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BIOCHEMICAL CHANGES IN RAT LIVER IN RESPONSE
TO TREATMENT WITH DRUGS AND OTHER AGENTS—III

EFFECTS OF CENTRALLY ACTING DRUGS

D. S. PratT and B. L. CoCKRILL

Research Department, 1.C.I. Pharmaceuticals Division, Alderley Park, Macclesfield, Cheshire
(Received 29 July 1968; accepted 30 September 1968)

Abstract—In this third paper, results are presented on the effects on various rat liver
parameters of chronic administration of several agents with activity in the central
nervous system. Three patterns of response were found with the nine agents examined.
Two of the groups were virtually identical except that the glutethimide group induced
liver enlargement whereas the chlorpromazine-group did not. Both groups showed
marked elevation of microsomal drug metabolism. Eight of the nine agents showed
elevation of microsomal NADH.-cyt. ¢ reductase activity.

An overall discussion of the results in this and the two precedings papers is presented
which suggests that toxicity and liver enlargement can be separated by biochemical means
and that drug-induced liver enlargement is not necessarily a toxic response of the liver
but can be a functional response. Evidence for the primary involvement of the endo-
plasmic reticulum is presented and an hypothesis is advanced in an attempt to simplify
and rationalise the interpretation of the effects of foreign agents on the liver.

Many drugs exhibiting activity in the central nervous system have been shown to
stimulate microsomal oxidative metabolism in rat liver following their administration
to the intact animal.1-3: 7 Liver enlargement, however, was not always associated with
this change and it was of interest therefore to examine the effects of several such
drugs on the range of parameters detailed in the first of this series of papers,* to further
clarify the relationship between hepatomegaly and stimulation of drug metabolism.

The results of this study are given in this third paper together with a general dis-
cussion of the wider implications of all the results presented in this and the two
preceding papers.?. 3

METHODS
The methods employed are given in detail in the first of this series of papers.4
Details of the compounds investigated, the doses used and the duration of dosing
are given in Table 1.
1.C.1. 49,455, an analgesic in rats, has recently been investigated in man for anal-
gesic activity and has the following chemical structure.
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TABLE 1. DETAILS OF EXPERIMENTS PERFORMED

Expt. Compounds investigated Dose given*
no.
15 Glutethimide 100 mg/kg p.o. for 14 days.
Control 5 ml suspending fluid/kg p.o. for 14 days.
16 Methaqualone 100 mg/kg p.o. for 14 days.
Methylpentynol carbamate 200 mg/kg p.o. for 14 days.
Methylpentynol 150 mg/kg p.o. for 14 days.
Mephenesin 200 mg/kg p.o. for 14 days.
Control 5 ml suspending fluid/kg p.o. for 14 days.
17 Methaqualone 30 mg/kg p.o. for 14 days.
Meprobamate 150 mg/kg p.o. for 14 days.
Control 5 ml suspending fluid /kg p.o. for 14 days.
18 Chlorpromazine 0-10%; w/w in diet for 14 days.
Control Powdered diet.
19 L.C.I. 49455 100 mg/kg p.o. for 13 days.
Control 5 ml water/kg p.o. for 13 days.
20 dl-Amphetamine 25 mg/kg p.o. for 14 days.
Control 5 ml water/kg p.o. for 14 days.

* Powdered diet given ad libitum for at least 7 days before dosing commenced.

Methylpentynol-carbamate is designated methylpentynol-C in the tables for
convenience.

tion

in growth rate.

RESULTS
The body weight changes during the period of treatment are given in Table 2.
Only chlorpromazine (at a dose equivalent to about 100 mg/kg/day) caused a reduc-

TABLE 2. BODY WEIGHT CHANGES*

Mean Body wt. (g)

Ration terminal to

Expt. Compound initial body wt. (%;).
no. Initial Terminal
Treated Control Treated Control Treated Control

15  Glutethimide 123 125 185 185 150 148
16 Metga;]ualone LC 85 % ‘% l %(1) ;

Methylpentynol- 87

Methylpentynol 87 86 197 194 226 25

Mephenesin 83 187 J 225
17  Methaqualone 119 193 162

122 191 157

Meprobamate 120 190 158
18  Chlorpromazine 126 124 170 210 135 169
19 1.C.L 49455 166 163 211 226 127 139
20  Amphetamine 93 116 174 194 187 167

* Dosing schedules given in Table 1.

