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Abstract—The effect of gemfibrozil, a peroxisome proliferator, on lipid biosynthesis from acetyl-CoA
derived from peroxisomal B-oxidation was studied. The specific activity of the peroxisomal fatty acyl-
CoA f-oxidation system of rats fed a chow containing 0.2% gemfibrozil for 2 weeks was approximately
five times higher than that of control rats. When [1-"*C]lignoceric acid, a very-long-chain fatty acid
which is degraded exclusively by the peroxisomal S-oxidation system at first, was injected into rats
treated with gemfibrozil, radioactivity and content of bile acid in the bile were enhanced to approximately
2.2 and 3.5 times the control, respectively. Gemfibrozil increased the radioactivity and content of
chenodeoxycholic acid more than that of cholic acid. The incorporation of radioactivity into cholesterol
in the bile was as much as 4.5 times greater than the control, and content was 2.6 times greater. In the
liver, incorporation of ["Cllignoceric acid into the simple lipids phosphatidylethanolamine and
phosphatidylcholine was unaffected by gemfibrozil. The radioactivity and content of cholesterol
separated from the simple lipids were also virtually unaffected. However, the specific activities of 3-
hydroxy-3-methylglutararyl-CoA reductase (rate-limiting enzyme of cholesterol synthesis) of peroxisomes
and microsomes were remarkably stimulated by gemfibrozil treatment. These results suggest that
biosyntheses of cholesterol and bile acid from acetyl-CoA derived from peroxisomal S-oxidation are
stimulated by gemfibrozil, due at least in part to activation of the peroxisomal -oxidation system and
3-hydroxy-3-methylglutaryl-CoA reductase of peroxisomes and/or microsomes. Most peroxisomal
proliferators (e.g. clofibrate) have been known to inhibit 3-hydroxy-3-methylglutaryl-CoA reductase
activity. Therecfore, gemfibrozil is expected to be a very useful tool for elucidating the relationship
between peroxisomes and the biosyntheses of cholesterol and bile acid.
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fatty acid S-oxidation

Since the finding of peroxisomal B-oxidation by
Lazarow and de Duve [1], there has been much
interest in its physiological significance. It has been
established that the peroxisomal S-oxidation system
specifically degrades long- to very-long-chain fatty
acids [2, 3]. Dicarboxylic acids [4, 5], branched-chain
fatty acids [6] and trihydroxycholestanoic acid [7]
can also be degraded. The peroxisomal B-oxidation
system is insensitive to KCN and is not coupled with
the electron transfer system. It is therefore very
different from the mitochondrial B-oxidation system,
which is an energy producer, but its physiological
significance remains to be fully elucidated.

We have investigated the significance of the
peroxisomal B-oxidation system, and showed that
acetyl-CoA supplied from peroxisomes is more
readily utilized for bile acid biosynthesis than acetyl-
CoA from mitochondria [8]. Clofibrate, a standard
hypolipidemic agent, is known to proliferate
peroxisomes while inhibiting HMG-CoA{ reductase,

* Corresponding author. Tel. 0492-71-7678; FAX 0492-
71-7984.

+ Abbreviations: HMG-CoA, 3-hydroxy-3-methyiglu-
taryl-CoA; TLC, thin-layer chromatography; HDL, high-
density lipoprotein.

the rate-limiting enzyme for cholesterol synthesis
[9]. When HMG-CoA reductase is inhibited by
administration of this agent, acetyl-CoA derived
from peroxisomes is utilized preferentially not for
bile acid synthesis, but for phospholipid synthesis
[10]. Furthermore, the phospholipids formed are
predominantly plasmalogens [11]. Thus, it appears
that the peroxisomal S-oxidation system decomposes
fatty acids in order to provide precursors for the
production of functional lipids such as bile acids and
phospholipids. Peroxisomal B-oxidation may thus
have an anabolic significance through its ability to
supply acetyl-CoA.

Gemfibrozil is a hypolipidemic agent whose
structure is similar to that of clofibrate, but its effect
on peroxisomes has not been thoroughly investigated.
Like clofibrate, gemfibrozil proliferates peroxisomes
and induces catalase, a typical peroxisomal enzyme
[12-15]. Gemfibrozil is reported to increase incor-
poration of [*Clacetate into cholesterol [16]. Uniike
clofibrate, gemfibrozil does not seem to inhibit
HMG-CoA reductase.

This experiment studied the effect of gemfibrozil
on lipid synthesis from acetyl-CoA derived from
peroxisomes. [**C]Lignoceric acid, a very-long-chain
fatty acid, is degraded exclusively by the peroxisomal

1213



1214

fatty acid S-oxidation system [17, 18], and so was
used as a source of peroxisomal acetyl-CoA. In
previous experiments, the acetyl-CoA derived from
peroxisomes had been utilized for phospholipid
synthesis, when the pathway of bile acid biosynthesis
was blocked through the inhibition of HMG-CoA
reductase by clofibrate [10]. Gemfibrozil is expected
to proliferate peroxisomes and not to block the
pathway for bile acid synthesis. We were interested
in the destination of acetyl-CoA generated under
these conditions. The data presented here show that
gemfibrozil markedly stimulates the peroxisomal
fatty acid p-oxidation system and the HMG-
CoA reductase activity of peroxisomes and/or
microsomes, and hence increases biosyntheses of
cholesterol and bile acid of acetyl-CoA supplied
from peroxisomes. The increased acetyl-CoA seems
to be utilized mainly for sterol rather than
phospholipid synthesis.

