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Abstract—Dose-related serum trigylceride lowering has been demonstrated in the rat with
the microsomal enzyme inducers, phenobarbital, 5,5-diphenyl-2-thiohydantoin and chlor-
cyclizine and with the clinically tested anti-hyperlipidemic agents, clofibrate, 1-methyl-4-pi-
peridyl bis(p-chlorophenoxy) acetate (SaH42-348) and 2-methyl-2-[p-(1,2,3,4-tetrahydro-1-
naphthyl}-phenoxy] propionic acid (Su-13437). With both classes of drugs, serum lipid
lowering was accompanied by hepatomegaly duc to an increase in liver protein and phos-
pholipid. Hepatomegaly was reversible upon cessation of drug treatment. The anti-hyperli-
pidemic drugs caused an increase in microsomal N-demethylase activity but this was slight
when compared with the induction produced by known microsomal enzyme inducers. Exa-
mination of the subcellular compartments indicated that, even though both mitochondrial
protein and phospholipid was increased with all the agents studied, the dominant change
in the case of the microsomal enzyme inducers was in the microsomal compartment,
whereas the anti-hyperlipidemic agents induced a larger increase in the mitochondrial frac-
tion. The total accumulation of new membrane material, however, was similar for both
classes of drugs. These data demonstrate that two classes of drugs which produce hepatome-
galy through a proliferation of intracellular membranes also lower serum triglyceride levels.

ONE OF THE more obvious and consistent findings in experimental animals treated
with clofibrate* and the somewhat related serum lipid lowering compounds,
Su-13437 and SaH42-348, is hepatomegaly.!~* An increase in liver size is also seen
with many drugs loosely classified as microsomal enzyme inducers. Our laboratory
has recently shown that the microsomal enzyme inducer DPTH causes a related
hypotriglyceridemia and hepatomegaly in the rat.*> This frequent concurrence of
both microsomal enzyme induction and hepatomegaly suggested to us that both
phenomena might be related to serum lipid lowering mechanisms. The studies
reported here demonstrate that two classes of drugs which produce hepatomegaly
through a proliferation of intracellular membranes also cause serum triglyceride
lowering.

EXPERIMENTAL PROCEDURES
Treatment of animals. Male albino rats (Charles River Breeding Laboratories, Inc.),
weighing 180-200 g, were housed in individual stainless steel cages with wire screen

* Abbreviations: clofibrate, ethyl x-(p-chlorophenoxy) isobutyrate; Su-13437, 2-methyl-2-[p-(1,2,3.4-te-
trahydro-1-naphthyl)}phenoxyl] propionic acid: SaH42-348. 1-methyl-4-piperidyl bis(p-chlorophenoxy)
acetate; DPTH, 5,5-diphenyl-2-thiohydantoin; CLZ. chlorcyclizine hydrochloride: PB. phenobarbital
sodium.
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bottoms and kept at 23°. All animals were fed ad lib. with Purina rat chow and had
free access to tap water. Drugs were suspended or dissolved in aqueous suspending
vehicle (NaCl, 9 g/1.; carboxymethyl cellulose, 5 g/l.; Tween 80, 4 g/1. and benzyl alco-
hol 86 ml/l. of distilled water) and administered at the doses indicated in 5 ml/kg of
vehicle. Control rats received an equal volume of the vehicle. Routes and time of drug
administration are indicated in the Results scction. The animals were fasted over-
night and sacrificed by decapitation. Body and liver weights were recorded. Separate
portions of the liver were used for the preparation of subcellular fractions. analysis
of lipids and the determination of N-demethylase activity.

