PUFA Selectively Suppresses SREBP-1

does not accelerate the degradation of nuclear SREBP-1 protein
(11).

We have shown that two mechanisms are involved in the
PUFA regulation on SREBP-1; one is at the proteolytic process-
ing level, and the other is at the transcription level. What is the
physiological role of this two-step regulation? As we have
shown in Fig. 1, the proteolytic mechanism is high sensitive,
although the transcriptional mechanism is low sensitive, con-
sistent with the previous report by Ezaki and co-workers (35).
The combination of these two steps of regulation with different
sensitivity connected in series probably helps to achieve the
broader responsive range of the amount of PUFA.

One of our conclusions is that LXR is not involved in the
transcriptional regulation by PUFA, but controversy exists over
this point; several previous reports suggested the involvement
of LXR in this regulation (15, 16), whereas others did not (36).
These previous studies have been all performed in in vitro set-
tings, and therefore we evaluated the contribution of the LXR
pathway in the in vivo setting for the first time, and we have
concluded that the involvement of LXR is not detectable,
although LXR is an important determinant of the SREBP-1
expression level.

Because an in vitro model is always only a small part of the
whole in vivo system, how large or small the contribution of a
regulatory pathway elucidated in vitro is in the whole in vivo
system cannot be estimated until it is assessed in the in vivo
setting. To address these issues, our approach of the extension
of in vitro reporter assays to in vivo settings will be very useful in
various situations.

We have demonstrated that PUFA selectively suppresses
the proteolytic processing of SREBP-1, but the molecular
mechanism underlying this SREBP-1-specific regulation is
currently unknown. SCAP escorts both SREBP-1 and -2 to
the Golgi, and SREBP-1-specific adaptor protein has not
been reported yet. Recently, an endoplasmic reticulum
membrane protein TRC8 (translocation in renal cancer from
chromosome 8) has been documented to hamper endoplas-
mic reticulum-to-Golgi transport of SREBP-2/SCAP and
reduce SREBP-2 cleavage specifically (37). Perhaps there
might be some adaptor molecule that specifically interacts
with SREBP-1 and mediates the suppressive effect of PUFA,
although we have no evidence. If the molecular mechanism
underlying this SREBP-1-specific effect of PUFA is clarified
in the future, it will be a potential molecular target for new
lipid-lowering drugs. In conclusion, the primary mechanism
for PUFA suppression of SREBP-1 expression is at the pro-
teolytic processing level and that this suppression in turn
decreases the transcription of Srebflc through lowering
SREBP-1 binding to SRE on the promoter.
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Aim: Postprandial hypertriglyceridemia (PHTG) has been shown repeatedly to be associated with
metabolic syndrome and atherosclerotic cardiovascular diseases. We have recently reported that ezeti-
mibe inhibits PHTG in patients with type b hyperlipidemia. Ezetimibe was also reported to atten-
uate PHTG in combination with low-dose statins in patients with obesity or metabolic syndrome.
We reported CD36-deficient (CD36KO) mice as a new model for PHTG, in which the synthesis of
chylomicron (CM) in the small intestines is enhanced. In the current study, we investigated the effect
of ezetimibe on PHTG in this mouse model of metabolic syndrome.

Methods: Wild-type (WT) mice fed a western diet, and CD36KO mice fed a normal chow diet,
respectively, were treated for 3 weeks with and without ezetimibe, followed by an evaluation of tri-
glyceride (TG) concentrations by enzymatic method and by high performance liquid chromatogra-
phy (HPLC) as well as those of and apolipoprotein (Apo) B-48 in plasma and intestinal lymph after
oral fat loading with olive oil. Intestinal mucosa was also harvested to evaluate the transcriptional
regulation of the genes involved in the intestinal production of ApoB-containing lipoproteins.
Results: Ezetimibe dramatically reduced PHTG in both WT and CD36KO mice. HPLC analysis of plasma
showed that the decrease in TG content in CM and CM remnants-sized particles contributed to this sup-
pression, suggesting that CM production in the small intestines might be reduced after ezetimibe treatment.
Intestinal lymph was collected after oral fat loading in ezetimibe-treated and non-treated mice. Both TG
content and ApoB-48 mass were decreased in ezetimibe-treated mice. The quantitative RT-PCR of intesti-
nal mucosa showed down-regulation of the mRNA expression of FATP4 and ApoB in both groups along
with FABP2, DGAT'1, DGAT2 and SCD1 in WT mice at postprandial state after ezetimibe treatment.
Conclusion: Ezetimibe alone reduces PHTG by blocking both the absorption of cholesterol and the
intracellular trafficking and metabolism of long-chain fatty acids in enterocytes, resulting in the
reduction of the formation of ApoB-48 which is necessary for the ApoB48-containing lipoprotein
production in the small intestines.

J Atheroscler Thromb, 2010; 17:914-924.

Key words; Postprandial hypertriglyceridemia, Ezetimibe, CD36 deficiency, Long-chain fatty acids,
Apolipoprotein B-48
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metabolism and atherogenic dyslipidemia?, including
elevated triglyceride (TG) in the fasting state.

Besides the early hours of the day before break-
fast, we are constantly in 2 nori-fasting state. Accumu-
lating evidence concerning nonfasting TG levels as a
predictor of cardiovascular diseases? and stroke® sug-
gest atherosclerosis as a postprandial phenomenon in
which intestine-derived TG-rich lipoproteins, such as
chylomicron (CM) and CM remnants, would play
an important role*®, which Zilversmit stated three
decades ago”.

CD36, or fatty acid translocase, is an 88 kD
scavenger receptor class B that is expressed in many
cells, such as monocytes, macrophages, microvascular
endothelial cells, adipocytes, skeleral and cardiac myo-
cytes and enterocytes. It binds multiple ligands,
including long-chain fatty acids (FAs) and oxidized
low density lipoprotein®. Patents with CD36 defi-
clency present with increased remnant lipoproteins
and decreased high density lipoprotein (HDL)-choles-
terol, as well as impaired glucose metabolism based
upon insulin resistance. All these findings suggest that
CD36 deficiency may be considered a monogenic
form of MetS?. CD36 knockour (CD36KO) mice
present with an excessive postprandial plasma TG and
FA response after acute oral fat loading compared to
wild-type (WT) mice'”. Previous studies in our labo-
racory using CD36KO mice reported a postprandial
increase in plasma CM and CM remnants with
enhanced TG synthesis in the small intestines, sug-
gesting that the main cause of postprandial hypertri-
glyceridemia (PHTG) in CD36KO mice was the
increased de novo synthesis of small CM in entero-
cytes'". These findings established CD36KO mice as
a model to evaluate PHTG in a MetS environment.