MATERIALS AND METHODS

Materials. [**C]Lignoceric acid (52 mCi/mmole,
1924 MBq/mmole) was obfained from Isotopchim
(France). DL-3-[Glutaryl-3-"*Clhydroxy-3-methyl-
glutaryl-CoA (57.7 mCi/mmole, 2.1 GBq/mmole)
and [RS]-[5-*H]}-mevalonolactone (33.0 Ci/mmole,
1221.0 GBg/mmole) were purchased from New
England Nuclear (U.S.A.). Gemfibrozil, bile acids,
cholesterol, HMG-CoA, mevalonolactone and Nyco-
denz were obtained from Sigma (U.S.A.). All other
reagents were of analytical grade from Wako Pure
Chemicals (Japan).

Treatment of the rats. Male Wistar rats (250-300 g)
were fed ad [ib standard chow CE-2 (Clea Japan,
Japan) and held on a 12-hr light-dark cycle. The
treated rats were fed chow containing 0.2% gem-
fibrozil (w/w) for 2 weeks. At 4 hr into their light
cycle, serum was collected under anesthesia through
the abdominal aorta of the rats after overnight
starvation. The rats were killed and the livers excised
after perfusion with cold saline.

When (“Cllignoceric acid was used, bile-duct-
fistula operations were carried out 4 hr into the light
cycle in order to exhaust accumulated secondary bile
acids and the cholesterol pool via PE-10 tubing. The
rats were placed in Bollman restraining cages and
starved. [1-1*ClLignoceric acid (0.9 uCi, 33.3kBq)
dissolved in 0.2 ml of 3% Tween 80-saline solution
was intravenously injected into a thigh vein 24 hr
after the operation. The bile was subsequently
collected and pooled into two fractions: 0-3 hr and
3-6 hr after the injection. The livers were excised
after perfusion.

Preparation of enzyme samples. Livers were
homogenized in a medium containing 0.25 M sucrose,
1mM EDTA, 0.1% ethanol and 5mM HEPES,
pH7.4. The 10% (w/v) homogenates were frac-
tionated by differential centrifugation according to
de Duve et al. {19], and the light mitochondrial and
microsomal fractions were then obtained. For the
assay of peroxisomal HMG-CoA reductase, the light
mitochondrial fraction was subjected to Nycodenz
gradient centrifugation as described previously [20].
In the previous experiment, isolated peroxisomes
were 90-95% pure as determined by marker enzyme
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distribution (marker enzymes: peroxisomes, D-amino
acid oxidase; microsomes, esterase; mitochondria,
cytochrome C oxidase; lysosomes, acid phosphatase)
and contained < 3% mitochondrial contamination
and < 5% microsomal protein [20]. The enzyme
preparations were stored at —20° until the assay.

Enzyme and protein assays. The activity of the
peroxisomal fatty acyl-CoA oxidizing system was
determined by the method of Lazarow and de Duve
{1} with a slight modification [21].

Catalase is the main enzyme contained in
peroxisomes, and activity was determined according
to the method of Leighton et al. [22] except that the
procedure was performed manually [23].

D-Amino acid oxidase (a peroxisomal marker)
and urate oxidase were assayed as described
previously [24].

Esterase (a microsomal marker) was measured
using o-nitrophenyl acetate as a substrate according
to Beaufay ez al. [25].

Cytochrome ¢ oxidase (a mitochondrial marker)
activity was determined by the method of Wharton
and Tzagoloff [26].

Acid phosphatase (a lysosomal marker) was
assayed as described previously [23].

The activity of HMG-CoA reductase, which
catalyses the formation of mevalonate from HMG-
CoA, was determined by the method of Keller et al.
using [3-*CJHMG-CoA and [5-*H]mevalonolactone
as a substrate and an internal standard, respectively
[27]. Enzyme samples were diluted in 50 mM
potassium phosphate buffer, pH7.4, containing
30mM EDTA, 200 mM NaCl and 10 mM dithio-
threitol. Approximately 50 ug of protein was used.

Protein was measured according to Lowry et
al. [28]. Since Nycodenz interferes with the
determination of protein, it was removed by
trichloroacetic acid co-precipitation of the protein
with deoxycholate before the Lowry protein assay
[28].

