

Iso-CAMP (in which the ribose 

The concentrations of all these derivatives 

None of these derivatives were active in 

In another study43 DBcAMP (5 x M) caused a rise in TSH 
CAMP in concentrations as high 

M) was also found to increase 
-- 
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Cardiac Inotropism - It is now firmly established 
stimulate a rapid rise in C A W  levels in isolated 

that 6-adrenergic amines 
perfused mammalian 

hearts and facilitate glycogcnolysis in this tissue. The increase in CAMP 
levels precedes the positive inotropic and chronotropic effects. FOK this, 
and other reasons, it has been attractive to consider the possibility that 
CAW initiates or mediates the effects of adrenergic amines on the 
mechanical performance of the heart. One difficulty in proving this hypo- 
thesis has been the failure to reproduce the inotropic effects of 
catecholamines with exogenous cAMP6 ~ 5 8  959. 
indicated that DBcAFP, N6-monobutyryl-cMP and N6-benzoyl-cAT at concen- 
trations as high as 1 x 10-3 M had no inotropic action on the isolated 
rat heart. 
DBcA3P has an inotropic effect on isolated cat papillary muscle stimulated 
electrically. The concentration-dependent increase in isometric tension 
and rate of tension development at peak concentration (3 x PI) were 
similar to those found at peak norepinephrine concentration (10-5 HI>. 
dibutyryl analog also caused a marked shift of the force-velocity curve 
upward and to the right. The contractile response to DBcMlP was not 
altered by propranolol. Kukovetz and P6ch61 have shown that DBcAMP and 
dihexanoyl-CAMP in high doses (10 pmoles) produced strong and long lasting 
increases in the rate and amplitude of isotonic contractions and increased 
coronary flow in hearts of guinea pigs, rats and rabbits perfused by the 
Langendorf technique. The positive inotropic and chronotropic effects did 
not occur immediately but only 3 to 5 minutes after injection of the cyclic 
nucleotides. It has also been observed that intravenous administration of 
D B c M  to human volunteers resulted in an increase in heart rate7. It 
thus seems highly probable that CAMP is the cellular mediator of the 
cardio-stinulatory action of adrenergic amines and other substances such 
as glucagon which stimulate its formation in the heart. Other evidence 
supporting this possibility ha5 recently been presented62. 

In addition, early reportss8 

Skelton, Levcy and EpsteinGo have clearly demonstrated that 

The 

Specific Enzyme Systems - As mentioned earlier several acyl derivatives of 
CAMP and other 3',5'-cyclic nucleotides were capable of stimulating glucose 
output in intact dogs596 and in isolated perfused livers8S12. Such effects, 
at least in part, result from the activation of glycogen phosphorylase. 
In equimolar doses (10-5 M), several N6-acyl and 2l-O-acyl derivatives 
were more effective than CAMP in activating phosphorylase in dog liver 
slices6. 
were 50-fold more potent than the parent compound; the 2'-O-monobutyryl 
and 2'-O-monooctanoyl derivatives were less active but still more potent 
than CAW. In isolated perfused livers DBcAMP, CAMP and cGMP activated 
phosphorylase to the same extent as maximal doses of glucagon12; DBcAMP 
was the most potent on a molar basis, 1 x 10-5 M afforded maximal 
activation. 
illicit a modest activation of phosphorylase in isolated perfused guinea 
pig hearts concomitant with an increase in contractility61. 
different relative activities however were obtained when several acyl 
derivatives were examined for their ability to activate phosphorylase in 
tissue extracts (liver and heart)5. 

In particular, N6-monobutyryl-CAMP, DBcAEfP and N6-adamantyl-cAMP 

DBcAMP and N6, 2 ' -0-dihexanoyl-cA" have been reported to 

Quite 

In these preparations the N6- 
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monooctanoyl, N6-monobutyryl and N6-monoacetyl derivatives were less active 
than CAMP; DBcAMP was only 2X; and 0.4% as active in liver and heart 
respectively, as the parent compound. 2'-O-acyl derivatives also possessed 
very l o w  activity5. 
perfuaion with analogs of ~ A t . 8 ~ 9 ~ 9 ~ ~  is due, in part, to phosphorylase 
activation with facilitated glycogenolysis. Under these circumstances 
decreased glycogen synthesis resulting from inactivation of glycogen 
synthetase could also be contributory. 
facilitates inactivation of glycogen synthetase (synthetase I to D 
conversion). 
to facilitate the conversion of this enzyme to the less active form. 
indeed has been demonstrated. In perfused rat liver DBcAMP (1 x M) 
was about 10 times more potent than CAMP and cGMP in decreasing glycogen 
synthetase activitylz. 
as effective as CAMP (all present in perfusate at 1 x M). However 
when these cyclic nucleotides were tested for their ability to activate 
glycogen synthetase I kinase (the enzyme which catalyzes the conversion of 
synthetase I to the D form) in rat liver homogenates, CAMP was much more 
potent, the concentrations for half-maximal conversion (&) being approxi- 
mately 0.3, 3.0, 30, 35, and 100 x loe6 M for CAMP, cIMP, cCMP, cGMP, cUMP 
re~pectively~~. 
the purified rabbit muscle synthetase I kinase was 0.067, 9.9, 8.9, 6.5 
and 1300 x 10-6 M re~pectively6~. 

The decrease in hepatic glycogen content following 

It is well established that CAMP 

It might be expected that analogs of C A T  may act in tissues 
This 

In another study63 cIMP, cGME', cCMP and cZMP were 

Likewise the Ica for CAMP, cGMP, cCMP, cUMP and cTMP for 

It is now firmly established that CAMP facilitates phosphorylase 
activation by an interaction with a CAMP-dependent protein kinasedfj which 
then catalyzes the conversion of nonactive phosphorylase kinase to an 
activated form. The latter enzyme then catalyzes phosphorylase to 5 
conversion (phosphorylase activation). 
protein kinase is really that of phosphorylase a kinase kinase. Since it 
is not specific for phosphorylase kinase but phosphorylates other proteins 
as well, it has been given the general name protein kinase65. The ability 
to facilitate conversion of nonactivated phosphorylase kinase to the 
activated form even with highly purified preparations results from the 
presence of contaminating amounts of protein kinase, which is the absolute 
receptor for CAMP. 
of protein kinase with CAMP 65 are both easily measurable and have been 
extensively studied with highly purified enzymes. As a result, stimulation 
of glycogenolysis is the most decisively delineated function of CAMP to 
date. Numerous analogs of the cyclic nucleotide have been examined for 
their ability to activate phosphorylase kinase from both liver and muscle, 
and, more directly, to stimulate protein kinase. In early studies, acti- 
vation of purified cardiac phosphorylase kinase appeared to be quite 
specific for CAMP (half maximal activation was produced by 5 x lom8 M ) 6 7 .  
Ribonucleoside 3',5'-cyclic phosphates of uridine, cytidine, guanosine, 
deoxyadenosine, deoxycytidine, thymidine and deoxyguanosine were all 
inactive at M. When present at 1 x M, cUMP, cCMP, cGMP and 
deoxy-CAMP produced activation equivalent to 100 
respectively of that produced by CAMP at 10-7 M6j.  
have examined the activity of several analogs on activation of the purified 
rabbit muscle phosphorylase kinase system. 

In this system the action of 

Activation of phosphorylase liinase66 and stimulation 

80, 75 and 40 per cent 
Drummond and 

The concentration of CAMP 
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required for half-maximal activation was 7.3 x 
more active than CAMP. DBcAMP, cUMP and COP were about 12 as active as 
CAMP. Compounds which involve structural or spatial orientation of the 
cyclic phosphate diester linkage showed markedly decreased activity. Thus, 
adenosine 3' ,5'-cyclic phosphorothioate (>P=S replacing >P=O) was only 
0.36% as active as CAMP and adenine xylofuranosyl 3',5'-cyclic phosphate 
(in which the position of the hydroxyl in the 3'-position is in the 
opposite plane from CAMP) was inactive at concentrations as high as 
6 x M. Similarily, a 3'qethylene cyclic phosphonate derivative 
(differing from CAMP in that a methylene group replaces the hydrox 1 in 
the 3'-position) was inactive at concentrations as high as 4 x lo-% M. 
The analogous 5 'methylene cyclic phosphonate compound (a methylene group 
replacing the 5'-hydroxyl) was about 1% as active as CAMP. These studies 
point to a rather marked selectivity for an unmodified cyclic phosphate 
grouping. 
these analogs more directly on CAMP-dependent protein kinase purified from 
bovine brain70 and adipose tissue7l and on a cGMP-dependent protein kinase 
which they have isolated from lobster muscle72. 
mally stimulate both the CAMP-dependent and cGMP-dependent protein kinases 
69. The concentration of cTuMP re uired for half-maximal stimulation (&) 

heart or adipocytes in agreement with previous findings using the skeletal 
muscle phosphorylase kinase assay68. 
greater than that for cGMP (7 x 
kinase but less than that for CAMP (3 x M) with this enzyme. The 5'- 
methylene cyclic phosphonate analog had little or no activity on protein 
kinase6g in agreement with the phosphorylase kinase s stem68; the 3'- 
methylene cyclic phosphonate was completely inactive 65 . Recently Du Plooy 
-- et a1.73 have studied the effects of a large number of analogs involving 
primarily substitutions in the 6- and 8-positions of the purine ring using 
purified phosphorylase kinase preparations from liver and skeletal muscle. 
Analogs involving substitution at the 6-position of cyclic purine riboside 
monophosphate (cPuMP) (6-methoxy-; 6-alkylamino-; 6-(l-pentylamino)-; 
6-(l-phanylethylamino)-; 6-benzylamino)-; 6-(2'-methylbenzylamino)-; 6- 
(4'methylbenzylamino)-; 6-morpholino-; and 6-piperidino-cPuIe) were 
equally or more potent than CAMP in stimulating the enzyme from both liver 
and muscle. Similar alterations in the 8-position of CAMP (8-bromo-; 8- 
allylamino-; 8-benzylamino-; 8-(2 '-chlorobenzylamino); 8-(4 '-methylbenzyl- 
amino)-; 8-morpholino-; 8-piperidino-CAMP) and the corresponding 
derivatives of cIMP w e as active or slightly less active than the parent 

indicate that substitution in the purine ring is less likely to affect 
specificity and binding to the enzyme than is alteration of the cyclic 
phosphate diester group. 

M. c T M  was slightly 

Kuo and Greer~gard~~ have examined the effects of several of 

cTuMP was able to maxi- 

was equal to that of CAMP (1 x 10- 7 M) with the enzyme from either brain, 

The Ka for cTuMP (8 x 10-7 M) was 
M) for the cGW-dependent protein 

compound in each case 95 . These, and studies previously described68 would 

Catabolism of Analogs - An assumption frequently made when using acyl 
derivatives of cAElp has been that they are converted by enzymes present in 
tissues and crude extracts to the parent compound which would then be 
hydrolyzed by cyclic phosphate diesterase. For example, in order to 
explain the discrepancies between the activity of acyl derivatives in 
intact animals and tissue extracts, it was proposed that the acyl compounds 
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were deacylated by soluble esterases before becoming active5 9 6. 
of an esterase in liver was proposed as the reason for diacyl and 2'-0- 
monoacyl derivatives being more active in liver extracts than in extracts 
from hearts. However when 3H-DBcAMP was incubated with intact adipocytes 
26.74 only a slight non-enzymic release of 3H-butyric acid could be 
accounted for, indicating a remarkable stability of this compound in at 
least one tissue. 
reported to occur rather rapidly in aqueous buffer, particularly Krebs- 
Ringer bicarbonate75. 
incubated with extracts of rat liver, thyroid or adipose tissue, deacylation 
did occur26,56, the highest activity occurring in the cytosol fraction26. 
It was suggested that deacylase activity exists at least for the amide 
substituent; hydrolysis of the 2'-O-acyl substituent was not studied26. 
The resistance to deacylation exhibited by intact adipocytes26* 74 is not 
completely explainable. The need for further studies to delineate the 
catabolism of these and other CAMP analogs in a variety of tissues is 
obvious. 

Several analogs have been examined as substrates for nucleoside cyclic 
phosphate diesterase purified from a variety of tissues. In particular, 
N6-monobutyryl-CAMP and DBcAMP are not h drolyzed by cyclic nucleotide 
ghosphodiesterase from heart76, liver1°sq7, adipose ti~sue~~9~6978 or brain 

phosph~diesterase~~, indicating a failure to bind to the enzyme. Since 
DBcAMP is not degraded by the diesterase its biological activity should 
not be influenced by those materials which either inhibit (theophylline) 
or stimulate (insulin, nicotinic acid, imidazole) the enzyme. The effect 
of these compounds on lipolysis produced by DBcAMP has been studied with 
somewhat conflicting results. Theophylline was found to potentiate DBcAMP- 
induced lipolysis24 , 79 and nicotinic acid inhibited DBcAMP-induced llpo- 
lysis27~79, 
effect or to inhibit lipofysls induced by DBcAMP23*24*34. These results 
are difficult to interpret at this time. 

Existence 

It is relevant that deacylation of DBcAMP has been 

When ~H-Nd-monobutyryl-cAMP or 3H-DBcAMP were 

8. Moreover DBcAMP did not inhibit the hydrolysis of CAMP by heart 

Insulin and imidazole have been reported to have either no 

Several studies have provided some information regarding the hydrolyds 
of other cyclic nucleotides by cyclic phosphate diesterase. The enzyme 
from brain hydrolyzes cyclic 3', 5'-monophosphates bearing purine bases 
somewhat more readily than those bearing  pyrimidine^^,^^. cCMP was not 
attacked. Deoxyribonucleoside 3',5'-cyclic phosphates were hydrolyzed at 
rates slightly less than the corresponding ribonucleoside derivatives4. 
Similar specificity is shown with the dog heart enzyme81, liver enzyme77, 
the enzyme from 2. marcescens82 and from frog erythrocytes83,84. cTuMP 
was hydrolyzed three times more rapidly than CAMP by the rabbit brain 
enzymed8. Adenosine 3' ,5'-cyclic phosphorothioate and the 3'-methylene 
cyclic phosphonate analog were neither substrates nor effective inhibitors; 
the 5'-methylene cyclic phosphonate compound and adenine xylofuranosyl 3', 
5'-cyclic phosphate were extremely poor substrates68. 
indicate that the enzyme displays rather broad specificity with regard to 
the base moiety; binding is critically dependent on an intact cyclic 
phosphate diester group and to a lesser extent on an intact sugar moiety. 
Recently evidence has accumulated that more than one cyclic phosphate 

All these studies 
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diesterase is present in  tissue^^^-^^. 
ments and their physiological relevance must await further study. 

Their precise substrate require- 

Very little information is available regarding the mechanisms by 
which other cyclic nucleotides and derivatives mimic the action of CAW. 
The relative potencies of several cyclic nucleotides as lipolytic agents 
26,30 were not related to their relative rates of hydrolysis by adipose 
tissue phosphodiesterase26,7g. 
cyclic purine or pyrimidine nucleotides is secondary to interconversion to 
cAMP79. It has been observed that CGMP and cIMP inhibit the hydro1 sis of 
CAMP by cyclic nucleotide phosphodiesterase from frog erythrocytes85~84 
and that CGMP caused accumulation of CAMP in fat cells89. 
diesterase from adipose tissue and liver were not inhibited by cGMP, cIHP, 
cWP o r  cTMP30s79 and perfusions with cGMP had no effect on hepatic CAFE' 
levelslz. 
derivatives may in part be due to resistance to degradation by diesterase 
before deacylation to the active compound. In addition it is highly 
probable that cyclic nucleotide analogs with purine or pyrimidine bases 
may exhibit biological activity directly, reflecting lack of absolute 
specificity by the receptor. 
to become of considerable importance to a final understanding of the 
myriad physiological actions of CAMP. 
as potentially useful pharmacological agents represents an exciting and 
challenging problem for future research. 

There is no evidence that activity of 

However phospho- 

It would seem that the biological activity of various acyl 

Analogs with better specificity are likely 

The development of specific analogs 
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Chapter 22. The Structure-Activity Relationships of Adrenergic 
Compounds that ac t  on Adenyl Cyclase of the Frog  Erythrocyte 

Ora  M. Rosen, Albert Einstein College of Medicine, Bronx, New York 

Cyclic 3 ' ,  5'-AMP (cyclic AMP) i s  an intracellular mediator of the 

Catecholamines stimulate adenyl cyclase activ- 
actions of a variety of humoral agents including most  peptide hormones 
and the catecholamines. 
i ty  in  many t issues  including l iver ,  brain, skeletal muscle,  smooth muscle ,  
cardiac muscle ,  adipose t issue,  lung, spleen and nucleated erythrocytes 
and many of the metabolic and physiological responses of these t i s sues  to 
catecholamines can be mimicked by the addition of either exogenous cyclic 
AMP o r  i t s  acyl derivative, N6, 02'-dibutyryl cyclic AMP. 
ear l ies t  detectable biochemical effect of the catecholamines appears  to b e  
on the activity of membrane-bound adenyl cyclases,  i t  was proposed2 that 
the adrenergic  receptor might be par t  of the adenyl cyclase molecule. 
The active s i te  of the cyclase would face the inter ior  of the cell  where i t  
could interact  with i t s  substrate,  ATP (and, perhaps,  Mg++ and/or  F') 
and the receptor  o r  hormone-binding site would res ide  on the exterior sur-  
face of the membrane, 
(hormone) would resul t  i n  a conformational alteration of the active si te 
such thdt the formation of cyclic AMP would be either increased o r  
decreased. Evidence that the s i tes  involved in  hormonal interaction and 
catalysis  of cyclic AMP formation are distinct has  been reported for  the 
adenyl cyclases  of the pineal gland3 and fa t  cells .  It may be  important 
to consider,  however, that unlike the peptide hormones,  catecholamines 
are  small and permeable5 and could interact  with a m o r e  inter ior  mem- 
brane site. This possibility i s  supported by the findings that the ability 
of fat  cel ls  to respond to catecholamines was significantly m o r e  resis tant  
to digestion by trypsin than was their  ability to respond to glucagon o r  
insulin. 
mechanisms for  abrogating the effect of adrenergic  compounds on adenyl 
cycla s e activity. 

Since the 

Interaction of the receptor with i t s  specific ligand 

As yet there  i s  no information about any specific biological 

Due to the lack of prec ise  information about the molecular events 
comprising an  I 'adrenergic response", adrenergic  receptors  have been 
described and classified in  t e r m s  of overall  effector responses  to drug 
administration,e. g. muscle  contraction o r  relaxation. The propert ies  of 
adrenergic  receptors  a lso vary f rom t issue to t issue fur ther  complicating 
the interpretation of bioassays of adrenergic  activity. 8 Stimulation of cell- 
f r e e  preparations of adenyl cyclase by catecholamines may be  useful as  the 
bas i s  fo r  a s impler  and m o r e  direct  a s say  of adrenergic  activity. The 
most  appropriate adenyl cyclase for  such studies would be one derived 
f rom an  accessible,  homogeneous t issue; it should possess  high specific 
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adenyl cyclase activity, stability upon s torage and sensitivity to only one 
kind of hormonal activation. Erythrocyte adenyl cyclase possesses  many 
of these features  although the function of cyclic AMP in  erythrocyte meta- 
bolism remains  unknown. 
adenyl cyclase activity which was  stimulated by ei ther  F', catecholamines 
o r  prostaglandin E2 but not by other hormones.  9 Isoproterenol  was a 
m o r e  potent activator than epinephrine which, i n  turn,  was  m o r e  effective 
than norepinephrine. The response to epinephrine was  blocked by the 
addition of the P-adrenergic blockers ,  dichloroisoproterenol and propran- 
0101, but stimulation was a l so  inhibited by the a-adrenergic  blocker phen- 
tolamine, and by serotonin and high concentrations of methylxanthines. lo  
Drug concentrations required for  half-maximal stimulation of the adenyl 
cyclase present  in r a t  erythrocyte ghosts were  5. 0 ,  0. 69 and 0. 24 pMfor  
norepinephrine, epinephrine and i soproter  enol , respectively.  Dopagine 
exhibited weak activity (concentration required f o r  half-maximal stimu- 
lation: 84pM) and no evidence was found to substantiate the existence of 
specific dopamine receptors .  Nucleated avian erythrocytes  were  found 
to contain much grea te r  adenyl cyclase activity than their  non-nucleated 
mammalian counterparts.  12-15 The adenyl cyclase of intact  as well as 
cell-free preparat ions of avian erythrocytes  responded to stimulation by 
catecholamines (L-isoproterenol  7 L-epinephrine * L-norepinephrine). 
Stimulation was blocked by dichloroi soproterenol but not by dibenzyline; 
amphetamine was inactive. l 4  

Erythrocytes  f r o m  rats w e r e  found to contain 

A similar, highly active,  catecholamine- sensit ive adenyl cyclase 
has  a l so  been prepared f rom nucleated frog erythrocytes  and the remainder  
of this  chapter will be devoted to studies which per ta in  to i t s  value as an 
a s s a y  for compounds with adrenergic  activity, Erythrocytes  f rom Rana 
pipiens o r  Rana catesbiana (commercial ly  available f rom Pe l -F reez  Bio- 
logicals) contained adenyl cyclase activity that could be assayed  in  intact  
cel ls ,  l6 hemoly sates17 o r  i n  par t ia l ly  purified membrane  fragments.  18 
Adenyl cyclase activity was  assayed  with radioactive A T P  (a-labelled 
AT32P o r  14C-ATP) in  the presence  of e i ther  N a F  (0 .01  M) o r  catechol- 
amine (or  analogue), M g f t  and T r i s  buffer, pH 8. 1. Following termina- 
tion of the reaction, ZnSO4 and Ba(OH)2 were  added to precipi ta te  most  
of the residual radioactive A T P  and any ADP and AMP formed during the 
incubation. 19 Final  purification of radioactive cyclic AMP was  achieved 
by paper chromatography using a solvent sys tem consisting of 1 M ammo- 
nium acetate: ethanol, 30:70 (v/v).  Hemolysates o r  membrane  fragments  
retained F' -and catecholamine s- r esponsive adenyl cyclase act ivi t ies  
during storage in  liquid N2. Very l i t t le  activity could be demonstrated in  
the absence of e i ther  catecholamines (or  act ive analogues) or F'. 
formation of cyclic AMP i n  hemolysates was  stimulated by the addition of 
sulfhydryl compounds such as dithiothreitol and by methylxanthines. 
of the adenyl cyclase activity sedimented with the membrane  fract ion at 

- 

- 

- 

The 

All 
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20,000 X g. 
through a CM-Sephadex column followed by repeated washings with 0, 05 M - 
T r i s  buffer pH 8. 1, did not contain cyclic nucleotide phosphodiesterase 
activity and could, therefore, be assayed in  the absence of methylxan - 
thines. 
essential  fo r  activity. 18 Stimulation of adenyl cyclase activity by the ad- 
dition of catecholamines o r  analogues was rapid (6 2 min. ) and proceeded 
in a l inear fashion for 10- 15 minutes. Insulin, glucagon, adrenocortico- 
tropin, serotonin, thyroxine, triiodothyronine, prostaglandins (El, E2, 
A1, B1, Fla) and vasopressin were without effect. A nondialyzable bac- 
ter ia l  activator derived from culture f i l t ra tes  of Clostridia welchii has ,  
however, been described. 20 Some of the compounds which were  able to 
activate o r  block the activation of the adenyl cyclase present i n  purified 
membrane preparations a r e  tabulated below, 21 All of the activators had 
OH o r  CH2OH groups in  both m- and p- positions of the benzene ring, an 
OH substituent on the P-carbon and a pr imary  o r  secondary amine. A 
positive correlation between potency and size of the substituent group on 
the amino nitrogen was noted fo r  the compounds tested. 
isoproterenol were  the most  effective followed by ethylnorepinephrine and 
epinephrine and, lastly, by norepinephrine. The concentrations required 
fo r  half-maximal stimulation were approximately 1 NM, 10 pM,  and 50pM, - 
respectively, The 1-isomer of isoproterenol was approximately twice as 
active a s  a n  equimolar concentration of d, 1-isoproterenol. The addition 
of a-adrenergic blockers such a s  phentolamine and phenoxybenzamine did 
not prevent activation by these compounds even though agents such a s  
epinephrine exhibit a-adrenergic activity in other t issues.  The presence 
of a P-OH appeared to be required for  agonist o r  antagonist activity al- 
though the possibility that dopamine and i t s  analogues might have exhibited 
activity had they been tested a t  higher drug concentrations ( 7 100 JIM) was 
not excluded. 
cyte adenyl cyclase activity when tested a t  concentrations between 1. 0 and 
100 p M :  - phenylethylamine, tyramine, hydroxyamphetamine, methoxy- 
ph enamine, amphetamine, m e  thoxytyr amine, dopamine, p -m ethoxyphenyl- 
ethylamine, 5351 7 9 -  2, cyclopentamine, naphazoline, tetrahydrozoline, 
xylometazoline, mephentermine. The inhibitors o r  blockers of adrenergic 
stimulation had either m- o r  p- hydroxyl substituents on the phenyl group 
o r  m- and/or  p- substituents other than hydroxyl groups. 
group could also remain unsubstituted a s  in ephedrine. 
blockers like that of the activators correlated positively with the size of 
the substituent group on the amino nitrogen. 
terenol, propranolol was the most  potent blocker followed by buphenine 
(nylidrin) and then, dichloroisoproterenol and sotalol. The unique potency 
of propranolol may be partially attributed to the separation of the aromatic  
moiety from the r e s t  of the molecule by the insertion of carbon and oxygen 
atoms. 

Membranes which had been partially purified by passage 

The addition of sulfhydryl compounds such a s  dithiothreitol was 

Protokylol and 

- - 

The following compounds had no effect upon frog e r y z r o -  

The phenyl 
The potency of the 

When tested against isopro- 

Although most  of the generalizations derived from these studies 



230 Sect. V - Topics in  Biology Smith, Ed. - 
of structure activity relationships agree  with those obtained for p-adren- 
ergic receptors in  a variety of intact t issues,  a few diss imilar i t ies  were 
also apparent, Nylidrin and isoxsuprine, for example, a r e  adrenergic 
agonists in vivo although they functioned as blockers i n  the 5 vitro - adenyl 
cyclase assay. The possibility that drugs may be modified -- in vivo and not 
in  vitro must be considered. Trimethoquinone, 22 a P-adrenergic agonist 
with a structure that i s  basically different f rom the other compounds used, 
has  not yet been adequately tested with this assay. 
activators were reversible  and the compounds that blocked activation 
behaved as competitive inhibitors. 