Procedure for preparation of subcellular fractions. A 10 per cent liver homogenate
in 0-25 M sucrose was prepared using six strokes of a motor-driven glass- Teflon
homogenizer at 4°,

Mitochondria were isolated according to the method of Schneider.” Samples were
centrifuged at 800 g at 2° for 10 min in an International Refrigerated Centrifuge,
model PR-6, to remove nuclei and unbroken cells. The supernatant was collected and
the residue washed twice with isotonic sucrose. Washes were combined with the
supernatant and the residue was discarded. The combined supernatants werc centri-
fuged at 8500 g at 2° for 10 min in a Sorvall Automatic Refrigerated Centrifuge.
model RC2-B, to sediment the mitochondria. The supernatant was collected and the
mitochondrial pellet was washed twice with isotonic sucrose.

Microsomes were prepared by centrifuging the combined supernatants from the
mitochondrial fraction at 105,000 g at 2° for 75 min in a Beckman model L-2 Ultra-
centrifuge. The mitochondrial and microsomal pellets were resuspended in isotonic
sucrose and rehomogenized gently with a glass-Teflon homogenizer to a final tissue
equivalent of 150 mg/ml. The purity of the mitochondrial and microsomal fractions
was verified by electron microscopy.’

Analytical procedures. Scrum was prepared by centrifugation and analyzed for
cholesterol,® triglycerides® and phospholipids.'°

Protein content of the subcellular fractions was determined by the biuret reaction
conducted on an AutoAnalyzer (Technicon Corp. methodology N-14-b). Lipids were
extracted from the subcellular fractions with chloroform-methanol (2:1, v/v) using
a modification of the Folch procedure'! determined gravimetrically and analyzed for
phospholipid content by the method of Whitley and Alburn.'”

Aliquots of the 0-25 M sucrose homogenate werc used for total liver protein deter-
mination and for separation of DNA and RNA.!? DNA was assayed using the
diphenylamine reaction of Burton!?® and RNA was determined by u.v. absorption
at 260 nm.

Determination of hepatic N-demethylase activity. A 20 per cent liver homogenate
in 0-01 M phosphate buffer containing 1-15%, KCl was prepared by homogenizing
in a high speed Waring blender threc times for 10 sec. The homogenates were centri-
fuged in 50-ml polyethylene tubes in a Sorvall centrifuge at 10,000 ¢ (SS-34 head) for
30 min at 2°. The supernatant was removed with a syringe and analyzed immediately
for N-demethylase activity using an automated adaptation'# of the method of Axel-
rod'? utilizing ethyl morphine as the substrate.

Materials. The substances used in this study were 5,5'-diphenyl-2-thiohydantoin,
Chemical Procurement Laboratories, Inc., College Point, N.Y.11356; sodium
phenobarbital, Merck & Co., Inc., Rahway, N.J.; chlorcyclizine hydrochloride, Bur-
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roughs Wellcome & Co., Research Triangle Park, N.C.27709; ethyl a-(p-chloro-
phenoxy) isobutyrate (clofibrate), Ayerst Laboratories, Inc., New York, N.Y.;
1-methyl-4-piperidyl bis(p-chlorophenoxy) acetate (SaH42-348), Sandoz Pharmaceu-
tical, Hanover, N.J.; 2-methyl-2-[ p-(1,2,3,4-tetrahydro-1-naphthyl}phenoxy] pro-
pionic acid (Su-13437), Ciba Pharmaceutical Co., Summit, N.J. and antinomycin-D,
Nutritional Biochemical Corp., Cleveland, Ohio 44128.

The statistical significance of the data was determined by the Student’s t-test.

RESULTS

Administration of the anti-hyperlipidemic drugs, clofibrate, Su-13437 or SaH42-
348 by oral intubation for 9 days to normal rats caused an expected decrease in
serum cholesterol, triglycerides and phospholipids and an increase in liver weight
and the ratio of liver to body weight (Table 1). In contrast to the anti-hyperlipidemic
agents, the microsomal enzyme inducers did not have a depleting effect on the entire
lipid spectrum. DPTH reduced only serum triglyceride concentration and increased
serum cholesterol and phospholipid levels (Table 2). CLZ caused a great reduction
in scrum triglyceride concentration and also lowered serum phospholipid levels