Extraction of bile acid and cholesterol from bile.
A bile sample was diluted with nine volumes of
0.5 M phosphate buffer (pH 7.0) and passed through
a Sep-Pak C;g cartridge (Waters, U.S.A.). After
successive washing of the cartridge with water (2 mL)
and 1.5% ethanol (2 mL), bile acid and cholesterol
were eluted with 90% ethanol (4 mL) [29]. Bile
acid and cholesterol were separated by TLC
chromatography (reversed phase KC3F, 20 X 20 cm,
Whatman, U.S.A.) with n-hexane/diethyl ether/
formic acid (80:20:2) as described previously [30].
For the assay of primary bile acids, the eluate with
90% ethanol was dried and hydrolysed in 10%
KOH-50% ethanol solution at 121° for 4 hr. The
hydrolysate was acidified and extracted with ethyl
acetate. Bile acid extracted from the hydrolysate
was injected on a Lichrosorb RP 18 column
(250 x 10 mm, Merck, Germany) and eluted with
90% (v/v) methanol at 40° at a flow rate of 1 mL/
min. The differential refraction was monitored. The
fractions corresponding to standard cholic acid and
chenodeoxycholic acid were collected and dried.
Radioactivity was measured with Liquifiuor (New
England Nuclear) as a scintillator.

Extraction of lipids from liver. Lipids were
extracted with Folch’s solution from liver After
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the chlaroform

layer was
evaporated to dryn,ss and the reSIdue taken up in
2 mL of chloroform/acetic acid (100 : 1). This solution
was applied to a silica Sep-Pak column (Waters,
U.S.A.). The vessel containing the lipid extracts was
washed once with 2mL chloroform/acetic acid
{100:1) and the washing was added to the Sep-Pak
column. The column was eluted with 12mL
chloroform/acetic acid (100:1). Simple lipids were
eluted under these conditions. Further elution
with SmL methanol/chloroform (2:1) yielded
phosphatidylethanolamine. Phosphatidylcholine was
eluted with an additional 5mL of methanol/
chIoroform/water (2:1:0: 8) [31] Cholesterol was

bdeldlCU llUlll lllC bllllplc uplu 1la\.llUll by 11_4\./
chromatography (silicagel G, 20 X 20 cm, Analtech,
Japan) with petroleum ether/dlethyl ether/acetlc
acid (90:10:1). The areas corresponding to the
positions of standard free cholesterol and cholesterol
ester were scraped from the plate and extracted.
Radioactivities of the lipid fractions were determined
as stated above.

Colorimetric methods for assaying lipids. Color-
imetric estimation of bile acids was performed
according to Eastwood et al. using cholic acid as a

ctandard 291 Chalactaral contant wae detarminad
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according to Zlatkis and Zak [33]. Triglyceride
content was assayed by the method of Sardesai and
Manning [34] using the triglyceride test Wako clinical
assay Kkit.

wachmg with saline,

RESULTS

Effect of gemfibrozil, a peroxisome proliferator, on
liver weight and serum lipids

The liver weight and serum lipid content of rats
treated with 0.2% gemfibrozil for 2 weeks were
determined. Gemfibrozil is known to cause hepa-
tomegaly [12-14]. As shown in Table 1, body weight
was not changed by gemfibrozil, but liver weight was
clearly increased to approx. 1.5 times the control.
Cholesterol concentration in the serum was hardly
changed by gemfibrozil, while triglyceride was
drastically decreased to approx. 28% of the control.
These values are in reasonable agreement with the
data reported previously [12, 14].

Effect of gemfibrozil treatment on typical peroxisomal
enzymes

Specific enzyme activities of the fatty acyl-CoA

Boxidation s

xidation of rat liver emarkably
enhanced by gemfibrozil, and catalase was sig-
nificantly increased to approx. 1.3 times the control.
D-Amino acid oxidase and urate oxidase showed
small increases in specific activities, but the changes
were not statistically significant. Protein was
increased approx. twice over the control, indicating
that peroxisome proliferation is induced by gem-

fibrozil (Table 2).

system of rat liver were re

Influence of gemfibrozil on bile lipids in rat after
administration of [¥*Cllignoceric acid

[“C)Lignoceric acid was administered to bile-duct
fistula rats 24 hr after the operation when
the secondary bile acid had almost completely
disappeared from biliary lipids [8]. Bile was then
collected from the rats up to 6 hr. As shown in Fig.
1, bile acids were linearly excreted up to 6 hr into
the bile of both control and gemfibrozil-treated rats.
The cumulative amount of bile acids of treated rats
up to 6 hr was 2.8 times the control.

Figure 2 illustrates the radioactivity excreted into
the bile. Excretion rates of radioactivity for the
initial 3hr in both control and treated rats were
twice those of the next 3 hr. The cumulative amounts

of radinactivity nnn ta Thr and & hr from cemfihrazil
O TaGi0aluvily Up 10 Jif and o ar iroim gemifiorozii-

treated animals were approx. 1.6 times the control.

These results show that biosynthesis of bile acids
was stimulated by gemfibrozil.

The bile acid and cholesterol were extracted from
the pooled bile up to 3hr after administration of
[**Cllignoceric acid (Fig. 3). The amount of bile acid
was increased to 3.5 times the control by gemfibrozil,
and incorporation from [*C]lignoceric acid into bile
acid was 2.2 times higher than that of control rats.
In the case of cholesterol, the amount and
radioactivity were increased to 2.6 and 4.5 times the
control, respectively.