-- 
-- 

The effects of all the 

The availability of a cell-free preparation of adenyl cyclase that 
can be easily prepared, assayed and stored and that reac ts  with adrener-  
gic compounds in  a manner similar to P-adrenergic receptors  i n  physio- 
logically intact systems, may provide a useful tool for the design and 
assay  of drugs with adrenergic activity and for investigating the chemical 
interactions between adrenergic amines and receptor molecules. 

Structures of some compounds which activated o r  blocked adenyl 
cyclase activity: 

Structure 
5 6  
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11. BLOCKERS 
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Chapter 23. Glucagon-sensi t ive Adenyl Cyclase:  
A Model f o r  Receptors i n  Plasma Membranes 

Stephen L .  Pohl, Lutz Birnbaumer and Martin Rodbell 
Nat iona l  I n s t i t u t e  of  A r t h r i t i s  and Metabolic Diseases 

Nat ional  I n s t i t u t e s  of Heal th ,  Bethesda, Maryland 

In t roduct ion  - Hormones a r e  chemical substances capable  of  i n f luenc ing  
t h e  func t iona l  a c t i v i t y  o f  c e r t a i n  ce l l s  bu t  produced by c e l l s  o t h e r  t han  
those  upon which they  a c t .  
a t a r g e t  c e l l  o f  a given hormone must conta in  a mechanism f o r  recognizing 
and i n t e r a c t i n g  with the  hormone molecule and f o r  t ransforming t h a t  i n t e r -  
a c t i o n  i n t o  an e f f e c t  on ce l l  func t ion .  This mechanism, gene ra l ly  desig-  
na t ed  t h e  hormone receptor ,  has been t h e  ob jec t  o f  phys io logica l  and 
biochemical i n v e s t i g a t i o n  throughout t h i s  cen tury .  

From t h i s  d e f i n i t i o n  t h e  concept arises t h a t  

The discovery of  t h e  b i o l o g i c a l  importance of c y c l i c  3 ' ,  5'- 
adenosine monophosphate ( c y c l i c  AMP) by E .  W .  Suther land and h i s  co- 
workers marked a major advance i n  t h e  s tudy  o f  hormone a c t i o n .  
AMP has manifold effects upon ce l l  func t ion  throughout t h e  animal king- 
doml and i s  produced by an enzyme, adenyl cyc lase ,  which satisfies a t  
l e a s t  p a r t  o f  t h e  d e f i n i t i o n  of a hormone r ecep to r  - t h a t  o f  t r a n s -  
forming t h e  hormone-receptor i n t e r a c t i o n  i n t o  an e f f e c t .  
o f  t h e  r ecep to r  d e f i n i t i o n  - t h a t  of s p e c i f i c  recogni t ion  and i n t e r a c t i o n  
with hormone molecules - i s  i n f e r r e d  from t h e  fact  t h a t  t h e  a c t i v i t y  of  
an adenyl cyc la se  system is s t imu la t ed  by only those  hormones which a r e  
known t o  affect  t h e  func t ion(s )  o f  t h e  t i s s u e  of  o r i g i n  of  t h a t  adenyl 
c y c l a s e l  b u t  gene ra l ly  has no t  been observed d i r e c t l y .  During t h e  p a s t  
two yea r s ,  t h e  n a t u r e  of t h e  i n i t i a l  i n t e r a c t i o n  between c e r t a i n  hormones 
and t h e  adenyl cyc lase  systems of t h e i r  t a r g e t  t i s s u e s  and the  mechanism 
(s) by which t h i s  i n t e r a c t i o n  r e s u l t s  i n  increased  a c t i v i t y  of  adenyl 
cyc lase  have been under i n v e s t i g a t i o n  i n  t h i s  and o t h e r  l a b o r a t o r i e s .  

Cycl ic  

The o t h e r  h a l f  

In  a d d i t i o n  t o  t h e  importance o f  t h i s  work i n  endocrinology, t he  
s tudy o f  hormone-sensit ive adenyl cyc lase  systems o f f e r s  c e r t a i n  advan- 
tages  a s  a model f o r  a l l  types  of  r ecep to r s ,  v i z .  hormone r ecep to r s  o t h e r  
than adenyl cyc lase ,  drug r ecep to r s ,  and n e u r z a n s m i t t e r  r ecep to r s .  
With an adenyl cyc lase  system, t h e  consequence of  events  occur r ing  a t  t h e  
r ecep to r  may be observed d i r e c t l y  by fol lowing t h e  product ion of  c y c l i c  
AMP r a t h e r  t han  by fol lowing some func t iona l  parameter such a s  muscle 
con t r ac t ion  which i s  a t  l e a s t  s eve ra l  s t e p s  removed from the  r e c e p t o r  and 
is ,  the re fo re ,  sub jec t  t o  o t h e r  con t ro l  mechanisms. Furthermore, recent  
advances i n  hormone chemistry and t h e  s tudy  of  b i o l o g i c a l  membranes in-  
d i c a t e  t h a t  s e v e r a l  t echn ica l  obs t ac l e s  i n  t h e  s tudy of  adenyl cyc lase  
systems w i l l  be  overcome wi th in  t h e  next  few yea r s .  

The purpose o f  t h i s  review i s  t o  p re sen t  t h e  cu r ren t  s t a t u s  of  one 
such system, t h e  g lucagon-sens i t ive  adenyl cyc lase  from l i v e r  plasma mem- 
branes.  Information obtained from o t h e r  adenyl cyc lase  systems w i l l  be  
presented  only t o  expand t h e  genera l  s i g n i f i c a n c e  of  t h e  l i v e r  system. 
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General Concepts - Hormone-sensit ive adenyl cyc la se  systems a r e  loca t ed  
p r i n c i p a l l y ,  i f  no t  exc lus ive ly ,  i n  t h e  s u r f a c e  membrane of  t h e   ell^,^,^. 
I s o l a t e d  f a t  c e l l s  con ta in  i n  t h e i r  s u r f a c e  membrane an adenyl cyc la se  
which i s  a c t i v a t e d  by catecholamines,  f i v e  d i f f e r e n t  pep t ide  hormones, and 
f l u o r i d e  .4 f te r  i ncuba t ion  wi th  t r y p s i n ,  t h e s e  c e l l s  no longer  
respond t o  the  pep t ide  hormones but  do respond t o  ep inephr ine  and t o  
f l u o r i d e  ion6 .  
of  i s o l a t e d  f a t  c e l l s ,  w i th  t r y p s i n ,  a l l  adenyl  c y c l a s e  a c t i v i t y  i s  l o s t 4 .  
These r e s u l t s  have been i n t e r p r e t e d  t o  i n d i c a t e  a d i f f e r e n c e  i n  access i -  
b i l i t y  of t h e  p r o t e o l y t i c  enzyme t o  t h e  o u t e r  and i n n e r  s u r f a c e s  of  t h e  
plasma membrane of t h e  i n t a c t  c e l l  and ghos t s .  A l l  s i x  hormones s t i m u l a t e  
t h e  same adenyl c y c l a s e  a c t i v i t y ,  bu t  s e v e r a l  l i n e s  o f  evidence i n d i c a t e  
t h a t  they do s o  through d i s t i n c t ,  s p e c i f i c   receptor^^,^. 

However, a f t e r  incubat ion  of  "ghosts",  t h e  hypotonic  l y s a t e  

Based on t h e s e  f ind ings  with f a t  c e l l s ,  we have adopted t h e  fol low- 
i n g  working model of  adenyl cyc la se  system o r g a n i z a t i o n .  A b inding  s i t e  
on o r  nea r  t h e  o u t e r  s u r f a c e  of  t h e  membrane i n t e r a c t s  s p e c i f i c a l l y  with 
t h e  hormone molecule.  The r e a c t i o n  between t h e  hormone molecule and t h i s  
s i t e  leads t o  an i n c r e a s e  i n  t h e  a c t i v i t y  of a s e p a r a t e  s i t e ,  on o r  nea r  
t h e  i n n e r  s u r f a c e  of  t h e  plasma membrane, which c a t a l y z e s  t h e  conversion 
of  ATP t o  c y c l i c  AMP. F luor ide  ion s t i m u l a t e s  t h e  same adenyl cyc la se  
but  by a mechanism which i s  d i f f e r e n t  from t h a t  through which hormones a c t .  
A hormone s e n s i t i v e  adenyl  cyc la se  system, t h e r e f o r e ,  c o n s i s t s  o f  a t  least 
two func t iona l ly  d i s t i n c t  components. I t  seems l i k e l y  t h a t  such a system 
i s  rnultimolecular,  bu t  t h i s  po in t  has  not  y e t  been proven.  However, s i n c e  
a t tempts  t o  s tudy  adenyl cyc la se  systems i n  s imple,  non-membraneous s t a t e s  
have gene ra l ly  been f r u i t l e s s ,  i t  seems prudent  t o  cons ide r  them as com- 
p lex ,  mult imolecular  s t r u c t u r e s  which are i n t i m a t e l y  r e l a t e d  t o  t h e  
general  p r o p e r t i e s  of  membrane s t r u c t u r e  and func t ion .  After some com- 
ments regard ing  methodology, w e  s h a l l  proceed t o  examine s e v e r a l  func- 
t i o n a l l y  d i s t i n c t  components o f  t h e  l i v e r  adenyl  cyc la se  system. 

Methodology - Pure p repa ra t ions  o f  plasma membranes, f r e e  o f  contaminat ion 
by o t h e r  o rgane l l e s ,  a r e  i d e a l  m a t e r i a l s  f o r  s tudy  o f  hormone s e n s i t i v e  
adenyl cyc la se  systems.  Methods p r e s e n t l y  e x i s t  f o r  p repa ra t ion  of  plasma 
membranes from l ive r ' ,  f a t  c e l l s 3 ,  non-nucleated e r y t h r o c y t e s 0  and kidney9.  
Rat l i v e r  parenchymal c e l l  plasma membranes prepared  by t h e  procedure of  
Nevi l le '  conta in  an adenyl cyc la se  which i s  s t i m u l a t e d  s p e c i f i c a l l y  by 
glucagon2. 
cyc lase  a c t i v i t y  of  t h e s e  membranes i s  inc reased  17  t o  25 f o l d  compared t o  
a crude homogenate of l i v e r  and t h a t  t h e  contaminat ion by o t h e r  o rgane l l e s  
is very small lo .  
10-10B1 glucagon, i s  h a l f  maximal a t  4x10-9M, and is  maximal a t  lO-7Mlo. 
This dose-response r e l a t i o n s h i p  i s  i d e n t i c a l  t o  t h a t  o f  t h e  e f f e c t s  of  
glucagon on c y c l i c  AMP l e v e l s  i n  a pe r fused  ra t  l i v e r  system' ' .  
r i n e  a t  l O - 5 b i  produces less than 10% of  t h e  adenyl cyc la se  s t i m u l a t i o n  
produced by glucagon a t  10-6M10, b u t  t h e  c y c l i c  AMP l e v e l s  ob ta ined  wi th  
ep inephr ine  i n  t he  aforementioned ra t  l i v e r  pe r fus ion  system a r e  l e s s  
than 10% of those  obta ined  wi th  g lucagon l l .  The glucagon- and epinephrine-  
s e n s i t i v e  adeny 1 cyc l a s e  a c t i v i t i e s  probab l y  r ep resen t  completely d i f f e r e n t  
systems i n  r a t  l i v e r 1 2 , 1 3 .  

We have r e c e n t l y  shown t h a t  t h e  glucagon sens i t ive  adenyl 

S t imula t ion  o f  t h e  enzyme occurs  i n  t h e  presence  o f  

Epineph- 

Plasma membranes can be prepared  i n  l a r g e  
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q u a n t i t i e s  by a minor modif icat ion of  t h e  Nev i l l e  method, and t h e i r  adenyl 
cyc lase  a c t i v i t y  a 

plasma membranes from l i v e r ,  bu t  t hese  gene ra l ly  a r e  v a r i a t i o n s  on t h e  
procedures devised by Nev i l l e  and o f f e r  no p a r t i c u l a r  advantages f o r  our  
purposes.  Pure plasma membranes from o t h e r  t i s s u e s  e i t h e r  a r e  a v a i l a b l e  
only i n  very small  q u a n t i t i e s  o r  conta in  l i t t l e  o r  no hormone s e n s i t i v e  
adenyl cyc lase .  For these  reasons,  we have chosen t o  use r a t  l i v e r  plasma 
membranes prepared by t h e  procedure of  Nevi l le7  f o r  our  s t u d i e s  of  hormone 
s e n s i t i v e  adenyl cyc lase .  

ears t o  be  s t a b l e  i n d e f i n i t e l y  when they a r e  s t o r e d  
i n  l i q u i d  n i t rogen  R . Other procedures a r e  a v a i l a b l e  f o r  p repa ra t ion  o f  

Measurement of  adenyl cyc lase  a c t i v i t y  was a laborious and imprecise  
procedure u n t i l  t h e  in t roduc t ion  of t h e  method o f  Krishna e t  a l l 4 .  
method is based on t h e  product ion of  32P-labeled c y c l i c  AMP from ATP-a- 
32P. Labeled product i s  sepa ra t ed  from s u b s t r a t e  by a combination of  ion 
exchange chromatography and adsorp t ion  of  s u b s t r a t e  t o  nascent  Bas04 pre-  
c i p i t a t e .  With appropr ia te  equipment, i t  i s  poss ib l e  t o  perform 300 
adenyl cyc la se  assays i n  one day. 
from the  f a c t  t h a t  adenyl cyc lase  p repa ra t ions  inva r i ab ly  conta in  s u f f i -  
c i e n t  ATPase a c t i v i t y  t o  dep le t e  r ap id ly  t h e  s u b s t r a t e  concent ra t ion ,  
thereby shor t en ing  t h e  per iod  of  t ime over  which adenyl cyc lase  a c t i v i t y  
can be observed and precluding even t h e  s imples t  k i n e t i c  a n a l y s i s .  This 
problem has gene ra l ly  been overcome by add i t ion  o f  an ATP-regenerating 
system t o  t h e  adenyl cyc lase  assay  mediumlo. 
been shown t h a t  5'-adenylyl-imidodiphosphate (AMP-PNP) is a s u b s t r a t e  
f o r  adenyl cyc lase  but  no t  f o r  ATPase15. 

This 

A complication o f  t h e  method arises 

In  add i t ion ,  i t  has  r e c e n t l y  

One method f o r  d i r e c t  i n v e s t i g a t i o n  o f  t h e  hormone-binding s i t e  
i n t e r a c t i o n  i s  t o  s tudy the  b inding  of  a labe led  hormone t o  b i o l o g i c a l  
ma te r i a l s  known t o  contain adenyl cyc lase  a c t i v i t y  which is s e n s i t i v e  t o  
t h a t  hormone. 
b inding  o f  1251-adrenocorticotropin t o  an e x t r a c t  o f  an adrena l  tumor, 
and we have demonstrated binding o f  1251-glucagon t o  l i v e r  plasma mem- 
b ranes .  
method o f  Hunter and Greenwood17. 
i n  t h e  former s tudy  e i t h e r  by ge l  f i l t r a t i o n  o r  by adsorp t ion  of f r e e  
hormone and i n  t h e  l a t t e r  s tudy by sedimentat ion of  t he  membranes. 

Using t h i s  approach, Lefkowitz e t  a l l 6  have demonstrated 

I n  both cases  t h e  hormones were l abe led  with rad io iodine  by t h e  
Bound and f r e e  hormone were sepa ra t ed  

With the  development of methods f o r  plasma membrane i s o l a t i o n ,  
adenyl cyc lase  assay,  and measurement o f  b inding  o f  hormone t o  i t s  re- 
ceptor ,  i t  i s  now poss ib l e  t o  s tudy  t h e  major components of  a hormone 
receptor .  

The C a t a l y t i c  S i t e  - The adenyl cyc la se  of  r a t  l i v e r  plasma membranes i s  
a membrane bound enzyme which ca t a lyzes  t h e  conversion of  ATP ( o r  AMP-PNP; 
s ee  above) t o  c y c l i c  AMP. A d iva l en t  ca t ion ,  Mg++ o r  k++, i s  r equ i r ed  
a t  t h e  c a t a l y t i c  s i t e ,  probably i n  t h e  form o f  an ion - subs t r a t e  complex, 
bu t  t h e  system i s  i n h i b i t e d  by Ca++. 
with o r  without  glucagon, t h e  t ime course o f  enzyme a c t i v i t y  i s  l i n e a r  f o r  
a t  l e a s t  10 minutes and ex t r apo la t e s  t o  t h e  o r i g i n .  Ac t iv i ty  is pro- 

p o r t i o n a l  t o  membrane concent ra t ion  up t o  1 mg o f  membrane p r o t e i n  p e r  m l l l .  

Under s t anda rd  assay  cond i t ions ,  
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Fluor ide  ion  stimulates t h e  same enzyme ove r  a range of 1-15 mM F-; how- 
ever ,  opposing e f f e c t s  o f  &++ and pyrophosphate on t h e  glucagon and 
f l u o r i d e  s t i m u l a t e d  a c t i v i t i e s  make it c l e a r  t h a t  t h e s e  agents  st imulate 
t h e  enzyme by d i f f e r e n t  mechanisms18. I n  f a c t ,  us ing  t h e  f l u o r i d e -  
s t imu la t ed  a c t i v i t y  as a marker i t  i s  p o s s i b l e  t o  a l t e r  t h e  membranes wi th  
e i t h e r  d i g i t o n i n  o r  phosphol ipase A i n  such a way t h a t  t hey  r e t a i n  f u l l  
c a t a l y t i c  a c t i v i t y  b u t  no longe r  respond t o  glucagon18. 

Attempts t o  f r e e  the  c a t a l y t i c  s i t e  of adenyl cyc la se  from membranes 
have gene ra l ly  been unsuccessfu l .  However, Levey has  r e c e n t l y  descr ibed  
a method f o r  s o l u b l i z a t i o n  of c a t  h e a r t  adenyl c y c l a s e  by homogenization 
i n  L u b r ~ l - P X ~ ~ .  
hormones. 
t i s s u e s .  

This  enzyme a c t i v i t y  is s t i m u l a t e d  by f l u o r i d e  but  no t  by 
T h e  method has  no t  y e t  been a p p l i e d  s u c c e s s f u l l y  t o  o t h e r  

The  Hormone Binding S i t e  - Lefkowitz e t  a1 f i r s t  demonstrated s p e c i f i c  
b inding  of l abe led  ad renocor t i co t rop in  t o  an e x t r a c t  of an ad rena l  tumor 
and obta ined  sugges t ive  evidence t h a t  t h i s  b ind ing  was r e l a t e d  t o  t h e  
a c t i v a t i o n  o f  adenyl cyc lase16 .  
of l abe led  glucagon t o  l i ve r  plasma membranesz3. This  b inding  i s  dimin- 
i shed  by d i l u t i o n  o f  t h e  l abe led  m a t e r i a l  w i th  unlabe led  glucagon b u t  n o t  
by d i l u t i o n  w i t h  i n s u l i n ,  s e c r e t i n ,  ad renocor t i co f rop in ,  o r  o t h e r  pep t ides  
and i s ,  Lhe re fo re ,  s p e c i f i c  f o r  glucagon. The p a t t e r n s  o f  glucagon con- 
c e n t r a t i o n  dependence appear  t o  be  i d e n t i c a l  f o r  glucagon b inding  and €or 
a c t i v a t i o n  of  adenyl cyc la se .  
l i v e r  plasma membranes a l t e r s  t h e  b inding  and adenyl c y c l a s e  a c t i v a t i n g  
p r o p e r t i e s  of  glucagon i d e n t i c a l l y .  F i n a l l y ,  mod i f i ca t ion  of t h e  membranes 
with urea,  d i g i t o n i n ,  o r  phosphol ipase A a l t e r s  bo th  t h e  a b i l i t y  of t h e  
membranes t o  b ind  glucagon and t o  respond t o  glucagon s t i m u l a t i o n  of 
adenyl cyc la se  a c t i v i t y 2 0 .  
ges t  t h a t  t h e  observed b inding  of  glucagon is r e l a t e d  i n  some way t o  t h e  
process  of  a c t i v a t i o n  of  adenyl cyc la se  by glucagon. 

We have subse  u e n t l y  demonstrated b inding  

Modif ica t ion  of  glucagon by exposure t o  

These s e v e r a l  l i n e s  of  evidence s t r o n g l y  sug- 

Binding of  glucagon t o  l i v e r  membranes occurs  very r ap id ly ,  bu t  5 t o  
15 minutes a r e  r equ i r ed  f o r  maximal b ind ing  t o  occur .  
t a t i o n s  have precluded a meaningful comparison o f  t h e  k i n e t i c s  of glucagon 
b inding  and adenyl cyc la se  a c t i v a t i o n .  Under o rd ina ry  cond i t ions ,  10 t o  
30% b u t  never  more than  40% of t h e  l abe led  hormone added i s  bound. The 
f a i l u r e  t o  achieve complete b ind ing  of  t h e  hormone i s  probably due t o  
simultaneous i n a c t i v a t i o n  of t h e  hormone ( s e e  below) which occurs  dur ing  
t h e  b inding  incuba t ion .  The b inding  i s  tempera ture  dependent wi th  t h e  
b inding  measured a t  0" be ing  about one - th i rd  t h a t  observed a t  30". 
Binding occurs  i n  a s imple b u f f e r e d  albumin medium. No c o - f a c t o r  
requirements have y e t  been i d e n t i f i e d 2 0 .  

Methodologic l i m i -  

Under minimal cond i t ions ,  membranes and l abe led  glucagon incubated  
i n  bu f fe red  albumin, t h e  b inding  of glucagon i s  no t  f u l l y  r e v e r s i b l e .  I f  
a 1000 fo ld  excess  of  un labe led  glucagon i s  added t o  a b ind ing  incuba t ion  
a f t e r  a pe r iod  of t ime s u f f i c i e n t  t o  permi t  maximal b inding  of  l abe led  
glucagon and incuba t ion  i s  then  cont inued  f o r  up t o  s e v e r a l  hours ,  only a 
small f r a c t i o n  of t h e  l abe led  glucagon i s  d i sp laced  from t h e  membranes by 
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t h e  unlabe led  glucagon20. 

The I n t e r a c t i o n  Between Glucagon and i t s  Binding S i t e  - The i n t e r a c t i o n  
between a hormone and i t s  r ecep to r  must u l t i m a t e l y  b e  descr ibed  i n  terms 
of  s p e c i f i c  in te rmolecular  forces  between t h e  two- s t r u c t u r e s .  
has not  been achieved i n  t h e  case  o f  polypept ide hormones f o r  many reasons ,  
not  t h e  l e a s t  o f  which i s  t h e  complexity of  pep t ide  hormone molecules.  
Fortunately,  s e v e r a l  fragments o f  glucagon have r ecen t ly  become a v a i l a b l e ,  
and t h e s e  have provided important  c l u e s  regard ing  in te rmolecular  fo rces .  

Glucagon is a s i n g l e  pept ide  chain o f  29 amino a c i d s .  Most o f  t h e  

The amino t e r -  

This  i d e a l  

usual  a-amino a c i d s  a r e  represented,  bu t  cys t ine ,  cys t e ine ,  and p r o l i n e  
a r e  notab ly  absent .  
minus i s  h i s t i d i n e ,  and no o t h e r  h i s t i d i n e  res idues  are p resen t .  A reg ion  
nea r  t h e  c e n t e r  o f  t h e  molecule conta ins  a high concent ra t ion  o f  amino 
a c i d s  which would probably be  charged a t  n e u t r a l  pH. 
due 20 through res idue  27 conta ins  a high concent ra t ion  o f  non-polar resi- 
dues ( f o r  d e t a i l s  and r a t i o n a l  o f  t h i s  ana lys i s ,  s ee  r e fe rence  21).  

No unusual amino ac ids  a r e  p re sen t .  

The reg ion  from r e s i -  

I f  t h e  amino terminal  res idue ,  h i s t i d i n e ,  i s  removed from t h e  glu-  
cagon molecule, t h e  r e s u l t i n g  fragment, des-1-histidine-glucagon (DH- 
glucagon.) does no t  s t imu la t e  adenyl cyc la se  a c t i v i t y  bu t  is  a competi- 
t i v e  i n h i b i t o r  o f  glucagon s t imu la t ed  adenyl cyc la se  a c t i v i t y  and o f  
glucagon binding21.  I n h i b i t i o n  s t u d i e s  i n d i c a t e  t h a t  t h e  apparent  a f -  
f i n i t y  o f  t h e  system f o r  DH-glucagon i s  10-20 f o l d  lower than f o r  glucagon. 
Thus, t he  amino te rmina l  h i s t i d i n e  i s  e s s e n t i a l  f o r  b i o l o g i c a l  a c t i v i t y  
and con t r ibu te s  t o ,  bu t  i s  not e s s e n t i a l  f o r ,  b inding  o f  t h e  glucagon 
molecule t o  i t s  receptor .  
a c t i v e  cen te r s  i n  s e v e r a l  pept ides  and i n  hemoglobin, and i t s  r o l e  a t  t he  
a c t i v e  s i t e  i n  t h e  glucagon-receptor complex may be s i m i l a r  t o  i t s  r o l e  
i n  one of  t hese  p r o t e i n s .  

H i s t i d i n e  res idues  have been found a t  t h e  

I f  two amino a c i d  res idues  a r e  removed from t h e  carboxy terminus o f  
t h e  glucagon molecule, t he  r e s u l t i n g  fragment r e t a i n s  b i o l o g i c a l  a c t i v i t y  
22. However, i f  glucagon i s  cleaved between t h e  21st and 22nd amino ac id  
r e s idues ,  both fragments are b i o l o g i c a l l y  i n a c t i v e  and n e i t h e r  w i l l  an- 
tagonize  t h e  s t imu la t ion  o f  adenyl cyc la se  by glucagon o r  t h e  b inding  o f  
glucagon t o  l i v e r  membranes20,21. 
requi red  f o r  expression o f  i t s  b i o l o g i c a l  p rope r t i e s ,  and t h e  hydro- 
phobic reg ion  nea r  t h e  carboxy terminus is necessary b u t  no t  s u f f i c i e n t  
f o r  binding of  t h e  molecule t o  i t s  r ecep to r .  