Ezetimibe, a cholesterol absorption inhibitor that
acts by blocking the sterol-induced internalization of
the key cholesterol transporter, Niemann-Pick C1
Like 1 (NPCIL1), in enterocytes'? has been demon-
strated to lower total and LDL-cholesterol levels sig-
nificancly in patiencs with primary and mixed hyper-
cholesterolemia as a coadjuvant therapy to either
saatins'® or fibrates'”. In these studies, ezetimibe was
also found to decrease other important atherogenic
factors significantly, such as fasting TG and total apo-
lipoprotein B (ApoB) levels in plasma. Moreover, ezet-
imibe has been demonstrated to reduce PHTG in
combination with low-dose statins in patients with
obesity and metabolic syndrome comparable to high-
dose statins alone ',

Recently, our group reporccd that ezetimibe alone
significantly reduced PHTG in Japanese subjects with
type IIb hyperlipidemia'®, suggesting that ezetimibe

might also play a role in regulating the production of
TG-rich lipoproteins in addition to act as a cholesterol
absorption inhibitor. Since investigations concerning
ezetimibe and its mechanism of action on lipid metab-
olism have primarily focused on sterol metabolism, we
prioritized the need to establish molecular mechanisms
that participate in the TG-lowering effect of ezetimibe
in the postprandial state. For that purpose, we per-
formed oral fat loading in ezetimibe-treated and non-
treated wild-type (WT) mice fed a western diet and
CD36KO mice fed a chow dier as an animal model
of PHTG. We demonstrated that ezetimibe reduces
PHTG by decreasing the absorption of both choles-
terol and long-chain FAs through enterocytes, which
affected intestinal FA transport, TG production, and
CM formation in both mice strains.

Materials and Methods

Animals

Male C57BL6/] WT and CD36KO mice created
on a C57BLG/] background (kindly provided by
Mason. W. Freeman, M.D., Ph.D., Professor of Har-
vard Medical School)'”, 8-10 weeks of age were used
for this experiment. Each mouse strain was separated
into two groups in the following manner: CD36KO
mice were fed a chow diet (MF; Oriental BioLabora-
tories, Chiba, Japan) either with or without supple-
mentation of 10 mg/kg ezetimibe (Schering- -Plough,
USA), and WT mice were fed a western diet either
with or without supplementation of 10 mg/kg ezeti-
mibe. The animals were housed in a temperature-con-
trolled environment at 12-hour dark-light cycles with
free access to food and water. After 3 weeks of treat-
ment, mice in each group were divided into 2 sub-
groups. One subgroup was euthanized after fasting for
12 h and the other was fasted for 12 h followed by
acute ingestion of 17 pL/g body weight of olive ol
(Nacalai Tesque, Kyoto, Japan) by intragastric gavage,
and then euthanized 3 h after initiating oral fat load-
ing. Plasma, intestinal lymph and tissues were col-
lected from both subgroups at the time of euthaniza-
rion. Additionally, WT mice fed a standard chow diet
were used as controls for the TG determination study.
The experimental protocol was approved by the Ethics
Review Committee for Animal Experimentation of
Osaka University Graduate School of Medicine
(IEXAS).

Lipid Determination and Lipoprotein Analysis of
Plasma and Intestinal Lymph

Cholesterol and TG concentrations in plasma
and intestinal lymph for each mouse were measured
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using an enzymatic method (Wako Pure Chemical
Industries, Tokyo, Japan) according to the manufac-
turers protocol. Plasma and lymph lipoprotein pro-
files were analyzed by an online dual enzymatic
method using high performance liquid chromatogra-
phy (HPLC) at Skylight Biotech Inc. (Akita, Japan)'®.
Two hundred microliters of plasma or lymph were dis-
solved in loading buffer and loaded onto TSK gel
Lipopropak XL columns; TG concentrations in the
flow-through were measured continuously and simul-
taneously. The correspondence of the size of lipopro-
tein fractions (CM, very low density lipoprotein
(VLDL), LDL, and HDL-sized fractions) and the elu-
tion time were; CM (particle diameter >80 nm, elu-
tion time: 15-17 min), VLDL (particle diameter:
30-80 nm, elution time: 17-22 min), LDL (particle
diameter: 16-30 nm, elution time: 22~28 min), and
HDL (particle diamerter: 8-16 nm, elution time: 28-
37 min).

Collection of Intestinal Lymph in Postprandial State

Five mice from each group, previously fasted for
12 h, were gavaged with olive oil (17 pL/g body
weight). Three hours later, the animals were anesthe-
tized and the intestinal lymphatic crunk was cannu-
lated with a 27-gauge needle connected to a polyeth-
ylene tube (PE-50), which was pretreated with EDTA-
containing water. The procedure was performed in
accordance with the modified method described by
Bollman ez al."”. The collected intestinal lymph was
used for HPLC and protein detection by western blot.

Determination of Labeled Triolein Absorption

Mice from each group were fasted for 12 h and
gavaged with 3 pCi of [9,10-*H(N)] triolein (Perki-
nElmer, MA, USA) mixed into 17 pL/g body weight
of olive oil. Three hours after fat loading, the mice
were euthanized and blood samples were collected
from the inferior vena cava. The activity of radio-
labeled tritium in 250 pL plasma was determined by
scintillation counting using a WALLAC Winspec-
tral ™ 1414 Liquid Scintillation Counter.

Protein Detection by Western Blot

One microliter of sample (plasma or lymph) was
subjected to 4-12% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE; TEFCO, Tokyo, Japan), later
transferred onto an Immobilon-P transfer membrane
(Millipore Co., USA), and blocked by Blocking One
(Nacalai Tesque, Kyoto, Japan). The blotted mem-
brane was then incubated with anti-mouse ApoB-48/
B-100 antibody (BIODESIGN International, ME,
USA) and anti-rabbit IgG as a secondary antibody

(NA934V; GE Healthcare Backinghamshire, UK).
Bands corresponding to ApoB-48 were detected with
the ECL Advance Detection Kit (GE Healthcare, UK).

RNA Extraction, cDNA Synthesis and Quantitative
Real-Time PCR

Mice were fasted for 12 h, gavaged with olive oil
as previously stated, and their small intestines were
removed, flushed with ice-cold phosphate-buffered
saline and divided into three sections of equal length;
the proximal two-thirds of mucosa were gently scraped
and stored in RNAlater RNA stabilization reagent
(QIAGEN GmbH, Germany) at =20TC.

Total RNA from tissue samples were extracted
and purified using the RNeasy Plus Mini Kit (cat.
74134; QIAGEN GmbH, Germany). Two micro-
grams of toral RNA were primed with 50 pmol
anchored-oligo (dT)1s and transcribed with the Tran-
scriptor First Strand ¢DNA Synthesis Kit (Roche
Diagnostics, Germany), according to the manufac-
turer’s protocol. Quantitative RT-PCR was performed;
DNA polymerase and SYBR Green [ (Finnzymes Oy,
Espoo, Finland) were set in a reaction volume of 20
uL containing gene-specific primers (5 pM) and
cDNA (corresponding to ~50 ng total RNA). The
reaction was performed using the DNA engine Opti-
con 2 real-time PCR detection system (Bio-Rad Labo-
ratories, Hercules, CA). The 27247 method of relative
gene expression was employed and standard deviation
with a ct value of <0.3 was accepted. Results are
expressed as arbitrary units in comparison with the
expression of GAPDH.