Therefore, biosyntheses of both bile acid and
cholesterol seem to be stimulated by gemfibrozil.

Figure 4 shows the effect of gemfibrozil on the
primary bile acids biosynthesized from [*C]lignoceric
acid. The incorporation of radioactivity into cholic
acid was much higher than that into chenodeoxycholic
acid. The amount and radioactivity of cholic acid
were enhanced by gemfibrozil to approx. 2.0 and
1.5 times the control, respectively. On the
other hand, the amount and radioactivity of
chenodeoxycholic acid were increased to 8.1 and 4.9
times the control, respectively, indicating that

Table 1. Effect of gemfibrozil on liver weight and serum lipids of rat

Gemfibrozil/
Control Gemfibrozil control ratio
Body weight (g) 308 = 32 317+23 1.03 £ 0.07
Liver weight (g/100 g body weight) 3.80 = 0.35 5.66 £ 0.58 1.49 £ 0.15**
Serum
Cholesterol (mg/dL) 111.8 + 26.5 128.6 +37.1 1.15+0.33
Triglyceride (mg/dL) 79.78 £ 19.92 22.04 £5.36 0.276 = 0.067*

Rats were fed laboratory chow containing or not containing 0.2% gemfibrozil for 14 days. Data
are means values * SD of five animals; * and ** indicate significant differences: * P < 0.001;

** P <0.02.

BP 49/9-C
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Table 2. Effect of gemfibrozil on specific activities of typical peroxisomal enzymes and protein content

Gemfibrozil/
Control Gemfibrozil control ratio
Fatty acyl-CoA B-oxidation system (U/mg) 3.005 = 0.547 14.45 +2.10 4.81 = 0.67*
Catalase (U/mg) 52.69 = 7.61 69.57 + 8.98 1.32 £0.17**
D-amino acid oxidase (mU/mg) 6.848 = 0.665 7.940 % 2.071 1.16 = 0.30
Urate oxidase (mU/mg) 34.35+£4.97 41.11 + 4.56 1.20+0.13
Protein (mg/g liver) 22.35+2.46 4338 +4.34 1.94 + 0.19*

After treatment with 0.2% gemfibrozil for 2 weeks, rats were killed and livers excised. Light
mitochondrial fraction was prepared from the liver homogenate, and activities of marker enzymes and
protein content were then assayed. Data are mean values + SD of five animals. * and ** represent

significant changes: * P < 0.001; ** P < 0.02.

gemfibrozil stimulates the formation of cheno-
deoxycholic acid much more so than that of cholic
acid. These differences may imply that the pathway
of biosynthesis of chenodeoxycholic acid differs in
some respects from that of cholic acid, the
predominant component of rodent bile acids [35].

Effect of gemfibrozil on hepatic lipid synthesis from
[*Cllignoceric acid

Lipids were extracted from the liver 6 hr after the
administration of [“C]lignoceric acid. The uptakes
of radioactivity into phosphatidylethanolamine and
phosphatidylcholine were approx. 15% and 10%,
respectively, of the total radioactivity incorporated
into the liver (Fig. 5). Gemfibrozil hardly influenced
radioactivity in the phospholipids. Radioactivity
incorporated into the simple lipid fraction was also
unaffected by gemfibrozil.

50 1

Accumulative bile acid (mg)

Time after administration (h)

Fig. 1. Effect of gemfibrozil on biliary excretion of bile
acid. One day after implantation of a bile duct fistula,
0.9 mCi (33.3kBq) of [1-*C]lignoceric acid was injected
i.v. and the bile then collected. The amount of bile acid
was determined as described in the text. (@) Gemfibrozil-
treated rats; (O) control rats. Data are mean values = SD
of five experiments; * indicates a significant difference
(P <0.01).

As shown in Fig. 3, gemfibrozil increased the
radioactivity of cholesterol in the bile, leading us to
study its effect on hepatic cholesterol. Cholesterol
was separated by TLC chromatography from the
simple lipid fraction obtained in the experiment
shown in Fig. 5 and determined. However,
gemfibrozil hardly affected the content or radio-
activity of hepatic cholesterol (Table 3).

Influence of gemfibrozil on HMG-CoA reductase
activity of peroxisomes and microsomes

A key regulatory enzyme in the biosynthesis of
cholesterol, HMG-CoA reductase had been believed
until recently to reside exclusively in the endoplasmic
reticulum of mammalian cells [36]. However, a
recent publication showed that the enzyme is present
not only in the endoplasmic reticulum but also within
peroxisomes [27]. In order to study the mechanism

40000 7

30000 7

20000

Excretion of Radioactivity (dpm)

g 771 71

0 1 2 3 4 5 6
Time after administration (h)

Fig. 2. Effect of gemfibrozil on biliary excretion of

radioactivity after administration of [“Cllignoceric acid.