Relative liver weights are shown in Table 3. Three of the nine agents examined
produced liver enlargement, viz; methaqualone (at both dose levels), methylpentynol-
carbamate and glutethimide. The enlargement, however, was not as pronounced as
with some of the agents reported in the first two papers,% % and amounted to an
increase of approximately 10 per cent compared with controls. These same three
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TABLE 3. LIVER WEIGHT CHANGES

Liver wt. Body wt. ratio

Expt. Compound
No.

Mean +S.EM. (N) Cv % control P*
(g/100g) (%) gp.
15  Glutethimide 5-03 0-08 (5) 34 112-5 b
Control 4-47 0-13 (5) 63 100
16  Methaqualone 5-51 0-18 5 74 114 1
Methylpentynol-C 517 0-07 ) 32 107 ¥
Methylpentynol 4-97 0-18 (5) 80 103 n.s.
Mephenesin 4-61 0-07 5 35 95-5 n.s.
Control 4-84 010 ©) 51 100
17  Methaqualone 503 0-13 ()} 52 109 t
Meprobamate 4-79 0-07 @) 27 104 n.s.
Control 4-61 0-09 ) 4-3 100
18  Chlorpromazine 475 013 (5) 6-2 94 n.s.
Control 505 015 ) 59 100
19 I1.CI. 49455 4-59 0-03 “4) 1-4 102 n.s.
Control 4-49 0-08 ()] 4:2 100
20 Amphetamine 423 016 (5) 85 97-5 n.s.
Control 4-34 0-11 5) 58 100

* P—treated group compared with control group by Student’s ¢ test; n.s.—P>0-10, not significant
+ P<0-10.

1 P<0-01.

§ P<0-001.

compounds and also chlorpromazine and I.C.1. 49,455 induced an increase in micro-
somal protein concentration (Table 4). Methylpentynol and mephenesin caused a
reduction of doubtful significance in microsomal protein concentration. The effects
on cell-sap protein concentration were more equivocal, although glutethimide, chlor-
promazine and probably I.C.1. 49,455 induced marginal increases.

NADPHgz-cyt. ¢ reductase and AP-demethylase activities (Table 5) were both
increased after administration of either glutethimide, methaqualone (at both dose
levels), methylpentynol carbamate, meprobamate or chlorpromazine, i.e. five of the
nine agents examined. Methylpentynol and mephenesin raised the reductase activity
to a small extent but at these doses had no observable effect on demethylase activity;
1.C.I. 49,455 had the opposite effect in this experiment. Amphetamine was the only
compound to reduce NADPH-cyt.c reductase activity but a parallel effect on amino-
pyrine demethylase activity was not observed.

The results of the NADH2-cyt.c reductase and G6Pase assays are given in Table 6.
An unexpected finding was that all of these compounds, with the exception of mephe-
nesin, produced an elevation of NADH2-cyt. ¢ reductase activity. The increased
activity was particularly noticeable after chlorpromazine and methaqualone (at
100 mg/kg). In the other groups of compounds examined,* 5 propranolol was the only
compound to induce significant elevations of this enzyme activity. The effects of these
agents on G6Pase were unremarkable, although methaqualone at the higher dose of
100 mg/kg gave a significant reduction in activity.

The activities of LDH and GDH are shown in Table 7. Methaqualone at a dose of
100 mg/kg reduced both activities but had no effect at 30 mg/kg. Methylpentynol
carbamate reduced LDH, glutethimide reduced GDH but the effects of the other

agents were unremarkable.
BP—2G
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The activities of GGPDH and PGDH are given in Table 8. Seven of the nine drugs
examined produced elevations of G6PDH, the increase being particularly marked
after treatment with glutethimide, methaqualone (at 100 mg/kg), methylpentynol
carbamate, chlorpromazine, I.C.I. 49,455, and amphetamine. Smaller parallel in-
creases in PGDH activity were seen with these same compounds. The differential
response of G6PDH to treatment with methaqualone (100 mg/kg) and methylpentynol
carbamate was discussed in the first paper of this series.4