TABLE |. EFFECT OF ANTI-HYPERLIPIDEMIC DRUGS ON RAT LIVER WEIGHT AND SERUM LIPID CONTENT*

Liver/body
Liver wt wt Cholesterol Triglyceride Phospholipid
&) (8/100¢) (mg/100ml)  (mg/100ml)  (mg/100 ml)
Control 7:50 + 024 310 + 008 66 + 3 60 + 4 118 + 4
Clofibrate 10-88 + 026+ 460 + 012t 40 £ 1t 47 + 3% 89 + 3¢
Su-13437 13-05 + 0-45+% 551 + 013+ 52 + 3§ 41 + 3§ 4 + 5§
SaH42-348 1195 + 0-34+ 501 + 009t 38+ 1t 31 £ 2% 53 + 3t

* Drugs were suspended in aqueous suspending vehicle and administered by oral intubation for 9 days
at the following doses: clofibrate, 250 mg/kg, Su-13437 and SaH42-348, 50 mg/kg. Control rats were
administered aqueous suspending vehicle. Data represent the mean of twelve rats per group + standard
error of the mean. The signilicance ol the difference between the treated and the control groups is desig-
nated by the P valucs.

P < 0-001.

1 P < 005.

§P <001

TABLE 2. EFFECT OF MICROSOMAL ENZYME INDUCERS ON RAT LIVER WEIGHT AND SERUM LIPID CONTENT*

Liver body
Liver wt wi Cholesterol Triglyceride Phospholipid
(8) (g 100 g) (mg/100 ml) {mg/100 ml) (mg/100 ml)
Control 89 + 025 36 + 006 62 + 41 60 + 3-7 89 + 47
DPTH 10:6 + 076 48 + 019t 90 + I-5t 30 + 39t 110 + 212
Phenobarbital 101 + 0-17¢ 43 + 012t 60 + 59 44 + 88 81 + 45
Chlorcyclizine 96 + 0-50 43 + 013t 50 + 43 24 + 36t 72 + 33§

* Drugs were suspended in aqueous suspending vehicle and administered by oral intubation at
50 mg/kg/day for 9 days. Control rats were administered aqueous suspending vehicle. Data Tepresent the
mean of six rats per group + standard error. The significance of the difference between the treated and
the control groups is designated by thc P values.

+P < 0:001.

t P <001

§ P < 0-05.
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F1G. 1. Effect of chronic administration of microsomal cnzyme inducers on liver weight and scrum trigly-

ceride concentration. Male Charles River rats (six per group) initially weighing between 170 and 180 g

were administered the drugs by oral intubation at the doses indicated for 9 days. The animals were fasted

overnight and sacrificed for liver weight determination and serum lipid analysis. Control represents the

mean + S. E. M. for six rats. The volume of the vehicle was kept consistent for control and treated groups.

Final body weight of the control group and the highest dose groups of DPTH, phenobarbital and chlor-
cyclizine were 228 + 4. 173 + 59,203 + 10 and 171 + 3.7 respectively.

(Table 2). PB caused a slight but not statistically significant lowering of serum trigly-
cerides. These agents also increased the ratio of liver to body weight (Table 2) and
at higher doses caused an actual increase in liver weight (Fig. 1). All of the agents
studied shared the common property of lowering serum triglycerides and increasing
liver weight. The nature of the hepatomegaly and its relationship to serum triglycer-
ide lowering were explored further.

Examination of the composition of the liver obtained from rats treated with anti-
hyperlipidemic agents revealed no change in DNA content of per cent water. indicat-
ing that neither hyperplasia nor edema was an explanation of the liver enlargement.
However, significant increases in protein and lipid and some changes in liver RNA
content were found (Table 3). Oral administration of DPTH has been reported to
produce similar gross changes in rat liver composition.’

Oral administration of the microsomal enzyme inducers, DPTH, PB or CLZ, to
rats for 9 days caused a dose-related decrease in serum triglyceride levels (Fig. 1).
Rats treated with conventional hypolipidemic doses of clofibrate, SaH42-348 or Su-
13437 also showed a dose-related parallel increase in liver weight and liver total lipid
and protein content (Fig. 2).

