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ciency in vivo. The D442G mutation was first identified in
two probands, although heterozygous for this mutation,
which had a 3-fold increase in HDL cholesterol and mark-
edly decreased plasma CETP activity and mass {17).
These data suggested that the D442G mutation might
have some dominant elfects on CETP and HDL in vivo.
This was confirmed in vitro by the expression of wild type
and mutant proteins in COS-7 cells. Cellular expression
of mutant cDNA results in secretion at only 30% of wild
type CETP activity. Moreover, co-expression of wild type
and mutant cDNA leads to inhibition of the secretion of
wild type CETP and activity. However, in the latter stud-
ies, the D442G heterozygous subjects had relatively high
CETP activity and mass and a wide range of HDL cho-
lesterol levels (18). Moreover, the specific activity of
plasma CETP in the homozygous subjects with the
D442G mutation was similar to that of the wild type (21).
Therefore, as the authors explained in the discussion,
other unknown factors contributed to the increased HDL
in the two probands. The R282C mutation was found in
only one compound heterozygote with the D442G muta-
tion, whose plasma CETP levels were significantly lower
when compared with those in D442G heterozygous sub-
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jects (21). The mutant CETP showed a marked reduction
in the secretion of CETP protein into media from trans-
fected COS-7 cells {39% of wild type). Arginine at codon
282, a positively charged residue, is thought to be in the
vicinity of the C-terminal pocket and interacts with the
phosphate group of a bound phospholipid (31). Arginine
at codon 282 is likely to be structurally rather than func-
tionally impertant because the specific activity of the
R282C mutant was similar to that of the wild type in the
transfection experiment.

Association of plasma CETP levels and lipid
profiles with CETP mutations

Table 2 shows the lipid profiles and plasma CETP lev-
els of the HALP subjects with the common CETP gene
mutations (HDL cholesterol = 2.07 mmol/l = 80 mg/d!)
{20, 21). The plasma CETP concentrations determined
by sandwich ELISA in 211 normolipidemic male subjects
and female subjects without the known CETP gene mu-
tations were 1.93 = 0.50 ug/ml {(mean = SD) and 2.36 =
0.66 ng/ml, respectively. The plasma CETP mass and
activity were not detected in the homozygous subjects
with the Int14 + 1 G — A mutation. The subjects with the

Table 2. Lipid profiles and plasma CETF levels in HALP subjects with the common mutations of the CETP gene.

Int14 +1 G - AHE

Mutation Mt1d+1 G —AHE Int14+1G—=AHO D442G HE D442G HO / DA42G HE Controls
{n=58) (n=29) (n=84) (n=12) {rn=24) (n=90)

Sex M/F 22/36 M/F 17/12 M/F 25/59 M/F 3/9 M/F 10/14 M/F 53/37

Age, years 41 = 15* 37 220 57 = 31+ 55 = 16%% 52 = Qe 32 =6

Total cholesterol, 5.92 = 1,07% 7.01 2 1,42% G.15 = 1.16"~ 5.74 = 0.57"+ 5,92 = 1,03** 442 =+ 0.59
mmol/l

HDL cholesterol, 2.72 » 0.52%* 4,03 = 0.83%% 2.51 = 0,36%* 2.74 = 0.49%# 3.21 = Q.80+ 1.55 +£0.34
mmol/l

Triglyceride, 1.01 = 0.60 1.29 = 0.66* 0.8% = 0.51 0.82 = 0.37 0.84 «{.45 1.03 = 0.67
mmol/i

LDL cholesterol, 2.74 = 1.06 235=0.78 3.23 = 1.14%+ 266 =0.70 2.56 = 0.98 2.48 2 0.62
mmol/l

Apo A-l, mg/dl 195 & 32 224 = 56 190 + 37+ 205 = 26+ 206 = 52% 123 = 16

Apo A-It, mg/di 36.6 =82 40.9 = 10.3%* 354 7.3 38.0 = 9.8 40.7 =10.4%+ 336 =51

Apoc B, mg/d 85 + 22 77 29 Q3 = 27 77 218 81 =25 79 =17

Apc C-ll, mg/d 5.0 & 1.4%* 7.5 2 2.3 4.6 £1.3%* 4513 5.4 x1.6% 37=x12

Apec C-lII, mg/dl 12,2 = 3.4%+ 22,2 £ 10,0 12.0 = 3.2+ 115 = 2.1* 15.0 = 5.8%% 8.5 =40

Apo E, mg/dl 53 +1.6% 9.9 3 4.3 5.9 x2.2%* 6.6 + 2.2%* 7.5 = 2.94% 4609

CETP mass, ng/ml 1.4 2 0.5 0.0 « 0.0 2.0 = Q.64 1.2 2 0.3 0.6 =0.1%+ 24:08

CETP activity, % 61 = 20%* 2 + 3+ 86 + 194w 61 + §** 29 3% 100 + 19

HE indicates heterczygote, HO: homozygote, In114 + 1 G — A HE/D442G HE, compound helerozygote for Int14 + 1 G — A and D442G.
Values are expressed as mean = SD. * p <0.01, ** p <0.001 compared with control subjects.
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heterozygous Int14 + 1 G — A mutaticn had about half
the CETP mass of the normal controls. On the other hand,
the CETP conceniration in the subjects with the homozy-
gous D442G mutation was 0.72 = 0.16 pg/ml and 1.23 +
0.27 pg/mt, for the males and females, respectively, but
in the heterozygous subjects was 1.56 = 0.42 ng/ml and
2.09 = 0.56 pg/ml, for the males and females, respec-
tively, showing only a mild change (2 17% decrease).
The specific activity of plasma CETP in the subjects with
the D442G mutation was similar to that in the
normolipidemic controls without CETP gene mutations.
In each genotype with the common CETP mutations ex-
cept for the homozygous Int14 + 1 G — A mutaticn, the
mean plasma CETP levels in the male subjects were sig-
nificantly lower than those of the female subjects,

