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Abstract

It is well known that gemfibrozil increases the biliary output of cholesterol and phospholipids, but we have little knowledge about the
impact these changes have on liver cholesterol and phospholipid biosynthetic pathways. In the present study, no changes were detecte
liver lipids and CTP:phosphocholine cytidylyltransferase after gemfibrozil administration to rats. On the contrary, 3-hydroxy-3-methylglu-
taryl-CoA reductase mRNA (9.9-fold) and Rd activity (16.7-fold) and phosphatidate phosphohydrolase activity (1.7-fold) increased, while
plasma apo B-cholesterol (40%) and triglyceride (43%) levels decreased. As a part of a compensatory homeostatic response, we report
the first time that gemfibrozil administration to rats increased the hepatic sterol regulatory element binding protein-2 (SREBP-2) mRN/
(2.9-fold) and mature protein (2.2-fold) levels. An early increase in the transcriptional activity of SREBP-2 elicited by gemfibrozil
administration might be responsible for the observed changes in HMG-CoA reductase, phosphatidate phosphohydrolase, and SREB
expression. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction response element (PPRE) is present in the promoter region
of the fibrate-target genes [5].

Fibrates present a complex mechanism of action. They Fibrates also reduce to a variable extent plasma LDL
increase the expression of genes coding for apolipoproteinscholesterol by a mechanism that is not so well defined. They
apo Al and apo All and, as a consequence, HDL concen- seem to reduce intestinal cholesterol absorption, and, more
tration rises [1, 2]. Further, they also stimulate the hepatic important, they increase the biliary output of cholesterol and
expression of the lipoprotein lipase gene [3] while reducing phospholipids while decreasing the biliary secretion of bile
the expression of the gene coding for apo ClIlI [4]. Both acids, thus increasing biliary lithogenicity [6, 7]. Gemfibro-
effects result in a stimulation of the catabolism of triglyc- zil, a fibrate widely used in the treatment of hypertriglyc-
eride-rich lipoproteins, mainly VLDL and IDL. In every eridemia, produce those changes in its clinical use, increas-
case, fibrates act as agonists of a nuclear receptor, thdng the fecal losses of neutral sterols and phospholipids and
PPARx (peroxisome proliferator activated receptor), whose reducing the fecal excretion of bile acids [8—10]. More

recently, the change in bile composition induced by gemfi-
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5082, o T hepatic cholesterola-hydroxilase activity [11] and to the
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Abbreviations:ACO, acyl-CoA oxidase; Apo, apolipoprotein; APRT,  gene [12]. Whether those effects are also elicited by PPAR
adenosyl phosphoribosyl transferase; CT, CTP:phosphocholine cytidylyl gctivation is still a subject of debate.
transferase; HDL, high-density lipoprotein; HMG-CoA Rd, 3-hydroxy-3- We have little knowledge about the impact these changes

methyl-glutaryl coenzyme A reductase; LDL, low-density lipoprotein; . . .. L . .
PAP, phosphatidate phosphohydrolase: PRABeroxisome proliferator- 11 biliary cholesterol and phospholipid secretion have in the

activated receptor; SREBP, sterol regulatory element binding protein; and activity of the hepatic cholesterol and phospholipid biosyn-
VLDL, very-low-density lipoprotein. thetic pathways. For this reason, we studied the effect of
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gemfibrozil administration to rats on plasma and hepatic mal, and cytosolic fractions were obtained by centrifugation

lipid concentrations, and the activity and mRNA levels of [20] and frozen at-80° until needed. Protein concentration

key proteins controlling liver cholesterol and phospholipid was determined by the method of Bradford [21]. Between

synthesis, namely HMG-CoA Rd, CT, and PAP [13-15]. 10-100 mg of liver tissue of each rat was immediately

We treated the animals for three days with a dose of gem-frozen in liquid N, and used for the extraction of total

fibrozil known to activate PPAR [4] and to produce a mRNA with the Ultraspec™ (Biotecx) reagent, following

hypotriglyceridemic and hypocholesterolemic effect in rats the instructions provided by the manufacturer. Blood sam-

[16]. As markers of PPAR activation, we determined the ples were collected in heparinized tubes; plasma was ob-

activity of peroxisomalB-oxidation and the ACO mRNA  tained by centrifugation and stored -aB80° until needed.

levels in rat liver [17].