Radioactivity in the bile collected in the experiment of

Fig. 1 was determined. (@) Gemfibrozil-treated rats; (O)

controlrats. Data are mean values + SD offive experiments;
* indicates a significant difference (P < 0.02).
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Fig. 3. Influence of gemfibrozil on the synthesis of bile acid and cholesterol after administration of [**C]-

lignoceric acid. Bile acid fraction and cholesterol fraction were obtained by Sep-Pak C,3 and TLC

chromatography from the bile coliected at 0-3 hr in the experiment of Fig. 1. The lipid content and

radioactivity of each fraction were determined. Data are mean values + SD of five experiments. The

amounts and radioactivities of both lipids in the bile from control rats (open bars) were significantly

different from those of gemfibrozil-treated rats (oblique bars); * indicates a significant difference
(P < 0.001).

of activation of syntheses of cholesterol and bile acid
by gemfibrozil, we determined the HMG-CoA
reductase activity of both peroxisomes and micro-
somes. As shown in Table 4, HMG-CoA reductase
activities of peroxisomes and microsomes were
markedly stimulated by in vivo treatment with
gemfibrozil. This indicates that the mechanism of
the activation of syntheses of cholesterol and bile
acid by gemfibrozil involves stimulation of HMG-
CoA reductase activity of peroxisomes and/or
microsomes.

Amount
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Cholic acid  Chenodeoxycholic acid

DISCUSSION

We investigated the effect of gemfibrozil on bio-
syntheses of lipids (mainly steroids and phospho-
lipids) from acetyl-CoA derived from peroxisomal
fatty acid f-oxidation.

The influence of gemfibrozil on serum lipids (Table
1) is in agreement with earlier reports concerning
rats [12, 14]. Vazquez et al. reported that gemfibrozil
decreased cholesterol content in serum of guinea
pig, but did not affect triglyceride content [37]. In

Radioactivity

4000 |

3000 -

2000

Radioactivity in biliary bile acid (dpm)

Cholic acid Chenodeoxycholic acid

Fig. 4. Effect of gemfibrozil on components of bile acids in bile after administration of [*C]lignoceric

acid. Bile acids obtained by Sep-Pak C,3 chromatography in the experiment shown in Fig. 3 were

hydrolysed, and then subjected to HPLC for fractionation into cholic acid and chenodeoxycholic acid.

Data are mean values = SD of five experiments. The amounts and radioactivities of both bile acids in

the bile from control rats (open bars) were significantly different from those of gemfibrozil-treated rats
(oblique bars); * indicates a significant difference at P < 0.01 and ** at P < 0.02.
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Fig. 5. Influence of gemfibrozil on the synthesis of hepatic lipids from ["*C]lignoceric acid. Rats were

fed laboratory chow containing or not containing 0.2% gemfibrozil. The livers were excised from the

bile-duct-fistula rats 6 hr after administration of [*CJlignoceric acid. The total lipid extracts of the livers

were fractionated into the indicated lipid fractions by Sep-Pak silica chromatography. Data are mean

values = SD of five experiments. The radioactivities of lipids in the livers from control rats (open bars)
were not significantly different from those of gemfibrozil-treated rats (oblique bars).

24 hr. Therefore, almost all of the bile acids contained
in this bile are primary bile acids such as cholic acid

man, oral administration of gemfibrozil was reported
to reduce triglyceride content and total cholesterol

in the serum, whereas HDL cholesterol was increased
[38]. Therefore, there seems to be a species difference
in the effect of gemfibrozil on serum lipids.

In the experiments of Figs 1-4, [**C]lignoceric

and chenodeoxycholic acid, and cholesterol should
be newly synthesized sterol. That is, the increases
in content and radioactivity of bile acid and
cholesterol indicate that biosynthesis of bile acid and

cholesterol is stimulated by gemfibrozil.

acid was injected into bile-duct-fistula rats from
Lalwani et al. reported that gemfibrozil increased

which secondary bile acids had been exhausted for

Table 3. Influence of gemfibrozil on hepatic cholesterol of rats injected with [“C]lignoceric acid

Gemfibrozil/
Control Gemfibrozil control ratio

Cholesterol
Radioactivity (dpm/g liver) 789 + 49 784 + 184 0.99 + 0.23
Content (mg/g liver) 3.467 £ 0.274 3.224 + 0.440 0.93 +0.13

Cholesterol was separated by TLC from the simple lipid fraction of the livers obtained in the
experiment shown in Fig. 5. Data are mean values *+ SD of total cholesterol from five experiments.

Table 4. Effect of gemfibrozil on HMG-CoA reductase activity of peroxisomes and
microsomes

HMG-CoA reductase (pmol/min/mg protein)

Gemfibrozil/

Control Gemfibrozil control ratio

Peroxisomes 9.47 + 3,94 70.90 = 24.88 7.49 = 2.63*
Microsomes 65.2+16.0 1491.3 = 263.0 22.9 + 4.0*

Rats were fed chow containing or not containing 0.2% gemfibrozil for 2 weeks.
Peroxisomes and microsomes were prepared from the rat livers, and HMG-CoA
reductase activity was assayed as described in the text. Data are means = SD of five
animals; * indicates a significant difference (P < 0.001).
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fatty acid f-oxidation to the same extent as catalase
[39], but we found that gemfibrozil activates
peroxisomal fatty acid B-oxidation more so than
catalase (Table 2). We suggest that gemfibrozil
enhances the supply of acetyl-CoA from peroxisomes
through activation of the B-oxidation system, and
hence stimulates biosyntheses of cholesterol and bile
acid.