Among the completely CETP-deficient subjects, the
homozygous subjects with the Int14 + 1 G — A mutation
had markedly elevated levels of HDL cholesterol (3-6-
fold increase), while the heterozygous subjects had mod-
erately increased HDL cholesterol levels (12, 13, 15, 16,
18, 20, 21, 35). The TG levels of the subjects were slightly
increased compared with those of the controls. The con-
cenirations of apo A-l, C-Il, C-lll and E in CETP defi-
ciency were also markedly increased, while the apo B
level was normal or slightly decreased. These increases
in apo C-lll and E are derived from the increment of HDL
particles containing apo C-lll and E. In subjects with other
genotypes of common CETP gene mutations, the plasma
HDL cholesterol levels and the concentrations of apo A-
I, A-1l, C-II, C-IIl and E were significantly increased, al-
though the difference was not so marked compared with
that for the homozygous int14 + 1 G — A mutation.
Among the subjects with two common CETP gene mu-
tations, CETP activity and mass concentration were nega-
tively correlated with plasma HDL cholesterol, apo A-l,
A-ll, C-1l, C-ll and E, and positively with plasma LDL cho-
lestercl.

Effect of CETP gene polymorphisms on plasma
CETP mass and HDL cholesterol in the heterozy-
gous subjects with common CETP gene muta-
tions

Several common polymorphisms have been reported
in the human CETP gene including — 629 A/C in promoter
region (36), TaglB polymorphism in intron 1 {37), Mspl in
intron 8 (37) and 1405V in exon 14 {11). Among these
polymorphisms, TaqlB polymorphism has been intensely
studied, althcugh the polymorphism is not expected to
directly influence CETP transcriptional regulation or RNA
splicing but rather to affect CETP gene expression, due
to its location in intron 1 (+ 279 G/A). In normolipidemic
subjects, the B2 allele (absence of the TagIB restriction
site} at this pelymorphism site has been associated with
decreased CETP levels and increased HDL cholestercl
levels {(38-42), thus resembling a mild phenctype of CETP

deficiency. Moreover, it has been shown that the TzglB-
B2 allele had a dose-dependent association with CHD
risk in many studies including the Framingham Ofispring
Study (43), although this association may be population-
specific and highty influenced by envirenmental factors,
such as alcoho! consumption and smoking.

Our results suggested that the TaglB-B2 allele is asso-
ciated with both lower plasma CETP concentrations and
higher HDL cholesterol levels in subjects not only with-
out CETP gene mutations, but also with heterozygous
CETP deficiency; this association was also observed in
the heterozygous subjects with the Int14 + 1 G — Amu-
tation, but not significantly (Tatsle 3). The linkage disequi-
librium that we have observed among 4 different poly-
morphisms and 2 common mutations in the Japanese,
the CETP gene splitting into a 5' haplotype block and a
3' haplotype block, is similar to that observed previously
in Caucasians (44, 45). Table 4 summarizes the haplo-
type based on 4 polymorphisms in homozygous subjects
with Int14 + 1 G — A or D442G mutations. The 4 poly-
morphisms generated B8 main haplotypes in
normolipidemic subjects without CETP gene mutations.
On the other hand, in the homozygous subjects with the
Int14 + 1 G — A mutation, all had 1 haplotype, and the
homozygous subjects for 0442G had 2 main haplotypes.
These results seem to be supported by studies investi-
gating the association between common CETP gene mu-
tations and polymorphism(s) {15, 47, 48). Thus, we de-
termined the haplotypes of the normal allele in the het-
erozygous subjects with common CETP gene mutations
when haplotype analysis was performed. Moreover, there
are some haplotypes in the D442G mutation of the CETP
gene, and this mutation is frequent in West Asian popu-
lations. It is suggested that the D442G mutation origi-
nated earlier than the Int14 + 1 G — A mutation.

Recently, Lu et al. investigated in detail the association
between promoter polymorphisms and CETP/HDL cho-
lesterol in a sample of 357 elderly Japanese men (49).
Their haplotype analyses indicated that the — 2,505 C/A
polymorphism {50) and 1,948 VNTR [gaaa]n (51) might
explain the variations in the CETP concentrations, and
may independently determine the variations in HDL cho-
lestercl levels, whereas the - 629 A/C and TaglIB poly-
morphisms were not instrumental in determining CETP
concentrations or HOL cholesterol levels. The importance
of 1,846 VNTR for plasma HDL cholesierol was also de-
scribed by Thompson et af{45). 1,946 VNTR seems to
be significantly associated with CETP/HDL cholesterol,
even in heterozygous subjects with common CETP gene
mutations.

Lipoprotein abnormalities in homozygous CETP
deficiency

In 1884, we described two patients with marked HALP
who suffered from angina pectoris and premature cor-
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Table 3. Relationship of the CETP TaglB polymorphism 1o plasma CETP mass and HDL cholesterol levels in Japanese
subjects who had the common CETP mutalions.