SREBPs are membrane-bound transcription factors that2.3. Enzyme assays

are known to transcriptionally regulate HMG-CoA Rd and

other enzymes in the cholesterol biosynthetic pathway, to- The activities of the HMG-CoA Rd (EC 1.1.1.34), CT

gether with the genes coding for the low-density lipoprotein (EC 2.7.7.15), and the peroxisomal fatty agebxidation

receptor and the SREBP-2 itself. Hepatic cholesterol depri- system were determined as described previously [16, 22].

vation results in SREBP proteolytic activation of the pre- The PAP (EC 3.1.3.4) activity was determined in liver

cursor form present in microsomal membranes, migration of postmitochondrial fraction by the method of Margn al.

the mature SREBP form to the nucleus, and up-regulation of [23], by using a }*C]phosphatic acid and phosphatidyleho

these target genes [18, 19]. Biliary losses of cholesterol, line emulsion as substrate, prepared as described by Aridor-

elicited by gemfibrozil administration, may possibly reduce Pitermanet al. [24]. Assaysin vitro were performed as

hepatic cholesterol content, thus activating the SREBP path-described by Alegreet al. [22]. Gemfibrozil was added to

way. For this reason, we also determined the mRNA and the incubation medium from a stock solution adjusted to pH

mature protein levels of SREBP-2 in hepatic samples, as8-8.5 with 0.1 mM NaOH.

well as the specific binding of hepatic nuclear extracts to a

sterol response element (SRE) consensus oligonucleotide. 2.4. Lipid analysis

In the present work, we provide the first evidence of a

stimulation of the SREBP transactivation pathway by gem-  Plasma total cholesterol, triglyceride, and phospholipid

fibrozil in rats. As a consequence, the expression and activ-concentrations were measured with the Boehringer Mann-

ity of enzymes involved in hepatic lipid synthesis are in- heim GmbH colorimetric tests (Monotest Cholesterol

creased. CHODPAP No. 290319, Peridochrom Triglyceride GPO-
PAP No. 701882, and MPR2 No 691844 phospholipid,
respectively). Using reagent No. 543004, also from Boehr-

2. Materials and methods inger Mannheim, precipitated VLDL and LDL from plasma
samples, and HDL-cholesterol concentration was deter-
2.1. Animals and treatments mined in the supernatant. Lipid in the liver was measured as

described previously [25].

Male Sprague—Dawley rats (Harlan) weighing 267
11 g were divided at random into two groups of treatment 2.5. RT-PCR
and fed, respectively, 28 g/day of a standard diet (Panlab) or
the same diet supplemented with gemfibrozil (0.3% weight/  mRNA levels were determined by reverse transcription
weight). After three days, animals were killed between coupled to the polymerase chain reaction (RT-PCR), basi-
9-10 a.m., at the beginning of the light period. Both treat- cally as described by Cabreet al. [26]. The sequences of
ment diets were prepared as described by Alegjrat [16]. the sense and antisense primers used wWer&GITTA
Before treatment, animals were maintained with water and CGGCAGCCAGCTCCT-3 and B3-ACGGACAATGCG
food ad lib. for 5 days, at a constant humidity and temper- GGTGATGAT-3 for the ratct gene (GenBank accession
ature and with a light/dark cycle of 12 hr. All procedures number: M36071), 5CCGACAAGAAACCTGCTGCCA-3
were conducted in accordance with the principles and and 3-CAGTGCCACACACAATTCGGG-3 for the rat
guidelines established by the University of Barcelona Bio- hmg-coa rdgene (GenBank number: X55286);-ACT-
ethics Committee as stated in Law 5/1995, 21st July, from ATATTTGGCCAATTTTGT-3 and 3-TGTGGCAGTG-

the Generalitat de Catalunya. GTTTCCAAGCC-3 for the rataco gene (GenBank num-
ber: J02752), and 'SCATGGACACCCTCACGGAGCT
2.2. Sample preparation GGGCGACGA-3 and B-TGCATCATCCAATAGAGG