Quantitation of the different lipid classes in the hepatomegalic livers, induced by
representatives of the two groups of drugs under investigation, revealed an apparent
decrease in cholesterol concentration when expressed on a mg/g basis, but no change
in the total cholesterol content of the liver (Table 4). Su-13437 caused a decrease in
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TABLE 3. EFFECT OF HYPOLIPIDEMIC DRUGS ON LIVER COMPOSITION*

Protein Lipid RNA DNA Water

(g/liver) (mg/liver) (mg/liver) (mg/liver) (%)
Control 1-:5 + 011 349 = 27 579 + 36 238 + 19 72
Clofibrate 26 + 010t 729 + 57t 814 + 3-6% 263 £ 19 70
Su-13437 2:6 = 0-07t 852 + 60t 80-6 = 57§ 262 +£ 20 70
SaH42-348 2:2 = 0:09% 704 + 23+ 690 + 39 231 + 26 70

* Drugs were suspended in aqueous suspending vehicle and administered by oral intubation for 9 days
at the following doses: clofibrate. 250 mg/kg. Su-13437 and SaH42-384, 50 mg/kg. Control rats were
administered aqueous suspending vehicle. Data represent the mean of six rats per group + standard error.
The significance of the difference between the treated and the control groups is designated by the P values.

+ P < 0-001.

1P <001,

§ P < 005

liver triglyceride concentration but no change in total liver triglyceride content and
the other agents did not significantly change liver triglyceride content (Table 4).

All of the agents studied caused an induction of the liver drug-metabolizing
enzymes as shown by the ability of the microsomes to N-demethylate ethyl morphine
(Table 5). The effect of the anti-hyperlipidemic agents, however, was less than that
resulting from administration of the known microsomal enzyme inducers, DPTH,
PB or CLZ.
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Fi1G. 2. Effect of hypolipidemic agents on rat liver weight and liver lipid and protein content. Male Charles

River rats (six per group) initially weighing between 170 and 180 g were administered the drugs by oral

intubation at the doses indicated for 9 days. The animals were fasted overnight before liver weight deter-

mination and composition analysis. Control represents mean + S.E. M. for six rats. The volume of the

vehicle was kept consistent for control and treated groups. Final body weight of the control groups and

the highest dose groups of clofibrate (CPIB), SaH42-348 and Su-13437 were 223 + 11, 185 + 3-3, 199 +
5-8 and 223 + 15 respectively.
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TaBLE 5. EFFECT OF HYPOLIPIDEMIC DRUGS ON RAT LIVER N-DEMETHYLASE

ACTIVITY*
Drug (umoles CH, O formed/g/hr £ S. E)

Control 136 + 12

Clofibrate 368 + 1-8%
Su-13437 306 + 21t
SaH42-348 234 + 273
DPTH 59-5 + 91+
Phenobarbital 558 + 6-8%
Chlorcyclizine 62:7 + 27t

* Drugs were suspended in aqueous suspending vehicle and administered
By oralintubation 3 days week for 2 weeks at the following doses: clotibrate.
250 mg. kg. Su-13437. SaH42-348, DPTH, phenobarbital and chlorcychzine,
50 mgikg. Control rats were administered aqueous suspending vehicle. Data
represent the mean of six rats per group + standard error. The significance
of the difference between the treated and the control groups is designated by
the P values.

t P < 0-001.
£ P < 005,
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Fia. 3. Effect of chronic administration of anti-hyperlipidemic agents on liver mitochondrial protein and

phospholipid content. Drugs were suspended in aqueous suspending rchicle and administered by oral

intubation for 9 days at the following doses: clofibrate, 250 mg/kg. Su-13437 and SaH42-348. 50 mg;kg.
Control rats were administered aqucous suspending vehicle. There werce six rats per group.
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FiG. 4. Effect of chronic administration of anti-hyperlipidemic drugs on liver microsomal protein and

phospholipid content. Drugs were suspended in aqueous suspending vehicle and administered by oral in-

tubation for 9 days at the following doses: clofibrate, 250 mg/kg, Su-13437 and SaH42-348, S0 mg/kg.
Control rats were administered aqueous suspending vehicle. There were six rats per group.