Considering that gemfibrozil is a hypolipidemic
agent, the remarkable stimulation of HMG-CoA
reductase activitics of both peroxisomes and
microsomes (Table 4) is unexpected. However,
Maxwell et al. also reported that cholesterol synthesis
from [“Clacetate and [“CJoctanoate in rat liver was
stimulated by in vivo treatment with gemfibrozil
[16, 40]. Thompson and Krisansstated as unpublished
data that gemfibrozil induces peroxisomal HMG-
CoA reductase [41]. From these data, the elevation
in the biosyntheses of bile acid and cholesterol may
be due not only to the increase in the supply of
acetyl-CoA produced by peroxisomal B-oxidation,
but also to the activation of HMG-CoA reductase
of peroxisomes and/or microsomes.

Previously, we reported that d4a-methyl-Sa-
cholest-7-en-38-0l and 4,4-dimethyl-3a-cholest-8-en-
3p-ol, intermediates of cholesterol synthesis, are
accumulated in peroxisomes and microsomes after
administration of aminotriazole to rats, and their
contents are increased by gemfibrozil pretreatment
[20]. These results, in conjunction with the present
study, indicate that the increased accumulation of
the intermediate sterols induced by gemfibrozil may
be caused not only by the proliferation of peroxisomes
but also by the activation of HMG-CoA reductase.
These results confirm that gemfibrozil stimulates
cholesterol synthesis in both peroxisomes and
microsomes.

Stange et al. reported that activity of HMG-CoA
reductase of human mononuclear cells did not
change on in vitro treatment with gemfibrozil, but
was reduced by in vivo treatment [42]. Thus, there
appear to be species differences in the effects of
gemfibrozil on HMG-CoA reductase.

The greater increase in the biosynthesis of
chenodeoxycholic acid over that of cholic acid (Fig.
4) implies that gemfibrozil directly activated the
enzyme(s) related to biosynthesis of cheno-
deoxycholic acid, or more strongly stimulated the
synthetic pathway for chenodeoxycholic acid owing
to saturation of the substrate for sterol 12a-
hydroxylase, which works at the branch point to the
pathway for cholic acid synthesis.

From the previous data gathered in our laboratory
[8, 10], we had expected that if the supply of acetyl-
CoA is elevated because of activation of peroxisomal
B-oxidation by gemfibrozil, the acetyl-CoA may be
utilized for synthesis of phospholipids as well as bile
acid. However, the results in Fig. 5 were not as
expected. Therefore, it is likely that the pathway for
syntheses of cholesterol and bile acid is more
stimulated than that for synthesis of phospholipids
owing to the rernarkable activation of HMG-
CoA reductase; hence no significant increase in
phospholipid synthesis could be detected.

The different changes in the content and
radioactivity of cholesterol between bile and liver
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(Fig. 3 and Table 3) may be the result of the small
size of the pool of cholesterol derived from
peroxisomal acetyl-CoA; thus only a small amount
of cholesterol could presumably be accumulated in
the liver and a large amount was excreted into the
bile.

The present study has revealed many differences
between the effects of clofibrate and gemfibrozil on
lipid biosynthesis. For example, biosyntheses of
cholesterol and bile acid were elevated by gemfibrozil;
moreover, the syntheses from acetyl-CoA derived
from peroxisomal B-oxidation were stimulated.
In vivo treatment with gemfibrozil remarkably
enhanced the HMG-CoA reductase activity of
peroxisomes and microsomes. Phospholipid synthesis
was unchanged by gemfibrozil; the increased acetyl-
CoA owing to the activation of peroxisomal S
oxidation by gemfibrozil is less effectively utilized
for fatty acid synthesis of phospholipids than for
sterol synthesis.

Many hypolipidemic agents such as clofibrate are
known to proliferate peroxisomes and enhance
peroxisomal fatty acid f-oxidation. Many of the
enzymes related to syntheses of cholesterol and bile
acid are present in peroxisomes [41,43-45].
However, almost all currently available hypo-
lipidemic agents inhibit the syntheses of cholesterol
and bile acid. Therefore, it is impossible to use these
compounds in order to clarify the relationship
between peroxisomal proliferation and the syntheses
of cholesterol and bile acid in vivo.

In the present study, using gemfibrozil first enabled
us to elucidate that peroxisomal proliferation
parallels the biosyntheses of cholesterol and bile
acid, and further that acetyl-CoA derived from
peroxisomal S-oxidation is preferentially utilized for
the syntheses of cholesterol and bile acid. These
results indicate that gemfibrozil will serve as a very
useful tool for studies on the relationship between
peroxisomes and the syntheses of cholesterol and
bile acid.

REFERENCES

1. Lazarow PB and de Duve C, A fatty acyl-CoA oxidizing
system in rat liver peroxisomes; enhancement by
clofibrate, a hypolipidemic drug. Proc Natl Acad Sci
USA 73: 2043-2046, 1976.