(A} Normolipidemnic subjects without CETP gene mutations

Male Female
n CETP mass {ng/mi) HDL-C {(mmol/) n CETP mass {ng/mi) HDL-C {mmol/l)
B181 42 2.05 +0.50 1.06 =0.28 25 2.61 = 0.61 1.26 = 0.36
B1B2 77 1.95 =049 1.19 = 0.30 26 230058 1.29 =0.32
B2B2 28 1.72 =045 1.23 £ 0.35 13 1.95 2 0.72 1.52 + 0,45
p 0.023 0.035 : 0.013 0.133

(B) Heterozygous subjects with Int14 +1 G — A mulation

Male Female
n CETP mass [jg/ml} HDL-C (mmol/l) n CETP mass (ug/ml) HDL-C {mmol/})
B1B1 13 122 + 046 2.20 = 0.70 17 1.66 = 0.4 2.64 + 065
B182 13 1.03 = 0.30 2.48 =+ 0.83 22 1.24 = 0.27 2.61 =0.41
B2B2 0 - : - 0 - -
P 0.159 0.360 0.003 0.893

{C) Heterozygous subjects with D442G mutation

Male : Female
n CETP mass {pg/ml) HDL-C {(mmol/) n CETP mass {ug/ml} HDL-C {mmol/i
B1B1 23 1.85 = 0.47 1.53 = 0.52 36 2.08 2045 1.91 2 0.49
B1B2 35 1.59 = 0.44 1.71 £ 0.65 48 2.06 +065 . 2.02 +0.54
B2B2 13 1.36 £ 0.37 2.09 =0.41 20 1.66 = 0.50 2.40 = 0.54
p 0037 0.024 0.044 0.004

Table 4. Reconstructed haplotype frequencies for - 629 A/C, TaqglB, Int7 + & C/T and 1405V polymorphisms of the CETP
gene. ‘ .

Haplotype Frequency

-629 A/C TaglB Int7 + 8 C/T 1405V (A/G) Int14 +1 G- AHO D442G HO Controls

{n=238) (n=17) {n=227}
1 C B1 c A 0.000 0.349 0.315
2 A B2 T G 0.000 0.000 0.290
3 c B1 C G 0.000 0.060 0.130
4 A B2 c G 0.000 0.000 0.096
5 A B1 c A 1.000 0.033 0.064
6 A Bi C G 0.000 0.000 0.049
7 A B2 T A 0.000 0.616 0.026
8 A B2 C A 0.0GD 0.000 0.024
g c B1 T A 0.000 0.000 0.003
10 Cc B2 Cc A 0.000 0.000 0.002
11 c B2 T A 0.000 .01 0.000

HO indicates homozygote. Control subjects had no known murtations of the CETP gene. Haplotypes were reconstructed using
the PHASE program {version 1.0) (Ref. 45).
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neal opacity. We hypothesized that marked HALP is not
always beneficial, but can be athergenic (52). We exten-
sively analyzed lipoproteins from CETP-deficient sub-
jects, and demenstrated that LOL and HDL were abnor-
mal biochemically and biologically. Fig. 2 summarizes
the characteristics of plasma lipids and lipoproteins in
CETP-deficient subjects homozygous forthe Int1i4 +1 G
- A mutation. The subjects showed extremely high HDL
cholesterol and relatively low LDL cholesterol levels. The
increase in HDL cholesterol was attributed to the increase
in HDL, cholesterol, while HDL; cholesterol was not in-
creased. Large and apolipoprotein E-rich HDL particles
accumulated in the plasma of the CETP-deficient sub-
jects {53}, HDL particles in CETP deficiency, which are
more enriched with CE but poorer in TG than control HDL,
had a reduced capacity Tor inhibiting acetyl LDL-induced
accumulation of CE in mouse peritoneal macrophages,
and less capacity than normal HDL; for cholesterol efflux
from macrophages preloaded with CE by acetylated LDL
{54). This suggests that large CE-rich HDL, particles from
CETP-deficient subjects do not have an anti-atherogenic
function. Two types of HDL particles exist in human
plasma: HDL particles containing only apo A-1 {LpA-1) and
those containing both apo A-l and A-ll {LpA-I/A-11). The
LpA-1 level is low in subjects with CETP deficiency, re-
sulting in a significant decrease in the efflux and LCAT-
mediated esterification of cholesterol {55). Furthermore,
Oliveira et al. demonstrated that the esterification of cho-
lesterol was reduced in subjects with both heterozygous
and homozygous CETP deficiency (56).

A stable isotope study demonstrated that the fractional
catabolic rates (FCRs) of apo A-l and A-ll were signifi-
cantly reduced in CETP-deficient subjects, whereas the
rates of apo A-1 and apo A-ll production were normal
(57). Thus, hemozygous CETP deficiency causes a
marked delay in the catabolism of apc A-1 and A-Il. In
contrast, the FCRs of apo B were significantly increased
in the subjects, while the production rate of apo B was
slightly decreased (58). However, the LOL particles from
CETP-deficient subjects are small and very heteroge-
neous {polydisperse LDL) and apo B-rich (59, 60}. These
particles have a reduced afiinity to the LDL receptor of
fibroblasts (61), which may be susceptible to in vivo oxi-
dation (Fig. 2). In fact, plasma oxidized-LDL is increased
in CETP-deficient subjects (62). Taken together, homozy-
gous CETP deficiency causes functional abnormalities
as well as compositional changes in both HDL and LDL.
Further analysis is essential to investigate whether het-
erozygous CETP-deficient subjects have lipoprotein ab-
normalities similar to those of homozygous CETP-defi-
cient subjects, and to determine the other HDL functions,
such as anti-oxidant, anti-thrombotic and anti-inflamma-
tory properties.