DISCUSSION

The results presented in this paper demonstrated that a wide range of centrally-
acting drugs are able to stimulate microsomal drug metabolism confirming previous
results.2: 3. 6-8 Amphetamine has been shown to have no stimulatory effect,2 3.6
whereas glutethimide,? 3. 6: 7 meprobamate? 3. 8 and chlorpromazine?. 3. 8 all stimu-
late microsomal oxidative metabolism. Methylpentynol carbamate was reported to
have no effect on pentobarbitone sleeping time in rats® although it stimulated mepro-
bamate metabolism2; our results showed a clear stimulation of aminopyrine metabo-
lism together with an elevated NADPHo- cyt. ¢ reductase activity. Neither mephenesin
nor methylpentynol are reported? 3. 6 to induce drug metabolism, in good agree-
ment with the present findings.

Despite, therefore, a wide variation in chemical structure, these nine agents with
activity on the central nervous system, had remarkably similar effects on the pattern
of response of various liver parameters. The most notable and the most unexpected
change was the increase of NADHs-cyt.c reductase activity. Three patterns of response
(designated IX-XI) are shown empirically in Table 9, derived from seven of the nine
agents investigated. The remaining two compounds, methylpentynol and mephenesin
gave more equivocal responses at the doses employed but the trends observed indicated
that these compounds could be compared with the chlorpromazine type effect, pattern
X.

The only difference between the glutethimide and chlorpromazine type patterns of
response was the failure of the latter group (pattern X) to produce liver enlargement;
the effects on extra-microsomal LDH and GDH activities were also less marked.
The glutethimide-type response (pattern IX) was virtually identical to the barbiturate-
type response (pattern I, ref. 4) and the DDT-type response (pattern VII, ref. 5),
with the exception that liver enlargement was not so pronounced and NADHz-cyt. ¢
reductase activity was increased. It was clear from these results that the compounds
exhibiting patterns of response IX and X had pronounced effects on the microsomal
fraction of the liver.

Amphetamine (pattern XI) had similar effects to the other centrally-acting com-
pounds on NADHs-cyt. ¢ reductase, GO6PDH and PGDH activities but differed
markedly in its lack of effect on microsomal drug metabolism; NADPHz-cyt. ¢
reductase activity was in fact reduced in this experiment.

GENERAL DISCUSSION
In this and the two preceding papers,® 5 the effects of thirty agents on rat liver
weight, protein concentrations and enzyme actitivities have been reported and briefly
discussed. In all, eleven patterns of response, summarised in Table 10 have been eluci-
dated, although the distinction between some of the patterns was often confined to the
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response of one particular parameter. Some of the compounds tested (indomethacin,
L.C.I. 45,763, 1.C.I. 50,172, 1,1,1-trichloroethane, methylpentynol and mephenesin)
had little or no observable effect on the liver.

The aim of these investigations as set out in the first of this series of papers* was
firstly to gain some insight into the extent to which the liver can react to the presence
of foreign chemicals and, secondly to attempt to separate hepatomegaly from hepato-
toxicity. As an extension to the latter, an attempt was made to define hepatotoxicity
more clearly in biochemical terms.

It was indicated previously!! that drug-induced liver enlargement may not necessarily
be a toxic response. The extra data presented in these papers has shown that those
compounds inducing liver enlargement (patterns I, IV, VII, VIII and IX), in direct
contrast to the established toxins (pattern VI), tended to show stimulation of micro-
somal enzymes, increases in protein concentration, less profound reductions in
oxidoreductase enzymes and less marked stimulation of G6PDH activity. The only
apparent similarity was the tendency for G6Pase activity to be reduced in both groups
but the fall in activity (expressed as concentration per unit weight of whole liver) in
the liver enlarging group was less marked than in the toxic group of agents and is
probably explained by a dilution effect due to the overall liver enlargement and the
raised concentration of microsomal protein. There is little evidence that frank patho-
logical lesions are caused even at near-lethal doses of many of the compounds inducing
hepatomegaly, and Golberg!? has advanced the hypothesis that in such cases, the
enlargement should be considered more as an adaptive, functional response of the
liver to an increased work load. Ortega® has emphasised the similarities in electron-
micrographs prepared from livers of rats treated with a range of hepatotoxins, the
principal observations being early proliferation of the smooth endoplasmic reticulum
(SER), alterations and reductions in the granular lamellae and general depletion of
glycogen. Although hypertrophy of the SER is commonly found following administra-
tion of foreign chemicals,!0 differentiation can be made between the toxic and non-
toxic agents under the electron-microscope.® Ortega’s investigations with DDT?
revealed a marked similarity between DDT, phenobarbitone and an hydantoin
derivative, all of which showed SER hypertrophy but without either pronounced
rupture of the granular endoplasmic membranes or ribosomal detachment. In addition,
glycogen depletion was incomplete and fatty accumulation only moderate. The
biochemical observations in our work,43 therefore, correlate well with the electron-
microscopical evidence, suggesting that DDT is not hepatotoxic to the rat.