Primers Used for This Study

The sequence data of the genes were found with
GenBank and the sequences of primers were designed
with Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi). GAPDH was used as a housekeep-
ing gene. The sequence and information for primers
used in this study are as follows: CD36 (GenBank
accession number NM_001159558): 5'-gagcaaciggtg-
gatggtee-3’ and  5’-gcagaatcaagggagagcac-3’, FATP-4
(NM_011989): 5™-atcaacaccaacctraggeg-3’ and 5'-aacc-
cegtergggtgaceg-3’, FABP1 (NM_017399): 5’-catccag-
aaagggaaggaca-3’ and 5'-ttteccccagtcatggtcte-3’, FABP2
(NM_007980): 5’-trgctgtccgagaggtrter-3’ and 5’-gettt-
gacaaggcrggagac-3’, FAS (NM_007988): 5’-gctgeggaaa-
cttcaggaaat-3’ and 5’-agagacgtgteactecrggactt-3’, SCD1
(NM_009127): 5’-cctrceccttegactactetg-3’ and 5'-geca-
tgcagtcgatgaagaa-3', DGAT-1 (NM_010046): 5'-grg-
cacaagtggtgcatcag-3’ and 5’-cagtgggatcrgagecatc-3,
DGAT-2 (NM_026384): 5'-agtggcaatgcratcarcatcgt-3’
and 5’-aaggaataagtgggaaccagatca-3’, MGAT-2 (NM_
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Fig.1. Ezetimibe Reduces Postprandial Hypertriglyceridemia in Both CD36KO

and WT Mice.

CD36KO mice fed a standard chow diet and WT mice fed a western diet, respectively,
showed significantly higher plasma TG levels than WT fed a standard chow diet in the
postprandial state (white bars) in non-teated groups. Administration of ezetimibe (black
bars) decreased plasma TG concentrations at postprandial state in both CD36KO and
WT fed a western diet but not in WT mice fed a standard chow diet (A). Ezetimibe also
reduced the postprandial concentration of toral cholesterol in plasma of both study

groups (B). (*»<0.05)

177448): 5’-gaagaagcageatcagggac-3’ and 5’-grgrggeart-
agggggactt-3’, ApoB (NM_009693): 5’-tgggartccatct-
gccatctegag-3’ and 5’-gtagagarccatcacaggacaatg-3’,
Apobecl (NM_031159): 5’-accacaacggatcagcgaaa-3’
and 5'-tcatgatcrggatagtcacaccg-3’, ACF (NM_
001081074): 5’-agccagaatcctgeaatce-3’ and 5'-agcata-
cerettegetteatce-3°, ACSLI(NM_007981): 5’-tgaccte-
tccatgcagtcag-3’ and 5’-agccratgeactcagegage-3,
HMGCR (NM_008255): 5’-ctggaattatgagtgccccaaa-3’
and 5’-acgactgractgaagacaaage-3’, ACAT2 (NM_
009338): 5'-tgtcacagaacagggeagag-3’ and 5’-tgacagrecc-
tgteccatca-3’ MTTP (NM_008642): 5’-cargtcagecatcct-
grirg-3” and 5'-ctegegataccacagactga-3’, and GAPDH
(NM_008084): 5'-actccactcacggcaaattc-3’ and 5’-tcte-

0

carggtggrgaagaca-3 .

Statistical Analysis i

The values were expressed as the means=S.D. -
Statistical significance was assessed by ‘Student’s 7-test
for paired values and set at p<0.05.

Resuits
Ezetimibe Reduces Postprandial Hypertriglyceridemia

in Both CD36KO and Wild Type Mice

CD36KO mice fed a standard chow diet and
WT mice fed a western diet showed significantly
higher plasma TG levels than WT fed a standard chow
diet in the postprandial state without ezetimibe treat-
ment (CD36KO 457 =114 mg/dL, WT western diet
376+41 mg/dL vs WT chow diet 267 %81 mg/dL.

n=25). Administration of ezetimibe decreased plasma
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Fig.2. Ezetimibe Reduces Postprandial CM- and VLDL-sized Particles As Well As ApoB48
Mass in Plasma of WT and CD36KO Mice.

Plasma lipoprotein profile was analyzed by HPLC. Ezetimibe (dotted line) reduced the average
postprandial TG levels in both CD36KO (A) and WT mice (B) in CM- and VLDL-sized subfrac-
tions, which corresponded to CM remnants. Moreover, ezetimibe decreased the ApoB48 mass in
plasma in both groups (representative sample). These results supporr the idea that ezetimibe might
have some modulating effect on intestinal CM production.

TG concentrations in the postprandial state in both
CD36KO and WT fed a western diet but not in WT
mice fed a standard chow diet (Fig.1A) as well as
plasma total cholesterol concentrations in plasma in
both study groups. (Fig. 1B). The selective decrease in
both postprandial TG levels suggests thar the ezeti-
mibe action on plasma TG concentrations is enhanced
by a postprandial MetS environment, since both
affected groups are indeed animal models of postpran-

dial hyperlipidemia.

Ezetimibe Reduces Postprandial CM and VLDL-
Sized Particles as Well as ApoB48 Mass in Plasma
of WT and CD36KO Mice

Plasma lipoprotein profile was analyzed by HPLC

using five samples for each group. The highest peak
corresponded to CM- and VLDL-sized fractions in
both ezetimibe-treated and non-treated mice in both
groups. We found that ezetimibe reduced postprandial
TG levels in both WT and CD36KO mice mainly
in CM- and VLDL-sized subfractions, which corre-
sponded to CM remnants (Fig.2A and 2B). More-
over, ezetimibe decreased the ApoB48 mass in plasma
in both groups. These results support the idea that
ezetimibe might have some modulating effect on
intestinal CM production. Thus, we further investi-
gated lipoproteins in the intestinal lymph, the intesti-
nal absorption of tritium-labeled FAs, and intestinal
mRNA expression of a variety of genes involved in
CM synthesis in both strains of mice in the postpran-
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Fig.3. Ezetimibe Reduces Postprandial TG and ApoB48 Mass in Intestinal Lymph of WT

and CD36KO Mice.

HPLC analysis showed thar ezetimibe (docted lines) reduced significandly the average postprandial
TG concentration in the intestinal lymph of CD36KO (A) and WT (B) mice in the postprandial
scate; this reduction was accompanied by a decrease in ApoB48 mass. Ezetimibe decreased che CM
peak in both groups, suggesting that it mighr act by lowering the production of intestine-derived

lipoproteins in che postprandial state.

dial stare with and without ezetimibe treatment.

Ezetimibe Reduces Postprandial TG and ApoB48
Mass in Intestinal Lymph of WT and CD36KO Mice

Ezetimibe reduced the postprandial TG concen-
tration significancly in intestinal lymph of both study
groups in the postprandial stare; this reduction was
accompanied by a decrease in apoB48 mass in lymph.
The highest peak in TG levels corresponded to the
CM fraction in treated and non-treated mice in both
groups. Ezetimibe decreased the CM peak, suggesting
thar it might act by lowering the production of inres-
tine-derived lipoproteins in the postprandial state in
both groups of mice (Fig. 3A and 3B).