2. Lazarow PB, Rat liver peroxisomes catalyze the S
oxidation of fatty acids. J Biol Chem 253: 1522-1528,
1978.

3. Singh H, Derwas N and Poulos A, Very long chain
fatty acid B-oxidation by rat liver mitochondria and
peroxisomes. Arch Biochem Biophys 259: 382-390,
1987.

4. Mortensen PB, Korbraa S, Gregersen N and Rasmussen
K, Cyanide-insensitive and clofibrate enhanced f-
oxidation of dodecanoic acid in rat liver. Biochim
Biophys Acta 713: 393-397, 1982.

5. Vamecq J, de Hoffmann E and van Hoof F, The
microsomal dicarboxylyl-CoA synthetase. Biochem J
230: 683-693, 1985.

6. Vanhove G, van Veldhover PP, Vanhoutte F,
Parmentieer G, Euyssen HJ and Mannaerts GP,
Mitochondrial and peroxisomal B oxidation of the
branched chain fatty acid 2-methylpalmitate in rat liver.
J Biol Chem 626: 24670-24675, 1991.

7. Pedersen JI and GustafssonJ, Conversion of 3a,7a,12a-



1220

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

trihydroxy-5a-cholestanoic acid into cholic acid by rat
liver peroxisomes. FEBS Lert 121: 345-348, 1980.

. Hayashi H and Miwa A, The role of peroxisomal fatty

acyl-CoA p-oxidation in bile acid biosynthesis. Arch
Biochem Biophys 274: 582-589, 1989.

. Berndt J, Gaumert R and Still J, Mode of action of

the lipid-lowering agents, clofibrate and BM 15075, on
cholesterol biosynthesis in rat liver. Atherosclerosis 30:
147-152, 1978.

Hayashi H and Takahata S, Role of peroxisomal fatty
acyl-CoA B-oxidation in phospholipid biosynthesis.
Arch Biochem Biophys 284: 326-331, 1991.

Hayashi H and Oohashi M, Incorporated localization
of acetyl-CoA formed by peroxisomal fatty acyl-
CoA p-oxidation into phosphatidylethanolamine and
phosphatidylcholine. Biochim Biophys Acta 1254: 319~
325, 1995.

Rodney G, Uhlendorf P and Maxwell RE, The
hypolipidemic effect of gemfibrozil (CI-719) in
laboratory animals. Proc Roy Soc Med 69: 6-10, 1976.
Fukuda K, Shindo H, Yamashina S and Mizuhira V,
Fine structural changes in the hepatic microbodies of
rats treated with hypolipidemic agents, gemfibrozil and
clofibrate. Acta Histochem Cytochem 11: 432442,
1978.

Dvornik D and Cayen MN, Drugs affecting lipoprotein
disposition in laboratory animals. In: Drugs Affecting
Lipid Metabolism (Ed. Fumagalli R), pp. 263-272,
Elsevier/North-Holland Biomedical Press, Amster-
dam, 1980.

Gray RH and Iglesia FA, Quantitative microscopy
comparison of peroxisome proliferation by the lipid-
regulating agent gemfibrozil in several species.
Hepatology 4: 520-530, 1984.

Maxwell RE, Nawrocki JW and Uhlendorf PD, Some
differences in effects of gemfibrozil, clofibrate,
bezafibrate, cholestyramine and ML-236-B on lipid
metabolism in rats. Res Clin Forum 4. 43-52, 1982.
Singh I, Moser AE, Goldfischer S and Moser HW,
Lignoceric acid is oxidized in the peroxisome:
Implication for the Zellweger cerebro-hepato-renal
syndrome and adrenoleukodystrophy. Proc Nai Acad
Sci USA 81: 4203-4207, 1984.

Singh I, Lazo O and Kremser K, Purification of
peroxisomes and subcellular distribution of enzyme
activities for activation and oxidation of very-long-
chain fatty acids in rat brain. Biochim Biophys Acta
1170: 44-52, 1993.

de Duve C, Pressman BC, Gianetto R, Wattiaux R
and Appelman F, Tissue fractionation studies. 6.
Intracellular distribution patterns of enzymes in rat-
liver tissue. Biochem J 60: 604-617, 1955.

Hashimoto F and Hayashi H, Peroxisomal cholesterol
synthesis in vivo: Accumulation of 4-methyl inter-
mediate sterols after aminotriazole inhibition of
cholesterol synthesis. Biochim Biophys Acta 1214: 11—
19, 1994.

Hayashi, H, Hino S and Yamasaki F, Intraparticulate
localization of some peroxisomal enzymes related to
fatty acid B-oxidation. Eur J Biochem 120: 47-51, 1981.
Leighton F, Poole B, Beaufay H, Baudhuim P, Coffey
LW, Fowler S and de Duve C, The large-
scale separation of peroxisomes, mitochondria, and
lysosomes from the livers of rats injected with Triton
WR-1339. J Cell Biol 37: 482-513, 1968.

Hayashi H and Suga T, Some characteristics of
peroxisomes in the slime mold, Dictyostelium disc-
oideun. J Biochem 84: 513-520, 1978.