The enlargement observed following CPIB (and I.C.I. 53,072) and halothane—
administration to rats requires further comment. Unlike the barbiturates or DDT,
neither CPIB, 1.C.I. 53,072 nor halothane had a pronounced effect on endoplasmic-
reticular enzymes in the present experiments. There was, however, no similarity
with the effects of the established toxins. Hess et all5 and Schimassek et al.l4 have
suggested that CPIB and halothane respectively exert their effects on mitochondrial
metabolism, but there is evidence to show that, in parallel with many other agents,
both CPIB and halothane have effects on the endoplasmic reticulum, e.g. CPIB
rapidly stimulates microsomal protein synthesis!3 and induces an early proliferation
of the SER ;15:24 halothane has a similar effect on dog liver SER1¢ and exhibits spectral
changes in vitro consistent with binding to components of the microsomal NADPH-
electron transport chain.2! There is no evidence to contradict the hypothesis that
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CPIB acts indirectly on the liver by displacement of thyroxine and other endogenous
factors from serum protein-bound sites,’® and it would be surprising if halothane,
by analogy with CCls and chloroform, did not penetrate the endoplasmic reticulum.
It was clear, however, from the evidence presented here that neither compound is
hepatotoxic in the rat.

The accumulated evidence®5.2-11.23 supports Golberg’s hypothesis that drug-
induced liver enlargement can represent a functional response of the liver and suggests
that without critical biochemical and electron-microscopical examination of the
liver, it would be unreasonable to classify liver enlargement per se as a toxic manifesta-
tion.

The overall similarity observed between the effects on the biochemical parameters
of the various toxins (pattern VI), despite the variable pathological end-points (see
ref. 5 for details), was striking and was in good agreement with the similar ultra-
structural changes.?1% Meldolesil® reviewed the incidence of SER-hypertrophy in
response to many foreign chemicals and demonstrated that the majority of hepato-
toxins elicit this effect. In addition, the biochemical evidence presented by Feuer
et al.? and ourselves® 11! on a wide range of toxins points to the conclusion that most
hepatotoxic agents exert their effects as a result of a primary involvement with the
endoplasmic reticulum. Secondary direct effects at some extra-microsomal location
cannot, however, be ruled out but profound disturbances in the metabolic balance
of the endoplasmic reticulum would be expected to result in equally deleterious
effects in extra-microsomal metabolism, e.g. to the oxidoreductases involved in the
redox equilibrium of the cell.

The major implication, therefore, from the present studies and those of others?10,12,23
is an involvement of the endoplasmic reticulum as a primary site of action of many
agents foreign to the liver. As a consequence of this, either a toxic or a non-toxic
effect results. In association with toxicity, there occurs inhibition of microsomal
protein synthesis and marked reduction of certain microsomal enzymes. Liver enlarge-
ment, however, is not invariably found in hepatotoxic cases. Liver enlargement is
frequently associated with hypertrophy of the SER, induction of microsomal protein
synthesis, induction of microsomal NADPH-electron transport and drug metabolising
activity, and induction of G6PDH activity, although again there is not always a
parallel between these individual effects. Meldolesit? postulates that SER-hypertrophy
is always produced by the same mechanism and that all substances able to elicit the
membrane proliferation are metabolised by microsomal enzymes and thus might
act as potential inducers of microsomal enzyme activity. He further suggests that
parallel changes in the SER and microsomal enzyme activity can only be observed if
the agent or its metabolite do not inhibit microsomal protein synthesis. Despite
such an inhibition, however, the cell still retains its capacity for SER-hypertrophy.
Both toxic and non-toxic compounds fit into this conception, the toxic agents or their
metabolites only differing from the non-toxic compounds in their capacity to inhibit
microsomal protein synthesis; both types, however, promote hypertrophy of the SER.
There is evidence in the literature to show that many of the well-established liver toxins
have to undergo metabolic conversion before becoming toxic, e.g. CCly,!® thioaceta-
mide,’® DMN20 and others.!9 The close juxtaposition of the toxic entity formed and
the endoplasmic reticular membranes may in part account for the marked reductions
in activity of enzymes associated with this fraction of the liver cell. An explanation
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for the lack of halothane toxicity may be offered by such an interpretation, i.e. that
halothane is not metabolised to a toxic metabolite, possibly due to the stabilising
influence of the C—F bonds (see ref. 22).