It was of interest to determine the subcellular compartmentation of the changes
in liver composition. As shown in Fig. 3, the oral administration of 250 mg/kg of clo-
fibrate, or 50 mg/kg of SaH42-348 and Su-13437 by intubation for 9 days increased
rat liver mitochondrial phospholipid, and the latter two agents caused an increase
in mitochondrial protein content. A slight but not statistically significant increase in
liver microsomal protein and phospholipid was also obtained in rats treated with
clofibrate and very significant increases in microsomal protein and phospholipid
content were found upon treatment with SaH42-348 and Su-13437 (Fig. 4).
Administration of DPTH, PB or CLZ by oral intubation caused a large increase in
microsomal (Fig. 5) and mitochondrial (Fig. 6) protein and phospholipid content.

At conventional transcription blocking doses, actinomycin-D prevented the hepa-
tomegaly, induction of microsomal N-demethylase activity and serum lipid lowering
action of DPTH (Table 6). This experiment was possible with DPTH because this
agent has a rapid onset of activity,® significant lowering of serum triglyceride being
manifest within 2 days of the start of drug treatment. This time sequence was compat-
ible with simultaneous actinomycin-D administration. A similar experimental
approach was less satisfactory with the other agents because they required a longer
period of drug administration to affect serum lipid levels and chronic treatment of
actinomycin-D was not tolerated by the rats.
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F1G. 5. Effect of chronic administration of microsomal enzyme inducers on liver microsomal protein and

phospholipid content. Drugs were suspended in aqueous suspending vehicle and administered by oral intu-

bation at 50 mg/kg/day for 9 days. Control rats were administered aqueous suspending vehicle. There were
six rats per group.

MITOCHONDRIAL PROTEIN

* [ controt

Y a00 I Treated *
+1
@ »
2
-4
€

DPTH PB cLZ

MITOCHONDRIAL PHOSPHOLIPID
»*
60 bl

w
172] 50 »
+1
o 40 I
z
3 30 I
o
€

DPTH P8 cLz

* p< 05

F1G. 6. Effect of chronic administration of microsomal enzyme inducers on liver mitochondrial protein

and phospholipid content. Drugs were suspended in aqueous suspending vehicle and administered by oral

intubation at S50 mg/kg/day for 9 days. Control rats were administered aqueous suspending vehicle. There
were six rats per group.
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TABLE 6. EFFECTS OF ACTINOMYCIN-D ON DPTH-INDUCI D CHANGES IN THE RAT*

Liver
N-demethylase
Serum Liver Liver activity
triglycerides wt phospholipids {umoles of CH,O
Treatment (mg%) (g/100 g) (mg/liver) formed;g/hr)
Control 107 £ 10 36 + 013 201 + 8 183 + 1-14
DPTH 30 + 2% 51 + 028% 299 + 33§ 639 = 390t
DPTH + actinomycin 137 + 15 41 £ 016 240 + 16 286 x 103
Actinomycin 84 + 6 37+ 011 202 + 1S 78 + 0-84

* Male rats (five per group) weighing between 150 and 170 ¢ were given S0 mg kg of DPTH by oral
intubation tice a day Tor 2 duys. Actinomycin-D (80 pg hgrwasinjected i at the same tme Data repre-
sent the mean of five rats per group = standard error. Control rats received an cqual volume of vehicle.
The significance of the difference between the treated and the control groups is designated by the P values.

+ P < 0:001.