Relationship hetween CETP deficiency and
atherosclerosis

Several epidemiological studies in the Japanese have
investigated the athercgenicity of CETP deficiency. We
found a unigue area in the northern part of Japan called
Omagari (Akita Prefecture), where a null type mutation,
Int14 + 1 G -» A, of the CETP gene was present in high
frequency (63). The prevalence of marked HALP and the
Int14 + 1 G — A mutaticn were 10-fold and 20-fold higher
in this area than in other areas of Japan, respectively.
This discovery provided us with an opportunity to ascer-
tain whether or not marked HALP caused by CETP gene
mutation is associated with longevity. The prevalence of
both the Int14 + 1 G — A mutation and marked HALP
declined with aging. Furthermore, we examined the rela-
tionship between HDL cholesterol levels and ischemic
ECG changes, showing that the negative correlations
which have been demonstrated by numerous epidemio-
logic studies were observed only in the range of HOL
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Fig. 2. Lipoprotein abnermalities in CETP deficient subjects
homozygous fer Int14 + 1 G — A, null mutation. {A) Biochemi-
cal characteristics of lipoproteins in CETP deficiency, Left panel:
Plasma lipoproteins (d < 1.210 g/m!) were run on 4-30% of
nondenaturing polyacrylamide gradient gel electrophoresis.
Right paneis: Summary of biochemical characteristics. (B}
Atherogenic properties of LOL {Left panel) as wefl as HDL (Right
panel) in CETP deficiency. Left panel: The affinity of LDL for
LDL receptor was examined. LDL from CETP deficiency had
reduced binding ability 1o LDL recepior on human skin fibro-
blasts, Right pane!: Preventive effect of HDL on the accumula-
tion of chalesterol in mouse periloneal macrophages was ex-
amined. HDL from CETP deficiency had no preventive effect.
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cholesterol < 1.81 mmol/l = 70 mg/dl. In the range of
HDL cholesterol = 1.81 mmol/, the incidence of ischemia
was, rather, increased {Fig. 3). These results show that
CETP deficiency is not associated with longevity, but in-
stead may be atherogenic. Recently, we performed the
guantification of atherosclerotic areas in CETP deficiency
with HDL cholestere! = 2.59 mmol/l. Subjects with any
known major risk factors including hypertension, diabe-
tes mellitus, high LDL cholesterol, smoking and obesity
were excluded from this study. Parameters tested were
plaque score (P8} in the carotid artery and pulse wave
velocity (PWV} from the aortic root to the femoral artery,
Both PS and PWV were higher in subjects with CETP
deficiency, compared with those of age- and sex-
matched controls, suggesting that CETP deficiency is
substantially atherogenic.

Two other epidemioclogical studies were reported in
populations with the D442G missense mutation. One of
them was performed in Japanese-American men living
in Hawaii {(Honolulu Heart Program) (64}, the other in the
Japanese population living in Kochi Prefecture, Japan
(65). In 3,496 Japanese-American men living in Hawaii,
the incidence of CHD was higher in subjects with the
D442G mutation than in those without mutations, al-
though the difference was significant only in subjects
whaose HDL cholesterol level was between 1.06 and 1.55
mmol/l {40-60 mg/dl). However, men with increased HDL
levels { >1.55 mmol/) in this population had a low risk of
CHD, irrespective of the presence or absence of the CETP
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Fig. 3. Relationship between plasima high density lipoprotein
{HDL) cholestercl levels and the incidence of ischemic ECG
changes in Omagari {modified from Ref. 61). -, denotes the
incidence of an ST-segment depression of > 1 mm in the sub-
jects in each HDL cholesterol range.
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gene mutation, appearing to be prolected against ath-
erosclerosis. The other study in the Kochi Prefecture dem-
onstrated results similar to those in the Japanese-Ameri-
can men living in Hawaii.

The above data show that CETP deficiency is athero-
genic, but that atherogenicity in CETP deficiency is not
atways correlated with the level of plasma HDL choles-
terol. Thus, further analysis is essential for the complete
understanding of the atherogenicity of CETF deficiency.

Conclusion

CETP deficiency is the most imporlant and common

_ cause of HALP in the Japanese. Further analysis is es-

sential for the complete understanding of the
atherogenicity of human CETP deficiency, especially the
heterozygous deficiency.
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Abstract

We investigated the effects of [enofibrate, peroxisome proliferator-activated receptors (PPARs) agonist, on endothelial function in patients
with hypertriglyceridemia. We administered placebo or fenofibrate 200 mg daily to 25 patients with hypertriglyceridemia for 8 weeks. This
study was randomized, double-blind, placebo-controlled, crossover in design. Compared with placebo, lenofibrate significantly changed
lipoprotein levels Including non-HDL cholesterol and significantly improved the percent flow-mediated dilator response to hyperemia by
33 & 6% (P < 0.001) and lowered plasma levels of tumar necrosis factor- by 13 £ 3% (P = 0.002). Fenofibrate reduced fibrinogen and
plasminogen activator inhibitor type I antigen levels by 173 and 10£3%, respectively (P < 0.001 and P = (.014, respectively). However,
fenofibrate did not significantly change plasma levels of nitrate, malondialdehyde, tissue factor activity, and serological markers of plaque
stabilization. Fenofibrate significantly changed lipoprotein levels and improved the percent flow-mediated dilator response to hyperemia as

well as lowered levels of tumor necrosis factor-o (TNF-), fibrinogen, and plasminogen activator inhibitor type | antigen.

© 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords: Fibrale; Hyperlipidemia; Endothelial function; Atherosclerosis

1. Introduction

Endothelial dysfunction of epicardial coronary arteries
precedes development of atherosclerotic disease that is ei-
ther angiographically apparent or of sufficient obstructive
severity to cause myocardial ischemia and angina pectoris
[1]. Patients with coronary heart disease or risk factors
for coronary heart disease have been associated with im-
paired functions of the endothelium [2]. The vessel wall
in these conditions may promote inflammation, smooth
muscle proliferation, extracellular matrix deposition or ly-
sis, and thrombus formation. All of these consequences of
endothelial dysfunction contribute to development and ¢lin-
ical expression of atherosclerosis. Nitric oxide (NO) plays

* Corresponding author, Tel.: +82-32-460-3683;
fax: -+82-32-460-3117/467-9302,
E-mail address; Ywangk@ghil.com (K. Kon Koh).

a pivotal role in maintaining vascular health and protecting
from vascular injury under these pathological conditions.