GCTTCCTGGCTC-3for thesrebp-2gene (GenBank num-
Livers were excised, perfused, and homogenised in a 150ber: U12330). The ratprt gene (primers 5AGCTTC-
mM NaCl, 1 mM dithiotreitol, 30 mM EDTA, 50 mM  CCGGACTTCCCCATC-3 and 3-GACCACTTTCTGC-
KH,PQO,, pH 7.4 buffer. The postmitochondrial, micreso CCCGGTTC-3) was used as internal control in the PCR
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reaction to normalize the results, except for SREBP-2,
where co-amplifications were performed in separate tubs
and in duplicate. Amplified fragments were marked with
[«*?P]dATP (3000 Ci/mmol) (Amersham Pharmacia Bio
tech). For each primer set, an increasing number of PCR
cycles with otherwise fixed conditions was performed to
determine the optimal cycles to be used. This was deter-
mined to be halfway through the exponential phase. The
numbers of cycles were 21 f@T, 22 for Hmg-CoA Rd20

for ACQ, 30 for SREBP-2nd 23 forAPRT. Five microliters

of each PCR reaction mixture was subjected to electro-
phoresis in 5% polyacrylamide gel ind TBE. Gels were
dried, autoradiographed by using an RX-OMAT S Kodak
film, and quantified by video-densitometric scanning
(IMAT program, Scientific and Technical Services, Univer-
sity of Barcelona).

2.6. Electrophoretic mobility shift assays (EMSA)

Hepatic nuclear extracts were obtained from 0.4 g of
liver tissue homogenized in 1.6 mL of homogenization
buffer (0.25 M sucrose, 15 mM Tris—HCI pH 7.9, contain-
ing 60 MM KClI, 15 mM NacCl, 1 mM EGTA, 5 mM EDTA,
0.15 mM spermine, 0.5 mM spermidine, angh¥dmL of a
protease inhibitor cocktail), essentially as described by Dig-
namet al. [27]. Twenty micrograms of nuclear extract was
incubated for 10 min on ice in 10 mM Tris buffer pH 8,
containing 25 mM KCI, 0.5 mM DTT, 0.1 mM EDTA, 5%
glycerol, 5 mg/mL of BSA, 5Qug/mL of poly(dl-dC), and
100 pwg/mL of tRNA, in a final volume of 2QuL. Approx-
imately 100,000 cpm of &P end-labeled double-stranded
SRE-1 consensus oligonucleotide’-GGCGCCATCAC-
CCCACGCACCG-3) was then added and further incu-
bated at room temperature for 15 min. Where indicated,
specific competitor oligonucleotide was added before the
addition of labeled probe and incubated for 10 min on ice.
For the supershift assay, the specific anti-SREBP-2 anti-
body (Santa Cruz Biotechnology) was added before the
addition of the labeled probe, and incubated for 30 min at
4°. Protein—-DNA complexes were resolved by electrophore-
sis at 4° on a 5% acrylamide gel and subjected to autora-
diography. The double-stranded oligonucleotide was end-
labeled with T4 polynucleotide kinase ang’fP]ATP.

2.7. Western blot analysis

Samples of nuclear extracts (03), obtained as de-
scribed previously, were mixed with SDS-loading buffer
and subjected to SDS—PAGE on an 10% gel [28]. Proteins
were then transferred to Immobilon polyvinylidene difluo-
ride transfer membranes (Millipore). Membrane sheets were
first incubated with a goat polyclonal antibody against hu-
man SREBP-2 (N-19) (1:500 dilution) for 1 hr at room
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Table 1
Plasma and liver lipid concentrations
CTRL GFB
Plasma Total cholesterol 16812 87+ 9**
Free cholesterol 345 27+ 5*
Cholesteryl 74+=9 60 = 7**
esters
Triglycerides 117+ 18 67+ 18**
Phospholipids 19& 26 148+ 11**
Cholesterol- 71+ 8 65+ 14
HDL
Cholesterol 37+ 11 22+ 14
apoB
Liver Total cholesterol 8.6-2.1 7.2+ 0.5
Free cholesterol 8.4 1.9 7.4+ 0.3
Phospholipids 77.214.4 78.6+ 16.4
Triglycerides 29.1+ 20.3 23.9* 18.9

CTRL: Control, GFB: Gemfibrozil. Results are presented as means
SD (N = 6), and expressed as mg/dL of plasma or 3¥éng/mg of liver
postnuclear supernatant protein.