Thus, most o f  t h e  glucagon molecule i s  

The l i p o p r o t e i n  na tu re  of  t h e  glucagon binding s i t e  ( s ee  below) and 
t h e  importance of  t h e  hydrophobic region nea r  t h e  carboxy terminus of  
glucagon suggest  t h a t  p a r t  o f  t h e  i n t e r a c t i o n  between glucagon and i t s  
r ecep to r  may b e  hydrophobic i n  cha rac t e r .  
served upon incubat ion  a t  0' o r  i n  t h e  presence of  r e l a t i v e l y  low con- 
cen t r a t ions  o f  urea may a l s o  i n d i c a t e  hydrophobic in t e rac t ionz1 .  A 
sepa ra t e  and convincing l i n e  of  evidence on t h i s  po in t  i s  t h e  observa- 
t i o n  t h a t  de t e rgen t s  and phosphol ipids  b ind  s t r o n g l y  t o  the  carboxy 
te rmina l  region of glucagon and a l t e r  t h e  t e r t i a r y  s t r u c t u r e  o f  t h e  pep- 

The reduct ion  i n  b inding  ob- 
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t i d e 2 3 ,  F ina l ly ,  t h e  r e s i d u e  2 2  through 29 fragment of glucagon i s  ex- 
tremely i n s o l u b l e  i n  water bu t  d i s s o l v e s  r e a d i l y  i n  methanol.  The t o t a l  
energy a v a i l a b l e  i n  t h e  form of hydrophobic bonds involv ing  t h e  carboxy 
te rmina l  reg ion  may provide  a s u b s t a n t i a l  p a r t  of t h e  f o r c e s  which b inds  
glucagon t o  i t s  r e c e p t o r ,  o r ,  s t a t e d  ano the r  way, i f  bo th  glucagon and i t s  
b inding  s i t e  when s e p a r a t e d  have l a r g e  hydrophobic areas exposed t o  an 
aqueous medium, t h e  complex of t h e  two s t r u c t u r e s  would be  thermo- 
dynamically more s t a b l e .  

- 

Another method o f  a n a l y s i s  which may provide  u s e f u l  c l u e s  t o  t h e  
in t e rmolecu la r  f o r c e s  involved i n  t h e  g lucagon-receptor  complex i s  a com- 
pa r i son  of  t he  primary s t r u c t u r e s  o f  glucagon and a very  similar pep t ide  
hormone, s e c r e t i n .  The sequences o f  t h e  two hormones a r e :  

Glucagon2 : H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp- 

S e c r e t  i n z 4  : H-His-Ser- Asp-Gly-Thr-Phe-Thr-Ser-Glu- Leu-Ser-Arg-Leu-Arg-Asp- 

Ser- Arg-Arg- Ala-Gln- Asp-Phe-Val- Gln-Trp- Leu-Met -Am-Thr-OH 

Ser-  Ala-Arg- Leu-Gln- Arg- Leu- Leu-Gln-Gly-Leu-Val-NH2 

I n  t h i s  comparison, i d e n t i c a l  r e s idues  i n  t h e  two sequences are i n d i c a t e d  
by / /  between t h e  r e s i d u e s ,  those  wi th  s i m i l a r  p o l a r i t y  by : : ]  t hose  wi th  
unce r t a in  s i m i l a r i t y  by ?, and by no symbol where t h e  r e s idues  a r e  d i s -  
similar. I t  i s  apparent  t h a t  t h e r e  a r e  only  seven d i s s i m i l a r  o r  unce r t a in  
p a i r s  i n  t he  two sequences.  
r ecep to r s  i n  f a t  c e l l s 6  , and s e c r e t i n  n e i t h e r  s t i m u l a t e s  adenyl cyc la se  
nor  a n t a  onizes  t h e  glucagon s t i m u l a t i o n  of  adenyl  cyclaselO o r  glucagon 
b ind ing2I  i n  l i v e r  membranes. An i n v e s t i g a t i o n  of  what changes i n  se -  
quence a r e  r equ i r ed  t o  make s e c r e t i n  behave a s  glucagon and v i ce  v e r s a  
should revea l  which r e s idues  confe r  t h i s  s p e c i f i c i t y  and provide informa- 
t i o n  regard ing  the  i n t e n o l e c u l a r  f o r c e s  between t h e s e  hormones and 
t h e i r  r ecep to r s .  

/ /  / /  / /  / /  / /  / /  / /  :: ? / /  : :  ? / / 

/ /  / /  : :  / /  : :  : :  // ? / /  :: 

Yet glucagon and s e c r e t i n  have d i f f e r e n t  

The importance of secondary and t e r t i a ry  s t r u c t u r e  i n  t h e  glucagon 
molecule has  n o t  y e t  been e s t a b l i s h e d .  Glucagon i s  probably randomly 
c o i l e d  i n  d i l u t e  s o l u t i 0 n ~ ~ 1 ~ ~ ,  bu t  i s  75% a - h e l i c a l  i n  concent ra ted  so lu-  
t i o n  o r  i n  t h e  c r y s t a l l i n e  s t a t e .  He l ix  formation i n  t h e  molecule i s  
thought  t o  be r e l a t e d  t o  t h e  arrangement of  hydrophobic r e s idues27 .  
t e r t i a r y  s t r u c t u r e  changes induced by b ind ing  of  de t e rgen t s  t o  glucagon 
(see  above) sugges t  t h a t  t h e  t e r t i a r y  s t r u c t u r e  of  glucagon i n  aqueous 
s o l u t i o n  may be  d i f f e r e n t  from t h a t  of  glucagon bound t o  i t s  r e c e p t o r .  

The 

A Poss ib l e  Regulatory S i t e  f o r  Nucleot ides  - In  t h e  course  of  pre l iminary  
c h a r a c t e r i z a t i o n  of  glucagon b inding  , s i g n i f i c a n t  d i f f e r e n c e s  i n  b inding  
were observed i n  media con ta in ing  o r  n o t  con ta in ing  t h e  s u b s t r a t e  and co- 
f a c t o r s  f o r  t he  adenyl cyc la se  r e a c t i o n  , ATP, MgC1zl ATP-regenerating 
system, e t c . 2 8 .  Three s p e c i f i c  d i f f e r e n c e s  were noted :  (1) t h e  maximum 
amount o f  glucagon bound was l e s s  i n  t h e  presence  of  adenyl  cyc la se  r e -  
agents  than i n  t h e i r  absence,  ( 2 )  t h e  time of  incubat ion  r equ i r ed  t o  
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achieve maximal binding was l e s s  i n  t h e  presence of  adenyl cyclase re- 
agents, and (3) labeled glucagon bound t o  membranes could, i n  the presence 
of adenyl cyclase reagents, be displaced by addition of a large excess of  
unlabeled glucagon. Elimination experiments led t o  the conclusion t h a t  
ATP was responsible f o r  a l l  three e f f ec t s28 .  These e f f e c t s  of ATP were 
subsequently found t o  be non-specific i n  t h a t  several  o the r  nucleotides,  
a t  s u f f i c i e n t  concentration, could mimic them; however, GTP and GDP were 
found t o  be much more potent than a l l  others  t e s t ed .  Effects of GTP and 
GDP could be detected a t  concentrations as low as lo-% and were ha l f -  
maximal a t  about 10q6M; GMP, AMP, cyc l i c  GMP, and cyc l i c  AMP were found t o  
be ine f f ec t ive .  Thus it appeared t h a t  ce r t a in  nucleotides,  p a r t i c u l a r l y  
ATP and GTP, could influence the binding of glucagon t o  i t s  receptor.  

In order t o  t e s t  the e f f e c t s  of nucleotides on the  st imulation of 
adenyl cyclase a c t i v i t y  by glucagon, a major technical obstacle had t o  be 
overcome. ATP, a t  the concentrations usually employed i n  adenyl cyclase 
assay media, i s  capable of producing near maximal nucleotide e f f e c t  on 
glucagon binding. 
i t s  subs t r a t e ,  extraordinary conditions had t o  be employed f o r  evaluating 
the effects of nucleotides.  Fortunately, adenyl cyclase a c t i v i t y  can be 
observed a t  ATP concentrations lower than the  minimal concentrations re- 
quired t o  a f f e c t  binding. When ATP concentration i n  the adenyl cyclase 
assay medium was reduced t o  about 0 . 1  mM, GTP was found t o  increase the 
glucagon stimulated adenyl cyclase a c t i v i t y .  Unfortunately, the ATP- 
regenerating system was found t o  be ine f f ec t ive  a t  these low ATP concen- 
t r a t i o n s ,  and GTP tended t o  preserve subs t r a t e  concentration under t h i s  
condition. Shortly a f t e r  these experiments were performed, AMP-PNP was 
found t o  be a subs t r a t e  f o r  adenyl cyclase act ivi ty15.  Since AMP-PNP con- 
centrat ion i s  not diminished upon incubation w i t h  plasma membranes, 
e f f e c t s  of nucleotides could be invest igated without concern f o r  a r t i f a c t s  
introduced by preservation of adenyl cyclase subs t r a t e  concentration. 
Conditions were sho r t ly  es tabl ished wherein no increase i n  adenyl cyclase 
a c t i v i t y  due t o  addition of glucagon could be observed unless a nucleo- 
t i d e  was added t o  the assay medium25. 
possibly GTP, is obligatory f o r  glucagon stimulation of adenyl cyclase 
a c t i v i t y .  

Since adenyl cyclase cannot be assayed i n  absence of 

Thus i t  i s  c l e a r  t h a t  a nucleotide,  

A Possible Regulatory S i t e  f o r  Magnesium - A divalent cation 
o r  Mn++ i s  required f o r  c a t a l y t i c  a c t i v i t y  of adenyl cyclaseiO. 

e i t h e r  Mg++ 
Since ATP 

binds one Mg+; a t  neu t r a l  pH, it i s  reasonable t o  assume t h a t  the adenyl 
cyclase subs t r a t e  i s  actual ly  MgATP4. 
a c t i v i t y  i n  f a t  c e l l  ghosts9 and an e x t r a c t  of hea r t  muscle29 suggested 
t h a t  Mg++ might a l so  be required a t  a second s i t e .  
pa ro t id  gland30 and brain31 and i n  l i v e r  membranes32, f luoride i r r eve r -  
s i b l y  ac t iva t e s  adenyl cyclase a c t i v i t y  only when Mg++ is a l s o  present .  
The complexity of the membranes and of the adenyl cyclase assay medium 
have forced postponement of fu r the r  evaluation of the role  of magnesiums 
and o the r  ions.  

Kinetic analysis  of  adenyl cyclase 

In homogenates of 

A Role f o r  Membrane Lipids - By careful  s e l ec t ion  of conditions,  i t  i s  pos- 
s i b l e  t o  a l t e r  l i v e r  membranes with e i t h e r  digi tonin o r  phospholipase A i n  
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such a way t h a t  glucagon s t imu la t ed  adenyl cyc lase  a c t i v i t y  and glucagon 
binding i s  markedly diminished bu t  f l u o r i d e  s t imu la t ed  adenyl cyc la se  
a c t i v i t y  i s  e i t h e r  una f fec t ed  o r  increased18.  Addit ion o f  aqueous d i s -  
pers ions  of  membrane l i p i d  e x t r a c t s  o r  p u r i f i e d  phosphol ipids  p a r t i a l l y  
r e s t o r e s  t h e  glucagon s t imu la t ed  adenyl cyc la se  a c t i v i t y  and glucagon 
binding33,  34. The glucagon response o f  a s o l u b l i z e d  adenyl cyc lase  from 
h e a r t  muscle can b e  r e s t o r e d  by add i t ion  of  phosphat idyl  ~ e r i n e ~ ~ .  These 
r e s u l t s  c l e a r l y  e s t a b l i s h  t h e  importance o f  membrane l i p i d s  i n  t h e  process  
through which glucagon s t i m u l a t e s  adenyl cyc lase  a c t i v i t y ;  however, t h e  
mechanism o f  l i p i d  involvement i s  not  known. In view o f  i t s  suscep- 
t i b i l i t y  t o  de t e rgen t s  and phosphol ipase A, it i s  probable  t h a t  t h e  glu-  
cagon b inding  s i t e  is  a l i p o p r o t e i n .  However, evidence f o r  l i p i d  involve-  
ment a t  o t h e r  s i tes  i n  t h e  system i s  a v a i l a b l e 3 4 .  
s i t e  and t h e  adenyl cyc la se  c a t a l y t i c  s i t e  are probably loca ted  on t h e  
o u t e r  and inne r  su r faces  of t h e  plasma membrane r e s  e c t i v e l y .  Plasma 
membranes c o n s i s t  of one - th i rd  t o  one-half  l i ~ i d ~ ~ , { ~ ,  and s e v e r a l  l i n e s  
of evidence i n d i c a t e  t h a t  t h e r e  a r e  extended l i p i d - r i c h  reg ions  i n  mem- 
b r a n e ~ ~ ~ .  Thus, i t  may be t h a t  t h e  hormone b inding  and c a t a l y t i c  s i t e s  
of t h e  adenyl cycfase  system a r e  sepa ra t ed  by a l i p i d - r i c h  l a y e r .  A 
suggest ion has r e c e n t l y  been made t h a t  l i p i d s  a c t  by l i m i t i n g  adenyl 
cyc lase  a c t i v i t y  and t h a t  hormones act by r e l i e v i n g  t h i s  l imi t a t ion3 ' .  

The glucagon b inding  

The Coupling Mechanism - The most i n t e r e s t i n g  and poor ly  understood 
property of hormone s e n s i t i v e  adenyl cyc la se  systems i s  t h e  process  by 
which the  hormone-binding s i t e  i n t e r a c t i o n  leads t o  inc reased  c a t a l y t i c  
a c t i v i t y  o f  adenyl cyc lase .  The b e s t  cu r ren t  hypotheses are t h a t  t he  
i n t e r a c t i o n  a t  t he  b inding  s i t e  produces e i t h e r  a conformational change 
analogous t o  those  known t o  occur  i n  a l l o s t e r i c a l l y  r egu la t ed  enzymes o r  
a covalent  change such a s  t h e  product ion o f  a phosphorylated in te rmedia te .  
Compelling evidence f o r  o r  a g a i n s t  e i t h e r  hypothes is  i s  not  ye t  a v a i l a b l e .  
Phosphorylation seems u n l i k e l y  because glucagon s t imu la t ed  adenyl cyc lase  
a c t i v i t y  can be observed i n  t h e  absence o f  an added source  o f  high energy 
phosphate when AMP-PNP is used as s u b s t r a t e 1 5 .  
covalent  change remain e n t i r e l y  p o s s i b l e .  The coupl ing mechanism must 
opera te  very r ap id ly  s i n c e  t h e  time course o f  glucagon s t imu la t ed  adenyl 
cyc lase  a c t i v i t y  i n  l i v e r  membranes i s  l i n e a r  f o r  a t  l e a s t  10 minutes and 
ex t r apo la t e s  t o  t h e  o r i g i n l o .  

However, o t h e r  kinds of  

c;I'P s t imu la t e s  adenyl cyc lase  a c t i v i t y  i n  t h e  absence o r  presence o f  
added glucagon15 and a l te , :  :be ' J inding o f  glucagon t o  the  membranesz8. 
Furthermore, a requirement f u r  a nuc leo t ide  must be f u l f i l l e d  i n  order  f o r  
glucagon t o  s t i m u l a t e  adenyl cyc la se  a c t i v i t y 1 5 .  I f  a l l  o f  t hese  e f f e c t s  
a r e  caused by an i n t e r a c t i o n  between nuc leo t ides  and s i n g l e  e x t r a c a t a l y t i c  
s i t e ,  i t  is  a t t r a c t i v e  t o  th ink  t h a t  t h i s  s i t e  and events  occur r ing  a t  i t  
form p a r t  of t h e  coupl ing mechanism. A requirement f o r  l i p i d s  i n  t h e  
process  through w h i c h  hormones s t i m u l a t e  adenyl cyc la se  a c t i v i t y  has been 
e ~ t a b l i s h e d ~ ~ ,  and t h e  hypothes is  has been advanced t h a t  hormones a c t  by 
r e l i e v i n g  a l i m i t a t i o n  on adenyl cyc la se  a c t i v i t y  caused by l i p i d s 3 1 .  
Thus, p r o t e i n - l i p i d  i n t e r a c t i o n s  may a l s o  be involved i n  t h e  coupl ing 
process .  A l l  o f  t hese  cons ide ra t ions  about t h e  coupl ing between t h e  
glucagon binding s i t e  and t h e  adenyl cyc la se  c a t a l y t i c  s i t e  remain specu- 
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l a t i v e .  
information regarding t h i s  process  , i n t ima te  understanding of  i t s  d e t a i l s  
w i l l  u l t ima te ly  r e q u i r e  s i m p l i f i c a t i o n  o f  t h e  system and sepa ra t ion  of i t s  
components. Thus t h e  problem i s  i n e x t r i c a b l y  r e l a t e d  t o  a general  and 
very d i f f i c u l t  cu r ren t  problem i n  b io logy ,  t h a t  o f  reso lv ing  membrane 
s t r u c t u r e  and func t ion .  

Although experiments with i n t a c t  membranes can provide i n d i r e c t  

Termination o f  t h e  Glucagon Signal  - I n  order  t o  subserve a regula tory  
func t ion ,  a hormone r ecep to r  must be ab le  both t o  t u r n  on and t o  t u r n  o f f  
i n  response t o  inc reas ing  and decreas ing  blood hormone concent ra t ions .  
I f  a l a r g e  excess of  DH-glucagon, a compet i t ive i n h i b i t o r  of  glucagon 
( see  above) , is added t o  an adenyl cyc lase  r eac t ion  which has  been allowed 
t o  incubate  f o r  s e v e r a l  minutes i n  t h e  presence of  a submaximal s t imula-  
t i n g  concent ra t ion  of glucagon, t h e  ra te  of 

adenyl cyc lase  depends from moment t o  moment on t h e  composition of  t he  
medium r a t h e r  than on t h e  s t a t e  of system i n  t h e  immediate p a s t .  

roduct ion of c y c l i c  AMP 
decays t o  t h e  b a s a l  l eve l  w i th in  one minute 3 s  . Thus, t h e  a c t i v a t i o n  of 

Glucagon i n  t h e  medium o f  an adenyl cyc lase  r e a c t i o n  is  very 
r ap id ly  i n a c t i v a t e d  by a membrane dependent process20.  
process  i s  s p e c i f i c  f o r  glucagon s i n c e  i t  cannot be blocked by add i t ion  
of  a l a r g e  excess of  another  pept ide  hormone such a s  s e c r e t i n .  
wi th  t h e  glucagon s t imu la t ed  adenyl cyclase,  t h e  i n a c t i v a t i o n  process  is 
hea t  l a b i l e ,  s t imu la t ed  by EDTA, and i n h i b i t e d  by 2 M urea .  The change 
i n  t h e  glucagon molecule has not  been determined, bu t  i t  must h e  very 
minor s i n c e  t h e  i n a c t i v a t e d  glucagon co-chromatographs with a c t i v e  glu- 
cagon on sephadex, DEAE c e l l u l o s e ,  and a t h i n  l aye r  p a r t i t i o n  chroma- 
tography system32. 
conta ins  t h e  glucagon receptor ,  a l s o  conta ins  a s p e c i f i c  glucagon in -  
a c t i v a t i o n  system which shares  s e v e r a l  p r o p e r t i e s  with t h e  r ecep to r .  The 
i n a c t i v a t i o n  system may be  a p a r t  o f  t h e  r ecep to r ,  i n  which case glucagon 
would a c t u a l l y  b e  a substrate f o r  t h e  receptor ,  o r  it may be s e p a r a t e  and 
se rve  t h e  func t ion  of r ap id ly  reducing t h e  concent ra t ion  of  hormone i n  
the  v i c i n i t y  o f  t h e  r ecep to r  once t h e  supply o f  new hormone has  diminished. 

The i n a c t i v a t i o n  

In common 

Thus t h e  l i v e r  plasma membrane, an o rgane l l e  which 

General Conclusions and Summary - The g lucagon-sens i t ive  adenyl cyc lase  
system i n  p u r i f i e d  r a t  l i v e r  plasma membranes has p rope r t i e s  which s a t i s f y  
t h e  major cr i ter ia  requi red  t o  c a l l  it a glucagon r ecep to r .  I t  i s  capable  
o f  responding very r ap id ly  t o  changes i n  glucagon concent ra t ion  and is  
s e n s i t i v e  t o  very low concent ra t ions  o f  t h e  hormone. I t  produces a sub- 
s tance ,  c y c l i c  AMP, which affects c e l l u l a r  func t ion  i n  ways which would 
be p red ic t ed  from the  known phys io logic  effects o f  glucagon, and t h e  
system d i sp lays  g r e a t  s p e c i f i c i t y  f o r  glucagon. Furthermore, i n  t h e  l i v e r  
plasma membrane prepara t ion ,  t h e  system remains a s soc ia t ed  with t h e  o r -  
gane l l e  i n  which i t  probably r e s i d e s  i n  t h e  l i v i n g  c e l l  bu t  has been 
sepa ra t ed  from most of t h e  extraneous c e l l u l a r  m a t e r i a l .  Thus the  system 
i s  probably i n  t h e  s imples t  poss ib l e  s t a t e  ob ta inable  without d i s rup t ing  
t h e  o rgane l l e  s t r u c t u r e .  

The glucagon-sensi t ive adenyl cyc lase  system i s  c l e a r l y  complex and 
probably multimolecular;  bu t  a genera l  formulat ion o f  i t s  opera t ions  can 
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b e  made. 
o u t e r  su r f ace  of  t h e  membrane. The b inding  s i t e  has  t h e  p r o p e r t i e s  of  a 
l i popro te in ,  and p a r t  o f  t h e  fo rce  o f  b ind ing  involves  a hydrophobic i n t e r -  
a c t i o n  between the  b inding  s i t e  and t h e  h igh ly  nonpolar  carboxy terminal 
region o f  t h e  glucagon molecule.  A comparison with a s t r u c t u r a l l y  s i m i -  
lar  b u t  i n a c t i v e  pept ide ,  s e c r e t i n ,  i n d i c a t e s  t h a t  t h e  s p e c i f i c i t y  of  t h e  
binding is due t o  one o r  more of  seven amino a c i d  r e s idues  which a r e  
loca ted  mainly i n  t h e  mid-portion o f  t h e  molecule.  The amino-terminal 
h i s t i d i n e  is  e s s e n t i a l  f o r  b i o l o g i c  a c t i v i t y  b u t  no t  f o r  b inding  and 
t h e r e f o r e  m u s t  p lay  a unique r o l e  a t  t h e  a c t i v e  c e n t e r  o f  t h e  glucagon- 
binding s i te  complex. The change i n  bo th  s t r u c t u r e s  consequent t o  t h e  
r eac t ion  between glucagon and t h e  b inding  s i t e  i s  no t  known b u t  t e r t i a r y  
s t r u c t u r e  changes occur  i n  both ,  and covalen t  changes i n  e i t h e r  o r  both 
may occur a s  well. The changes occurr ing  upon r e a c t i o n  a t  t h e  glucagon 
b inding  s i t e  cause an ins tan taneous  i n c r e a s e  i n  t h e  a c t i v i t y  of  t h e  
adenyl cyc lase  c a t a l y t i c  s i t e  on t h e  i n n e r  su r face  of  t h e  membrane. The 
na ture ,  o r  even the  complexity,  o f  t h i s  coupl ing r e a c t i o n  has  not  been 
e s t a b l i s h e d  but  a nuc leo t ide ,  probably e i t h e r  ATP o r  GTP, must be present  
i n  s u f f i c i e n t  concent ra t ion  f o r  coupl ing t o  occur .  In add i t ion ,  l i p i d s  
are present  between t h e  hormone-binding and c a t a l y t i c  s i tes  and may con- 
t r i b u t e  t o  t h e  coupl ing mechanism. The s u b s t r a t e  o f  t h e  c a t a l y t i c  s i t e  
is Mg-ATP, and t h e  products  a r e  c y c l i c  AMP and P P i .  Mg++ is  a l s o  re- 
qu i r ed  a t  an e x t r a c a t a l y t i c  s i t e  which may subserve a r egu la to ry  func t ion .  
I n t r a c e l l u l a r  events  a r e  probably a b l e  t o  r e g u l a t e  t h e  response of  t h e  
system t o  hormonal s t imu la t ion  through e i t h e r  o r  both t h e  magnesium and 
nuc leo t ide  s i t e s .  The e n t i r e  system responds very r a p i d l y  t o  changes i n  
t h e  medium and w i l l  decay t o  a lower l e v e l  of a c t i v i t y  wi th in  one minute 
a f t e r  reduct ion of t h e  medium glucagon concent ra t ion .  The membrane con- 
t a i n s  a s p e c i f i c  system which produces a minor change i n  t h e  glucagon 
molecule and renders  it i n a c t i v e ,  thereby r ap id ly  reducing t h e  e f f e c t i v e  
glucagon concent ra t ion  a f t e r  c e s s a t i o n  o f  supply o f  new hormone t o  the  
system. 

Glucagon binds t i g h t l y  bu t  r e v e r s i b l y  t o  a s p e c i f i c  s i t e  on t h e  

This summary of t h e  glucagon s e n s i t i v e  adenyl cyc la se  i s  s t i l l  
somewhat specu la t ive  and con ta ins  s e v e r a l  important  gaps.  However, i t  i s  
the  only a v a i l a b l e  syn thes i s  of t h e  opera t ions  of  a complete hormone re- 
cep to r  and, as  such, o f f e r s  a framework f o r  experimental  t e s t i n g  of  i t s  
p a r t s .  Much of t h i s  work can be  done with membranes. For example, t h e  
gene ra l i t y  of t he  model should be examined, and i t  should be p o s s i b l e  t o  
i d e n t i f y  t h e  product of  t h e  glucagon i n a c t i v a t i o n  r e a c t i o n .  However, such 
experiments a r e  l i m i t e d  i n  scope, and f u l l  understanding o f  t h e  systems 
w i l l  u l t ima te ly  r equ i r e  sepa ra t ion  o f  i t s  components from t h e  membrane 
s t r u c t u r e .  I n  p a r t i c u l a r ,  t h e  n a t u r e  o f  t h e  coupl ing process  probably 
w i l l  not  be c l a r i f i e d  u n t i l  t h e  system i s  s i m p l i f i e d .  When such informa- 
t i o n  becomes a v a i l a b l e ,  it must be incorpora ted  i n t o  an understanding 
o f  t h e  system i n  i t s  n a t u r a l  membraneous s t a t e  j u s t  a s  events  occur r ing  
a t  t h e  membrane l eve l  must eventua l ly  be incorpora ted  i n t o  an understand2 
ing  o f  t h e  func t ions  of  t h e  whole organism. 
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Chapter 24. Quant i ta ted  S t ruc tu re -Ac t iv i  t y  Re la t ionsh ips  

Arthur  C a m r a t a ,  Temple Univers i ty ,  School of Pharmacy, Ph i l ade lph ia ,  Pa. 