‘Ezetimibe Reduces the Intestinal Absorption of

Radio-Labeled Triolein .

To investigate the possible mechanisms by which
ezetimibe reduced the intestinal TG secretion, we
evaluated intestinal FA absorption. Ezetimibe-treated
and non-treated mice from both strains were loaded
with 17 uL/g olive oil containing 3 pCi of [9,10-"H(IN)]
triolein. At 3 h after oral fat loading, ezetimibe signifi-
cantly reduced *H radioactivity in the plasma of both
strains (Fig.4A and 4B), establishing that there is a
reduction in intestinal FA absorption associated with
the administration of ezetimibe.
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Fig.4. Ezetimibe Reduces the Intestinal Absorption of
Labeled Triolein.

Treated and non-treated mice from CD36KO (A) and WT mice (B)
were loaded with 17 pL/g body weight of olive ol containing 3
pCi of [9,10-*H(N)] triolein. Three hours after oral fat loading,
ezetimibe reduced significancly *H radioactivity in plasma of both
groups. (*£<0.05)

Effect of Ezetimibe on the Transcriptional Regulation
of Genes Involved in Fatty Acid Transport, TG
Formation and CM Assembly in the Intestinal Cells
in the Postprandial State

To determine the molecular mechanisms
involved in the attenuation of PHTG by ezetimibe,
qRT-PCR using total mRNA isolated from the small
intestines was performed, and the expression of genes
associated with FA transport, TG formation and CM
assembly in the intestine of both strains treated and
non-treated with ezetimibe was examined.

In CD36KO mice, the mRNA levels of farty acid

transport protein 4 (FATP4), the only FATP in the
intestine, were significantly reduced by the adminis-
tration of ezetimibe, whereas the mRNA levels of fatty
acid binding protein 1 (FABP1) and FABP-2, which
are also associated with the transport of long-chain
FAs, were not changed significantly in the treated
groups. The mRNA expression of stearoyl-coenzyme
A desaturase 1 (SCD1), diacyl glycerol acyl transferase
1 (DGAT1), DGAT-2, and monoacyl glycerol acyl
transferase 2 (MGAT?2), all involved in the intracellu-
lar formation of TG in intestinal epithelial cells, did
not change significanty in the presence of ezetimibe.
Interestingly, ApoB mRNA was found to be decreased
in mice treated with ezetimibe; this reduction might
be associated with a decrease in the expression of
apobec-1 mRNA, one of the important factors and
components of the protein complex involved in the
mRNA edition of ApoB. The expression of microsome
triglyceride transfer protein (MTP), which has an
important role in CM assembly in intestinal cells, did
not change significantly in the presence of ezetimibe.
These results suggest that reduction in the hypertri-
glyceridemic response of ezetimibe in CD36KO mice
might be associated with a decrease in cholesterol
absorption, fatty acid transport and apo B48 synthe-
sis, resulting in the attenuated formation of CM by a
reduction of apoB48 mRNA (Fig. 5A).

In WT mice fed a western diet, the mRNA levels
of FATP4 and FABP2 were found to be reduced by
the administration of ezetimibe, while FABP1 and
CD36 were unaffected by this treatment; we also
found that SCD1, DGAT1 and DGAT2 were
decreased in treated mice. Moreover, in this group, we
also found that apoB mRNA was decreased, and this
reduction might be associated with a decrease in ACF
(apobec-1 complementary factor), a component of the
apoB mRNA editing complex. These results suggest
that ezetimibe reduces PHTG in WT mice by decreas-
ing fatty acid transport, TG formation and CM assem-
bly in intestinal epithelial cells (Fig. 5B).

We also identified an upregulation of fatry acid
synthase (FAS), and acetyl-Coenzyme A acetyitrans-
ferase 2 (ACAT?2) in both groups, which might be due
to compensatory responses to the reduction of farty
acid transport and CM production.

Discussion.

In the present study, we have investigated the
inhibitory effect of ezetimibe on PHTG in MetS using
two different animal models: WT mice fed a western,
high fat, high cholesterol diet; and CD36KO mice,
which is considered as a model of PHTG and a mono-
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Fig.5. Effect of Ezetimibe on the Transcriptional Regulation of Genes Involved in Fatty Acid Transport, TG Formation and CM
Assembly in the Intestinal Cells in the Postprandial State.

We performed qRT-PCR using toral mRNA isolated from intestines, and examined the expression of genes associated with FA transport, TG
formation and CM assembly for CD36KO (A) and found chat czetimibe administration significancly inhibited the expression of FATP4,
apoB and apobecl. In WT mice (B) ezetimibe decreased the expression of FATP4, FABP2, DGAT1, DGAT?2, SCDI, apoB and ACF signifi-
candy. There was also the upregulation of FAS and ACAT2, which could correspond to a compensatory response. In both cases, ezetimibe

decreased cthe expression of genes involved in FA metabolism and CM producrion.

genic model of MetS'". We have clucidated the possi-
ble molecular mechanisms responsible for the reduced
production of ApoB-48-containing lipoproteins in
intestinal. cplthehal cells. Because of the lack of hcpanc
NPCILI expression in mice*”, the usage of mice has
an advantage to ‘understanding the physmlogmal
mechanisms of lipid metabolism in the small intes-
tines as a main target of ezetimibe, contrary to human
subjects in which NPC1L1 is believed to be expressed
in both small intestines and the liver. Ezetimibe is a
strong inhibitor of cholesterol absorption via NPCILI,
and thus cholesterol incorporation into the CM syn-
thesized in the small intestines is reduced by ezetimibe
treatment. Therefore, the reduction of cholesterol con-
tent in CM and CM remnants may result in a
decreased cholesterol pool in the liver, leading to the
enhancement of hepatic LDL receptor. Thus, ezet-
mibe treatment may enhance the catabolism of LDL

via hepatic LDL receptor, resulting in the reduction of

LDL-cholesterol and possibly CM remnants. Further-

more, reduced cholesterol absorption may lead to the
loss of the substrate for CM formation and thereby to
attenuation of CM svnthem in the small intestines.

~ We found that, in both groups, WT mice fed a
high fat diet and CD36KO mice- fed a chow diet,
ezetimibe did not reduce plasma cholesterol concen-
trations sxgmﬁcandy in the fasting state (Fig.1B);
however, there remained a small, non-significant ten-
dency for the cholesterol content in plasma to fall in
both groups. This might be associated with increased
endogenous production of cholesterol in both the
intestine and liver in both models, possibly through
an increased expression of HMG-CoA synthase,
which should be further considered.

We also found that in WT mice fed a chow diet,
ezetimibe did not decrease postprandial TG levels
(Fig. 1A); however, when WT mice were fed a high-
fat, high-cholesterol diet, ezetimibe reduced the
PHTG to normal levels. This might suggest that ezeti-
mibe could reduce postprandial triglyceride levels in
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conditions of CM overproduction.