Plaque disruption and thrombosis remains an impor-
tant cause of acute coronary syndrome. High-risk lesions
are not necessarily the angiographically severe stenosis.
Rather, unstable vulnerable lesions have large lipid cores
and thin fibrous caps. Plaque instability relates closely to
the development of inflammation within the intima. Acute
coronary syndromes usually result from rupture of a vul-
nerable atherosclerotic plague mechanistically linked to the
inflammatory process. Matrix metalloproteinase (MMP),
tissue inhibitor of matrix metalloproteinase (TIMP), tis-
sue factor (TF), and. plasminogen activator inhibitor type-1
(PAL-1) within the plaque are the major components in
determining the plaque instability and thrombogenicity
(2,3].

Clinical trials of fibric acid derivatives therapy demon-
strate an improvement in cardiovascular end points and

0021-5150/3 - see from matter © 2004 Elsevier Ireland Lid. All rights reserved.
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coronary stenosis [4]. Peroxisome proliferator-activated re-
ceptors (PPARs) are nuclear receptors activated by fatty
acids and derivatives. PPAR« mediates the hypolipidemic
action of fibrates and is highly expressed in tissues such
as heart, where it stimulates the B-oxidative degradation of
fatty acids. PPARa controls plasma levels of cholesterol and
triglycerides, which constitute major risk factors for coro-
nary heart disease. Furthermore, experimental studijes have
shown that PPAR« regulates the expression of key proteins
involved in all stages of atherogenesis, such as vascular
inflammation, plaque stability, and thrombosis, suggesting
that PPARa exerts direct anti-atherogenic actions at the
level of the vascular wall [5). These direct vascular effects
of fibrates may contribute to the cardiovascular event re-
duction and explain the clinical benefit in these clinical
trials.

Cholesterol level lowering in experimental models was
accompanied by a reduction of extracellular matrix and TF
within atherosclerotic plaque [6,7]. Accordingly, the mech-
anism of fibrates therapy on the reduction of cardiovascular
risk may be mediated by inhibiting vascular inflammation
and thrombosis and stabilizing plaque. Thus, we investigated
the vascular effects of fenofibrate such as vasomotor func-
tion, inflammation, plaque stability and hemostasis in pa-
tients with hypertriglyceridemia and further, the mechanism
of regulation suggested by experimental studies [8-13].

2. Methods
2.1, Study population and design

This study was randomized, double-blind, placebo-con-
trolled, crossover in design. None were diabetic, smokers,
or had previous angina. We administered placebo or fenofi-
brate 200 mg daily to 25 patients with hypertriglyceridemia
(>200 mg/dl} for § weeks, with the second treatment period
initiated upon completion of the first treatment period (with-
out washout phase). Any medications were not allowed dur-
ing the study period to avoid other drugs’ effects. The study
was approved by the Gil Hospital Institute Review Board
and al] participants gave written, informed consent.

2.2. Laboratory assays

Blood samples for laboratory assays were obtained at
approximately 8:00 a.m. following overnight fasting at
baseline and at the end of each treatment period, and im-
mediately coded so that investigators performing laboratory
assays were blinded to subject identity or study sequence.
Assays for lipids, fibrinogen, plasma nitrate (using the
Griess reaction), malondialdehyde (MDA), tumor necrosis
factor (TNF)-o, MMP-9 activity (Fluorokine® E Active
MMP-9 kit), TIMP-1, and serum C-reactive protein (CRP)
were performed in duplicate by ELISA (R&D Systems
Inc., Minneapolis, MN, USA; BIOXYTECH® LPO-586,

Oxis Research, Portland, OR, USA; rate nephelometry;
IMMAGE®, Beckman Coulter, Brea, CA, USA) as previ-
ously described [14-18]. Assay for PAI-l antigens and TF
activity were measured in duplicates by ELISA (Biopool)
and actichrome assays (American Diagnostica, Greenwich,
CT) as previousty described [16,17]. All samples from the
same patient (batch samples) were measured in blinded
pairs on the same ELISA kit to minimize run-to-run vari-
ability. The inter- and intra-assay coefficients of variation
were <6%.

2.3. Vascular stucies

Imaging studies of the right brachial artery were per-
formed using a ATL HDI 3000 ultrasound machine equipped
with a 10MHz linear-array transducer, based on a pre-
viously published technique [15,16,18). Measurements
were performed by two independent investigators (D.K.J.
and H.S.K.) blinded to the subject’s identity and medi-
cation status. Measurements of maximum diameter and
percent flow-mediated dilation were made in 10 studies
selected at random. The inter- and intra-observer variabil-
ity for repeated measurement of maximum diameter were
0.004£.0.039 and 0.005£0.089 mn, respectively. The inter-
and intra-observer variability for repeated measurement of

Table 1
Effects of Fenofibrate in hyperiryglyceridemic patients

Variables Placebo Fenofibratc
Lipids {mg/dl)

Total cholesterol 198 £ 5 191 £ 7

Triglycerides 54+ 12 137 £ J1**

ApoB 109 £ 2 96 + 3**

HOL chelesterol 42 4+ 2 54 & 2+

ApoA-I 146 + 4 166 + 5***

Non-HDL cholesterol 156 £ 5 137 4 7**
Vasomotor function (%)

Flow-mediated dilation 499 £ 033 6.33 £ 034

Nitroglycerin dilation 13.70 £ 0.58 1427 £ D64

Nitrate (wmol/t) 98 4+ 9 98 + ¢

Malondialdehyde (nM) 098 + 0.10 1.20 & 0.12
Cytokines

TNF-a (pg/mi) 1.64 £ 0.10 143 £ 001

C-reactive protein {mg/dl) 017 (0,11-0.28) 0.1 (0.11-0.26)
Plaque stability

MMP-9 activity (ng/ml) 90 + 13 7+9

TIMP-1 (ng/ml) 9214 93 £ 4

MMP-9 activity/TIMP-1 092 £ 0.13 0.80 £ 0.1
Hemostasis

Fibrinogen (mg/dl} 8 +9 236 £ 9***

Tissue factor (nM) 096 + Q.16 093 £ 014

PAL-L (ng/m!) G4+ 7 84 £+ 7

Daia are expressed as means = S.E.M. Non-HDL cholesterel = 1otal
cholesterol — HDL cholesterol [30].