An inc reas ing  number of persons a r e  beginning t o  apply  q u a n t i t a t e d  
s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  (SARs) as an  a i d  i n  the  s tudy  of f a c t o r s  
i n f luenc ing  drug e f f e c t  and as a guide f o r  t he  des ign  of new drug agen t s .  
Pioneering s t u d i e s  d iscussed  i n  previous ANNUAL REPORTS1-5 and i n  s e v e r a l  
recent  reviews6-8 have ind ica t ed  the  p o t e n t i a l  u t i l i t y  of t hese  approaches 
and e f f o r t s  a r e  c u r r e n t l y  being made t o  r e f i n e  the  p re sen t  methods and t o  
extend t h e i r  p r a c t i c a l  u t i l i t y .  Three b a s i c  methods are i n  cu r ren t  use:  
(1) Linear  Free-Energy and Related Mathematical Models; (2) P o l a r i z a b i l i t y  
Models; and, (3) Quantum Chemical Models. These methods d i f f e r  i n  t he  l e v e l  
of t h e o r e t i c a l  s o p h i s t i c a t i o n  needed t o  o b t a i n  a working r e l a t i o n s h i p ,  bu t  
a l l  p r e s e n t l y  r e l y  heav i ly  on the  use  of m u l t i p l e  r eg res s ion  techniques i n  
r e l a t i n g  observed b i o l o g i c a l  a c t i v i t i e s  t o  a given mathematical  model. 
For the  novice,  a s l i g h t  change i n  pe r spec t ive  i s  necessary t o  g a i n  an  ap- 
p r e c i a t i o n  of t he  i n t e n t  and u t i l i t y  of q u a n t i t a t e d  methods i n  a p p l i c a t i o n  
t o  b io logy .  The i n t e n t  i s  not  simply to  c o r r e l a t e  b i o l o g i c a l  d a t a  wi th  
phys ica l  cons t an t s ,  nor i s  i t  t h e  a p r i o r i  de te rmina t ion  of t he  b i o l o g i c a l  
a c t i v i t y  t h a t  should be observed f o r  a given compound. Rather,  t he  objec-  
t i v e s  of q u a n t i t a t e d  SAR s t u d i e s  are t o  t ake  concepts on how molecular  pro- 
p e r t i e s  are  s a i d  t o  in f luence  a given b i o l o g i c a l  e f f e c t  and t o  relate these  
concepts t o  a mathematica1,physical o r  chemical model. 
p re s s ion  based on a physicochemical theory can r ep lace  a v e r b a l  r a t i o n a l e  
f o r  experimental  observa t ions .  I f  t h e  working theory i s  well-founded, de r -  
i v a t i o n  can supplement o r  a t  times r ep lace  i n t u i t i o n  i n  provid ing  a n  i n d i -  
c a t i o n  of t h e  course t o  fo l low i n  conducting l a t e r  experiments wi th  t h e  
same test  system. 

I n  t h i s  way an  ex- 

I n  seeking new drug agents  t h r e e  procedures  are o f t e n  followed: (a)  
t he  r o u t i n e  screen ,  where compounds from vary$ng sources  are  t e s t e d  f o r  
t h e i r  e f f e c t  a g a i n s t  a predetermined d i s e a s e  o r  d i s e a s e  s t a t e ;  (b) s t r u c -  
t u r a l  modi f ica t ion ,  where compounds whose b i o l o g i c a l  e f f e c t s  are known are 
used as models f o r  t he  des ign  of new compounds having a s i m i l a r  b i o l o g i c a l  
e f f e c t ;  and, (c) biochemical design,  where a compound i s  pa t t e rned  t o  ac t  
i n  l i e u  of o r  i n  a manner s i m i l a r  t o  a known biochemical subs tance .  Lead 
subs tances  garnered from the  r e s u l t s  of these  s t u d i e s  provide models f o r  
subsequent s t r u c t u r a l  v a r i a t i o n s  which are o f t e n  prepared wi th  a view 
towards ga in ing  the  b i o l o g i c a l l y  most po ten t  r e p r e s e n t a t i v e s  of t he  series. 
It i s  he re  where q u a n t i t a t e d  SARs a r e  c u r r e n t l y  most u se fu l ,  a l though the  
methods are p o t e n t i a l l y  of broader  scope.  

Linear  Free-Energy and Related Mathematical Models. The most d i r e c t  connec- 
t i o n  between a n  i n t u i t i v e  i n t e r p r e t a t i o n  of  a g iven  set of SARs and i t s  
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9,lO mathematical  coun te rpa r t  i s  t h e  use of t he  a d d i t i v e  s t a t i s t i c a l  model. 

By inspec t ion  of a t a b l e  of SARs it can o f t e n  be concluded t h a t  t h e  incor -  
po ra t ion  of c e r t a i n  groups which seem t o  enhance a b i o l o g i c a l  e f f e c t  i n t o  
a s i n g l e  compound might lead  t o  a more a c t i v e  agen t .  I f  t h e  s e t  of SARs i s  
ex tens ive ,  however, t he  most s u i t a b l e  combination of s u b s t i t u t i o n s  i s  o f t e n  
not  obvious and may not  even be possessed by any of t he  compounds contained 
i n  t h e  s e t .  The  a d d i t i v e  model r e p r e s e n t s  a n  e f f o r t  t o  r ep lace  t h e  method 
of i n spec t ion  by a mathematical  procedure which is  o p e r a t i o n a l l y  equ iva len t  
bu t  which has the  advantage of r a p i d l y  po in t ing  o u t  those  groups which seem 
most l i k e l y  t o  lead  t o  a n  opt imal  b i o l o g i c a l  e f f e c t .  

The a d d i t i v e  s t a t i s t i c a l  model can be represented  by the  equat ion  

A = a  + a  + . . . + p  
Pm qn 

where A i s  t h e  observed b i o l o g i c a l  a c t i v i t y  f o r  a compound and a pm; aqn are 
t h e  r e l a t i v e  magnitudes of t he  b i o l o g i c a l  e f f e c t  imparted by s u b s t i t u e n t s  g 
and fl a t  molecular p o s i t i o n s  E and 9, r e s p e c t i v e l y ,  measured wi th  r e fe rence  
t o  a s tandard  a c t i v i t y p .  There i s  a n  equa t ion  of t h i s  type  f o r  each com- 
pound i n  a se t  of SARs. The r e f e r e n c e  a c t i v i t y  p may be taken  as the  aver -  
age of t he  b i o l o g i c a l  a c t i v i t i e s  f o r  a l l  compounds i n  the  SAR compilat ion 
o r  i t  may be chosen as  the  observed b i o l o g i c a l  a c t i v i t y  f o r  t he  pa ren t  mem- 
ber  o€  the  ser ies .  Values f o r  a a are subsequent ly  der ived  by least-  Pm' 4" squares  procedures and these  provide  a measure of t he  in f luence  of each 
s t r u c t u r a l  mod i f i ca t ion  on the  observed b i o l o g i c a l  e f f e c t .  Those s u b s t i t u -  
t i o n s  lead ing  t o  enhanced b i o l o g i c a l  a c t i v i t i e s ,  as ind ica t ed  by p o s i t i v e  
- a va lues ,  are  the  more promising s t r u c t u r a l  v a r i a t i o n s  f o r  l a t e r  s y n t h e s i s .  
The magnitude of t he  b i o l o g i c a l  e f f e c t  t o  be expected due t o  t h e  incorpor-  
a t i o n  of these  "optimal" s t r u c t u r a l  v a r i a t i o n s  is  obta ined  by adding the  
appropr i a t e  der ived  va lues  of g t o  t h e  va lue  f o r  p. D e t a i l s  of t he  co 
t a t i o n a l  technique w i l l  be found i n  a forthcoming book e d i t e d  by Kier .  T Y -  

Purce l l  and h i s  coworkers have been a c t i v e  i n  a t t empt ing  t o  d e f i n e  the  
condi t ions  under which the  a p p l i c a t i o n  of a n  a d d i t i v e  model t o  b i o l o g i c a l  
d a t a  might break down. 1 2 7 1 3  A t  p re sen t ,  t h e  demonstrated l i m i t a t i o n s  are  
p r imar i ly  s t a t i s t i c a l  i n  o r i g i n .  A procedure f o r  o b t a i n i n g  r e l i a b l e  a va lues  
i l l u s t r a t e d  f o r  chloroquine d e r i v a t i v e s  t e s t e d  a g a i n s t  Plasmodium nal l inaceum 
i s  g iven  by Hudson G. a. 14 

While use of t he  a d d i t i v e  model possesses  a d e f i n i t e  advantage over  
v i s u a l  ana lyses  of SARs, i t  is r e s t r i c t e d  i n  t h e  same ways as  i s  the  inspec-  
t i o n  method. I t  i s  of  l i m i t e d  u t i l i t y  i n  provid ing  i n s i g h t  i n t o  the  physi-  
cal  o r  chemical drug requirements  which l i m i t  a b i o l o g i c a l  response and i t  
is a p p l i c a b l e  only  t o  those  s u b s t i t u e n t  v a r i a t i o n s  conta ined  i n  the  SAR 
compilat ion.  Recent work i n d i c a t e s ,  however, t h a t  2 va lues  i d e n t i f i e d  wi th  
a given molecular p o s i t i o n  may be c o r r e l a t e d  wi th  a l i n e a r  combination of 
e l e c t r o n i c ,  l i p o p h i l i c  and s t e r i c  s u b s t i t u e n t  a rameters .  Two i l l u s t r a t i o n s  
are provided by t h e  work of Camarata and Yaul! i n  which a va lues  de r ived  
from microbia l  growth k i n e t i c  a s says  of t e t r a c y c l i n e s  are r e l a t e d  t o  d 2  and 
rv and by t h e  work of F u j i t a  and Ban16 i n  which a va lues  der ived  from 
enzymatic a s says  of phenethylamines are c o r r e l a t e d  wi th  d a n d W  . The 
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s u b s t i t u e n t  cons tan ts  involved a r e  d, t h e  Hamnett constants,%', t h e  F u j i t a -  
Hansch-Iwasa l i p 0  h i l i c  indexes , l7  and rv, t h e  minimum van de r  Waals r ad ius  
f o r  s u b s t i t u e n t s  .!8-20 Fur the r  developments a long these  l i n e s  could extend 
the  u t i l i t y  of a d d i t i v e  s t a t i s t i c a l  ana lyses  s i n c e  new a values  can be 
determined from a knowledge of t he  va lues  €or  appropr i a t e  s u b s t i t u e n t  con- 
s t a n t s  and t h e  c o r r e l a t i o n  equat ion .  

I n  t h e  l i n e a r  f ree-energy approach developed by Hansch and h i s  asso-  
c i a t e ~ ~ ~ ~  b i o l o g i c a l  a c t i v i t y  i s  t r e a t e d  as a f ree-energy r e l a t e d  proper ty .  
The model equat ion  used i n  t h i s  approach may be genera l ized  by the  r e l a t i o n  

A = a d  + f c f 2 + b 7 1 + c W 2 + d r v + g r v 2 + k .  

Higher power (squared) terms appear i n  t h i s  equat ion  t o  t ake  in to '  account 
t h e  p o s s i b i l i t y  t h a t  t he  b i o l o g i c a l  a c t i v i t i e s  f o r  a series of compounds 
may pass  through a maximum i n  r e l a t i o n  t o  a given s u b s t i t u e n t  property.  
t h i s  behavior  i s  usua l ly  a consequence of l i p o p h i l i c i t y  a reduced form of 
t he  l i n e a r  f ree-energy model is o f t e n  s u f f i c i e n t  

As 

A = a d + bW + c7f2 + d rv + k. 
The i n c l u s i o n  of higher  power terms i n  the  l i n e a r  f ree-energy model i s  a 
s t a t i s t i c a l  expedient  f o r  a r r i v i n g  a t  c o r r e l a t i o n s  of b i o l o g i c a l  d a t a .  The 
Higuchis*l,  22 have developed a thermodynamic model which accounts  , i n  p a r t ,  
f o r  the  need f o r  h igher  order  terms, e s p e c i a l l y  with r e fe rence  t o  l i poph i -  
l i c i t y ,  bu t  t h e i r  method i s  more d i f f i c u l t  t o  apply f o r  an  i n i t i a l  a n a l y s i s  
of  b i o l o g i c a l  d a t a .  

The a p p l i c a t i o n  of t h e  l i n e a r  f ree-energy approach i s  usua l ly  r e s t r i c -  
ted  t o  compounds which are s t r u c t u r a l l y  c l o s e l y  s i m i l a r ,  b u t  i n  cases  where 
a b i o l o g i c a l  e f f e c t  i s  l a r g e l y  l imi t ed  by the  l i p o p h i l i c  c h a r a c t e r i s t i c s  of 
t he  drug agents  t h i s  r e s t r i c t i o n  may not p e r t a i n .  
c o r r e l a t i o n  gained by t h i s  approach a r e  based on the  p r i n c i p l e  t h a t  a p a r a l -  
l e l i s m  should e x i s t  between phys ica l  parameters der ived from a wel l -charac-  
t e r i z e d  model process  and the  corresponding phys ica l  i n f luence  t h a t  may 
dominate i n  t h e  a c t u a l  process  under s tudy .  Since a r a t i o n a l e  can usua l ly  
be presented which i s  cons i s t en t  wi th  a c o r r e l a t i o n  involving phys ica l ly  
meaningful parameters,  i t  has been pointed o u t  t h a t  ca re  should be taken t o  
i n s u r e  t h a t  an i n i t i a l  c o r r e l a t i o n  i s  not  a s t a t i s t i c a l  a r t i f a c t .  Martina3 
has ind ica t ed  the  consequences due t o  rounding e r r o r s  and Carmnarata g. &.24 
have presented  examples where c o r r e l a t i o n s  of b i o l o g i c a l  da t a  a r e  i n s u f f i -  
c i e n t  t o  j u s t i f y  a phys ica l  i n t e r p r e t a t i o n .  

I n t e r p r e t a t i o n s  of a 

Craig and h i s   associate^,^^ i n  an i n t e r e s t i n g  case  h i s t o r y ,  d i scuss  
the  s i g n i f i c a n c e  of t he  l i n e a r  free-energy approach i n  r e l a t i o n  t o  a program 
dea l ing  wi th  the  development of 3- t ropanyl  2 ,3 -d ia ry l ac ry la t e s  as spasmo- 
l y t i c s .  Based on the  f ind ing  t h a t  t he  spasmolyt ic  po tenc ies  f o r  a represen-  
t a t i v e  series of 20 compounds was c o r r e l a t e d  wi th  d and d 2  f u r t h e r  work on 
t h i s  series w i i s  terminated.  These workers f e l t  t h e r e  was a high p r o b a b i l i t y  
t h a t  an 'ou ts tandingly  a c t i v e  molecule i n  t h i s  series w i l l  not have been 
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missed by not  prepar ing  " j u s t  a few more analogs" s i n c e  t h e  optimum a c t i v i t y  
f o r  t he  series i s  a l r eady  ind ica t ed  by t h e  c o r r e l a t i o n .  

A study made by Kut te r  s. i n d i c a t e s  a p o t e n t i a l  f o r  s epa ra t ing  
drug pene t r a t ion  e f f e c t s  from e f f e c t s  due t o  an a c t u a l  drug- receptor  com- 
b ina t ion .  
fol lowing intravenous and i n t r a v e n t r i c u l a r  dosing of r a b b i t s .  It was shown 
t h a t  t h e  r a t i o  of th reshold  doses ,  log(Civent r /Civ) ,  i s  r e l a t e d  t o  t h e  a b i l -  
i t y  of the  drugs t o  p e n e t r a t e  t h e  l i p o p h i l i c  blood-brain b a r r i e r .  I n  con- 
trast, the  i n t r a v e n t r i c u l a r  a c t i v i t i e s  were suggested t o  be more i n  p a r a l l e l  
with t h e  " receptor  a c t i v i t i e s "  of t h e  a n a l g e t i c s  s i n c e  these  a c t i v i t i e s  were 
e s s e n t i a l l y  independent of t h e  l i p o p h i l i c i t y  of t h e  compounds. 

Analge t ic  e f f i c i e n c i e s  of morphine-like drugs were determined 

Hansch and Coats27 have analyzed d a t a  from a number of l a b o r a t o r i e s  
in mapping the  phys ica l  c h a r a c t e r i s t i c s  f o r  the  a c t i v e  s i t e  of d-chymo- 
t r y p s i n .  
on t h e  enzyme were i d e n t i f i e d  as common t o  both s u b s t r a t e s  and i n h i b i t o r s .  
Ext rapola t ions  of t h i s  s tudy  may be t o  t ake  any of a number of p r o t e i n s  and 
enzymes whose primary and t e r t i a r y  s t r u c t u r e s  a r e  known and t o  des ign  spe- 
c i f i c  s u b s t r a t e s  o r  b inding  agen t s  based on a knowledge of t he  macromole- 
c u l a r  s t r u c t u r e .  From such p u r s u i t s  r u l e s  apply ing  t o  q u a n t i t a t e d  SARs i n  
r e l a t i o n  t o  t h e  na ture  of t he  a c t i v e  or binding si tes of macromolecules 
might be der ived which might prove use fu l  i n  understanding t h e  na ture  of 
o the r ,  l e s s  wel l -def ined,  r ecep to r  reg ions .  

I n  accord wi th  the  Hein-Niemann model 4 phys ica l ly  d i s t i n c t  reg ions  

Drug e f f e c t s  p o t e n t i a l l y  due t o  the  intermediacy of f r e e - r a d i  a l s  are 
p resen t ly  under i n v e s t i g a t i o n  us ing  l i n e a r  f ree-energy approaches .2g One 
i l l u s t r a t i o n  of t h e  u n c e r t a i n t i e s  involved i n  t h i s  a r e a  of s tudy  i s  provided 
by work done i n  r e l a t i o n  t o  t h e  b a c t e r i a l  growth i n h i b i t i o n  potenc ies  of  
chloramphenicols.  
i n  which e l e c t r o n i c  p o l a r i z a b i l i t y 3 t a s  suggested a s  a b i o l o g i c a l l y  l i m i t i n g  
phys ica l  p roper ty .  Hansch s. &. 
be co r re l a t ed  by an  equat ion  involv ing  ER, which is def ined  a s  a f r e e -  
r a d i c a l  parameter, and a t t r i b u t e d  t h e  a n t i b a c t e r i a l  e f f e c t  o f  chloramphen- 
i c o l s  t o  the  formation of a benzyl ic  r a d i c a l .  L a t e r  Cammarata and co- 
workers31 showed ER i s  c o r r e l a t e d  wi th  c f 2  and concluded t h a t  t he  h y s i c a l  
s i g n i f i c a n c e  of ER i s  obscure.  From c e l l - f r e e  s t u d i e s  Freeman 32,93 found 
no j u s t i f i c a t i o n  f o r  i n t e r p r e t i n g  the  a c t i o n  of chloramphenicols based on a 
c o r r e l a t i o n  of a n t i b a c t e r i a l  a c t i v i t i e s .  H i s  d a t a  f o r  t h e  i n h i b i t i o n  of 
b a c t e r i a l  p r o t e i n  s y n t h e s i s  by chloramphenicols sugges t  t h e  pene t r a t ion  
c h a r a c t e r i s t i c s  of t hese  d r u  s are s u f f i c i e n t  t o  account  f o r  v a r i a t i o n s  i n  
t h e i r  a n t i b a c t e r i a l  e f f e c t s  .52 Whether Freeman's conclus ion  a p p l i e s  gener- 
a l l y  t o  the  use of l i n e a r  f ree-energy ana lyses  as a mechanis t ic  t o o l  i n  
biology o r  whether i t  se rves  t o  po in t  ou t  a p o s s i b l e  p i t f a l l  of t he  approach 
i n  t h i s  connect ion should be e s t a b l i s h e d  by f u r t h e r ,  wel l -designed 
i n v e s t i g a t i o n s .  

C a m ~ n a r a t a ~ ~  has repor ted  a c o r r e l a t i o n  of these  a c t i v i t i e s  

subsequent ly  found the  same da ta  can 

23'4e 
A number of o t h e r  l i n e a r  f ree-energy ana lyses  have appeared i n  

recent  l i t e r a t u r e  dea l ing  wi th  enzyme a n t i b a c t e r i a l ,  
a n t i p a r i s i  t i c  ,49 9 50 a n t i  tumor, 51 f i b r i n o l y t i c ,  52 and hemolyt ic53 a c t i v i t i e s .  
Various o t h e r  b i o l o g i c a l  a c t i v i t i e s ,  such as odor and t a ~ t e , ~ ~ , ~ ~  have a l s o  
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been s i m i l a r l y  ~ t u d i e d . ~ ~ - ~ ~  
but ions  made i n  these  s t u d i e s  be minimized i n  t h i s  necessa r i ly  b r i e f  account .  
Those examples which have been presented a r e  r ep resen ta t ive  of t he  work done 
and y e t  t o  be done with b i o l o g i c a l  l i n e a r  f ree-energy r e l a t i o n s h i p s .  

It i s  not  intended t h a t  t he  p o s i t i v e  c o n t r i -  

P o l a r i z a t i o n  Models. I n  some ins tances  the  use of a l i n e a r  f ree-energy model 
f a i l s  t o  lead t o  a c o r r e l a t i o n  of  t he  b i o l o g i c a l  da t a  d e s p i t e  t h e  v a r i e t y  
of s u b s t i t u e n t  cons tan ts  t h a t  may be t r i e d .  One r a t i o n a l e  f o r  t h i s  f i nd ing  
i s  t h a t  a f a c t o r  not encompassed by the  more usua l  s u b s t i t u e n t  cons tan ts  
may be the  b i o l o g i c a l l y  l i m i t i n g  phys ica l  in f luence .  
approach based on the  theory of in te rmolecular  fo rces ,  an  elementary d i s -  
cuss ion  of which i s  g iven  by Hildebrand and Scot t ,59  could p e r t a i n .  Tute  
has ou t l ined  t h i s  theory a s  appl ied  by McFarland t o  b i o l o g i c a l  systems .60 
The model equat ion  used i n  t h i s  model, w r i t t e n  i n  a form s u i t a b l e  f o r  
r eg res s ion  a n a l y s i s ,  can be expressed 

For these  in s t ances  an  

n 

A = a p + b y L + c 4  + k  

where p is t h e  d ipo le  moment and i s  the  p o l a r i z a b i l i t y  f o r  a molecule.  
Tute has used t h i s  model i n  c o r r e l a t i n g  the  v i r a l  neuraminidase a c t i v i t i e s  
f o r  a s e r i e s  of i soquinol ines .60  
p o l a r i z a t i o n  model i n  r e l a t i o n  t o  b i o l o g i c a l  systems i s  not  f i rmly  
e ~ t a b l i s h e d . ~ ~  

Present ly ,  however, the  usefu lness  of t he  

Quantum Chemical Models. One of t he  more d i f f i c u l t  methods t o  apply t o  
pharmacological systems, and a l s o  one which i s  d i f f i c u l t  t o  apprec i a t e  by 
many, i s  based on s o l u t i o n s  t o  the  Schroedinger equat ion  f o r  molecular 
systems. This  type of an approach i s  genera l  i n  the  sense t h a t  a l l  phys ica l  
and chemical molecular p rope r t i e s  have an e l e c t r o n i c  o r i g i n ,  b u t  i t  i s  re- 
s t r i c t e d  o p e r a t i o n a l l y  by the  na ture  and number of assumptions t h a t  may have 
t o  be made i n  order  t o  reduce the  mathematics t o  a form t h a t  i s  r e a d i l y  
app l i ed .  
can be huge i n  comparison t o  t h a t  f o r  t h e  a p p l i c a t i o n  of an  a l t e r n a t i v e  
model. These r e s t r i c t i o n s  can be made a t  l e a s t  more bearable  by (a)  select-  
ing  the-quantum chemical method g iv ing  the  most adequate d e s c r i p t i o n  of the  
molecular p r o p e r t i e s  of i n t e r e s t  f o r  t he  l e a s t  c o s t  and (b) using a quantum 
chemical approach i f  t he  i n s i g h t  t h a t  might be gained i n t o  a b i o l o g i c a l  
process  is e i t h e r  d i f f i c u l t l y  o r  not a t  a l l  a c c e s s i b l e  experimental ly .  
Much of t he  c u r r e n t  research  i n  quantum pharmacology, a s  t h i s  a r e a  may be 
termed, is explora tory  i n  r e l a t i o n  t o  the  s tudy  and design of drugs.  The 
r e s u l t s  obtained t o  t h i s  da t e  a r e  promising. 
d e t a i l s  many of t h e  methods and impl ica t ions  of t h i s  approach. 

A f u r t h e r  more p r a c t i c a l  r e s t r i c t i o n  is  t h e  computer c o s t ,  which 

A r ecen t  book by Kier61 

Computational s t u d i e s  made by Kier and h i s  coworkers most r e c e n t l y  on 
amino a c i d s  ,62363 dopamine, 64 thyroxine,  65 0x0 tremorine,  66'and phenyl chol i n e  
e ther ,67  are c l o s e  t o  views shared by medicinal chemists s i n c e  the  ca l cu la -  
t i o n s  d e a l  wi th  the  conformations of drug agen t s ,  Work such as Kier 's  is 
va luable  s i n c e  not only can the  most s t a b l e  conformations a c c e s s i b l e  t o  a 
drug molecule be ca l cu la t ed  ( these  can f r equen t ly  be determined by X-ray o r  
n.m.r. techniques) but  a l s o  less s t a b l e ,  p o t e n t i a l l y  undetected conformations 
a v a i l a b l e  t o  a molecule could be ind ica t ed .  A t  l e a s t  one of t h e  
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conformations a c c e s s i b l e  t o  a n  unbound drug could c o n t r o l  t h e  na tu re  of t h e  
i n i t i a l  i n t e r a c t i o n  between the  drug and i t s  receptor64  and may a t  t i m e s  be 
similar t o  t h e  conformation of t h e  bound drug.  
empir ica l ly-based  c a l c u l a t i o n s  i n  a n  e f f o r t  t o  d e s c r i b e  t h e  conformation of 
glutamate a s  bound t o  t h e  a c t i v e  s i t e  of glutamine syn the ta se .  P a r a l l e l  
s t u d i e s  using quantum chemical methods may provide  a n  i n d i c a t i o n  of t h e  
conformation of drugs bound t o  t h e i r  r e c e p t o r .  