In a previous publication, our group found that
CD36KO mice have an increased TG response to
acute fat loads in both plasma and lymph!'Y. In the
current study, we found that CD36KO showed a
higher TG concentration than WT mice even in a
high fat loading state in intestinal lymph (Fig. 3); this
might suggest the hypothesis that CD36KO mice
would have a larger CM than WT mice. However,
since the CM fraction in our HPLC method was
included in the void volume, we could not determine
the specific size of individual parrticles in this fraction,
which is considered a whole group, and therefore, we
were not able to confirm whether there was really a
difference in particle size between these two groups.

The reduced absorption of long-chain FAs
observed in this study was in part associated with an
inhibitory effect on FATP4 in CD36KO mice as well
as the reduction of both FATP4 and FABP?2 intestinal
expression in WT mice. FATP4 is the only FATP
expressed in the intestines®”, is located in the ER of
the intestinal cells and has demonstrated acyl-CoA
synthetase activity, which decreases the intracellular
concentration of FAs, and would indirectly increase
FA uptake when the extracellular concentration is
high enough, as in the postprandial state?®. FATP4
has also been associated with obesity and the insulin-
resistant state™. Labonté ez 2/.?¥ reported a reduction
of the FATP4 amount in the intestines of both WT
mice receiving ezetimibe and NPC1L1 knockout mice
compared to WT controls. Although we did not mea-
sure the amount of FATP4 protein by Western blot-
ting, we found a decrease in the mRNA content in
both treated groups, suggesting inhibition of the regu-
lation of FATP4 at the transcriptional level, which
would lead to a decreased amount of FATP4. Taken
together, these findings suggest a close relationship
berween the presence of active NPCIL1 and the
. uptake, intracellular transport. and esterification” of

long-chain FAs.

In the current study, we also found that WT
mice fed a western diet under ezetimibe treatment
showed a reduced expression of DGAT'1 and DGAT?2,
two proteins involved in TG synchesis, located in the
ER®, as well as a decreased expression of SCDI,
which is an important lipogenic factor associated with
dietary saturated fat-related obesity?®. SCD1 has been
reported to colocalize and interact with DGAT2%,
suggesting a mechanism of the incorporation of endog-
enously synthesized FAs into TG. Therefore, ezetimibe
might also decrease PHTG in WT mice fed a western
diet by reducing the formation of TG in intestinal
cells.

Interestingly, in CD36KO mice, ezetimibe
administration inhibited only FATP4 expression in
the steps prior to CM assembly to reduce PHTG, but
not FABP2, nor any of the proteins involved in TG
production, as in WT mice, which might suggest that
FATP4 could play an essential role in FA metabolism
in the CD36KO model, different from WT mice,
which also supports the idea that intestinal lipid
metabolism in CD36KO mice is different from in
WT mice. :

On the other hand, we found that ezetimibe
administration reduced ApoB mRNA in both treated
groups, and moreover, ezetimibe decreased the mRNA
levels of apobecl in CD36KO mice and Apobec]
complementary factor (ACF) in WT mice. Whether
ezetimibe decreased ApoB48 mass in lymph only by
inhibiting the transcription or by enhancing the post-
transcriptional degradation of ApoB is not known yet,
and further examination will be required to gain a bet-
ter understanding of intestinal ApoB metabolism.

Apobecl is the catalytic subunit of the ApoB
editing complex; in the absence of apobecl, there is
no ApoB mRNA edition; apobecl KO mice lack
ApoB48, and the only ApoB found in this model is
ApoB100%®. In our study, ezetimibe decreased apo-
becl mRNA significantly in CD36KO mice; however,
we did not find any traces of ApoB100 in the intesti-
nal lymph collected; therefore, we presume that ApoB
mRNA edition was not so low as to make the entero-
cytes produce ApoB100-containing lipoproteins, but
decreased enough to reduce the production of ApoB48
which, in addition to the presence of low TG as a sub-
strate, led to reduced CM production.

Apobecl complementary facror (ACF), the RNA-
binding subunit of the editing complex, interacts with
both apobecl and ApoB mRNA, positioning the
ApoB mRNA structure in the optimal configuration
to expose the C residue to apobecl, and it has been
proposed to be responsible for the specificity of the -
reaction’”, and a stabilizer for apobec]®?. It has been
proposed that ACF plays a pivotal role independent of
apobecl, since attempts to generate ACF KO mice
were not successful beyond the blastocyst state, and
siRNA knockdown of ACF in rat and human cells
induced an increase in apoptosis. In heterozygote ACF
KO mice, ACF protein was found to be decreased in
the small intestines; however, intestinal ApoB mRNA
edition was not compromised®"”. From this evidence,
we could not draw the conclusion that the lowerin
effect of ezetimibe on the expression of ACF would be
actually relevant to ApoB mRNA edition and the pro-
duction of CM in WT mice.

We have summarized in Fig.6 the possible
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Fig. 6. Possible Mechanisms for che Inhibitory Effect of Ezetimibe on Postprandial Hypertriglyceridemia.

Administration of ezetimibe alone reduces PHTG by inhibiting cholesterol absorption and the expression of
genes involved in the uprake, intracellular crafficking and merabolism of long-chain FAs (FATP4 in both WT
and CD36KQ mice and FABP2 in WT mice only), as well as by decreasing the formation of TG (SCDT,
DGATT and DGAT2 in WT mice) and the expression of apoB (both WT and CD36KO mice), necessary for
che production of ApoB48-containing lipoproteins in the small intestine. Furthermore, reduced cholesterol
influx to the liver may lead to the up-regulation of hepatic LDL recepror, resulting in the enhanced caabolism

of LDL and CM remnants.

mechanisms for the inhibitory effect of ezetimibe
treatment on postprandial hypertriglyceridemia. The
administration of ezetrimibe alone reduces PHTG by
inhibiting cholesterol absorption and the expression of
genes involved in the uptake, intracellular trafficking
and the merabolism of long-chain FAs (FATP4 in
both WT and CD36KO mice and FABP2 in WT
mice only), as well as by decreasing the formation of
TG (SCD1, DGAT1 and DGAT2 in WT mice) and
the expression of ApoB (both WT and CD36KO
mice) necessary for the production of ApoB48-con-
taining lipoproteins in the small intestine. Further-
more, reduced cholesterol influx to the liver may lead
to the up-regulation of hepatic LDL recepror, resulting
in the enhanced catabolism of LDL and CM remnants.

In conclusion, ezetimibe alone reduces PHTG in
mouse models of MetS by inhibiting cholesterol
absorption and uptake, intracellular trafficking and
the merabolism of long-chain FAs, as well as decreas-
ing the formation of TG and the expression of apoB,
necessary for the production of apoB48-containing

lipoproteins in the small intestine. Thus, ezetimibe
strongly attenuates the intestinal production of CM,
-resulting in the inhibition of PHTG, which may even-
tually lead to the reduction of atherosclerosis in both
animal models and humans.
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Aim: Metabolic syndrome (MetS) and postprandial hypertriglyceridemia (PHTG) are closely related
and both are associated with coronary heart disease. We have demonstrated that CD36 deficiency is
prevalent in the genetic background of MetS and is accompanied by PHTG concomitantly with an
increase in remnants and a decrease in high density lipoprotein cholesterol. These findings make
CD36 knockout mice (CD36KO) an interesting model for evaluating PHTG in MetS. Fenofibrate
was reported to reduce fasting and postprandial triglyceride (TG) levels in hypertriglyceridemic sub-
jects with MetS. To define its mechanism, we investigated the effect of fenofibrate on PHTG in
CD36KO.