* P<0.05,
= P <00l
** P < 0.00! vs. placebo.
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~percent  flow-mediated dilation were 0.07 £ 1.27 and
0.15 £ 1.24%, respectively.

2.4. Statistical analysis

Data are expressed as mean £ S.EM. or median
(range:25-75%). After testing data for normality, we used
Student’s paired ¢ test or Wilcoxon Signed Rank test to
compare values after placebo and fenofibrate therapies,
as reported in Table 1. We calculated that 25 subiects
will provide 80% power for detecting difference of ab-
solute increase 1.3% or greater flow-mediated dilation of
the brachial artery on fenofibrate compared with placebo,
with o = 0.05. The comparisen of endothelium-dependent
dilation between placebo and fenofibrate therapies was
prospectively designated as the primary end-point of the
study. For a conservative analysis, a P-value less than the
Bonferroni-adjusted « of 0.05/12 = 0.004 was deemed as
statistically significant for each of the 12 parameters that
underwent statistical comparison in the study. Pearson or
Spearman correlation coefficient analysis was used to assess
associations between measured parameters,

3. Results

Baseline total cholesterol, triglyceride, high-density
lipoprotein  (HDL) cholesterol, non-HDL cholesterol,
apolipoprotein B, and apolipoprotein A-Ilevels were 201£6,
346 4+ 11, 43 £2, 161 £ 6, 106 £ 3, and 148 £ 4 mg/dl,
respectively. The mean age was 51 £ 2 years and 15 (60%)
were male, Mean body mass index was 24.9 £ 0.6.

To assess the possibility of a carryover effect from the ini-
tial treatment periods to the next treatment period, we com-
pared the percent changes of (1) the first treatment placebo
and the second treatment placebo (2) the first treatment
fenofibrate and the second treatment fenofibrate, relative to
baseline values. There were no significant differences in
baseline values, vascular function (diameter and flow) and
serclogical markers between each group. No significant dif-
ferences were found in above two comparisons, (data not
shown),

3.1. Effects of therapies on lipids and vasomotor function

Compared with placebo, fenofibrate significantly changed
lipoprotein levels. As expected, fenofibrate decreased to-
tal cholesterol, non-HDL cholesterol, apolipoprotein B,
and triglyceride and increased HDL-C and apolipopro-
tein A-I. Fenofibrate significantly improved the percent
flow-mediated dilator response to hyperemia by 33 £ 6%
(P < 0.001, Fig. 1), however, the brachial artery dilator
response to nitroglycerin was not significantly changed
(P = 0.200). Fenofibrate did not change plasma levels of
nitrate and MDA,

20

P<0.001

15 1

Placebo Fenofibrate

Fig. 1. Flow-mediated dilation on fenofibrate. Compared with placebo,
fenofibrate significantly improved the percent fow-mediated dilator re-
sponse to hyperemia. Mean values are identified by open circles.

3.2, Effects of therapies on TNF-ac and markers of
plaque stability .

Compared with placebo, fenofibrate significantly
lowered plasma levels of TNF-a« by 13 £ 3% (P =
0.002). Fenofibrate lowered MMP-O activity by 6 *
10% (P = 0.152) and changed TIMP-1 by 9 & 4%
(P = 0.180) and lowered the ratio of MMP-9 activ-
ity over TIMP-1 (MMP-9 activity/TIMP-1) by 0 % 14%
(P = 0.494).

There were no significant inverse correlations between
the degree of changes in flow-mediated dilation or HDL
cholesterol and the degree of changes in MMP-9 ac-

tivity (r = —0.180 and —0.144, respectively). How-
ever, a weak correlation between TNF-o levels and
MMP-9 activity levels was determined (0 = 0.317,
P =0.123).

3.3. Effects of therapies on CRP and markers
of thrombosis

Compared with placebo, fenofibrate lowered serum lev-
els of CRP from 0.17 to 0.11 mg/dl (P = 0.424). Fenofi-
brate reduced fibrinogen and PAI-l antigen levels relative 1o
placebo by 1743 and by 10+ 3%, respectively (P < 0.001
and P = 0.014, respectively). However, fenofibrate did not
lower plasma levels of TF activity relative to baseline mea-
surements (P = 0.903).

There were significant inverse correlation between the de-
gree of changes in TNF-at levels and the degree of changes in
flow-mediated dilation (r = —0.409, P = 0.042). However,
no significant correlations between the degree of changes
in lipoproteins or CRP levels and the degree of changes in
TF activity on fenofibrate were determined (—0.237 < r <
0.154).
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4. Discussion

In the current study, we observed that compared with
placebo, fenofibrate significantly decreased total cholesterol,
non-HDL cholesterol, apolipoprotein B, and triglyceride and
increased HDL-C and apolipoprotein A-I. Several studies
have examined the effect of fibrates on vasomotor function,
but results were controversial. Improved fow-mediated
dilatton after oral fat loading has been shown in type 2 dia-
betes after 12 weeks of ciprofibrate therapy [19], but similar
benefits were not confirmed in healthy volunteers after 3
weeks of gemfibrozil [20]. In patients after coronary angio-
plasty, exercise-induced coronary artery dilation measured
by quantitative coronary angiogram increased after bezafi-
brate therapy compared with placebo [21]. However, in
patients with coroanry artery disease, Andrews et al. [22] re-
ported that gemfibrozil alone or in combination with niacin
did not significantly improve flow-mediated dilation. In
the current study, we observed that fenofibrate significantly
tmproved the percent flow-mediated dilator response to hy-
peremia. However, fenofibrate did not change plasma levels
of nitrate and MDA. Fenofibrate may not have anti-oxidant
effect in humans. We did not see any correlations between
lipoprotein changes and flow-mediated dilation percent
changes.