*P < 0.005;

*»* P < 0.01; and

*** marginal statistical significance? < 0.07.

facturer. Equal loading of protein in each lane was verified
by incubation with rabbit polyclonal antibody against Oct-1
(Santa Cruz Biotechnology) at a dilution 1:1000. Antibodies
were diluted in Tris-buffered saline (TBS) containing 3%
defatted dry milk. Immunodetection was performed by the
ECL Western blotting detection system kit (Amersham
Pharmacia Biotech).

2.8. Statistics

The results are the means standard deviation of N
experiments assayed in duplicate. Statistical significance
was set atP < 0.05. Significant differences were estab-
lished by parametric (Student®stest) or non-parametric
(Mann—-Whitney test) for unpaired data, using the computer
program GraphPad InStat. Logarithms of plasma triglycer-
ide concentration were used to calculate statistics, as the
variance was not homogeneous. Linear correlation between
variables was calculated by the Pearson linear correlation
test, using the above-mentioned program.

3. Results

Gemfibrozil administration to rats did not modify the
concentration of liver lipids. In contrast, plasma lipid levels
were strongly affected by gemfibrozil treatment (Table 1).
Plasma triglyceride, phospholipid, and total cholesterol
were reduced by 43, 25, and 19%, respectively. The reduc-
tion in total plasma cholesterol equally affected both free

temperature. After several washes, they were incubated with(20%) and esterified (19%) plasma cholesterol fractions,
horseradish peroxidase-conjugated anti-goat IgG (1:4000and was mainly attributed to the reduction in apo B-choles-

dilution), according to the protocol supplied by the manu-

terol (40%), while HDL cholesterol was not modified.
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CTRL

A GFB

hmg-CoA rd

aprt 4

10.0

5.04

HMG-CoA Rd activity
(nmol/min/mg prot)
HMG-CoA RA/APRT mRNA
abundance (arbitrary units)

0.0-—————
CTRL

Fig. 1. (A) HMG-CoA Rd activity. Bars represent the meahsSD of

the values obtained from 6 animals in each treatment group. (B) Rel-
ative levels of mMRNA for HMG-CoA Rd. Bars represent the means

SD of the values obtained from 6 animals in each treatment group. In
the upper part of the figure is shown a representative autoradiography,
with signals corresponding to HMG-CoA Rd and the reference gene,
APRT, obtained from one control (CTRL) and one gemfibrozil (GFB)-
treated rat. P < 0.05.

Rat hepatic HMG-CoA Rd was strongly affected by
gemfibrozil administration. Hepatic samples from treated-
rats showed a 16.7-fold increase in HMG-CoA Rd activity
and a 9.9-fold induction in its mRNA level, in comparison
with values obtained in samples from control animals (Fig.
1). These effects were unrelated to any direct drug effect on
the enzyme protein, given that HMG-CoA Rd activity was
not changed upon addition of gemfibrozil to microsomal
samplesn vitro (Table 2).

Further, parallel changes in the hepatic levels of the
mRNA specific for SREBP-2 (Fig. 2) and the nuclear
content of the mature SREBP-2 protein (Fig. 3) were
detected in gemfibrozil-treated rats, with a 2.9-fold and
2.2-fold increase, respectively, relative to control ani-

mals. EMSA gave a specific retardation band correspond-

ing to the binding of SREBP-2 present in liver nuclear

N. Roglans et al. / Biochemical Pharmacology 62 (2001) 803-809
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CTRL GFB
Fig. 2. Relative levels of mRNA for SREBP-2. Bars represent the
means= SD of the values obtained from 6 animals in each treatment
group. In the upper part of the figure is shown a representative autora-
diography, with signals corresponding to SREBP-2 and the reference
gene, APRT, obtained from one control (CTRL) and one gemfibrozil
(GFB)-treated rat. P < 0.05.

Nevertheless, hepatic nuclear extracts from gemfibrozil-
treated animals did not show any significant increase in

extracts to a SRE probe, as shown by competition assaysPinding to the SRE probe when compared to control
and by the appearance of two super-shifted bands in theanimals (Fig. 4A).

presence of an specific SREBP-2 antibody (Fig. 4B).