Gass and Meister68 have made 

Perade jord i  s. &.,69 W ~ h l , ~ ~  and Bass s. &.71 have developed 
models based on quantum chemical cons ide ra t ions  which a r e  s u i t e d  t o  t h e  
a n a l y s i s  of b i o l o g i c a l  a c t i v i t i e s  by m u l t i p l e  r e g r e s s i o n  techniques .  The 
work of Perade jord i  and h i s  a s s o c i a t e s 6 9  i s  noteworthy f o r  i t s  e f f o r t s  t o -  
w a r d s  t h e o r e t i c a l  r i g o r .  The r e g r e s s i o n  model developed i n  t h e  lat ter s tudy  
is g iven  by 

A = ( a i  Q i  +bi S i E  + C i  S iN)  + k 

i 
where Q i s  t h e  n e t  charge,  SE i s  t h e  e l e c t r o p h i l i c  and SN t h e  nuc leoph i l i c  
“ s u p e r d e l o c a l i z a b i l i t y ”  of a n  atom. The summation i s  taken  over  a l l  atoms 
of a drug molecule and r e g r e s s i o n  methods a r e  used t o  determine which atoms 
have t h e i r  p r o p e r t i e s  r e l a t e d  t o  the  drug e f f e c t  under s tudy .  The i n  v i t r o  
b a c t e r i o s t a t i c  a c t i v i t i e s  of t e t r a c y c l i n e s  ,69 the  an t ihype r t ens ive  a c t i v i -  
t i e s  of b e n z o t h i a d i a ~ i n e s , 7 ~  the  a n t i m a l a r i a l  a c t i v i t i e s  of chloroquine ana- 
l o g ~ , ~ ~  and var ious  s t e r o i d a l  a c t i v i t i e s 7 *  have r e c e n t l y  been analyzed us ing  
t h i s  type of method. I n  each case the  drug atoms which seem most e s s e n t i a l  
i n  ga in ing  a given b i o l o g i c a l  response a r e  i d e n t i f i e d .  Conceivably new 
molecules of s i m i l a r  s t e r i c  and l i p o p h i l i c  na tu re  having a d i s t r i b u t i o n  of 
atoms l i k e  t h a t  r e f l e c t e d  by the  c o r r e l a t i o n s  could l ead  t o  a n  equ iva len t  
b i o l o g i c a l  e f f e c t .  E f f o r t s  ha 
in f luences  i n t o  t h i s  approach.  

en made t o  inco rpora t e  l i p o p h i l i c  Yf ,B, 74 

Storm and K ~ s h l a n d ~ ~  followed by M i l s t i e n  and C ~ h e n ~ ~  have presented  
chemical evidence sugges t ing  t h a t  o r b i t a l  d i r e c t i o n a l  c h a r a c t e r i s t i c s  are  a 
dominant and p o s s i b l e  major cause of t h e  c a t a l y t i c  e f f i c i e n c y  of enzymes. 
No doubt o r b i t a l  symmetry c o n t r o l  of many enzymatic and Tharmacological pro- 
ces ses  can be encompassed by the  Woodward-Hoffman r u l e s .  7 7 7 8  bu t  i t  
remains t o  be shown how t h e s e  r u l e s  can  be g e n e r a l l y  app l i ed  t o  b i o l o g i c a l  
systems. A fundamental understanding of b i o l o g i c a l  s p e c i f i c i t y  a t  t he  
r ecep to r  l e v e l  i s  the  p o t e n t i a l  o f f e r e d  by developments i n  t h i s  area. 

An e l e c t r o n  t r a n s f e r  mechanism modified by s t e r i c  i n f luences  is  sug- 
ges ted  by Kang and Green79 as  account ing  f o r  t h e  ha l luc inogen ic  a c t i v i t i e s  
of the  major drugs of abuse.  Tes t ab le  p r e d i c t i o n s  expedi ted  by molecular  
o r b i t a l  c a l c u l a t i o n s  have been p r e s e n t e d . 7 9 ~ 8 0  An energy t r a n s f e r  mechan- 
i s m  s imilar  t o  t h a t  which h a s  been used t o  gauge the  a c t i v e  c e n t e r  of car- 
boxypeptidase Agl has  been propose 
a c t i v i t i e s  of nons t e ro ida l  a g e n t s  .” The s i g n i f i c a n c e  and u t i l i t y  of t h i s  
l a t t e r  course of i n v e s t i g a t i o n  i s  open t o  con jec tu re .  

as a b a s i s  f o r  t h e  an t i - inf lammatory  
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Chapter 25. Pharmaceutics 

J. Keith Guillory, College of Pharmacy, University of  Iowa, Iowa City, Iowa 

Membrane Transport - A knowledge of the factors affecting the permeability of 
membranes to solutes i s  crucial to the development of theoretical models to describe 
a variety of processes of interest to pharmaceutica I scientists. Diffusion through 
membranes has obvious implications i n  the areas of  drug absorption, the release of 
drugs from coated tablets and capsules, and the degradation of compounds which 
results from the penetration through protective coatings of water vapor and other 
gases. 

A number of studies have been undertaken to establish an experimental model 
for investigating the influence of various barriers on the rate of drug transport. 
Herzog and Swarbrickl have constructed a polymeric, nonporous, model membrane 
consisting of 44% ethytcellulose, 44% biologics I materials including lecithin, 
cephajin and cholesterol, and 12% mineral oi I .  When tested i n  a two-compartment 
transport cel l  using salicylic acid as penetrant, this membrane w a s  found to mimic 
the functionality of natural barriers. The transport of salicylic acid follows apparent 
first-order kinetics, with the membrane retaining approximately 2% of the salicylic 
acid. Both lecithin and mineral o i l  are found to potentiate transport, apparently 
due to their contribution to the nonpolar character of the barrier. 

Nakano and Pate12 have observed that the permeability of a diffusate through 
a nonpolar (dimethyl polysiloxane) membrane i s  increased i n  the presence of 
complexing agents which interact with the diffusate i n  nonpolar environments, but i s  
decreased in the presence of those agents which complex with the diffusate mainly i n  
aqueous solution. In the case of compiexing agents which interact both i n  aqueous 
and in nonpolar environments, either a decrease or an increase in permeability may 
be observed, depending on the partitioning behavior of the complexing agents and 
the relative stability constants of the complexes formed in  the two environments. 

In a similar study,3 an olive o i l  impregnated Mi I lipore membrane was employed 
to determine the transport kinetics of severa I drugs between two aqueous compartments 
buffered a t  pH 1.2 and 7.4. Apparent first-order rate constants obtained for the 
drugs olone can be correlated with reported -- in  vivo absorption rate constants. Each 
of the drugs i s  known to complex with caffeine, and in  each case caffeine 
significantly reduces the rate of transport. Furthermore, calculated i n  vitro rate 
constants agree well with reported i n  vivo rate constants for the drug-caffeine 
complexes. 

- -  
- -  

The transport cel l  devised by Nogami and coworkers4 consists of three compart- 
ments partitioned with two semipermeable (Visking) membranes, the centra I 
compartment being thin and containing a solution of polyvinylpyrrolidone, which 
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serves as a nonpermeating third component. Equations were developed to express the 
relationship between the overall permeability constant and the permeability and 
transport constants of the individua I liquid and membrane barriers. After a short 
induction period, a quasi-steady state condition i s  reached when barbital and 
benzoic acid are employed as the diffusible solutes. Sodium chloride has a negli- 
gible effect on the permeation of barbital and benzoic acid. The thickness of the 
centra I compartment apparently does not influence the rate of permeation since 
penetration through the Visking membranes i s  rate-determining . The interactions 
between the drugs and PVP can be described by a modification of the Langmuir 
adsorption equation. 

5 Ghanem and coworkers have examined the influence of surfactants, electro- 
lyte type, and concentration upon the permeability coefficient of the interfacial 
barrier formed when gelatin i s  adsorbed at  the hexadecane-water interface. Using 
diethyl phthalate as the solute, they found that ionic surfactants increase the per- 
meability of the barrier. Salts also increase the rate at  which diethyl phthalate 
penetrates, but the effect can be attributed entirely to an alteration in the partition 
coefficient of the solute, and not to an effect on the permeability. Thus, i n  spite 
of gelatin’s polyelectrolytic nature, i t s  configuration a t  the interface appears to be 
l i t t le affected by variations in the salt concentration. This i s  i n  contrast to the 
finding of Dorst and coworkers6 that the penetration of ethanol through a series 
array of membranes consisting of a highly crosslinked ion exchanger i s  influenced by 
sodium chloride. 

The relative importance of  oil-water interfacial barriers and bulk diffusion in 
complex matrices has been compared by following the transfer of cholesterol, diethyl 
phtha late, progestrone and octanol: (1) from water into hexadecane droplets i n  a 
continuous encapsulating gelatin layer or matrix, and (2) into and out of aggregated 
hexadecane-containing gelatin capsules dispersed in  water. Experimental results 
obtained for cholesterol support a mechanism i n  which the interfacial barrier i s  
rate-determining for both systems. In the case of  the other solutes, the oil-water 
interfacia I barriers are found to be controlling i n  the experiments with aggregates, 
but bulk matrix diffusion factors, as well as the oil-water interphase transport, are 
found to be important i n  the case of continuous matrix layers. 

Sustained Release - Fundamenta I information concerning membrane transport i s  Ii kely 
to find ready application i n  the development of more effective forms of sustained 
release medication. The permeabi l i ty  of films composed of poly(methyIviny1ether)- 
rnaleic anhydride copolymer crosslinked with poiysorbate 20 can be altered by an 
adjustment of the polysorbate 20 content, by varying the molecular weight of the 
polymer, and by selecting the appropriate humidity pretreatment procedure. 8 

The incorporation of drugs into polymeric matrices i s  an alternative device for 
controlling release. Among factors found to influence the release process from such 
matrices are the partition coefficient and diffusion coefficient of the drug, and i t s  
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concentration within the polymer. Using medroxyprogrestrone acetate as the diffusible 
species, Roseman and Higuchi9 found a nonlinear dependence of release rate upon 
concentration of the compound i n  the matrix. Equations have been derived to 
explain this behavior, and to incorporate other parameters which may influence the 
release rate. The model employed depends upon a receding rnedroxyprogrestrone 
acetate layer within the matrix, and the validity of the model was substantiated by 
use of photographs depicting depletion zones as a function of time. 

The phenomenon of flocculation i n  polymeric systems has been evaluated for i t s  
potential as a means of facilitating the molecular entrapment of drugs. Highly 
concentrated colloidal polymeric dispersions of an acrylic copolymer are flocculated 
i n  the presence of a drug such as methapyrilene hydrochloride i n  solution.lOil1 A 
suitable organic acid greatly increases the degree of interaction between the drug 
and the polymer, and provides a mechanism for controlling both interaction and 
subsequent drug release properties. Variables such as flocculation pH and rate of 
agitation must be controlled. Given the water solubility of  a drug and i t s  affinity 
for the polymer phase i t  should be possible, at  least in theory, to design a polymer 
network having optimum re lease properties. 12 

Dissoiution and Solubility - The search for apparatus which w i l l  afford reliable and 
reproducible information concerning the dissolution of pharmaceutical dosage forms 
continues. Swarbrickl3 has reviewed the various theoretical models that have been 
proposed to describe the dissolution process, as well as the devices used in  its 
measurement. Wagner14 has a Is0 published a comprehensive review of this field. 
OtherslS"'* have tested dissolution devices of their own design. 

Tawashi and Piccolo19 have examined recent theories of  crystal growth and 
dissolution, and have considered the role of  substances which act as inhibitors of these 
twoprocesses. F.D. & C. Blue No.1, at  concentrations of 100 mcg./ml., reduces 
the dissolution rate o f  sulfaguanidine by 55%.20 Th is  finding i s  consistent with the 
theory that dye molecules are preferentially adsorbed a t  the primary dissolution sites 
on the sulfaguanidine crystal. Polyvinylpyrrolidone inhibits the crystal growth of  
sulfathiazoIe.*' It has been proposed that the polymer forms a non-condensed, 
netlike film over the sulfathiazole crysta I surface. 

Testosterone propionate has been found to exhibit regular solution behavior only 
in saturated hydrocarbon solvents.22 I t s  solubility i s  more accurately predicted as the 
temperature approaches the melting point, and as the molar volumes of the solvents 
approach that of  the solute. Entropy considerations lead one to the conclusion that 
specific solute-solvent interactions occur i n  some solvents, increasing the solubility 
of testosterone propionate, and causing deviations from regular solution behavior. 
Shifts i n  the infrared stretching frequencies of the ketone and ester carbonyl groups are 
approximately proportiona 1 to the degree of deviation shown by solvents from regular 
solution behavior. 23 
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Micellar solubilization i s  a technique used to increase the aqueous solubility of 
any hydrophobic substances. Testosterone,24 phenols,25 benzoic acid,26 
apaverine hydrochloride,27 and barbiturates2* are among compounds whose solubi I i ty  
3s been studied i n  solutions containing surfactants. The dissolution rate of a solid 
i a micellar solution i s  not proportional to the solubility of the compound in  the 
issolution medium. From an evaluation of dissolution rate data and theories, Gibaldi 
nd coworkers29 have concluded that, depending upon hydrodynamic conditions, the 
issolution rate of a solid in a surfactant solution w i l l  be proportional to the effective 
iffusion coefficient raised to a power between 0.5 (for dissolution from a static disc) 
nd 1 .O (for dissolution from a rotating disc). 
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urface Phenomena - The nature of  the interactions resulting from the adsorption of 
rug molecules at  the surface of various powders has been the subject of  a number of 
nvestigations. Diffuse reflectance spectroscopy seems to be a useful tool for the 
etection of  such interactions. Attempts have been made to correlate diffuse 
jflectance spectra I shifts with the occurrence of physical adsorption and chemi- 
~rption,30 charge-transfer interactions,3’ and the formation of meta I chelates.32 

In -- vitro rates of binding of several conjugated bile salt anions to cholestyramine 
ave been studied at  3 7 ,  alone and in the presence of varying concentrations of 
odium chIoride.33 A second-order kinetic model represents the interaction data 
gtisfactorily. The rate constants for the adsorption process decrease i n  the presence 
If increasing concentrations of inorganic electrolyte. There i s  a log-log relationship 
between the second-order interaction rate constant and the speed of agitation. 
,inding of bi Ie salt anions to cholestyramine apparently occurs by means of a 
liffusion-controlled process. Binding data fit the Cangmuir adsorption equation, and 
ncreases i n  aff ini ty constants are observed as the number of hydroxy substituents on 
he bi le salt ring structure decreases. An increase i n  the fatty acid chain produces 
I reduction. It has been suggested that the binding mechanism consists of a primary 
!lectrostatic component, reinforced by a secondary nonelectrostatic interaction. The 
trength of  the latter force i s  dependent on the degree of hydrophobicity of the 
idsorbate molecule. 

Although bi le salts have previously been found to inhibit the growth of 
:holesterol crystals, Mufson and H i g ~ c h i ~ ~  have shown that they are not strongly 
idsorbed onto cholesterol particle surfaces. This behavior i s  in contrast to that of 
tlkyl surfactants, which are strongly adsorbed. The authors assume that the relatively 
,igid bi le salt molecules can be adsorbed only onto specific sites on the cholesterol 
iurfaces, while the more flexible alkyl  surfactants are somewhat less restrained in 
.heir interactions. 

Aromatic carboxylic acids appear to be adsorbed onto the fused benzene ring 
>lane of graphite i n  such a way that plane-to-plane stacking occurs between the acid 
nolecules and the graphite structure.35 A better correlation was found between the 
First Cangmuir adsorption equilibrium constant and the plane size of the adsorbate 
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molecules than with either the pKa of the acid, or with the Hansch-Fujik substituent 
cons ta n t . 
- 

The fact that many drugs exhibit surfaceoctive properties has led to the postulate 
that there i s  a relationship between surface and biological activity. In particular, 
many drugs which exert their action a t  biological membrane surfaces, e.g. local 
anesthetics and the substituted phenothiazines, a Is0 exert significant surface activi ty 
at  a variety of other interfaces. Frequently surface act iv i ty i s  a reflection of the 
hydrophobic characteristics of a drug molecule,% characteristics known to influence 
availability as well as reactivity a t  a site of action. The abi l i ty  of some substituted 
phenothiazines to reduce the surface tension of aqueous solutions has been studied in 
order to evaluate their hydrophobic behavior. Zografi and M ~ n s h i ~ ~  have observed 
that substitution on the phenothiazine ring enhances surface activi ty in the order 
CF3 >>CI >H , Changing the position of the chloro group on the ring significantly 
influences surface activity, the order being 3C1>2CI > 1 CI. The remarkable 
hydrophobicity of chlorpromazine derivatives i s  demonstrated by the fuct that intrinsic 
partition coefficients for a l l  derivatives, with the exception of the very polar 
metabolite chlorpromazine sulfoxide, range from 1O4 to 105.38 

Nuclear mugneti c resonance spectroscopy has been used to study selfassociation 
i n  prome thaz ine h ydroch lori de, 39 i n  2-buty I -3-benzofurany l 4-[ 2- (diethy lamino) 
ethoxyJ-3,5-diiodo-phenyl ketone hydrochloride (SKF 33134A),4O and in d- 
propoxyphene hydroch l ~ r i d e . ~ ’  Florence42 has measured the properties of @ - 
diethy laminoethyl diphenylpropylacetate hydrochloride (SKF 525-A) by light 
scattering, surface tension, and microelectrophoretic techniques. He suggests that 
caution should be exercised in  the interpretation of  enzyme inhibition results obtained 
with a compound of t h i s  type since it exhibits surface activity, and surfactants are 
known to exert an appreciable effect on certain enzyme systems. 

Perrin and I d s v o ~ g ~ ~ h a v e  found that optical act ivi ty can be induced into a 
symrnetrica! molecule by an  optically active surfactant i n  micellar form. L- and D- 
N-decyl-N, N-dimethyla lanine hydrobromides (betaines) were used as surfactants, 
and suifaethidole as the optically inactive molecule. The use of opticully active 
surfactant monomers, such as 8-D-octyl glucoside, or of solubi lized optica I ly active 
molecules, offers the possibility of employing optical act ivi ty as a probe for studying 
properties of interfaces and of understanding the effect of the interface composition on 
the optical activity itself. 44 

Complexation -Whi le much i s  known about the stoichoimetry of  complexes, l i t t l e  i s  
known about the specific interactions responsible for the stability of these species. 
There are few examples of complexes of pharmaceutica I interest whose crysta I 
structures have been elucidated. Craven and Gartland45have reported the crystal 
structure of the 2:l complex of barbital with caffeine. 
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Additional information about the structure of complexes has come from investi- 

gations of solvent effects on stability constants. Kristiansen and coworkers4 have 
reported that the stability constants of such complexes as those formed between 
riboflavin and salicylate ion ( l : l ) ,  between menadione and caffeine, and between 
tryptophan and caffeine, decrease as the ratio of organic solvent to water increases. 
The complexes are much less stable i n  aqueous dioxane mixtures than i n  similar 
mixtures of water and the polyhydroxy compounds glycerin and sucrose. These 
studies indicate that water structure plays an important role i n  stabilizing the 
complexes. The net enhancement i n  binding as the water content i n  the environmental 
solvent increases cannot be rationalized on the basis of any single binding mechanism. 
Hydrophobic bonding and a nonclassical donoracceptor mechanism may be the major 
forces, with the contributions from the former being somewhat less significant. 

Higuchi and K r i ~ t i a n s e n ~ ~  have proposed that binding between organic species 
dissolved in water takes place most effectively between two large, distinct classes of 
structures, divided into Class A and Class B. A 1 though members of  Class A and B bind 
with others within their own class, the strongest interactions seem to be between the 
two groups. Typical examples of Class A are the uncharged alkylxanthines and 
tetramethylpyrimidopteridinetetrone. Among compounds in  Class B are various 
benzene derivatives, salicylates and trans-cinnamic acid anions. - 

Kakemi and coworkers 48 have observed that complexation between two 

structura I ly dissimi lar compounds i s  favored over that between two simi lar compounds. 
In aqueous media, for example, the extent of interaction i s  greater between polar 
and polarizable compounds than between two polar compounds or between two polar- 
izable molecules. Water seems to be important i n  bringing solutes together through 
hydrophobic bonding, but once the molecules are in close proximity, an interaction 
similar to polarization bonding may become operative, and it i s  this bonding which 
stabilizes the complex. 

There seems to be a reasonably good correlation between complex stability and 
the planar area of intemctants. Cohen and con nor^^^ have plotted the standard 
unitary free energy change for complex formation i n  aqueous solution against estimatd 
maximal overlap area for f i f ty complexes. The dispersion of  points in the p lo t  wus 
considered to be a second-order effect, possibly correlatable with specific structural 
features i n  substrate and ligand. 

Polymorphism and Pseudopolymorphism - There i s  an increasing awareness of the 
problems associated with the maintenance of phase purity during the development and 
storage of pharmaceutical dosage forms. The crystalline form, habit and degree of 
crystallinity of a substance frequently affect such bulk properties as the abi l i ty of a 
powder to flow freely, and the ease with which tableting and capsule f i l l ing can be 
carried out. In addition, the performance of the dosage form may be affected by 
variations i n  the dissolution rate, biological availability, chemical and physical 
stability, suspendability and rheology which often accompany phase transformations. 
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Consequently, the identification and characterization of polymorphic forms and of 
crystal solvates of pharmaceuticals i s  now an important part of the protocol for the 
physical investigation of new drug entities. 

Thermal analysis has been used to identify and characterize 
chlordiaze oxide hydr~chloride,~' phenobarbital monohydrate, 5eolymorphs chloramphenicol Of 

pa Imi ta te ,'2 3-(3-hydroxy-3-methyI -bu t lami n o)-5-me thy l a s  . triazino 8,6- 

solvent composition diagrams have been useful in the systematic study of pseudo- 
polymorphism i n  the antibiotics cepha loglycin and cepha l e ~ i n . ~ ~  This technique 
i s  recommended for the detection of solvate formation when the instability of the 
compound a t  elevated temperatures prec ludes the use of conventiona I therma I 
methods, or when poor crystal development l imi ts the use of microscopic methods. 

indole (SKF 30097),53 sulfathia~ole,~'and ~ul fan i lomide--64.~~ Solubility vs. - 

Six polymorphic forms of aspirin have been detected using differentia I scanning 
~ a l o r i m e t r y . ~ ~  A Kofler hot stage was used to confirm the melting points of the 
polymorphs and to observe solution phase transformations of pairs of polymorphs. 
Density differences are reported for four of the polymorphs which could be isolated, 
but only minor variations i n  X-ray diffraction patterns could be observed. 

Drug Stability - The oxidation of apomorphine by molecular oxygen i s  apparently 
first order i n  apomorphine, does not exhibit a lag time, and i s  catalyzed by copper 
(11)  and iron ( H ) . ~ ~  The effect of these ions i s  negated by the use of 0.01% sodium 
edetate. Apomorphine can be stored a t  room temperature for fifteen years or more 
i f  i t s  solutions are prepared under nitrogen a t  pH 3, with sodium metabisulfite and 
hydrochloric acid. 

A cyclic equilibrium rocess has been proposed as the mechanism for the 
hydrolysis of p i l ~ c a r p i n e . ~ ~  The equilibrium position depends on pH, shifting to 
pilocarpate at  high pH, and to pilocarpine at  low pH. The reaction i s  catalyzed by 
both hydrogen and hydroxide ion. Hydrolysis a t  high pH values i s  accompanied by 
some epimerization, but the latter reaction occurs a t  an appreciably slower rate. 

Sulfacetamide sodium undergoes degradation i n  aqueous solution by two routes, 
oxidation and hydrolysis. Ophthalmic solutions of this compound frequently contain 
sodium metabisu[fite as an antioxidant to decrease the rate of development of the 
yellow color characteristic of degraded solutions. Davies and coworkers6' have 
shown that sodium metabisu lfite accelerates the hydrolytic degradation of sulfacet- 
omide to sulfani lamide, whereas sodium edetute does not influence the rate, 

The availability of high speed computers has simplified th task of stability 
prediction based on accelerated temperature studies. Bent ley" describes a method 
based on weighted least-squares analysis which can be easi ly adapted for computer 
analysis. A statistical test i s  presented for determining the applicability of the 
Arrhenius relation to the data a t  hand, and the usefulness of the technique i s  
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illustrated by applyin i t  to data for the decomposition of chloramphenicol. 
Maulding and Zogliof2 have made use of nonisothermal stability studies to obtain 
from a single experiment the activation energy, reaction rate and stability 
prediction a t  any desired temperature. Their technique i s  demonstrated using data 
for the inversion of sucrose and the hydrolysis of ethyl acetate. 

Interest in the kinetics and mechanism of organic reactions occurring i n  the 
presence of mice1 les has been prompted by recognized analogies between enzymatic 
and micellar catalysis, and between the structures of proteins and rnicelles. The 
subject of micellar effects on the rates of organic reactions has been reviewed by 
Fendler and Fendler. 63 

The hydrolysis of procaine hydrochloride, procaine methyl chloride and procaine 
ethyl chloride h a s  been studied i n  an aqueous medium, i n  mixed aqueous systems 
containing polyethylene glycol 300 and 400, and in an aqueous gel consisting of 
55% polyoxyethylene tridecyl ether, identified as a neat smectic system.64 The 
reaction rates are considerably slower (300- to 1100-fold) in the liquid crystalline 
phase fhan in aqueous media. Rates i n  polyethylene glycol solutions are intermediate 
between those in the two other media. Reactions i n  the smectic phase are character- 
ized by relatively low apparent activation energies and by large negative entropies 
of activation. Data obtained on spectral shifts i n  the ultraviolet region suggest that 
the esters are located within the polyoxyethylene layers of the lamellar micelle. 