In order to gain insight as to mechanisms of potential
vasculoprotective effects of fenofibrate, we measured va-
somotor function, plasma TNF-«, and markers of plaque
stability. Lowering blood LDL cholesterol levels may facil-
itate plaque stability either through a reduction in size or
by an alteratien of the physiochemical properties of lipid
cores [2]. However, changes in plaque size by lipid low-
ering tend to occur over an extended period of time and
are quite minimal, as assessed by angiography, Rather, the
clinical benefits from lipid lowering are probably due to
decreases in macrophage accumulation in atherosclerotic
lesions and inhibition of MMP production by activated
macrophages. In this regard, Aikawa et al. [6] demonstrated
that intimal smooth muscle cells in the low cholesterol
group displayed reduced expression of MMP-9 compared
with the high cholesterol groups. Lipid-lowering thera-
pies diminished accumulation of macrophages as well as
macrophage expression of MMP-9 in animal studies [7,23].
Indeed, Xu et al. [9] demonstrated that oxidized LDL up-
regulated MMP-9 expression while reducing TIMP-1 in
monocyte-derived macrophages. Furthermore, HDL abro-
gated oxidized LDL-induced MMP-9 expression. How-
ever, we did not observe significant correlations between
lipoprotein levels and MMP-9 activity or TIMP-1 levels on
fenofibrate. On the other hand, PPAR activator inhibited the
expression of MMP-9 [11). This PPAR-dependent inhibi-
tion may prevent the rupture of the atheroscleortic plaque
and subsequent thrombosis. Despite the experimental obser-
vations, we observed that fenofibrate did not significantly
change serological markers of plaque stability in the current
study.

Moreover, endothelial NO synthase gene transfer signif-
icantly decreased MMP-2 and MMP-9 activities simulta-
neously with increase of TIMP-2 levels in the conditioned
medium [10]. Furthermore, TNF-a, a protnflammatory cy-
tokine, stimulated the synthesis and secretion of MMP-9
(8]. In the current study, we observed a weak correlation
between the degree of changes in TNF-a and the degreé of
changes in MMP-9 activity on fenofibrate.

Two experimental studies demonstrated that native or
oxidized LDL enhanced lipopolysaccharide-induced TF
expression [24,25]. Furthermore, CRP, a proinflammatory
cytokine, stimulated the synthesis of TF [26). Meanwhile,
PPARa also inhibits the expression of TF in human mono-
cytes and macrophages [12]). However, we observed no
effects of fenofibrate on TF activity and no correlations be-
tween the degree of changes in lipoproteins or CRP levels
and the degree of changes in TF activity on fenofibrate.

Impaired fibrinolysis as measured by an elevation in
PAI-1 and fibrinogen is predictive of ischemic heart disease
[27,28]. Several lipid-lowering agents may potentiate fibri-
nolysis independent of alterations in plasma lipoproteins. In
this regard, the gemfibrozil and fenofibrate reduced PAI-1
and fibrinogen plasma levels in hypercholesterolemic sub-
jects [5,13,29]. Fibrates also modulate the secretion of the
thrombosis inducer PAI-1 [13). These actions of fenofibrate
on fibrinogen and PAI-T antigen levels may result in a
decreased thrombogenic response.

Our current observations are consistent with the Adult
Treatment Panel III Guidelines reported in 2001 [30). Since
metabolic syndrome is one of the most important ¢lini-
cal features underlying atherosclerosis, and since the Adult
Treatment Pane] I Guidelines use non-HDL chelesterol as
one of the indexes to evaluate the dyslipidemic status includ-
ing hypertriglyceridemia, our current observations showing
the effects of fenofibrate on lipoproteins and endotheljal
function in patients with hypertriglyceridemia, may have im-
portant clinical implications to reduce cardiovascular events
in these patients.

In conclusion, fenofibrate significantly changed lipopro-
tein levels including non-HDL cholesterol and improved the
percent fiow-mediated dilator response to hyperentia as well
as lowered levels of TNF-q, fibrinogen, and PAI-1 antigen.
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SREBPs suppress IRS-2-mediated insulin signalling

in the liver

Tomohiro Ide’, Hitoshi Shimano®?, Naoya Yahagi2, Takashi Matsuzaka!, Masanori Nakakuli!,
Takashi Yamamoto!, Yoshimi Nakagawa?, Akimitsu Takahashi!, Hiroaki Suzuki!, Hirohito Sone!,
Hideo Toyoshima', Akiyoshi Fukamizu®? and Nobuhiro Yamada®

Insulin receptor substrate 2 (IRS-2) is the main mediator of
insulin signalling in the liver, controlling insulin sensitivity.
Sterol regulatory element binding proteins {SREBPs) have

been established as transcriptional regulators of lipid synthesis.
Here, we show that SREBPs directly repress transcription of
IRS-2 and inhibit hepatic insulin signalling. The [RS-2
promoter is activated by forkhead proteins through an insulin
response element {IRE). Nuclear SREBPs effectively replace
and interfere in the binding of these transactivators, resulting
in inhibition of the downstream PI{3)K/AKt pathway, followed by
decreased glycogen synthesis. These data suggest a molecular
mechanism for the physiological switching from glycogen
synthesis to lipogenesis and hepatic insulin resistance that is
associated with hepatosteatosis.