Table 2
Gemfibrozil effectin vitro on CT, PAP, and HMG-CoA Rd activities

CTRL GFB0.25mM 1 mM
CT (pmol/min/mg 1810+ 381 1873+ 395 2149+ 464
prot)
PAP (nmol/min/mg 1.68+0.29 1.67+0.28 1.89+ 0.24
prot)
HMG-CoA Rd (pmol/  0.14*+0.05 0.13+ 0.04 0.12+ 0.06

min/mg prot)

CTRL: Control, GFB: Gemfibrozil, CT: CTP:phosphocholine cytidylyl

transferase, PAP: phosphatidate phosphohydrolase, HMG-CoA Rd: 3-hy-

droxy-3-methylglutaryl-CoA reductase. Results are presented as means
SD (N = 3).

Gemfibrozil induced PAP activity (1.7-fold) in hepatic
samples from treated rats (Table 3), without showing any
direct effect on this enzyme activity when addedvitro
(Table 2). As cytosolic PAP has not yet been cloned or
purified, it was impossible to determine the levels of its
specific mRNA in liver. Further, gemfibrozil treatment
did not modify CT activity, eithein vitro (Table 2) orin
vivo, or its mMRNA level (Table 3).

As expected, gemfibrozil administration produced an ac-
tivation of hepatic PPAR, as shown by a mild peroxisome
proliferation response in the liver of treated rats, with in-
creases in the activity (64%) of the hepatic peroxisomal
fatty acid pB-oxidation system, and in the levels of the
specific mMRNA for ACO (117%), the rate-limiting enzyme
of this system (Fig. 5).
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CTRL GFB Table 3 o
Gemfibrozil effectin vivoon CT and PAP
_ 68 K CTRL GFB
m SREBP2 4 G8KD
CT (mRNA) 1.19+ 0.20 1.20+ 0.26
Oct-1 4— 70KD CT (Activity) 920 + 340 815+ 308
PAP (Activity) 0.84+ 0.28 1.43+ 0.29*

CTRL: Control, GFB: Gemfibrozil, CT: CTP:phosphocholine cytidylyl
transferase, PAP: phosphatidate phosphohydrolase. Results are presented
4- as meanst SD (N = 6), and expressed as arbitrary units (CT mRNA),
pmol/min/mg postnuclear supernatant protein (CT activity), or nmol/
min/mg postnuclear supernatant protein (PAP activity).
* P < 0.005.

liver of gemfibrozil-treated rats. The increase in reductase

SREBP-2 protein levels
(arbitrary units)

27 activity after gemfibrozil administration to rats is a well-
known phenomenon [29-31]. We can discard an overex-

14 T pression of HMG-CoA Rd in response to a direct inhibition
of the enzyme activity by gemfibrozil, in a fashion similar to

0l the effect elicited by statin administration to rats [32]. Al-

CIRL GFB ' though Hashimotet al. [33] reported a direct inhibition of
Fig. 3. Levels of the mature SREBP-2 68.000 D protein in hepatic nuclear HMG-CoA Rd by gemfibrozilin vitro, neither data from .
extracts. Bars represent the meansSD of the values obtained from 4  Krauseet al. [30] nor the data here presented support this
animals in each treatment group. In the upper part of the figure a Western possibility. The increase in HMG-CoA Rd activity may be
blot of mature SREBP-2 protein (m SREBP-2) in nuclear extracts of two part of a homeostatic response to compensate for the biliary
cqntrols (CTRL) and two gemfibrqzil-treated rats (GFB). is shown. Sixty sterol losses produced by gemfibrozil administration. Sup-
Tllcrograms of crude nuclear protein extract was loaded in each lane. OCT porting this hypothesis is the fact that we have detected for
evels are shown as a control. . . .
the first time increased levels of SREBP-2 mRNA and
mature protein in the livers of gemfibrozil-treated rats. By
4. Discussion means of a complex proteolytic process, hepatic cholesterol
deprivation results in the manifestation of SREBP transcrip-
Gemfibrozil treatment was able to reduce plasma total tional activity and up-regulation of target genes, including
cholesterol, mainly due to its effect on plasma apo B- the hmg-CoA rdgene and therebp-2gene itself [18, 19].
cholesterol. This reduction was manifest despite the strongOur results do not allow us to discriminate if these changes
induction in HMG-CoA reductase activity detected in the produced by gemfibrozil are due to an increased transcrip-