Methods: Wild-type (WT) and CD36KO mice were fed chow diet and fenofibrate for two weeks.
TG concentrations and lipoprotein profiles were assessed during fasting and in the postprandial stare
in plasma; intestinal mucesa and lymph were collected after oral fat loading for both treatment
groups.

Results: Fenofibrate treatment markedly suppressed the postprandial TG response in CD36KO along
with decreased apoB-48 levels in plasma. HPLC analysis depicted the decrease of TG content in chy-
lomicrons (CM) and CM remnant-sized lipoproteins contributed to this suppression, suggesting that
CM and CM remnant production in the intestines might be attenuated by fenofibrate. ApoB-48 and
TG levels in intestinal lymph were markedly reduced after treatment. Intestinal mRNA expression of
apoB was also reduced in the postprandial state after fenofibrate administration thhout affecting
any other genes related to CM assembly and production. ‘
Conclusion: Fenofibrate reduces PHTG in CD36KO partlally through attermatmg intestinal CM ‘
productlon :

J Atheroscler Thromb, 2010; 1 7:61 0-618.
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interrelated risk factors for cardiovascular disease that

Introduction include abnormally high serum triglyceride (TG) lev-

Metabolic syndrome (MetS), based upon the
accumularion of visceral fat, represents a clustering of
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els in the fasting state" ?. Metabolic syndrome pres-
ents as a challenge to the healthcare system, particu-
larty due to the increasing prevalence of overweighc/
obesiry and type 2 diabetes mellitus worldwide”.

The publication of meta-analyses pointing at
raised serum TG levels as an independent risk factor
for coronary heart disease highly suggests that TG-rich
lipoproteins, such as chylomlc.rons (CM), very low
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density lipoproteins (VLDL) and their remnants, are
atherogenic™?. Triglycerides are routinely measured in
the fasting state, excluding CM and their remnants;
however, elevated non-fasting TG levels were found to
be associated with an increased risk of coronary artery
disease, stroke and death in men and women®®, which
suggests atherosclerosis as a postprandial phenomenon
where CM and CM remnants would play an impor-
tant role. Thus, increased levels of non-fasting TG, as
well as increased levels of CM and CM remnants,
should constitute a potentially important predictor of
atherosclerotic cardiovascular diseases, and the strong
evidence supporting the independent atherogenicity
of these remnants” makes them appropriate targets
for lipid-lowering therapy.

CD36, also known as fatty acid (FA) translocase,
an 88 kD glycoprotein belonging to the scavenger
receptor class B, has been shown to bind multiple
ligands, including long-chain FAs and oxidized low
density lipoproteins'?. CD36 is broadly expressed in
many cells, such as monocyrtes, platelets, macrophages,
microvascular endothelial cells, adipocytes, skeletal and
cardiac myocytes, enterocytes and Kupffer cells'V.
Human CD36 deficiency is accompanied by multiple
risk factors, such as increased remnant lipoproteins
and low high density lipoproteins (HDL) cholesterol,
as well as impaired glucose metabolism, based upon
insulin resistance. These findings suggested that this
condition may be considered a genetic background
for MetS'>13). CD36 knockout (CD36KO) mice have
been also demonstrated to increase the postprandial
plasma TG and FA response after an acute oral fat
loading of more than 2-fold compared to wild-type
(WT) mice'”. We demonstrated a postprandial
increase of plasma CM-remnants with enhanced TG
synthesis in the small intestine of CD36KO compared
to WT mice and suggested that the main cause for the
postprandial clevation of TG in plasma was the e
novo synthesis of small-sized CM in enterocytes'.
These findings strongly suggest CD36KO mice as an
interesting model to evaluate postprandial hypertri-
glyceridemia in a MetS environment,

Peroxisome proliferator activated receptor (PPAR)
alpha is a ligand-activated transcription factor with
diverse functions, expressed in a variety of tissues'®,
and is activated by several synthetic compounds. Feno-
fibrate, a PPAR-a ligand, has been demonstrated to
reduce TG levels in fasting and postprandial states in a
cohort of hypertriglyceridemic subjects with MetS;
this TG-lowering effect resulted primarily from reduc-
tions in fasting and postprandial concentrations of
large and medium VLDL particles'”. Moreover, feno-
fibrate has been shown to reduce non-fatal myocardial

infarctions and coronary revascularizations in diabetic
patients’g).

To elucidate the effect of fenofibrate on post-
prandial hypertriglyceridemia in CD36KO mice, we
performed an oral fat-loading test before and after
fenofibrate treatment and demonstrated that fenofi-
brate reduced postprandial hypertriglyceridemia, thus
promoting a protective effect against atherosclerosis in
a mouse model for MetS.

Materials and Methods

Animals

Male CD36KO mice created on a C57BL6/]
background, which were kindly provided by Mason.
W. Freeman, M.D., Ph.D., Professor of Harvard Med-
ical School'”, and C57BL6/] WT mice at 8-10 weeks
of age were used for this experiment. Each strain of
mice was separated into two groups, which were fed
chow diet (MF, Oriental BioLaboratories, Chiba,
Japan) alone or chow diet containing 0.05% fenofi-
brate (Aska Pharmaceuticals, Tokyo, Japan) for 2
weeks. The mice were housed in a temperature-con-
trolled environment with a 12-hour dark-light cycle
and free access to food and water. The experimental
protocol was approved by the Ethics Review Commit-
tee for Animal Experimentation of Osaka University
Graduate School of Medicine (IEXAS). After 2 weeks
of treatment, each strain was fasted for 12 hours and
separated into two groups to be euthanized: in the
fasting state and three hours after acute ingesdon of
17 pL/g body weight of olive oil (Nacalai Tesque,
Kyoto, Japan) by gavaging.

Triglyceride Determination and Lipoprotein Analysis
of Plasma and Intestinal Lymph

Plasma and lymph TG concentrations were mea-
sured enzymatically (Wako Pure Chemical Industries,
Tokyo, Japan) according to the manufacturer’s proto-
col.

The plasma and lymph lipoprotein profile was
analyzed by an online dual enzymatic method using
high performance liquid chromatography (HPLC) at
Skylight Biotech Inc. (Akita, Japan)?®, where 200 pL
of plasma or lymph were dissolved in loading buffer
and loaded onto TSK gel Lipopropak XL columns.
Triglyceride concentrations in the flow-through were
measured continuously and simultaneously. The cor-
respondence of lipoprotein fractions (CM, VLDL,
LDL, and HDL-sized fractions) and the elution time
were CM (>80 nm, fraction time: 15-17 min), VLDL
(30-80 nm, fraction time: 17-22 min), LDL (16~30
nm, fraction time: 22-28 min), and HDL (8-16 nm,
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fraction time: 28-37 min).