Flynn and Lamb65 have reported that solvolysis of methylprednisolone-21- 
phosphate i n  dilute aqueous solution (less than 0.005 M) i s  qualitatively similar to 
that observed for the methylphosphate and other simple monoa lkyl phosphates, 
particularly i n  the pH range 3-8. In more concentrated solutions (greater than 0.02 
M), however, there i s  an acceleration of reaction velocities and marked deviation 
from the expected pH dependency. This change i n  chemical behavior i s  attributed 
to association colloid formation, and this interpretation i s  supported by independently 
determined critica I micelle concentration values. 
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Chapter 26. Biopharmaceutics and Pharmacokinetics 

L e s l i e  Z. Benet, School o f  Pharmacy 
U n i v e r s i t y  o f  C a l i f o r n i a ,  San Franc isco 

Biopharmaceutics - The r e l a t i o n s h i p  between t h e  physicochemical p roper t i es  
o f  a drug i n  a dosage form and t h e  b i o l o g i c a l  response observed f o l l o w i n g  
i t s  admin i s t ra t i on  i s  t he  sub jec t  o f  biopharmaceutical s tud ies.  The a b i l -  
i t y  t o  ca r ry  o u t  i n  v i t r o  s tud ies  on t h e  dosage f o r m  which show i n  v i v o  
c o r r e t a t i o n s  w i t h  b i o l o g i c a l  a v a i l a b i l i t y  i s  a fundamental problem and has 
been t h e  p r i n c i p a l  concern o f  a se r ies  o f  a r t i c l e s  by Wagner.' 
and Weintraub2, demonstrated an abso lu te  q u a n t i t a t i v e  c o r r e l a t i o n  between 
t h e  absorpt ion and i n  v i t r o  d i s s o l u t i o n  o f  t h ree  a s p i r i n  dosage forms u t i l -  
i z i n g  a r o t a t i n g - f l a s k  apparatus t o  determine d i s s o l u t i o n .  The advantages 
o f  t h i s  apparatus over  the  beaker method, where mound format ion takes p lace  
were described w i t h  a s p e c i f i c  example r e l a t i n g  t o  t h e  e f f e c t s  o f  sur- 
factants .  
hard g e l a t i n  capsules were examined i n  v i v o  and i n  v1 t r -0 .~  A number of 
workers complexed o r  permi t ted  drugs t o  i n t e r a c t  w i t h  pharmacolo i c a l l y  in- 
e r t  ingred ien ts  so as t o  increase t h e  avai  l a b i  I i t y  of t h e  drug5*: o r  t o  
prepare a sustained re lease dosage form7- lo  showing good i n  v i vo - in  v i t r o  
co r re la t i ons .  Blood pressure lower ing from susta ined re lease pen tae ry th r i -  
to1 t e t r a n i t r a t e  t a b l e t s  was found t o  c o r r e l a t e  we l l  w i t h  i n  v i t r o  re lease 
measurements. l 1  However, as Florence12 p o i n t s  ou t ,  care  must be taken i n  
r e l a t i n g  increaser i n  d i s s o l u t i o n  r a t e s  i n  v i t r o  t o  an increase i n  b i o l o -  
g i c a l  a c t l v i t y  o f  t he  drug, e s p e c i a l l y  when su r fac tan ts  a re  used. A more 
sub t le  p o s s i b i l i t y  o f  an i n c o r r e c t  c o r r e l a t i o n  w i t h  absorp t ion  ra tes  was 
noted by Chiou and Riegelman,l3 who inves t i ga ted  t h e  increased o r a l  absorp- 
t i o n  of g r i s e o f u l v i n  i n  dogs f o l l o w i n g  prepara t ion  o f  a s o l i d  d ispers ion  
of the drug i n  po lye thy lene g l y c o l  6000. I t was shown t h a t  t h e  absorpt ion 
of g r i s e o f u l v i n  ( f rom t h i s  p repara t ion  and from micronized s o l i d  dosage 
forms) was t h e  r a t e - l i m i t i n g  s tep i n  the  d i s p o s i t i o n  o f  t he  drug, so t h a t  
t he  slow r a t e  constant  i n  the  pharmacokinetic model was, i n  f a c t ,  t h e  ab- 
sorp t ion  r a t e  constant .  

G iba ld i  

Factors  a f f e c t i n g  t h e  re lease and avai  l a b i  I i t y  o f  a s p i r i n  from 

Phys io log ic  f a c t o r s  and drug i n t e r a c t i o n s  may a l s o  a f f e c t  t h e  ex ten t  
of drug absorpt ion.  
l e v e l s  and a v a i l a b i l i t y  o f  monobasic p e n i c i l l i n s  ( n a f c i l l l n ,  d i c l o x a c l l l l n ,  
and p e n i c i l l i n )  f o l l o w i n g  o r a l  absorp t ion  o f  these compounds i n  beagle 
dogs. The blood l e v e l s  and a v a i l a b i l i t y  o f  the  doses i n  females were more 
than t w i c e  those found f o r  males. These d i f f e rences  were n o t  noted for 
amphoteric p e n i c i l l i n s ,  which seemingly imp l ica ted  a poss ib le  d i f f e r e n c e  
i n  GI a c i d i t y  as t h e  c a u s i t i v e  fac to r ,  s ince  no sex d i f f e rences  i n  e l im ina-  
t i o n  were noted fo l  lowing i .v .  admin i s t ra t i on .  
t h a t  t he  amount o f  o r a l l y  admin is tered g r i s e o f u l v i n  which was absorbed a f -  
t e r  phenobarbi t a  I pret reatment  f e l  1 we I I below t h a t  seen when no phenobar- 
b i t a l  was given, a l though t h e  e l i m i n a t i o n  k i n e t i c s  o f  g r i s e o f u l v i n  were 
i dent ica I w i t h  o r  w i thou t  phenobarb i t a  I pretreatment. 

Poole14 noted s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  b lood 

Riegelman e t  al.15found 

Since the  m a j o r i t y  o f  drugs a r e  g iven o r a l l y ,  much work has been 
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direc ted  toward understanding t h e  mechanisms o f  i n t e s t i n a l  absorp t ion  and 
i n  at tempt ing t o  modify t h e  drug or dosage form so as t o  improve absorp- 
t i on .  
absorp t ion  of drugs. Suzuki e t  a l . l 7 p I 8  der ived  a s e t  of t h e o r e t i c a l  mod- 
e l s  t o  descr fbe t h e  mass t r a n s f e r  o f  a c i d i c  and bas ic  drugs across t h e  GI  
t r a c t .  They considered t h e  e f f e c t s  o f  p a r t i t i o n  c o e f f i c i e n t ,  pKa, aqueous 
and l i p i d  d i f f u s i o n  constants, th ickness  of  t h e  d i f f u s i o n  layer, and ag l -  
t a t i o n  rates.  Winnelgderlved a k i n e t i c  model which describes the  In f luence 
o f  i n t e s t i n a l  blood flow on t h e  i n t e s t i n a l  absorpt ion of solutes. Diamond 
and co-workers20r21found t h a t  t he  i n t e s t i n a l  absorpt ion of h ~ l f a e t h l d o l e ,  
sa l  icy1 i c  ac id ,  b a r b i t a l ,  and ha loper ido l  decreased as mesenteric blood 
flow r a t e s  were decreased. 
c l a b l e  substances on i n t e s t i n a l  blood flow r a t e s  was shown t o  be a func- 
t i o n  o f  t h e  membrane res is tance t o  t h e  passage of the  drug.22 
-- e t  al.23found t h a t  t h e  absorpt ion of r i b o f l a v i n  increased w i t h  age i n  human 
sub jec ts  ranging from 0.25 t o  40 years. 
increase i n  r e t e n t i o n  of the  v i tamin  a t  i n t e s t i n a l  absorp t ion  s i t e s  i s  
responsible. Th is  r e t e n t i o n  i s  apparent ly  a func t i on  of decreased in tes-  
t i n a l  t r a n s i t  r a t e  i n  o l d e r  subjects. Cor re la t i ons  o f  t h e  r e l a t i v e  absorp- 
t i o n  of drugs as a func t i on  of p a r t i t i o n  C o e f f i c i e n t  were observed t o  be 
s l g n i f  i c a n t  for s u l f ~ n a m i d e s ~ ~ a n d  i n s i g n i f  i c a n t  for quaternary amnonium 
sa l ts .25  O o l u l s i o  and co-workers26reported t h a t  h i g h l y  I i p i d  so lub le  drugs 
such as t h e  phenothiazine and butyrophenone t r a n q u i l i z e r s  gave a biexponen- 
t i a l  loss o f  drug f r o m  t h e  lumen s o l u t i o n  i n  t h e  i n  s l t u  r a t  g u t  prepara- 
t i o n .  I n  v i t r o  experiments showed t h a t  th4s  t ype  o f  loss c o r r e l a t e d  we l l  
w i t h  a model p o s t u l a t i n g  r e v e r s i b l e  t r a n s p o r t  between lumlnal s o l u t i o n  and 
t h e  membrane, and i r r e v e r s i b l e  t ranspor t  from the  membrane i n t o  t h e  blood. 

Bates and Giba id i16  have presented an e x c e l l e n t  review of t h e  GI 

The dependence o f  t h e  absorpt ion o f  nonddisso- 

Jusko 

I t  appears t h a t  an age-dependent 

The e f f e c t  of t h e  s p e c f f l c  ions i n  t h e  mucosal ba th in  s o l u t i o n  was 
inves t iga ted  by a number of workers. Mayersohn and Gibaldiq7found t h a t  
t he  pass ive t r a n s f e r  o f  drugs across the  ever ted i n t e s t i n e  va r ied  as a 
func t i on  of s p e c i f i c  c a t i o n  concentrat ions and t h a t  t h i s  e f f e c t  was c o r r e l -  
a ted we l l  w i t h  t h e  f l u i d  uptake o f  t he  membrane. Turner e t  al.28noted t h e  
apparent d i f f e rences  i n  d i r e c t i o n a l  pe rmeab i l i t y  of drug ions across t h e  
ever ted r a t  i n tes t i ne .  it appeared t h a t  these d i f f e rences  may be expla ined 
i n  r e l a t i o n  t o  sodium t ranspor t .  More recent  work by Benet and co-work- 
e r ~ ~ ~ i d e n t i f i e d  d i f f e rences  i n  drug t r a n s f e r  r a t e s  and gu t  i n t e g r i t y  as a 
func t i on  of b u f f e r  composition. P e r r i n  and Val iner30showed t h a t  t h e  ab- 
so rp t i on  of t e t r a c y c l i n e  through t h e  i n  v i t r o  r a t  stomach a t  a c i d  pH values 
cou ld  be in f luenced by t h e  anion, and t h a t  t h e  absorpt ion appears t o  be 
r e l a t e d  t o  t h e  sur face a c t i v i t y  of t h e  anion b u f f e r  so lu t i on .  The enhance- 
ment o f  drug absorpt ion through the  G I  t r a c t  by complex format ion o r  solu- 
b i l i z a t i o n  by sur factants ,  i nc lud ing  t h e  na tu ra l  b i l e  sa l t s ,  was attempted 
i n  a number o f  labora tor ies .  G iba ld i  and Feldman,31in a se lected review o f  
mechanisms of su r fac tan t  e f f e c t s  on drug absorption, discussed t h e  i n f l u -  
ence o f  sur face  a c t i v e  agents on drug s o l u b i l i t y  and d i s s o l u t i o n  ra te ,  gas- 
t r i c  emptying, and membrane permeation. Special emphasis was g iven t o  t h e  
r o l e  of phys io log ic  su r fac tan ts  i n  t h e  g a s t r o i n t e s t i n a l  absorpt ion of drugs. 
As s ta ted  by S ~ g i m o t o ~ ~ a n d  Kakemi e t  a l  . ?3 the re  a re  a t  l e a s t  t h ree  ways 
s o l u b i l i z a t l o n  o r  complexation can a f f e c t  drug absorpt ion:  I )  A change i n  
absorpt ion may be due t o  an absorpt ion r a t e  constant  f o r  t h e  complex which 
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i s  d i f f e r e n t  from t h a t  of t h e  f r e e  drug, e.g., increased n i c o t i n e  absorp- 
t i o n  due t o  ion p a i r  formation3:enhanced prednlsone absorp t ion  f o l  lowing 
complexatlon w i t h  N, N - d i a l k y a m l d e ~ ~ ~ ;  2 )  A complexing agent may a f -  
f e c t  the accumulation o f  t h e  drug i n  t h e  t i s s u e  or  may in f l uence  the  bind- 
ing of t h e  drug t o  t h e  mucosa, e.g., b i l e  s a l t s  enhance phenol red  absorp- 
t i ~ n ~ ~ ~ ~ ~ a n d  v i t am in  A absorp t ion  I s  enhanced by polysorbate 803’; and 3)  
An agent may have a d i r e c t  e f f e c t  on t h e  pe rmeab i l i t y  c h a r a c t e r i s t i c s  of 
the  mucosa, e.g., b i l e  s a l t s  enhance su l faguan id ine  absorp t ion  r e v e r s i b l y 3 *  
and a v a r i e t y  o f  su r fac tan ts  increased t h e  absor t i o n  of water so lub le  
a n t i b i o t i c s  i n  t h e  canine fund ic  stomach pouch. 3 t  

Ba r r  and Riegelman40r41studled t h e  e f f e c t s  of  metabol ism, t i s s u e  
accumulation, and b lood flow on t h e  i n t e s t i n a l  t r a n s p o r t  of sa l i cy lamide,  
and found t h a t  i n t e s t i n a l  g lucuron ide  fo rmat ion  i s  capac l t y - l im i ted  when 
lumen concentrat ions of sat icy lamfde exceed 10-3M. Poss ib ly ,  of even 
g rea te r  I n t e r e s t  was t h e i r  conc lus ion t h a t  t h e  r a t e  o f  sa l i cy lamide 
g lucuronide t ranspor t  o u t  o f  t h e  e p i t h e l i a l  c e l l  r a t h e r  than t h e  r a t e  of 
metabolism i n  t h e  c e l l  i s  t h e  r a t e - l i m i t i n g  s tep  f o r  t h e  appearance o f  
g lucuronide i n  the  plasma. F ischer  and M i  I I b ~ r n ~ ~ f o u n d  t h a t  a l though C14- 
d i e t h y l s t i b e s t r o l  r e a d i l y  entered ever ted r a t  i n t e s t i n a l  sacs and appeared 
i n  the  serosal s o l u t i o n  as t h e  monoglucuronide, t h e  sacs were r e l a t i v e l y  
impermeable t o  admin is tered doses o f  t h e  g lucuronide.  Schnel I and 
showed t h a t  pretreatment w i t h  a carbon ic  anhydrase l n h i b i t o r  decreased t h e  
absorpt ion o f  amphetamine and increased t h e  absorp t ion  o f  s a l i c y l i c  a c i d  
wh t \e  hav ing no e f f e c t  on t h e  absorp t ion  of urea from the  r a t  ileum. 
changes were cons is ten t  w i t h  an increased a c i d i t y  I n  t h e  lumen f o l l o w i n g  
acetazolamide pretreatment. D tu  t r a n s p o r t  and a v a i l a b i l i t y  has a l s o  been 
measured f o r  

These 

buccal 44-26and percutaneous a b s ~ r p t i o n . ~ ’ ~ ~ ~  

Pharmacokinetics - While biophannaceutics i s  e s s e n t i a l l y  t h e  s tudy o f  t h e  
e f f e c t s  o f  the  dosage form on t h e  i npu t  (absorp t ion)  of a drug i n t o  a 
b i o l o g i c a l  system, pharmacokinetics i s  concerned w i t h  t h e  d i s p o s i t i o n  o f  
t he  drug once it becomes a v a i l a b l e  f o r  input .  The goal of a pharmaco- 
k i n e t i c  study should be t o  r e l a t e  a c l i n i c a l  response t o  the  pharmaco- 
kinetlc parameters used i n  desc r ib ing  the  t ime  course of a drug and i t s  
metabo l i tes  i n  t h e  body. Very few pharmacokinetic s tud ies  have success- 
f u l  l y  r e l a t e d  c l  i n i c a l  o r  pharmacological responses t o  t h e  model parameters 
and present e f f o r t s  a re  aimed a t  determin ing which pharmacokinetic para- 
meters can be r e l a t e d  mean ing fu l l y  t o  pa tho log ica l  s t a t e s  i n  t h e  p a t i e n t .  
The pharmacokinetics o f  methot rexate i n  mice were described by B ischof f ,  
Dedrick, and Z a h a r k ~ ~ ~ u s I n g  a f l ow  model represent ing  r e a l  phys io log i ca l  
spaces. Blood and t i s s u e  l e v e l s  ( i n c l u d i n g  lumen - t h e  major s i t e  of con- 
c e n t r a t i o n  bul ld-up and t o x i c i t y l c o u l d  be adequately descr ibed u t i l i z i n g  
th ree  compartments: t h e  lumen o f  t h e  gut, t he  l i v e r ,  and t h e  r e s t  o f  t h e  
body. 
use o f  a compartment t o  descr ibe  each exponent ia l  needed t o  f l t  t he  data, 
the  f i n a l  equations from both methods appear i d e n t i c a l .  However, when used 
success fu l l y ,  t h e  f low model has t h e  advantage o f  a l l o w i n g  t h e  i n v e s t i g a t o r  
t o  o f f e r  a phys io log i c  i n t e r p r e t a t i o n  t o  the  parameters. Dedrick, Bischoff,  
and ZaharkoS0were a l s o  ab le  t o  c o r r e l a t e  methotrexate concent ra t ion  i n  
plasma w i t h  t ime f o r  5 d i f f e r e n t  animal species: mouse, r a t ,  monkey, dog, 

Although mode l l ing  of th ’ i s  t ype  appears q u i t e  d i f f e r e n t  from t h e  
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and man, y i e l d i n g  a s i n g l e  curve f o r  data I n  a l l  f i v e  animal species. They 
were probably ab le  t o  make t h i s  successful c o r r e l a t i o n  because t h e  drug i s  
no t  metabolized s i g n i f i c a n t l y  and s ince  changes from animal t o  animal 
would depend o n l y  on t h e  s i ze  of var ious  compartments and on blood flow 
ra tes  t o  these compartments. 

Most work dur ing  t h e  pas t  year invo lved use o f  the  more conventional 
compartment models which have been described i n  a number of 
B ischo f f  and DedrickS3presented a thorough mathematical ana lys i s  of t h e  
two compartment open model for drug d i s t r i b u t i o n  f o l l o w i n g  drug adminis- 
t r a t i o n  i n  any form. Rowland, Benet and RiegelmanS4presented a general 
s o l u t i o n  for  t h e  pharmacokinetic parameters which descr ibe a drug and i t s  
metabo l i te  i n  a 2-compartment model. A c e t y l s a l i c y l i c  a c i d  data were found 
t o  be adequately described by a model i n  which e l i m i n a t i o n  occurs s o l e l y  
from t h e  cen t ra l  compartment. Loo and R i e g e l ~ n a n ~ ~ d i s c u s s e d  the  determina- 
t i o n  o f  pharmacokinetic r a t e  constants  fo l l ow ing  a slow I . V .  i n fus ion .  
This  technique w i l l  be usefu l  i n  t h e  pharmacokinetic eva lua t ion  of drugs 
which cannot be g iven by a s i n g l e  qu ick  bo lus i n jec t i on ,  because of poten- 
t i a l  t o x i c i t y ,  i r r i t a t i o n  or l i m i t e d  s o l u b i l i t y .  These authors u t i l i z e d  
Laplace, t rans form input  f unc t i ons  i n  d e r i v i n g  t h e i r  equations, a r a p i d  and 
easy method for d e r i v i n g  pharmacokinetic equations which should f i n d  ex- 
panded use i n  t h e  nex t  year. 

Papers concerning c a l c u l a t i o n s  necessary t o  make p r e d i c t i o n s  i n  mul- 
t ip le -dose therapy, from the  pharmacokinetic parameters o f  a s i n g l e  dose, 
d e a l t  spec i f  i c a l  l y  w i t h  sustained-release dosage forms56, number of doses 
requ i red  t o  be w i t h i n  a percentage of steady s tate5 '  
of us ing  Wagner's average p lasma concent ra t ion  term. 5 8  
o u t  t h a t  c o r r e c t  r e l a t i v e  absorpt ion ra tes  for  d i f f e r e n t  fo rmula t ions  of a 
drug py-bduct can be obta ined us ing  a one compartment model even when t h e  
two compartment model i s  more appropr ia te.  Levy60demonstrated t h a t  e r r o r s  
i n  b lank co r rec t i ons  i n  t h e  ana lys i s  o f  blood samples may lead t o  plasma 
curves which appear t o  f o l l o w  multicompartment models suggesting satura- 
t i o n  processes, even though t h e  curva ture  i s  o n l y  a func t i on  o f  an ana ly t -  
i c a l  e r ro r .  I t  should a l s o  be pointed o u t  t h a t  an e r r o r  i n  t h e  y-ax is  in-  
t e r c e p t  of a Beer's Law p l o t  would have a s i m i l a r  e f f e c t  and the re fo re  t h e  
reviewer would suggest t h a t  i n  many cases it would be proper t o  fo rce  t h e  
Beer's Law p l o t  through zero. These e r r o r s  become s i g n i f i c a n t  o n l y  a t  
very low concentrat ions and t h i s  most probably i s  the  reason t h a t  so many 
72 and 96 hr .  data p o i n t s  f a l l  below the  l og - l i nea r  l i ne .  Mue l le r  and 
Lieberman61have considered the  s t a t i s t i c a l  s i g n i f i c a n c e  o f  data se lec t ions ,  
methods o f  computer data f i t t i n g ,  t h e  use of means or medians for  groups 
of data, and weight ing func t i ons  i n  t h e  determinat ion of pharmacokinetic 
parameters. Ever t  and Randal 162have introduced t h e  use o f  t h e  Continuous 
System Modeling Program f o r  t h e  s o l u t i o n  of  non l inear  equations i n  the  
eva lua t ion  o f  non-steady-state systems for i n jec ted  drugs and f o r  isotope 
d i l u t i o n  s tud ies.  Der i va t i ons  a re  c a r r i e d  o u t  by us ing t h e  "state-space" 
approach o f  l i n e a r  system theory. The methodology appears very use fu l  bu t  
it w i l l  r e q u i r e  a knowlege of t h e  mathematics of state-space m a t r i x  theory 
before the  procedures can be understood. 

and t h e  advantages 
Wagner59pointed 
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The e f f e c t s  o f  p r o t e i n  b ind ing  on the  d i s p o s i t i o n  of drugs has been 
considered i n  both t h e o r e t  i ca  I 3,64and exper imenta I 65-67treatments. 
Kakemi -- e t  a l  .68showed t h a t  t h e  b i o l o g i c a l  ha1 f - I  i ves  o f  sulfonamides were 
decreased when a s t r o n g l y  p r o t e i n  bound an t i - in f lammatory  agent, 5-n- 
butyl-l-cyclohexyl-2,4,6-trioxoperhydropyrimidine was admin is tered simul- 
taneously. O'Rei I l y  and L e ~ y ~ ~ n o t e d  t h a t  simultaneous admin i s t ra t i on  of 
war fa r in  and phenylbutazone po ten t i a ted  the  pharmacologic a c t i o n  of war- 
f a r i n  even though e l i m i n a t i o n  was enhanced. Both e f f e c t s  a re  a t t r i b u t e d  
t o  the  f a c t  t h a t  phenylbutazone compe t i t i ve l y  d i sp laces  w a r f a r i n  f r o m  pro- 
t e i n  b ind ing  s i t e s  i n  plasma and t i ssues ,  a l l ow ing  f r e e  drug concentra- 
t i o n s  i n  t h e  l i v e r  t o  be ra ised.  Renal exc re t i on  s tud ies  by Jusko e t  a l .  
showed t h a t  r i b o f l a v i n  e l i m i n a t i o n  invo lves  a c t i v e  t u b u l a r  secretlon7Or71 
and sa turab le  t u b u l a r  r e a b s o r p t i ~ n ~ ~ i n  both dogs and humans. 
e s t i n g  to  note t h a t  althougt. t h e  authors propose a model i nvo l v ing  non- 
l i n e a r  processes t h e  plasma and u r i n a r y  exc re t i on  r a t e  data a re  we l l  f i t  
by a t r i e x p o n e n t i a l  equat ion suggesting a l i n e a r  t h r e e  compartment model. 
Probenecid appears t o  i n h i b i t  bo th  t h e  t u b u l a r  sec re t i on  and t h e  spec ia l -  
ized reabsorpt ion o f  r i b o f l a v i n ,  w h i l e  a l s o  decreasing by about one-half 
the  apparent volume o f  d i s t r i b ~ t i o n . ~ ~  However, probenecid had no e f f e c t  
on r i b o f l a v i n  e l i m i n a t i o n  dur ing  hemodia lys is  of two f u n c t i o n a l l y  anepht ic  
p a t i e n t ~ , ~ ~ s u g g e s t i n g  t h a t  t h e  volume o f  d i s t r i b u t i o n  change i n  normal 
p a t i e n t s  might  be o n l y  an i n d i r e c t  r e s u l t  o f  i t s  e f f e c t  on t h e  renal  ex- 
c r e t i o n  o f  t he  v i tamin.  
probenecid markedly decreased t h e  mass t r a n s f e r  r a t e  constant  f o r  e l im ina-  
t i o n  of  p e n i c i l l i n  from t h e  c e n t r a l  compartment, it a l s o  s i g n i f i c a n t l y  in -  
creases the  f r a c t i o n  of  drug i n  t h e  volume o f  d i s t r i b u t i o n  from which 
el im ina t ion  occurs. Renal c learance s tud ies  were a l s o  repor ted  comparing: 
t he  r a t e  of a c t i v e  t u b u l a r  sec re t i on  f o r  mandelic a c i d  and i t s  homo- 
1ogs75*76; t he  e f f e c t  of va ry ing  grades o f  renal  i n s u f f i c i e n c y  on thiam- 
p h e n i ~ o l ~ ~ a n d  doxycycl ine78; and t h e  e f f e c t  of u r i n a r y  pH on sulfonamide 
c1earances.~9,80 

I t  i s  i n t e r -  

S i m i l a r l y  G iba ld l  e t  a1.74showed t h a t  a l though 

The e f f e c t s  o f  b i  I i a r y  exc re t i on  on drug k i n e t i c s  i s  rece iv ing  in-  
creas i ng a t t e n t  i on  i n pharmacoki n e t  I c  s tud  i es. 1-85 
t he  increase i n  b i  I i a r y  f l ow  and exc re t i on  fo l  lowing phenobarbital t r e a t -  
ment enhances t h e  plasma disappearance o f  a number o f  drugs. 
-- e t  al.87found a dose dependent r e l a t i o n  for t h e  b i l i a r y  exc re t i on  of r i b o -  
f lav in . .  When h igh  doses (1-10 micromoles) o f  t h e  v i t am in  were adrninister- 
ed, r a p i d  b l l i a r y  exc re t i on  occurred instantaneously  w i t h  80% o f  t he  dose 
being excreted i n  2 hr., fo l lowed by a low r a t e  cons tan t  f o r  exc re t i on  I n  
t h e  b i l e  which was s i m i l a r  t o  those va lues observed f o r  low doses (0.05 - 
0.1 micromoles). 
dyes.88 
t i v e  b i l i a r y  exc re t i on  o f  t he  dyes. 