The present investigations have indicated variable reactions to the introduction
of foreign agents into the endoplasmic reticular environment but certain interesting
interrelationships have been observed, such as the identical patterns of response
with different chemical types (the barbiturates, the I.C.I. compounds, 45,337 and
51,426 and DDT), the apparent stimulation of NADHg-¢lectron transport by many
unrelated centrally-acting drugs and the identical responses to structurally-related
compounds (e.g. CPIB and I.C.1. 53,072). Furthermore the stimulus to liver enlarge-
ment was apparently separate from the stimulus to increase microsomal protein
synthesis, (compare patterns III, VIIT and X—Table 10), and also from the stimulus
to induce drug metabolising enzymes, (patterns IT, TIT and X). The latter was apparently
separate from the induction of microsomal protein synthesis (patterns IV and VIII)
and there were differences also in the induction of microsomal protein synthesis
per se, e.g. the protein laid down by such agents as phenobarbitone and DDT was
retained within the microsomal fraction whereas that from CPIB and I.C.I. 53,072
was diverted to the cell-sap, implying synthesis of different enzyme proteins. Some
agents such as propranolol and L.C.I. 45,763, although metabolised by the micro-
somal enzyme system, had no inducing effect, whereas others such as barbitone and
phenobarbitone which are largely unmetabolised had a profound inducing effect.
Elevated G6PDH activity was often correlated with liver enlargement (patterns I,
1V, VII and VIII) but not exclusively so (patterns VI, X and XT). Similarly the relation-
ship between induced drug-metabolising enzyme activity and induction of G6PDH
was not absolute, as shown particularly by the toxic agents (pattern VI). The evidence
now available (this paper, and refs. 4, 5, 10, 12, 23), however, suggests a close correla-
tion between G6PDH activity and hypertrophy of the SER. The presence of the foreign
chemical in the endoplasmic reticulum appears to elicit a response in this system, the
function of which is to facilitate removal of the unwanted material. This is achieved
usually by metabolic conversion,!? which requires involvement of the NADPHs-
electron transport chain. It is possible, therefore, that an increased demand for
NADPH; could be associated with stimulation of G6PDH activity, since this enzyme
represents a major source of cellular NADPHo.

The evidence presented, therefore, leads us to postulate that there may be receptors
in the endoplasmic reticulum sensitive to the physicochemical properties of the chemical
agent introduced, since chemically-unrelated compounds can only be related by such
properties. Even when compounds have some structural similarity, they may possess
different physicochemical properties; a good example in these investigations is the
variation observed with the adrenergic S-blockers, an effect clearly related to their
widely different chloroform: water partition ratios (propranolol, 34-5; L.C.I. 45,763,
4-95; 1.C.1. 50,172, 0-0135). It is not apparent, however, at this stage what physico-
chemical properties are required to elicit the various reactions in the liver cell discussed
above, nor is it apparent how many such receptors may exist. Unless, however, one
envisages an infinite capacity of the liver cell to react specifically to every particular
chemical, it would seem rational to suppose that there are relatively few such receptors.
-The binding of the compound to one or more of these sites would then give rise to the
various combinations of effects observed.
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In summary, therefore, now that sufficient evidence exists to allow differentiation
between hepatomegaly and hepatotoxicity, it is not enough to rely on standard
histological evidence in the interpretation of the effects of foreign agents on the liver.
Biochemical investigations such as those used here, preferably supported by electron-
microscopical evidence, allow a clearer definition of the effects of a foreign chemical.
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