Hayashi H, Suga T and Niinobe S, Studies on
peroxisomes. 1. Intracellular localization of perox-
isomal enzymes in rat liver. Biochim Biophys Acta 252:
58-68, 1971.

Beaufay H, Amar-Costesec A, Feytmans E, Thines-

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

F. HASHIMOTO et al.

Sempoux D, Wibo M and Berthet J, Analytical study
of microsomes and isolated subcellular membranes
from rat liver. I. Biochemical methods. J Cell Biol 61:
188-200, 1974.

Wharton DC and Tzagoloff A, Cytochrome oxidase
from beef heart mitochondria. Meth Enzymol 10: 245-
250, 1967.

Keller G-A, Barton MC, Shapiro DJ and Singer SJ, 3-
Hydroxy-3-methylglutaryl-coenzyme A reductase is
present in peroxisomes in normal rat liver cell. Proc
Natl Acad Sci USA 82: 770-774, 1985.

Lowry OH, Rosebrough NJ, Farr AL and Randall RJ,
Protein measurement with the Folin phenol reagent. J
Biol Chem 931: 265-275, 1951.

Goto J, Kato H, Saruta Y and Nambara T, Separation
and determination of bile acids in human bile by
high-performance liquid chromatography. J Liguid
Chromatogr 3: 991-1003, 1980.

Hashimoto F, Sugimoto C and Hayashi H, Inhibition of
cholesterol synthesis from mevalonate by aminotriazole
treatment in vivo. Chem Pharmacol Bull 38: 2532-
2536, 1990.

Hamilton JG and Comat K, Separation of neutral lipids
and free fatty acids by high-performance liquid
chromatography using low wavelength ultraviolet
detection. J Lipid Res 25: 1142-1148, 1984.
Eastwood D, Hamilton D and Mowbray L, A method
for the estimation of bile acid conjugates and bile acids
in biological fluids. J Chromatogr 65: 407411, 1972.
Zlatkis Z and Zak B, Study of a new cholesterol
reagent. Anal Biochem 39: 143-148, 1969.

Sardesai VM and Manning JM, The determination of
triglyceride in plasma and tissues. Clin Chem 14: 156
161, 1968.

Ayaki Y and Yamasaki K, In vitro conversion of 7a-
hydroxycholesterol to some natural C,,-bile acids with
special reference to chenodeoxycholic acid biogenesis.
J Biochem 68: 341-346, 1970.

Chin DJ, Gil G, Russell DW, Liscum L, Luskey KL,
Basu SK, Okayama H, Berg P, Goldstein JL and
Brown MS, Nucleotide sequence of 3-hydroxy-3-
methylglutaryl coenzyme A reductase, a glycoprotein
of endoplasmic reticulum. Nature 308: 613-617, 1984.
Vazquez M, Alegret M, Adzet T, Merlos M and Laguna
JC, Gemfibrozil modifies acyl composition of liver
microsomal phospholipids from guinea-pigs without
promoting peroxisomal proliferation. Biochem Phar-
macol 46: 1515-1518, 1993.

Leiss O, Bergmann K, Gnasso A and Augustin J,
Effect of gemfibrozil on biliary lipid metabolism in
normolipemic subjects. Metabolism 34: 74-82, 1985.
Lalwani ND, Reddy MK, Qureshi SA, Sirtori CR,
Abiko Y and Reddy JK, Evaluation of selected
hypolipidemic agents for the induction of peroxisomal
enzymes and peroxisome proliferation in the rat liver.
Human Toxicol 2: 27-48, 1983.

Maxwell, RE, Nawrocki JW and Uhlendorf PD,
Some comparative effects of gemfibrozil, clofibrate,
bezafibrate, cholestyramine and compactin on sterol
metabolism in rats. Arherosclerosis 48: 195-203, 1983.
Thompson SL and Krisans SK, Rat liver peroxisomes
catalyze the initial step in cholesterol synthesis. The
condensation of acetyl-CoA units into acetoacetyl-
CoA. J Biol Chem 265: 5731-5735, 1990.

Stange EF, Osenbrugge M, Rustan M, Reimann F,
Schneider A, Ditschuneit HH and Ditschuneit H,
Inhibition of HMG-CoA reductase in mononuclear
cells during gemfibrozil treatment. Atherosclerosis 91:
257-265, 1991.

Pedersen JI, Peroxisomal oxidation of the steroid side
chain in bile acid formation. Biochimie 75: 159-165,
1993.

Appelkvist E-L, Reinhart M, Fischer R, Biltheimer J



Effect of gemfibrozil on lipid synthesis 1221

and Dallner G, Presence of individual enzymes of
cholesterol biosynthesis in rat liver peroxisomes. Arch
Biochem Biophy: 282: 318-325, 1990.

45. Biardi L, Sreedhar A, Zokaei A, Vartak NB, Bozeat
RL, Shackelford JE, Keller GA and Krisans SK,

Mevalonate kinase is predominantly localized in
peroxisomes and is defective in patients with peroxisome
deficiency disorders. J Biol Chem 269: 1197-1205,
1994.