K I  aassene6showed t h a t  

Nogami 

Th is  type  of dose dependency was a l s o  noted f o r  f i v e  azo 
The number and p o s i t i o n s  of su l fona te  groups a f f e c t e d  t h e  r e l a -  

VonBahr and co-workers89found a good c o r r e l a t i o n  between i n  v i v o  
h a l f - l i v e s  f o r  phenylbutazone, an t l py r ine ,  and oxotremorine, a l l  compounds 
w i t h  small volumes of d i s t r i b u t i o n  i n  v ivo ,  and values found i n  an i so la -  
t ed  perfused l i v e r .  The i n  v i v o  h a l f - l i v e s  f o r  n o r t r i p t y l i n e  and des- 
methyl imiprarnine, compounds w i t h  l a rge  volumes o f  d i s t r i b u t i o n ,  were 15 t o  
50 t imes longer than those ob ta ined i n  t h e  perfused l i v e r .  Th i s  anomaly 
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however, might  n o t  have occurred i f  t h e  authors had considered i n  v i v o  and 
-- i n  v i t r o  clearances instead of h a l f - l i v e s .  A good l i n e a r  r e l a t i o n  be- 
tween i n  v i v o  and i n  v i t r o  r a t e  constants  was found f o r  phenylbutazone 
fo l  lowing s t i m u l a t i o n  o f  microsomal enzymes by phenobarbital The 
e f f e c t  o f  metabol ic  enzyme induc t ion  was a l s o  s tud ied f o r  t he  f o l l o w i n g  
drug- inducer pa i r s :  thy rox  ine-d iphenyl hydantoi n, 9 1  tr i iodothyron ine  and 
thyrox ine-phenobarbi t a  I, 92 t h  iopenta I -SKF 525A, 93 warfar  i n-heptabarb i t a  I ?4 
bi  shydroxycoumarin-heptabarbital . 9 5  Although phenobarbital has been shown 
t o  s t imu la te  t h e  metabolism of  diphenylhydantoin i n  s i n g l e  dose s tud ies,  
long term therapy showed no s i g n i f i c a n t  s t i m ~ l a t i o n . ~ ~  Arnold and Gerbe$7 
found t h a t  t h e  r a t e  o f  disappearance of diphenylhydantoin i n  70 a d u l t s  was 
o f t e n  n o t  a f i r s t  o rder  process and t h a t  dose dependent increases i n  r a t e  
occurred i n  some pat ien ts .  
l e v e l s  f o l l o w i n g  o r a l  and I .V.  admin i s t ra t i on  and found t h e  " a v a i l a b i l i t y "  
o f  t h e  o r a l  dose t o  be much lower, probably due t o  f i r s t  passage metabo- 
l ism. S i m i l a r  oral-I.V. a v a i l a b i l i t  d i f f e rences  due t o  metabolism were 
seen for l idocaineq9and pentazocine.rOO A study o f  t he  k i n e t i c s  of meta- 
bo l ism and t h e  u r i n a r y  exc re t i on  of the  o p t i c a l  isomers of mandelic a c i d  
revealed no d i f f e rences  i n  u r i n a r y  excret ion,  however, t he  L-(+) isomer 
was metabolized approximately tw ice  as f a s t  as the  D-(-) isomer.lol Levine 
and D izon l  02presented evidence f o r  capac i ty - l  i m i  t e d  b io t rans format  ion o f  
su l fan i lamide.  The d i s t r i b u t i o n ,  metabolism, and exc re t i on  i n  r a t s  o f  
m ~ p e r o n e ~ ~ ~ s h o w e d  t h i s  new neuro lep t i c  drug t o  undergo r a p i d  hepat ic  meta- 
bolism, as opposed t o  i t s  p ro to type compound haloper ido l  and another con- 
gener, trif lupe r ido l  .lo4 

- 

Shand, e t  a l  .98compared plasma propranolo l  

Dur ing t h e  past  year more than 80 papers have appeared descr ib ing  
the  pharmacokinetics-the absorption, d i s t r i b u t i o n ,  and metabolism of v a r i -  
ous drugs. Although many of these papers cannot be covered i n  t h i s  I i m i t -  
ed review, the  importance o f  these s tud ies  should n o t  be minimized. There 
has been a lack  o f  va l i d ,  comprehensive data, and it i s  i r o n i c  t h a t  t he  
h a l f - l  i ves  o f  some f requen t l y  used drugs a r e  unknown o r  a re  suspect be- 
cause o f  inaccurac ies inherent  i n  measuring small concentrat ions i n  t h e  
blood. R i tsche l  loshas  reviewed the  importance o f  b i o l o g i c a l  h a l f - l  i ves  of 
drugs and commented on t h e  phys io log ica l  and pa tho log ica l  cond i t i ons  which 
may a f f e c t  the  h a l f - l i f e .  
over 200 drugs. However, no c r i t i c a l  eva lua t ion  o f  the  l i t e r a t u r e  values 
i s  made and i n  some cases more recent  re ferences have been bypassed,  re -  
s u l t i n g ,  i n  a few cases, i n  values t h a t  a re  inaccurate (e.g., a s p i r i n  2.5- 
5.8 hrs. as opposed t o  t h e  more w ide ly  accepted va lue o f  15 minutes; t h e  
h igher  values are  c lose r  t o  t h e  h a l f - l i v e s  f o r  s a l i c y l a t e ) .  Kaplan e t  a l v  
der ived a s i n g l e  pharmacokinetic model for ch lord iazepoxide hydroch lo r ide  
and i t s  N-demethyl and lactam metabol i tes.  Two compartment parameters 
were determined f o r  a l l  t h r e e  compounds i n  t h i s  e x c e l l e n t  work. Kapfan107 
has a l s o  examined the  pharmacokineticr of Coumermycin A 1  i n  humans follow- 
ing I .V .  and o r a l  admin is t ra t ion .  Although o n l y  fou r  subjects  were stud- 
ied, it appears t h a t  dose-dependent k i n e t i c s  may be exh ib i t ed  by t h i s  drug 
as evidenced by decreased e l i m i n a t i o n  r a t e  w i t h  an increase o f  dose on a 
mg./kg. scale. Kaplan at tempts t o  d i f f e r e n t i a t e  between two a l t e r n a t i v e  
2-compartment models, one w i t h  e l i m i n a t i o n  from the  cen t ra l  compartment 
and the  o the r  w i t h  e l i m i n a t i o n  from t h e  per iphera l  compartment. Rowland 

He has prepared a t a b l e  o f  t h e  h a l f - l i v e s  o f  
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-- e t  a l .54pointed o u t  t h a t  t h i s  approach i s  unsound unless blood leve ls  o f  
the  metabol i t e  a re  monitored a lso.  The smal I d i f f e rences  noted by KaplaA" 
for absorpt ion r a t e  and % of dose absorbed a t  var ious  t imes must be the  
r e s u l t  o f  c a l c u l a t i o n  e r r o r s  due to  approximations, s ince  the re  should be 
no model-dependent d i f f e rences  for any va lue  desc r ib ing  absorpt ion.  

- 

Smith and Haber108related d igox in  i n t o x i c a t l o n  t o  serum concentra- 
t i o n s  o f  the  drug and showed t h a t  a c l i n i c a l l y  meaningful r e l a t i o n s h i p  
e x i s t s  between serum d i g o x i n  concent ra t ions  and d is turbances o f  rhythm i n  
p a t l e n t s  w i t h  ca rd iac  disease. 
proved method o f  d i g i t o x i n  therapy, where d a i l y  maintenance doses are  de- 
termined w i t h  respect  t o  renal  f u n c t i o n  measurements and t h e  average r a t e  
o f  metabol ic  conversion of d i g i t o x i n  t o  d igox in .  The p o s s i b i l i t y  o f  pre- 
d i c t i n g  the a c t i o n  o f  a newly synthesized drug f r o m  Its s t r u c t u r e  and 
physicochemical p r o p e r t i e s  has been discussed by Raaf laubllOand by Seydel 
and Wempe.lll The l a t t e r  authors repor t ,  i n  a b s t r a c t  form, having estab- 
l i shed  a r e l a t i o n s h i p  between physicochemlcal parameters and pharmaco- 
k i n e t i c  p roper t i es  for  s u b s t i t u t e d  2-aminopyridines which a l lowed them t o  
s e l e c t  2 -su l fa -pyr id ines  w i t h  c e r t a i n  pharmacokinetic p roper t ies .  
compounds were synthesized and found t o  have t h e  p r o p e r t i e s  and a n t i -  
b a c t e r i a l  a c t i v i t y  predic ted.  

J e l  I l f f e  and co-workerslOqsuggested an im- 
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Chapter 27 Alkalo ids  and Other  Na tu ra l  Products  

S tan ley  L. Keely,  Jr., and Raymond W. Doskotch 
College of Pharmacy, The Ohio S t a t e  Un ive r s i ty ,  Columbus, Ohio 

The t a s k  of search ing  the  a l k a l o i d  l i t e r a t u r e  was made easier  t h i s  
year  w i th  the  appearance of two volumes t h a t  l i s t e d  a l k a l o i d - y i e l d i n g  
p l a n t s  and t h e i r  r e s p e c t i v e  a l k a l o i d s .  
updat ing (1957-1968) of t he  well-known, bu t  now ou t  of p r i n t ,  book by 
Willaman and Shuber t ,  whi le  the o the r2  is the  r e s u l t  of a computer-assis ted 
r educ t ion  of the  l i t e r a t u r e  through mid-1968. Volume X I 1  of Manske's 
"The Alkaloids"  appeared wi th  approximately one t h i r d  of t he  book being 
devoted t o  the  d i t e r p e n e  a l k a l o i d s .  Other  s e c t i o n s  inc lude  Al s ton ia ,  
Senecio,  and Papaveraceae a l k a l o i d s  wi th  an  a d d i t i o n a l  chap te r  concerning 
the  fo rens i c  chemistry of a l k a l o i d s .  The chemis t ry  and b io logy  of t he  
peyote a l k a l o i d s  were reviewed4 and a one-volume work5 cover ing  a l l  the  
main c l a s s e s  of a l k a l o i d s  w a s  a l s o  publ i shed .  

The one by Willaman and L i l  i s  a n  

The b iogenes is  of t he  te rpene  p o r t i o n  of t he  indo le  a l k a l o i d s  has  
been def ined  i n  g r e a t e r  d e t a i l  and a review6 of earlier work appeared.  
Tracer s t u d i e s  wi th  Vinca rosea  demonstrated t h a t  10-hydroxygeraniol (L) 
and 10-hydroxynerol (2) w i l l  f unc t ion  as e f f e c t i v e  p recu r so r s  t o  loganin ,  
i n d i c a t i n g  t h a t  10-hydroxylat ion is a primary s t e p  i n  the  conversion of 
g e r a n i o l  and n e r o l  i n t o  loganin and the  indo le   alkaloid^.^,^ 
of deoxyloganin i n  Men an thes  t r i f o l i a t a  and 1. rosea  was e s t a b l i s h e d  

The presence 

through d i l u t i o n  a n a l y s i s ,  - 
1 - 2 - 3 - 

Three new Rhazya a l k a l o i d s  possess ing  the  gene ra l  s t r u c t u r e  of a 
hypo the t i ca l  i n t e rmed ia t e  which could b r idge  the  major types  of i ndo le  
a l k a l o i d s  have been obta ined  from g .  s t r i c t a  and 5. o r i e n t a l i s -  
t e t rahydro-  (5) and dihydrosecodine (A) from the  f i r s t  s p e c i e s ,  i0 and 
te t rahydrosecodine  (by d i l u t i o n  a n a l y s i s )  l1 and te t rahydrosecodin-  17-01 
(6) from the  second. 
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- 5 R -CH3 

- 6 R -CH20H 
C15-C20 unsatura t ion 

The biogenet ical ly  modeled synthesis  of minovine12 (1) and 
ajmaline13 (8) has been reported.  
product of the antitumor alkaloids  vinblast ine and v i n c r i s t i n e ,  and 
catharanthine w e r e  constructed from the same lactam intermediate (2). 
I n  a s e r i e s  of p a p e r ~ 1 5 - l ~  the appl icat ion of transannular cyc l i za t ion  
react ions t o  the synthesis  of indole and dihydroindole a lka lo ids  was 
described. 

Both velbanamine (lo), a degradation 

14 

I 
CH3 COzCH, 

OH 

Catharanthine 

N @Jr H 

N 
H 

10 9 - - 
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The an t ima la r i a  drug quin ine  was synthes ized  by two d i f f e r e n t  

rou te s .  2 o y 2 1  Meloscandonine an  a l k a l o i d  
from Melodinus scandens has  been 
assigned s t r u c t u r e  G,z2 Labeling 
experiments with Cinchona ledger iana  
have helped t o  enumerate the  middle 
and latter s t ages  i n  the  b iosyn thes i s  
of the  cinchona a l k a l o i d s  (I .s.,  
1 2 4 1 5 )  , 2 3 9 2 4  

U 

15  - 14 - 

,-> Quinine 

Chery l l ine  an unusual  te t rahydro isoquinol ine  a l k a l o i d ,  was 
i s o l a t e d  from Crinum ~ o w e l l i i . * ~  
s p e c t r a l  and degrada t ive  evidence and was confirmed by an unambiguous 
syn thes i s  .26 
from Papaver o r i e n t a l e  have been ass igned  as 17 and 18,27 
from Dicentra  canadens is ,  i s  a new type of dimeric  benzyl i soquinol ine  

S t r u c t u r e  16 was ass igned  t o  i t  from 

The s t r u c t u r e s  of two unnamed pseudoprotoberberine a l k a l o i d s  
Cancent r ine ,  



Chap. 27 Alkaloids 27 7 - Kee ly ,  Doskotch  

a l k a l o i d  (a morphine and c u l a r i n e  combination) whose s t r u c t u r e  has  been 
e s t a b l i s h e d  as  g 2 8  by phys ica l  and chemical methods. 

6 0 

(0  

CH HO 'O&CH, 

16 

The f u l l  paper on the  b iosyn thes i s  of t he  lycopodium a l k a l o i d s  from 
lys ine  w a s  ~ u b l i s h e d . ~ g  The p o s s i b i l i t y  t h a t  two i d e n t i c a l  p e l l e t i e r i n e  
u n i t s  (20), der ived  from lys ine  and a c e t a t e ,  would combine t o  form 
lycopodine 9) was no t  cor robora ted  by double l abe l ing  experiments wi th  
[4,5-3€12-2-1 C] -pe l l e t i e r ine  ,30 
i n  heavy l i n e  was der ived  from p e l l e t i e r i n e .  

Only the  po r t ion  of t h e  molecule drawn 
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P a r t i a l  degradat ion of the  ly thraceae  a l k a l o i d s  decodine (3) and 
decimine 2 3  i s o l a t e d  from Decodon v e r t i c i l l a t u s  a f t e r  being fed e i t h e r  
2-14C o r  b k - l y s i n e ,  i nd ica t ed  t h a t  the  amino a c i d  e n t e r s  the  a l k a l o i d  
i n  a non-random fash ion  through a symmetrical intermediate .31 
a l s o  demonstrated t h a t  two fragments der ived from phenylalanine a r e  
incorporated i n t o  decodine. 32 

It was 

- 23 R1 OCH3; R2 H 

The amaryl l idaceae a l k a l o i d  mar i t i d ine  was synthes ized  by a rou te  
which fea tured  an improved method of achieving phenol ox ida t ive  coupl ing 
(24+ 25) . 33 
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OH 

VOC13 

H 
31, N -  37% yield ' 

24 - 25 - 

The small group of mesembrine alkaloids as been nearly doubled by 
the isolation of four from Sceletium strictum3': mesembrenol (26); 0- 
acetoxymesembrenol (27) ; 4'-O-demethylmesembrenol (28) ; and 4'-0- 
demethylmesembranol 2. Three seco-alkaloids : joubertiamine (30) ; 
dihydro joubertiamine (2) ; and dehydrojoubertiamine (32) were isolated 
from S. j~ubertii.~~ 

30 

3 1  C4-C5 double bond reduced 

- 26  R1 = CH3; R2 H - 
2 7  R1 = CH3; R2 = OHc - 
2 8  R1 = R2 H - - 32 c748 unsaturation 

2 9  R1 = R 2  H - 
(double bond reduced) 
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The f i r s t  s y n t h e s i s  of h a ~ u b a n o n i n e ~ ~  (33) and a second of t he  
r e l a t e d  a l k a l o i d  cepharamine (34) 37 (v i a  the  newly developed enamine 
anne la t ion  approach) were accomplished. Two w hasubanonine a l k a l o i d s  , 
s t e p h i s o f e r u l i n e  (35)38 and s tephavanine  (36)" were i s o l a t e d  from 
Stephania  hemandifol ia  and 2. abyssn iea ,  r e s p e c t i v e l y .  Stephavanine i s  
the  most h igh ly  oxygenated hasubanonine a l k a l o i d  i s o l a t e d  t o  d a t e .  

CHSO 

C H 3 0  $e 
g%; --OCH3 

H 4+ 
35 - 36 - 
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The accepted s t ruc tu res  fo r  (+)-tubocurarine chlor ide and (+) - 

chondrocurine have been found t o  be incorrect.40 
monoquaternary sa l t  (37) r a the r  than the previously proposed di-quaternary 
s a l t ,  and the l a t t e r  i t s  corresponding t e r t i a r y  base. The s u b s t i t u t i o n  
pa t t e rn  i n  the A-ring i s  reversed from the old s t r u c t u r e  i n  the case of 
(+) -chondrocurine. 

The former is the 

37 

CH:, 

Representatives of the long sought opt ical ly-act ive f lavans, (-) - 
4 '  -hydroxy-7-methoxyf lavan (38) and (-) -4' -hydroxy- 7-methoxy-8-methyl- 
f lavan (39), were obtained from species of D i a n e l l i x ~ a e . ~ ~  

X-ray ana lys i s  has es tabl ished the s t r u c t u r e  of s i l yd ian in ,  from 
Silybum marianum, a@ 40. 
silymarin and repreeents a unique combination of a dihydroflavonol and a 
phenylpropane . 42 

It is isomeric with the antihepatotoxic agent 
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Chapter 28. React ions of I n t e r e s t  i n  Medicinal Chemistry 

Robert A .  Wiley, Department of Medicinal Chemistry 
The Un ive r s i ty  of Kansas, Lawrence, Kansas 

A wealth of s y n t h e t i c a l l y  u s e f u l  r e sea rch  w a s  r epor t ed  
i n  1970.  An a t tempt  has  been made here  t o  select  r e a c t i o n s  
of broad a p p l i c a b i l i t y :  t h e r e f o r e ,  s p e c i a l i z e d  f i e l d s  such 
a s  pept ide  s y n t h e s i s ,  have been a r b i t r a r i l y  excluded. 

Oxidations-The use  of a t w o  phase ether-aqueous chromic a c i d  
system for  ox ida t ion  of secondary a l coho l s  t o  ketones has  
been repor ted  t o  a f f o r d ,  i n  a r a p i d  f a sh ion ,  ketones which a r e  
remarkably f r e e  of isomerized and s i d e  products . '  Amine ox- 
ides  can be prepared i n  9 0 %  y i e l d  f r o m  t h e  corresponding 
m i n e s ,  using m-chloroperbenzoic a c i d  i n  chloroform,  followed 
by p u r i f i c a t i o n  of t h e  r e a c t i o n  mixture  on an alumina column.2 
A complex of hexafluoroacetone and H202 e x h i b i t s  p r o p e r t i e s  
s i m i l a r  t o  those  of t r i f l u o r o p e r a c e t i c  a c i d . 3  
reagent ,  t h e  Baeyer-Villager r e a c t i o n  w a s  executed i n  y i e l d s  
of 40-73%. The L ind la r  c a t a l y s t  has  been used t o  ob ta in  t h e  
dialdehyde 1 from s e v e r a l  ozonides r e s u l t i n g  from t rea tment  
of t h e  corresponding norbornadienes wi th  ozone.4 
a-diketone 2 can be cleaved v i a  t h e  d i t h i a n e  3 i n  a way which 

Using t h i s  

The p ro tec t ed  
- - - 

d i f f e r e n t i a t e s  t h e  t w o  ends of t h e  c leaved  bond.5 Amides 
and lactams can be converted t o  t h e  corresponding imides i n  

23-100% y i e l d  by t h e  a c t i o n  of pe rac ids  or hydroperoxides i n  
t h e  Presence Of Mn+* or Mn+3.6 Methods f o r  f a c i l e  conversion 
of aldehydes t o  n i t r i l e s  involve p h o t o l y s i s  of aldehyde-derived 
diphenylhydrazones which a f f o r d  n i t r i l e s  i n  40-75% y i e l d ' ;  
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the use of CO (NHs 1 [Co (CO) followed by Brz effects similar 
transformations.' 

Reductions-Electrolysis has been reported to effect the 
selective hydrogenolysis of aryl bromide moieties in the 
presence of other reducible groups.' 
pared to 13% with Et,SnH. Amides may also be reduced electro- 
chemically on a 0.05 mole scale to the corresponding aldehydes 
and alcohols, depending on conditions, in 50-97% yield.'" 
Facile, high-yield reduction of epoxides to alcohols has 
been reported to be effected without rearrangment by lithium 
in ethylenediamine." Lithium in methylamine was reported 
to reduce carboxylic acids to aldehydes or amines, depending 
on workup, in 50-70% yield.12 The selective reducing cap- 
abilities of disiamylborane have been extensively investi- 
gated.13 Lithium perhydro-9B-boraphenalylhydride, an active 
agent which reduces ketones 94-97% stereoselectively to the 
corresponding steric approach control-predicted alcohols, 
has been described.14 Organoboranes have been shown to add 
to a,B a~etylenic'~ and a,B-unsaturated16 ketones to yield 
a,B unsaturated and dialkyl ketones, respectively. The 
reactions require 02, and apparently display free radical 
character. Two interesting additions of organoaluminum com- 
pounds to alkynes to afford various olefins, sometimes 
stereoselectively, have been Decarbonylation 
of aldehydes with 90-100% retention of configuration is 

Silyl and stannyl hydrides effect high yield reduction of 
aryl diazonium salts, and are compatible with a wider range 
of solvents than is H3P02." NaH prepared in situ has been 
found to be much more active than the commercial product.21 
Using the more active NaH, hydrogenolysis of benzylic halides 
is possible. Sodium borohydride has been reported to reduce 
nitriles to amines if Raney nickel is used as catalyst.22 
The properties of P-1 nickel boride have also been further 
investigated.23 
to be more active and to cause less migration of double 
bonds than Raney nickel. 

The yield was 9 4 % ,  com- 

possible, using Rhodium complexes, such as (PhsP)sRhC1. 19 

-- 

This hydrogenation catalyst has been found 

Carbocyclic Ring Formation-A mixture of Zn dust and a 
cuprous halide apparently functions as efficiently as a 
Zn-Cu couple in the Simmons-Smith procedure, and is more 
convenient . 2 4  The high yield, preparative scale electro- 
chemical synthesis of phenylcyclopropane and cyclopropanol 
from the corresponding 1,3-dibromides has been reported.25 
DCC has also been shown to effect ring closure to cyclopropanes 
in 80% yield, in the manner shown below.26 
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DCC, + A t  
OH O H  iul. /----N-R 

RNH 
An i n t e r e s t i n g  r i n g  expans ion  of c y c l i c  ke tones  via 

r e a c t i o n  of t h e  co r re spond ing  eneamines w i t h  d i c h l o r o c a r b e n e  
has  been observed." 
i n  good y i e l d .  Also ,  t r i e t h y l o x o n i u m  sa l t s  e f f e c t  r i n g  ex- 
pans ion  i n  d i azoke tones  such as - 5 t o  a f f o r d  t h e  cor respon-  
d i n g  d i k e t o n e s . 2 8  

I n  t h i s  way, ke tone  4 w a s  o b t a i n e d  

: CCl2 ' &  0 4 & CI - 

Et30'BFd- + 

G 

Q2 - 
A v e r s a t i l e  g e n e r a l  approach t o  cyc loa lkeneones  h a s  

been p r e s e n t e d 2  : t h e  b i c y c l i c  c h l o r i d e  - 6 ,  o b t a i n e d  from 
indenyl  Gr ignard  and 2 ,3-d ich loropropene ,  formed t h e  pre-  
d i c t e d  carbonium i o n  - 7, and t h e n  t h e  ke tone  - 8 ,  w i t h o u t  any 
r ea r r anged  p r o d u c t s .  

H e t e r o c y c l i c  Ring Formation-HzOz, i n  t h e  p re sence  o f  iso- 
cyana te  as c o - r e a c t a n t ,  y i e l d s  epox ides  from o l e f i n s  i n  
50-75% y i e l d . 3 0  
m u s t  be  conducted i n  n e u t r a l  medium. l 1 2 - D i t o s y l a t e s  a f f o r d  

T h i s  sys tem is advantageous  when r e a c t i o n s  



Chap. 28 Reactions of Interest in Medicinal Chemistry Wiley 287 - 
olefins in 60% yield upon electrolysis.31 
anion 9,  a new sulfur ylid, has been shown to afford the 
glycidic ester - 10 in good yield.32 

The thietin 

(CH3),S--CH-COo@+ 0 0  ($ c- 

R 9 - 
lo 

An intramolecular eneamine reaction is used to good 
advantage in the construction of - 11. 

I 

~ H s  !I 
Additions to Carbonyl and Olefin Linkages-A one-step alter- 
native to the Grignard reaction has been described, in 
which a mixture of the carbonyl compound and the alk 1 bro- 

Yields are claimed to be superior to the Grignard procedure. 
The Reformatsky reaction occurs in im roved yield if tri- 
methyl borate-THF is used as solvent. '' 
sation is improved if organocalcium alkyls are used as basic 
catalysts.37 Mesityl oxide is thus obtained from acetone in 
95% yield. 

mide is added to a suspension of Li in THF below 0'. Y 5  

The aldol conden- 

Olefins have been obtained in a stereoselective manner 
- via the Wittig 
treated with a strong base and an electrophile (MeI, PhCHO) to 
form olefins of predictable stereochemistry. The Wittig 
reaction has also been reported to occur with phosphonium 
fluorides in the absence of base.40 

The ylid-carbonyl adduct is 

Anti-Markownikov hydrohalogenation is obtained in 
75% yield by treating the olefin with an organoborane, 
effecting transmetallation with H 0, and treating the re- 
sulting organomercurial with Br2. '' 
not be purified. The solvomercuration-demercuration pro- 
cedure effects Markownikov hydration of olefins in 77-98% 
yield. 