1P <001

S P <005

DISCUSSION

The data presented here demonstrate that the chronic administration of microso-
mal enzyme inducers or the anti-hyperlipidemic agents, clofibrate, SaH42-348 or Su-
13437, caused an accumulation of phospholipids, protein and some RNA but no trig-
lyceride or cholesterol in the liver. This is in agreement with the findings of
others!'®~1? and clearly removes the hepatomegalic condition from the class of fatty
livers which are pathological and have high levels of triglyceride and cholesterol
esters associated with fat droplets. The increased phospholipid and protein are asso-
ciated with sub-cellular organelles and are undoubtedly membrane bound. Upon
cessation of drug administration, the hepatomegaly and ultrastructural changes in-
duced by clofibrate,2°22 DPTH?® or PB?3 were readily reversible.

We would like to suggest that the primary event, after administration of the micro-
somal enzyme inducers or the anti-hyperlipidemic agents, clofibrate, SaH42-348 or
Su-13437, is an induction of enzyme protein resulting in structural changes asso-
ciated with a functional enlargement of the liver membranes. The structural changes
in the liver after injection of PB are readily interpreted in terms of the induction of
microsomal enzyme and electron transport systems which are involved in the meta-
bolism of that substance. It is well established that induction of drug-metabolizing
enzymes may be non-specific with regard to both the substrate requirement and the
non-obligatory structural changes in the endoplasmic reticulum. In the case of
DPTH, there is some evidence that even greater non-specificity is involved, since
DPTH is cquipotent to PB as an inducer of the mixed function oxidase system but
causes a greater accumulation of phospholipid and protein in the liver” and is more
potent as a hypotriglyceridemic agent (Fig. 1).

The induction of microsomal enzymes reported here for the anti-hyperlipidemic
agents (Table 5) is in agreement with the observations of Salvador et al.,** in rats
treated with clofibrate or SaH42-348. Little is known about the metabolism of clofi-
bratc other than the fact that it is excreted in the urine as the glucuronide.?® Su-13437
is almost completely metabolized to more polar metabolites®® presumably by micro-
somal enzymes. It is possible that the increase in microsomal protein and phospholi-
pid is associated with the induction of microsomal enzymes responsible for the meta-
bolism of these anti-hyperlipidemic agents. However, these drugs cause an cven
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larger increase in mitochondrial protein and phospholipid, an effect which is difficult
to link with drug metabolism. Our observation is in conformance with the increase
in size and number?” as well as protein content of the mitochondria?® seen after the
administration of clofibrate. These intracellular changes are unexplained at the
moment but may be related to the protein binding capacity of the drugs.?’

An affinity for repressor substances could result in de-repression and thereby un-
leash new protein synthesis. Clofibrate has a broad unexplained influence on mito-
chondrial enzyme activity.?® 3! A non-specific binding with enzyme protein may
explain some of these observations and may be unrelated to hypolipidemic
mechanisms,

Many explanations have been suggested for the serum lipid lowering mechanism
of clofibrate. These include an enhancement of thyroid hormone activity secondary
to competition for binding sites on plasma proteins,*? inhibition of cholesterol®? and
fatty acid synthesis,>* increasced hepatic cholesterol oxidation,*® decreased rate of
relcase of hepatic lipoproteins,'” increased peripheral removal of lipoproteins*® and
increased neutral sterol excretion.?” In view of our observation of an increase in liver
membrane lipid and protein content in rats treated with clofibrate and five other
lipid lowering drugs, we would like to suggest an alternative mechanism of action
of these agents. It is proposed that the demand for new membrane material restricts
the production of triglycerides and phospholipids available for the formation of sec-
retory lipoproteins and hence their transport into the circulation with the resuitant
reduction in circulating triglyceride-rich lipoprotein. This conclusion appears more
reasonable when it is recognized that both triglyceride and phospholipid synthesis
share the common precursor, phosphatidic acid. Under such circumstances, the
demand for one product could result in a decrease in the production of the other.

The validity of this proposed mechanism will ultimately be judged by the findings
with other mammals and humans. It is felt, however, that this hypothesis should pro-
vide new experimental designs aimed at elucidating the mechanism of drug-induced
hypolipidemia.
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