Collection of Intestinal Lymph in the Postprandial
State

Five mice from each strain were loaded with olive
oil (17 uL/g body weight) after a fasting period of 12
hours. Three hours later, mice were anesthetized and
the intestinal lymphatic trunk was cannulated using a
27-gauge needle inserted into a polyethylene tube
(PE-50) previously flushed with EDTA-treated water,
according to the modified method described by Boll-
man et al.?.

Western Blot
One microliter of plasma or lymph was subjected
to 4-12% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE; TEFCO, Tokyo, Japan), transferred
onto an Immobilon-P transfer membrane (Millipore
Corp., USA) and blocked by Blocking One (Nacalai
Tesque, Kyoto, Japan) The membrane was then incu-
bated with anti-mouse apoB-48/B-100 antlbody
(BIODESIGN International, ME, USA) and anti-
rabbit IgG antibody (NA934V; GE Healthcare Back-
inghamshire, UK). Bands corresponding to apoB-100
and apoB-48 were detected with the ECL Advance
Detection Kit (GE Healthcare, UK).

RNA Extraction, cDNA Synthesis and Quantitative
Real-Time PCR

The small intestine from each animal was
removed, flushed with ice-cold phosphate-buffered
saline and divided into three sections of equal length,
the proximal two-thirds of the mucosa was gently
scraped and stored in RNAlater RNA stabilization
reagent (QIAGEN GmbH, Germany) at =20C-.

Total RNA from tissue samples was extracted
and purified using the RNeasy Lipid Tissue Mini Kit
(cat. 70804; QIAGEN GmbH, Germany). One
microgram of the total RNA was primed with 50
pmol of oligo (dT) 20 and transcripted with Super-
script I (Invitrogen, CA, USA) for first-strand cDNA
synthesis, according to the manufacturer’s protocol.
qRT-PCR was performed; DNA polymerase and
SYBR Green I (Finnzymes Oy, Espoo, Finland) were
set in a reaction volume of 20 pL containing gene-
specific primers (5 pM) and cDNA (corresponding to
-50 ng total RNA). The reaction was performed using
the DNA engine Opticon 2 real-time PCR detection
system (Bio-Rad Laboratories, Hercules, CA). The
272%¢T method of relative gene expression was
employed and a standard deviation of ct value of <0.3
was accepted. Results are expressed as arbitrary units
in comparison with the expression of GAPDH.

Primers for this Study
The sequence data of the genes were found in

* GenBank and the sequences of primers were designed

with Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi). GAPDH was used as a housekeep-
ing gene. The sequence and information for primers
used in this study are as follows: FATP-4 (GenBank
accession number NM_011989): 5’-atcaacaccaaccrr-
aggeg-3’ and 5’-aacccregtetgggtgactg-3’, FABP1 (NM_
017399): 5'-catccagaaagggaaggaca-3’ and 5'-tttccce-
agrcarggtcte-3’, FABP2 (NM_007980): 5’-trgetgtecgag-
aggrreet-3” and  5'-gertrgacaaggetggagac-3’, DGAT-1
(NM_010046): 5’-gtgcacaagrggrgcatcag-3’ and 5'-cag-
rgggatctgagecatc-3’, DGAT-2 (NM_026384): 5’-agtg-
geaatgcratcatcatcgt-3’ and  5’-aaggaataagtgggaacca-
gatca-3’, MGAT-2 (NM_177448): 5-gaagaagcagcat-
cagggac-3’ and 5’-gigtgggattagggegactt-3’, ApoB (NM_
009693): 5’-tgggattccatctgecatctegag-3’ and 5’-gtaga-
gatccatcacaggacaatg-3’, MTTP (NM_008642): 5'-cat-
grcagecatcergrerg-3’ and S—thgcgataccacagactva 3,
and GAPDH (NM_008084): 5 -actecacteacggeaaa-
tre-3” and 5’-terecatggrggtgaagaca-3’,

Statistical Analysis

The values are expressed as the means+S.D. Sta-
tistical significance was assessed by Student’s z-test for
paired values and set at p<0.05.

Resuits

Fenofibrate Reduces Postprandial Hypertriglyceri-
demia, as well as ApoB-100 and ApoB-48 Mass in
Wild-Type and CD36KO Mice in Fasting and
Postprandial States

CD36KO mice showed significantly higher
plasma TG levels than WT controls (638 + 123 mg/dL
vs. 168 £27 mg/dL, p<0.05) in the postprandial state
(Fig.1). Administration of fenofibrate decreased
plasma TG concentrations in the fasting state in boch .
WT (87 =32 vs. 21 =2 mg/dL, p<0.05) and CD36KO
mice (8211 vs. 2324 mg/dL, »<0.05). Moreover,
fenofibrate markedly reduced the postprandial plasma
TG concentration in CD36KO mice (638 =123 vs.
4520 mg/dL £<0.05), while the reduction of TG
in WT mice was somewhat modest compared to that
in CD36KO mice (16827 vs. 5214 mg/dL, p<
0.05). This marked diminution of the TG level in the
postprandial state in CD36KO mice after fenofibrate
treatment implies that fenofibrate could act more effi-
ciently in the postprandial state in the MetS environ-
ment. It is important to point out that fenofibrate
administration did not affect mouse weight signifi-
cantly during the 2-week treatment in both CD36KO
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Fig. 1. Fenofibrate decreased plasma TG levels in CD36 knockour and WT mice in fasting and

postprandial states.

(Upper panel) Addition of fenofibrate (gray) showed a significant decrease in TG levels in fasting and
postprandial states in WT and CD36KO mice; the TG reductions for WT and CD36KO mice were 3.2

and 13.9 times, respectively. (p<0.05)

(Lower panel) Representative Western blot images of apoB-100 and apoB-48 masses loaded the same

amount of plasma in each subgroup.

and WT groups compared to their chow diet controls
(data not shown).

To assess the effect of fenofibrate administration
on apoB-48 mass in the plasma of WT and CD36KO
mice in fasting and postprandial states, Western blot-
ting was performed. The amount of both apolipopro-
tein B isoforms, apoB-100 and apoB-48, in plasma was
markedly reduced after fenofibrate treatment in both
states and strains (Fig. 1), implying that both apoB-100-
and apoB-48-containing lipoproteins were reduced.

Fenofibrate Reduces Postprandial CM and VLDL-
Sized Particles in Plasma of CD36KO Mice

The plasma lipoprotein profile was analyzed by
automatic HPLC using a pool of 3 samples for each
group. CD36KO mice showed a marked increase in
postprandial TG levels of every lipoprotein fraction
compared to their WT controls before fenofibrate
administration. Among subfractions, a substantial dif-
ference between CD36KO and WT mice was demon-
strated in TG levels of CM and VLDL-sized particles,
which also include CM remnants, indicating that
CD36KO mice showed impaired TG-rich lipoprotein
metabolism in the postprandial state (Fig. 2A). Fenofi-
brate reduced postprandial TG levels in WT and
CD36KO mice mainly in these subfractions (Fig. 2B,

2C). Fig.2D shows the overall HPLC analysis of
CD36KO mouse plasma in the postprandial stare
before and after fenofibrate treatment. These results
raised the possibility that fenofibrate could modulate
intestinal CM production. Thus, we further investi-
gated the lipoproteins in the intestinal lymph and
intestinal mRINA expression of genes in CD36KO
mice in the postprandial state before and after fenofi-

brate treatment.