Organometallic Reagents-The usefulness of alkylcopper lithium 
reagents has been extended by the observation that they can 
replace organocadmium reagents in ketone syntheses,43 and will 

Intermediates need 
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react with very hindered a-bromo ketones to effect high yield 
alkylation.44 In addition, these reagents reduce oxiranes in 
the presence of carboxyl groups,45 and react with allylic 
oxiranes in the stereoselective manner shown.46 

Rt Cu Li 

R 92% trans 
Some orientation control has been achieved in electro- 

philic aromatic substitution reactions effected with thallium 
1111) trifluoroacetate,47 and methods for synthesis of aryl 
cyanides and phenols using this useful reagent have been 
developed.48 

An interesting and apparently versatile ally1 transfer 
reaction under the influence of a palladium-acetylacetone 
complex has been reported.49 
shown below, C-alkylation at activated methylene carbon is 
possible. 

In addition to the N-alkylation 

Use and Removal of Protective Groups-The use of the phenacyl- 
sulfamyl moiety as a protective group for amine functions 
and in the synthesis of pure secondary amines has been re- 
ported.” The derivative - 13, obtained from an amine and 

Zn R’ R‘X I 

RNH2 -NHSOtCH2COPh R-N-SOzCH2COPh 
HOAc R’ 

13 
c 

phenacylsulfamyl chloride may either be alkylated to yield 
pure secondary amine, or treated with Zn to regenerate the 
original amine. A versatile alternative to the Gabriel 
synthesis has also been devised which avoids the vigorous 
hydrolytic conditions associated with this prodecure.51 In 
the new procedure, the bis-benzenesulfenimide anion 14 is 
used. Hydrolysis is then possible by either of the methods 

0 RX RNHZ-HCI 
shown. 

(PhS)2 N + or +(PhS)2NR 
ROTS 2- RNH2+2PhS-SPh 

14 
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The phenacyl group may a l s o  be used t o  p r o t e c t  a c i d s  
and phenols .52 
Hydrolysis of some methyl esters is s u r p r i s i n g l y  d i f f i c u l t .  
The use of l i t h i u m  thiopropoxide i n  hexamethyl phosphoramide 
appears t o  so lve  t h i s  problem.” 

Removal i s  accomplished with Zn/HOAc. 

Prospects  f o r  p ro tec t ion  of hydroxyl groups as methyl 
e t h e r s  w e r e  enhanced by t h e  r e p o r t  t h a t  an o p t i c a l l y  a c t i v e  
y-hydroxy a c i d  could be converted t o  t h e  corresponding 
methyl e t h e r .  Following f u r t h e r  manipulat ions,  t h e  methyl 
e t h e r  was cleaved i n  77% y i e l d  by N a B H 4 - I 2  i n  MeOH-CC14 t o  
y i e l d  unracemized product .54  Aryl methyl e t h e r s  are re- 
ported t o  be cleaved by th ioe thoxide  ion i n  DMF t o  y i e l d  
the  corresponding phenol i n  9 4 4 8 %  y i e l d . 5 5  
e f f e c t s  benzoylat ion of sugar  hydroxyl groups a t  low t e m -  
pe ra tu re  and i n  t h e  absence of c a t a l y s t . 5 6  

sponding carbonyl compounds, n o t  always an easy procedure,  
have been developed. I n  t h e  f i r s t ,  chromous a c e t a t e  is used 
as c a t a l y s t , ”  and i n  t h e  second T i C 1 3  i n  MeOH-H20 with acetate 
b u f f e r  y i e l d s  t h e  in te rmedia te  imine i f  t h i s  i s  s t a b l e  t o  t h e  
r eac t ion  cond i t ions ,  and t h e  carbonyl compound i f  t h e  imine is  
n o t  s t a b l e . 5 *  Aldehydes are also repor ted  t o  be ob ta inab le  i n  
80-90% y i e l d  from t h e  corresponding d i t h i a n e s  i f  hydro1 sis 
is  c a r r i e d  o u t  i n  THF us ing  a HgOAc-BFs*Et20 c a t a l y s t .  

Benzoyl cyanide 

Two methods f o r  conversion of oximes t o  t h e  cor re-  

5 4 ;  

Miscellany-A most ingenious s t e r e o s p e c i f i c  syn thes i s  of a- 
amino a c i d s  involves  r eac t ion  of an a-keto ester wi th  t h e  
c h i r a l  reagent  15. 6 o  

is  obtained i n  92-97% o p t i c a l  p u r i t y ,  and t h e  Ch i ra l  reagent  
is  e a s i l y  regenerated.  

Following s e v e r a l  s t e p s ,  t h e  amino a c i d  

\ H CH3 

H OH 

H 

YHZ + R-CHCOOH 
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Several convenient olefin syntheses have been reported. 

N-Carbalkoxysulfamate esters undergo elimination to olefins 
at room temperature.61 Epoxides afford olefins by reductive 
elimination under the influence of MgBr, and magnesium amal- 
gam . 6 2  A twofold extrusion process for the construction of 
complex olefins has also been described.63 In the example 
shown, the highly hindered olefin shown was obtained in 80% 
yield. 

SH 
I 

PhZC-COOH 
The triflate group (CF3SO3-) is reported to be the most 
active leaving group of the common sulfonate esters. This 
moiety is conveniently introduced using trifluoromethane- 
sulfonylimidazole, a stable, low boiling liquid. 

pentyl nitrite in the presence of acetic anhydride,65 
with yields estimated at 10-328. 

By treating trimethylamine oxide with trifluoroacetic 
anhydride, it was possible to isloate 16, a typical anhydro 
base Mannich reaction intermediate.66 This substance under- 
went the Mannich reaction with steroidal ketones in 

Aniline is converted into benzyne in one step by 

- 
excellent yield. Ethylene glycol solvent was also report- 
ed to improve high-temperature Mannich reaction yields, 
whereas DMF gave anomalous products.67 

Several improvements in acylation techniques were 
announced. Butyllithium wwas determined to be superior to 
sodium amide in preparation of amide ions for ammonolysis 
reactions with esters.68 Phosgene is more reactive than 
ethyl chloroformate toward eneamines.69 The intermediate 
acyl chlorides may then be converted to a variety of pro- 
ducts. a-Acetylenic aldehydes are easily prepared by the 
action of acetylenic Grignard reagents upon ethyl formate.70 

inaccessible may be prepared by the action of diazomethane on 
Diazoketones derived from acids whose acid chlorides are 
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the acid in the presence of DCC.71 
amino acids are obtainable via - a mixed anhydride of the 
amino acid, which reacts with diazomethane to yield the 
diazoketone.72 

Diazoketones of a-acyl- 

a-Bromo acid chlorides result when acyl chlorides are 

The use of a wire mesh 0.4-0.6mm below the cold finger 

allowed to react with NBS in aqueous HBr.73 

in a subliming apparatus makes retrieval of the purified 
material much easier.74 
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294 COMPOUND NAME INCEX - 
Listings a r e  usually by generic  name if  available 

A-124, 4 - 
10(5,4) Abeoprednisolone, 170 
Acetylaranotin, 123 
Acetylcholine, 93, 94 
Adenosine, 7 2 
Adr enocor t icotr  opin, 2 3 5, 23 6 
Agr 614, 38 
Agroclavine, 25 
- 

AH-3474, 80 
AHR-1118, 17 
- - 

Ajmaline, 27 5 
Ajugalactone, 17 5 
A L i 0 2 1 ,  1 
Alclofenac, 184, 207 
- 

Alipamide, 88 
Alkylene dimethylsulfonates, 166 
Allomuscarine, 27 
Alprenolol, 80,81 
Amanitin, 1 2 3 
Amantadine, 46, 124 
Amiloride, 89, 92, 94 
2-Aminobicycloheptane- 2- 

3-Amino-4-chromanone, 75 
Amitriptyline, 45 
Amphetamine, 20,205,209, 266 
Amphotericin B, 129, 132, 133, 134 
Antipyrine, 268 
Apomorphine, 45 

Aristolochic acid, 123 
Aspirin,  62,63, 264, 267, 269 

AY 11,483, 169 

carboxylic acid,  193 

APY-606, 4 - 

AY 9928, 74 - 
AY 20, 121, 169 
AY 20, 524, 71 - 
Azabicyclane, 37 
Azamorphinans, 35 
Azaphen, 16 
Azathioprine, 187 
6-Azauridine t r iacetate ,  187 

B-58941, 103 - 
Ba-36,644, 171 
Barbital ,  265 
Bayer 1470, 53 
B enactyzine, 20 5 
- 

Benorylate, 185 
Benzarone, 187 
Benzoctamine, 4 
Benzomorphans, 35 
Benzydamine, 185 
BHT 324, 56 - 
BL-P-1654, 102 
BON, 3 
- 

Bradykinin, 94 
Bretylium tosylate, 85 
BRL-2288, 101 - 
BRL-2333, 10 1 
Brocres ine ,  75 
- 

Bromocycloalkanes, 209 
2-Bromo-a-ergocryptine, 25 
4-Bromo-p-methyl-p- 

ni t rostyrene,  131 
Bufexamac, 184 
Bunolol, 80 , 8 1 
Busulphan, 166 
Butidrine, 80, 84  
10-Butylphenothiazine, 82 

Caerulein,  69, 70 
CAMP, 19,61,84,144,194,196,215, 

216, 217, 218,219,220, 221, 223, 
233,234,235, 239, 241,242 

CAMP Analogs, 216,221,222 
CAMP, Dibutyryl, 61, 216 
Cancentrine, 276 
Cannabichromene, 2 5 
Cannabicyclol, 24 
Cannabielsoic acid,  24 
Cannabigerol, 25 
Carbanylimide, 112 
Carbenicillin, 10 1 

Azirinomycin, 103 Carbenoxolone sodium, 73 
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Carbomethoxydihydrocleavamine, Colestipol, 1 56 

29 5 - 

26 
Carboxytolbutamide, 199 
Carrageenin,  187 
Catharanthine, 275 
Caved-S, 74 
CCNU, 210 
Cefazolin, 102 
Cephalexin, 102,210 
Cephaloridine, 102,210 
Cepharamine, 280 
Chanoclavine, 25 
Chanoclavine aldehyde, 25 
Chelocardin, 103 
Cherylline, 276 
Chlorambucil, 187 
Chlorazepate, 8 
Chlordiazepoxide HC1, 269 
Chlorexolone, 94 
Chlorhexidine, 112 
Chlormadinone acetate,  163, 

2-Chloroadenosine, 62 
2- Chlorophenylalanine, 28,39 
Chloroquine, 187 
Chlorpromazine, 40,62 
Cholecystokinin, 69,70 
Cholestyramine, 154, 156 
Chondrocurine, 281 
Chymostatin, 187 
Clamidoxic acid,  184 
Clemizole, 82 
Clindamycin, 102 
Clofazimine, 11 2 
Clofibrate, 154, 155 
Cloforex, 21 1 
Clogestone acetate,  168 
Clomiphene ci t ra te ,  166, 167 
Clonazepam, 7 
Clonidine, 53 
Clopamide, 88 
Clorprenaline, 21 1 
Clotiapine, 5 
Clotrimazole, 130 

164,174 

CLY-503, 156 - 

Conovid-E, 162 
Coronaridine, 26 
Corticotrophin A, 199 
Coumermycin A1, 269 
Cronolone, 167 
Cryptosporiopsin, 134 
CT 1341, 175 
Cyclazocine, 16,40 
- 

Cyclic AMP, see  CAMP 
Cycloclavine, 26 
Cyclophosphamide, 187 
Cylindrochlorin, 123 
Cyproheptadine, 82 
Cyproterone acetate,  173, 174 
Cytarabine, 123 

DA-1686, 81382 - 
Dacuronium bromide, 175 
Decimine, 278 
Decodine, 278 
N-Demethylrifampicin, 124 
Demycarosyl, 103 
3 - Deoxydigi toxig enin, 1 7 4 
Deoxyfrenolicin, 55 
Deoxylo ganin, 2 7 4 
Desipramine, 15, 268 
Desmethylimipramine, 74 
Dexamethasone acetate,  17 1 
4,4'-Diaminodiphenylsulfone, 11 2 
Diapamide, 88 
Dicloxacillin, 264 
5,6- Dideoxy- 5-Ox0 erythronolide, 

Dieldrin, 209 
Die thy1 s tilbe s t  rol ,  266 
N, N-Diethyl-1, 2, 5 ,6- te t rahydro-l-  

m e  thylni co tinamide , 28 
N, N-Diethyltryptamine, 29 
Diflumidone, 186 
Digitoxin, 270 
Digoxin, 270 
Dihydrocatharanthine, 26 
Dihydrokawain- 5-01, 27 
5p- Dihydr oproge s t  e r  one, 1 7 3 

103 
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5a-Dihydrotestosterone, 173, 174 Flavofungin, 132 

- 
6 ,7  - Dihydr oxy -A - t e t rahydro- 

cannabinol, 27 
Dilantin, 83 ,84 ,85  
Dimesone, 170 
Dimethi sterone, 173 
Dimethyl sulfoxide, 187 
Diphenhydramine, 21 1 
Diphenylhydantoin, 269 
N, N-Dipropyltryptamine, 29 
Dipyridamole, 62,64 
Ditran, 29 
Diumyc ene, 1 0 3 
Diumycin, 10 3 
Diumycinol, 10 3 
Diviminol, 34 

Dopamine, 42,93 
Doxycycline, 103,268 
Droperidol, 1 
Dydrogesterone, 164 

DMPEA, 29 

Efymoclavine, 25 
Enterogastrone, 70 
6-EpibenzylpenicillinY 10 1 
Epinephrine, 194, 234 
Ergocornine, 25 
Ergometrine,  25, 29 
Ergonine, 25 
Ergoptine, 25 
Ergotamine, 28, 29 
Ergotoxine, 25 
Erythromycylamine, 103 

Estradiol,  167 
Ethacrynic acid, 92, 93, 94 
Ethambutol, 11 1 
Ethoxamine, 81, 82 
Ethyl Alcohol, 69 
Ethylestrenol, 17 1, 172 
N-Ethylmaleimide, 197 
Ethynyl estradiol,  165 

ESP-2001, 82 - 

Fenclozic acid, 184 
Fenethylline, 20 5 

Flucloronide acetonide, 17 1 
Flucloxacillin, 102 
Flufenamic acid,  183 
Flufenisal, 39, 185 
Flumethasone, 17 1 
5-Fluorocytosine, 129, 130 
6- Fluoro&ethyltryptamine, 29 
Flurazepam, 7, 207 
Fluspiri lene,  2 
Fumigachlorin, 13 1 
Furazolium, 1 10 
Furosemide,  92 ,93 ,94  

Gastr in ,  68,69 
Gastrone, 70 
Geldanamycin, 100 
Genimycin, 13 1 
Gentamicin, 100 
Geraniol,  274 
Glaziovine, 9 
Glisoxepide, 199, 200 
Glucagon, 70,194,237 
Glybornuride, 199,200 
Glyburide, 199, 200 
Glycidol, 166 
Glydiazinamide, 199, 200 
Gold, 187 
Griseofulvin, 129, 130,264 
Gr i  sorixin,  13 2 
Guanadrel, 52 
Guancydine, 52 
Guanidinoacetic acid,  193 
y-Guanidinobutyramide, 193 

Haloperidol, 3 ,  44, 265, 269 
Haloprogin, 130 
Harmaline,  28 
Harmine, 28,210 
Hasubanonine, 280 
Hederagenin, 170 
Hoe 36,801, 9 
Homeostan, 10 
Hydrazine, 94 
Hydrochlorothiazide, 94 
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Hydrocortisone 1 7-butyrate, 170 
2 5- Hydr oxydihydro stachy s t  erolg , 

25-Hydroxyergoca1cifero1, 175 
N-(a-Hydroxyethyl)lysergamide, 

10-Hydroxygeraniol, 274 
4'-Hydroxy-7-methoxyflavan, 281 
Hy d r  oxym ethyltolbu tami de , 1 9 9 
10 - Hydr oxynerol, 274 
2- Hydroxy- 5-nitrobenzyl 

5 -a- Hy d r  oxyphenyl- 2 -methyl- 

7 - Hydroxy - A - t etrahydro- 

175 

25 

bromide, 197 

morphan, 36 

cannabinol, 27 

Ibogamine, 26 
Ibotenic acid,  27,28 
ICI 33828, 167 - 
ICI 46037, 81,82 - 
Imipramine, 18,45,74,206 
Indomethacin, 62, 183 
Inomycin, 13 1 

Insulin, 236 
Interferon, 118 
Intrazole,  182 
Iprindole, 16 

INPEA, 80 

t r ans  Isocodeine, 35 
Isodiumycinol. 103 
- 
Isomethadols, 37 
t r ans  Isomorphine, 35 
Isonicotinic acid hydrazide, 11 1 
Isoprednidene, 170 
Isoproterenol,  75,194 
IUDR, 122 

- 

Janiemycin, 103 
Josamycin,  10 3 
Jouber tiamine, 279 

K 76, 54 
Kawain, 27 
Ketipramine, 15 

KL-255, 80 
KO-592, 80 
- - 

Kromycin, 103 

L-6400, - 169 
Lactulose, 77 
Lankamycin, 103 
Leo 640, 15 
Levodopa, 42 
- 

Levorin, 130 
Levorphanol, 40 
Lidocaine, 81,83,85, 269 
Lincomycin, 102 
Lithium carbonate, 19 
LL-Z1271a, 131 
Loganin? 274 
Lomofungin, 13 1 
Loxepin, 5 

- 

LSD, 28929 
LU 3-010, 74 
LU 5-003, 205 
Lycopodine, 277 

- - 
Macarbomycin, 103 
Mandelic acid, 268, 269 
Maritidine, 278 
Mebeverine, 76 
Medazepam, 7,206 
Medr oxypr oge s t e r  one acetate,  1 6 2, 

Mefenamic acid,  62,66 
Mefruside, 88 
Megestrol acetate,  163, 164, 167, 173 
Melengestrol acetate,  167, 173 
Meloscandonine, 276 
Mepirizole, 186, 207 
Mescaline, 28, 29 
Mesembrenol, 279 
Metaraminol, 56 
Methadols, 37 
Methotrexate, 266 
1 , 2-bi s (5-Methoxy- 2-benzimida- 

1 -Methyl-4-aminopiperazine, 123 
a- Me thyldopa, 5 5 

163,167 

zolyl)4, 2- ethanediol, 122 
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Methyl ene dim ethane sulphonate, 

3-Methylhexahydro- 3-benza- 

D-6-Methyl-8- (2- hydroxyethyl) 

8a-Methyl nOrethiSteI'One, 168 
Methylphenidate, 19 
Methyrnycin, 103 
Methysticin, 27, 28 
Metiazinic acid,  184 
Meticrane,  212 
Metoclopramide, 76,82, 208 
Metolazone, 88 
Metronidazole, 110 
Miconazole nitrate,  130 
Minocycline, 103 
Minovine, 275 

210 

zocin-8-01, 36 

ergoline, 26 

MITj 211 
MK 485, 45 
MK 940, 16 
- - 

Molindone, 9 
Moperone, 269 
Morphethylbutyne, 21 1 
Morphine, 35,39 
t r a n s  Morphine, 35 
Muscimol, 27, 28 
Myalex, 208 
Myristicin, 209 

- 

N-1157, 17 - 
Nafcillin, 264 
Naf enopin, 1 5 5 
Nalidixic acid,  108 
Naloxone, 40 
Naproxen, 39, 184 
Naproxol, 184 
Narbomycin, 103 
NC 7197, 56 
Nebramycin, 99 
- 

Negamycin, 103 
Neomethymycin, 10 3 
Neomycin, 154, 156 
Neostigmine, 21 1 
Nerol, 274 

Nicotine, 75J76,  209, 266 
Nicotinic acid,  154 
Nifuradene, 110 
Nigericin, 132, 133 
Niridazole, 110 
Nitrazepam, 207 
Nitrofurantoin, 10 9 
Nitroglycerin,  208 
Nitromer sol, 1 12 
Norbolethone, 171, 172 
Norethindrone enanthate, 162 
Nor ethynodr el, 1 64 
Norgestrel ,  163, 164 
19-Nortestosterone 17-Decanoate, 

Nortriptyline, 15, 268 
171 

Nystatin, 129, 130, 131 

Octoclothepine, 5 
Ouabain, 40 
Oudenone, 55 
Oxazepam, 7 
Oxazolazepam, 8 
Oxolinic acid,  108 
0x0 t r emor  i ne , 26 8 
Oxypertine, 9, 206 
Oxyprenolol, 80,81 

Paeci lomycerol ,  175 
PAN, 210 
Pancuronium bromide,  17 5 
Papavallarinol,  170 
Papaverine,  62 
PC-796, 186 - 
PDPj  53 
Pel le t ier ine,  277 
Pemoline,  19 
Penfluridoi, 2 
Penicil lamine, 187 
Penicil l in,  264 
Pentaerythritol  te t rani t ra te ,  208,264 
Pentagastr in ,  68, 69 
Pentalenolactone , 104 
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Pentazocine, 34, 208, 269 
Peradithiepin, 6 
Phencarbamide, 82 
Phenformin, 200 
Phenol sulfonphthalein, 266 
Phenylbutazone, 268, 269 
Phenylmercuric  acetate,  11 2 
Pho sphonomycin, 10 3 
Pimaricin,  130 
Pimozide, 2 
Pindolol, 80 
Piperonal,  209 
Piperonyl butoxide, 209 
Pivampicillin, 10 1 
Polyacetal  carboxylic acids,  121 

Polyphloretin phosphate, 144 
Posts terone,  174 
Practolol ,  80, 208 
Prazepam,  7,206 
Pr ednacinolone, 170 
Pr edni sone, 266 
Proadifen, 82 
Probenecid,  212,268 
Probucol. 156 
Procainamide, 81,83,84 
Progesterone,  169 
Prolintane,  19 
Promethazine,  62 
Propantheline bromide, 73 
Propranolol,  44, 54,80,81,83, 

Propyl alcohol. 69 
Prostaglandin, 94 

Poly IC, 119,120 

84,85,269 

- *1’ ;f: 
- - $:: 61,71, 72, 144, 145 
- El,  13,14-Dihydro, 141 

20-Methyl, 145 

61,71, 144, 145,146,187 

, _. 

El,  7-0xa, 141 

F a, 144, 145,146 
F a, 15-Methyl, 141 

- 
- E2’ 

2 
2 

141,143 

- 
Prostaglandin- 15 -dehydrogena~e~  

Prothionamide, 11 1 

Protriptyline,  206 
Psilocine,  26 
Psilocybin, 26 
Pyridinolcarbamate,  156 
Pyridoxine, 43, 44 
2- Pyridylthioac etamide, 7 3 
Pyrovalerone, 19 
Pyrrolni t r in ,  111, 131, 134 

Quinestrol, 164, 169 
Quinidine, 81, 83, 84  
Quinine, 276 
QX-572, 82 - 
R-2323, 164 
R-2858, 169 
- 

_. ~ - 
RA-101, 39 - 
Retikinonase I, 187 
Riboflavin, 265,268 
Ribostamycin, 100 
Rifampicin, 100, 123 
RO 4-4602, 45 
RO 4-8347, 168 
RO 5-4200, 7 
RO 5-5340, 82 
RO 7-2133, 168 

S-931, 81382 - 
Sali c ylamide, 26 6 
Salicylazosulfapyridine, 109 
Salicylic acid, 265,266,269 
Saramycetin, 129 
SC-16102, 90 
SC-19220, 72 

- 
Secretin, 70, 236, 238, 239, 241,242 
Silydianin, 28 1, 282 

Sisomicin, 100 
p-Sitosterol, 154 

SIN 10, 57 - 

SKF 11197, 56 
SL 146, 9 - 
Sodium mer cap toa c etat  e ,  8 2 
Sodium nimbinate, 170 
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Sorbitol, 198, 199 
Sotalol, 8 0 , 8  1 
Spironolactone, 94, 17 1 
SQ 18, 510, 164 .- 

SQ 18,571, 111 
St 600, 53 
s t  - 608, 53 
Stachysterone-A, B, 174 
Stephavanine, 280 
Stephi sof eruline, 280 
Stilbestrol, 162 
SU-13197, 82 - 
SU-l7595A, 2 
SU- 19789B, 20 . .  

Substance P, 10 
Sulfaclomide, 109 
Sulfa&imidine, 109 
Sulfaethidole, 265 
Sulfafurazole, 109 
Sulfaguanidine, 266 
Sulfamethoxazole, 108 
N- Sulfanil - 1 - ethylcyto sine, 10 9 
Sulfinpyrazone, 62 
Sulpiride, 9 
Synhexyl, 29 

Taurine, 82 
Tbilimycin, 13 1 
Tesicam, 186 
Testosterone, 172 
Tetracycline,  265 
A1- Tetrahydrocannabinol- y-di- 

ethylaminobutyric e s t e r ,  27 
Tetrahydrocannabinols, 24, 27, 

28,29, 38, 210 
Tetrydamine, 185 
Thalidomide, 11 2 
Theophylline, 62, 194 
Thiabendazole, 130 
Thiambutosine, 112 
Thiamphenicol, 268 
Thiocarlide, 11 1 
Thiocyanate, 75 
Thiothixene, 4 
Thyroid hormone, 17 
D-Thyroxine, 154 
Tilidine, 34 

Tilorone, 121 
Tocopheronolactone, 187 
Tolbutamide, 199 
TPN, 40 
Tramadol,  38 
Triamterene,  89, 90, 92 
Tribenoside,  187 
Triflocin, 90 
Triflumidate, 186 
5- Trifluoromethyl- 2'-deoxyuridine, 123 
Trifluperidol, 3, 269 
Trifluthepin, 5 
T r i m  ep e r i  di ne , 3 7 
Trimepramine,  15 
Trimethoprim,  108 
Trimetoquinol, 21 1 
Tricxazine,  9 
Tropital, 209 
Tubocurarine chloride, 28 1 
Tybamate, 6 

U-5897, 166 
U-13,851, 164 
UK-2054, 123 

- 
- 

Urogastrone, 7 1 
uSVC-6524, 80981 - 
V elbanamine, 27 5 
Verapamil,  52 
Viopudial, 57 
Vitamin A, 266 
Volidan, 162 

W-1372, 156 - 
Warfarin, 209, 268,269 
WR-9792, 82 . .  - 
WR-81844, 82 
WY-5256, 93 
- 
- 

WY-8678, 53 - 
X-537A, 132,133 - 
Xipranolol, 8 1, 82 
Xylamide, 74 
Xylitol, 193 

Y-3642, 391 186 - 
Yangonin, 27 
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