-\E +NE (20 pg)

SREBP-2 Ab {ug) o o 0 6 2
X 2%

Competitor SRE-1

«— Super shift

Gel shift &— Super shift

Gel shift —p

Sre-1—p Sre-1—p

Fig. 4. Effect of gemfibrozil on the interaction of an SRE-1 probe with hepatic nuclear extracts (NE) obtained from Sprague—-Dawley rats. (A)
Autoradiography of a representative EMSA performed withu20of liver NE obtained from control<{) and treated rats¥) after 3 days of gemfibrozil
administration 0.3% (w/w), incubated with an SRE1 probe. (B) Autoradiography showing the specific competition produced by the addition offaidexcess-
of the unlabeled probe (left arrow) and two supershift bands (right arrows) obtained in the presence of a polyclonal antibody against SREBP2.
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sembly of VLDL, contributing to the reduction in plasma
triglyceride and phospholipid concentrations. In this sense,
it is interesting to point out that we have found an almost
50% direct correlation between plasma values of phospho-
lipids and triglycerides (N= 12,r? = 0.484,P = 0.012).
Thus, two seemingly contradictory effects of gemfibrozil,
i.e. the induction of PAP activity and the reduction of
85 . 3 plasma triglyceride concentrations, could in this way be
reconciled.

PAP activity does not appear to be related to peroxisome
proliferation [35-37]. Similarly, there are no reports of a
peroxisome proliferator response element (PPRE) in the
promoter region of thdamg-CoA rdgene. However, both
hypolipidemic and proliferative effects of fibrates are elic-
ited by activation of the PPAR isoform present in rodent
liver [5]. In fact, fibrate administration to PPARnull mice
Fig. 5. (A) Peroxisomap-oxidation activity. Bars represent the means is unable to produce those effects [38, 39]. In consequence,
SD of the values obtained from 6 animals in each treatment group. (B) it can be assumed that, in some unknown way, PRAR

Relative levels of mMRNA for ACO. Bars represent the meanSD of the tivati b fib i b ible f th
values obtained from 6 animals in each treatment group. A representativeaC Ivation Dy gemmbrozil may be responsible tor e

autoradiography is shown in the upper part of the figure, with signals changes in bilis composition and output, finally resulting in
corresponding to ACO and the reference gene APRT, obtained from one the activation of SREBP-2 and in the induction of PAP and
control (CTRL) and one gemfibrozil (GFB)-treated ratP*< 0.05. of HMG-CoA Rd activities.

In summary, the present results support the idea that, at
tional activity of SREBP-2 or to its mRNA stabilization. least in rats, gemfibrozil administration not only increases
Although gemfibrozil treatment shows a tendency to in- the catabolism of apo B-lipoproteins, but also reduces the
crease the binding of hepatic nuclear proteins to a specificlipid availability for VLDL assembly. This latter effect is
SRE probe (see Fig. 4A), the difference did not reach mainly due to the well-known increase in biliary cholesterol
statistical significance. The earliest event derived from he- and phospholipid losses produced by this drug. As a part of
patic cholesterol deprivation is the proteolytic maturation of a compensatory homeostatic response to keep hepatic lipid
the membrane-bound SREBP-2 already present in the liver,concentrations constant, we report for the first time that
its migration to the nuclei, and the transcriptional activation gemfibrozil administration to rats increased the hepatic
of target genes, including therebp-2gene itself. Thus, the  SREBP-2 expression and, probably, transcriptional activity.
absence of a significant increase in the DNA binding of This effect is the most plausible explanation for the ob-
hepatic nuclear extracts from gemfibrozil-treated rats can served increases in HMG-CoA reductase and PAP activities
probably be attributed to the fact that the hepatic samplesdetected after gemfibrozil administration.
were obtained after the maximal surge of SREBP-2 activa-
tion.
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