Fenofibrate Reduces Postprandial TG and ApoB-48
Mass in Intestinal Lymph of CD36KO Mice

Fenofibrate significantly reduced the postpran-
dial TG concentration in the intestinal lymph of
CD36KO mice in the postprandial state (18.6% 2.2 vs.
10.0+1.6 g/dL, p<0.05) accompanied by a decrease
in ApoB-48 mass (Fig.3A). The highest peak in TG
levels corresponded to the CM fraction in both treated
and non-treated mice, with a discrete elevation in the
VLDL-sized fraction, which corresponds to CM rem-
nants, since the obrained lymph lacked apoB-100
(Fig.3B). Fenofibrate decreased both CM and CM
remnant-sized curves, suggesting that fenofibrate
might decrease the production of intestine-derived
lipoproteins in the postprandial state in CD36KO
mice (Fig. 3B).
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Fig.2. Effccts of fenofibrate on lipoprotein fractions in plasma of CD36KO mice in

postprandial state.

(A) HPLC performed on plasma showed a higher 3-hour postprandial TG response of
CD36KO (solid line) than WT mice (dashed line). Fenofibrate treaument (black) decreased
postprandial plasma TG levels in CM (B) and VLDL-sized particles which also include CM
remnants (C). (D) Plasma HPLC curves in postprandial state before (solid black line) and
after (solid gray line) fenofibrate treatmenc in CD36KO mice

Fenofibrate is Involved in the Transcriptional

Regulation of Lipid Metabolism-Related Genes in

Intestine of CD36KO Mice in Postprandial State
To determine the possible mechanisms involved

in the attenuation of postprandial hypertriglyceri-
demia by fenofibrate, QRT-PCR using isolated total
intestinal mRINA was performed and the expression of
genes associated with FA and TG transport as well as
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Fig.3. Fenofibrate reduces postprandial TG and apoB-48 mass in intestinal lymph of

CD36KO mice.

(A) Fenofibrate treatment (black bar) significantly reduced postprandial TG in intestinal
lymph of CD36KO mice, and also notably decreased the apoB-48 mass 3 hours after the -
ingestion of a fat load. (B) HPLC curves of lymphatic lipoproteins in postprandial state
before (solid black line) and after (solid gray line) fenofibrate treatment in CD36KO mice.

CM assembly in the intestine of CD36KO mice
treated and non-treated with fenofibrate was exam-
ined. First we investigated the intestinal PPARalfa
expression to confirm the efficacy of fenofibrate treat-
ment in this experiment. Fenofibrate administrated
for two weeks to CD36KO mice increased the intesti-
nal mRNA expression of PPARalfa 2-fold.

The mRNA levels of fatty acid transport protein
(FATP)-4, and fatty acid binding proteins (FABP)-1
and FABP-2, which are highly associated with the
uptake and transport of long chain FAs, did not
change significantly in the presence of fenofibrare.

The mRNA expression of diacyl glycerol acyl transfer-
ase (DGAT)-1, DGAT-2, and monoacyl glicerol acyl
transferase (MGAT)-2, which are involved in the
intracellular formartion of TG in intestinal epithelial
cells, did not change significantly (Fig. 4).

ApoB mRNA was found to be decreased in mice
fed with fenofibrate, while the genes that participate
in apoB mRNA production, apobec-1 and apobec-1
complementation factor (ACF), were not affected sig-
nificantly, which suggests the decrease of inrestinal
apoB mRNA as a determinant factor in the inhibitory
action of fenofibrate on CM production (Fig. 4).
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Fig. 4. Fenofibrate was involved in the transcriptional regulation of lipid metabolism-related genes in the intestine of

CD36KO mice in postprandial state.

The mRNA expression of genes involved in intestinal TG manipulation and CM production were evaluated by qRT-PCR.
Fenofibrate decreased apoB mRNA in CD36KO mice in postprandial scate significanty (p<0.05). No significanc difference
was observed in the expression of genes that regulate apoB mRNA production, as well as in those associated with fatry acid

transport, TG formarion, and CM assembly.

Interestingly, microsome triglyceride transfer
protein (MTP) mRNA expression, considered to have
an important role in CM assembly in epithelial cells,
was not significantly altered by the presence of fenofi-
brate.

Discussion

The TG-lowering effect of fenofibrate has been
widely reported to occur mainly via the activation of
lipoprotein lipase (LPL) by increased hepatic LPL
mRNA levels and by suppression of liver mRNA levels
of apoCIll, which is a potent inhibitor of LPL. The
former was supported by the finding of a peroxisome
proliferator-response element (PPRE) in the human
LPL gene®”. Fenofibrate also down-regulates lipogenic
genes in the liver, such as fatty acid synthase, acetyl
CoA carboxylase, and DGAT-2, inducing hepatic FA
uptake and reducing FA synthesis and VLDL produc-
tion in hepatocytes, thereby directly affecting the
catabolism of TG-rich lipoprotein® 4.

As described above, the mechanism of action of
fenofibrate in the TG-lowering effect was largely cen-
tered on the liver and could explain in part the marked
reduction of VLDL-sized CM remnants observed in
the plasma of treated CD36KO mice (Fig.2D). How-
ever, lictle is known about the effect of fenofibrate on
TG metabolism in the intestine. We did not deter-
mine LPL activity in our study, already mentioned as
a crucial factor in the TG-lowering effect of fenofi-

brate, since we focused on the mechanisms concerning
the intestinal production of ApoB-containing lipopro-
teins. This study added a novel mechanism of the
TG-lowering effect of fibrates, that is, the production
of intestine-derived lipoproteins, CM and CM rem-
nant-sized particles, was inhibited by fenofibrate
(Fig.3B).

It is known that CD36KO mice present an
increased hypertriglyceridemic response to both oral
fat loading and chronic exposure to a high fac diet
compared to WT mice'?. Our laboratory previously
found an increased TG concentration and apoB-48
mass in the intestinal lymph of CD36KO mice in
fasting and postprandial states, without any alteration
in lipoprotein lipase (LPL) or hepatic lipase activity
between CD36KO and WT mice, highly suggesting -
that the postprandial hypertriglyceridemia observed in
this animal model is due to increased CM production
from the intestine'”. In the present study, we demon-
strated that the PPAR-a agonist fenofibrate was able
to decrease postprandial TG levels in plasma and
intestinal lymph of CD36KO mice.

Our results also showed a statistically significant
reduction in the postprandial apoB mRNA expression
of CD36KO mice treated wich fenofibrate, which
might suggest this as the mechanism responsible for
reduced CM production. However, the regulation of
apoB has been largely reported to be postrranscrip-
tional, although it is also true that most of these stud-
ies were not performed in intestinal cells but in hepa-