Insulin has long been known to have a major role in the anabolic
effects associated with carbobydrate and lipid metabolism. IRS pro-
teins link insulin receptor binding to its final biological actions
through a series of intermediate effectors in which the phosphatidyli-
nositol-3-OH kinase (PI(3)K)/Akt cascade is the main pathway
(reviewed in ref. 1). The roles of insulin signalling in the liver include
activation of glycogen synthesis for energy storage, and suppression
of hepatic glucose output by inhibiting phosphoenol pyruvate car-
boxykinase (PEPCK) and glucose-6-phosphatase (G6Pase). Gene tar-
geting experiments have demonstrated that hepatic insulin signalling
for these effects is mediated mainly through IRS-2, rather than IRS-]
{refs 2,3). After these acute actions of insulin on glucose metabolism,
the liver initiates lipegenesis through induction of lipogenic enzymes.
SREEPs are membrane-bound transcription factors that regulate
genes involved in lipid synthesis. After steral-regulated cleavage, the
amino-terminal basic helix-loop-helix lescine zipper domains
(nuclear SREBPs) are translocated 1o the nucleus, where they activate
their target-gene promoters containing SREs (reviewed in ref. 4).
‘Whereas SREBP-2 is crucial for the regulation of cholesterol synthesis
genes, SREBP-1c controls gene expression of lipogenic enzymes
(reviewed in refs 5, 6). Insulin and glucose are well known 1o stimu-
late lipogenesis, and SREBP- ¢ expression is nutritionally regulated in

the liver and adipose tissue. Thus, SREBP-1¢ has been thought of as a
mediator for insulin action on gene transcription.

Hepatic insulin resistance is an important pathophysiolegical fea-
ture of type-2 diabetes mellitus and metabolic syndrome. Decreased
IRS-2 expression (and the resultant impairment of PI(3)K/Akt sig-
nalling) has been reported in the livers of animal models for insulin
resistance, such as ob/ob mice and lipodystrophic mice”. These stud-
ies, in conjunction with the hepatic insulin resistance observed in IRS-
2 knockout mice, led to the hypothesis that hepatic insulin resistance is
mediated through inhibition of IRS-2. In these animals, SRERP-1¢ js
highly expressed and is important for the formation of fatty liver®,

1n this study, hepatic SREBP-1 and IRS-2 gene expression were com-
pared vnder various nutritional conditions. First, refeeding of narmal
mice with a high-sucrose/fat-free diet after fasting (a potent insulin-
stimulating diet formula) markedly induced hepatic SREBF-Jcexpres-
sion from almost undetectable levels, as estimated by northern
blotting {Fig. 1a). In contrast, JRS-2 mRNA levels were very high dur-
ing fasting and markedly reduced by refeeding, whereas IRS-1 levels
did not show a significant change. The suppression of hepatic IRS-2
gene expression in a refed state was accompanied by a concomitant
decrease in IRS-2 protein levels (Fig. 1b). Second, the chronic effects of
forced SREEP expression on IRS-2 gene expression were estimated in
transgenic mice. Overproduction of nuclear-active SREBP-1a and -1¢
caused a marked reduction in JRS-2 mRNA levels, whereas JRS-1
mRNA levels were not much affected {Fig, 1c). Next, IRS-2 mRNA lev-
els were examined in the livers of SREBP- 1-deficient mice, which have
been reported to show impaired nutritional induction of lipogenic
genes'®. JRS-2 mRNA was elevated in the livers of SREBP-1-deficient
mice, compared with those of wild-rype mice both at fasting and at
refeeding (Fig. 1d). Increased JIRS-2 RNA levels were also detected in
SREBP-1c-Jnockout mice!!. Together, these data consistently show an
inverse correlation between hepatic SREBP-1 and IRS-2 expression in
different nutritional states, and raise the possibility that SREBP-1
niight regulate IRS-2 gene expression.

To test this hypothesis in a more acute and transient manney, the
effects of SREBPs on the JRS-2 gene were examined by infection of rat
primary hepatocytes with adencviral vectors expressing either
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Figure 1 An inverse correlation between hepatic I1RS-2 and SREBP-1 gene
expression. Amounts of hepatic /FS-2 and SREBF-1 mRNA (a, ¢, d) and
protein (b} were measured by northern blotting and by immunoblot
analysis after immunoprecipitation, respectively, using the indicated

SREBP-1a, -1c or -2. Transduction of cultured hepatocytes with
increasing titres of the SREBP adenovirus resulted in dose-dependent
expression of each SREBP isoformn (Fig. 2a). The accumulation of
nuclear SREBP-1c or SREBP-1a induced expression of FAS mRNA, a tar-
get gene for SREBP-1, while decreasing IRS-2 mRNA levels in a dose-
dependent manner. SREBP-2 also had a similar inhibitory action on
IRS-2 expression. The suppression of IRS-2 mRNA levels through over-
production of SREBP-1I¢,-1a and -2 was accompanied by a reduction in
IRS-2 protein levels (Fig. 2b). Interestingly, the level of IRS-1 protein was
also reduced. To determine whether the SREBP-induced reduction of
IRS-2 protein levels affects insulin signalling, insulin-mediated stimula-
tion of IRS-2 tyrosine phosphorylation, Akt-Ser 473 phosphorylation
and glycogen synthesis were measured, As estimated by immunoblotting
after immunoprecipitation in insulin-stimulated hepatocytes, tyrosine
phosphorylation of IRS-2 and Ser 473 phosphorylation of Akt were
reduced by expression of SREBPs in a dose-dependent manner (corre-
sponding to reduced IRS-2 protein levels), whereas Akt protein levels
were not affected (Fig. 2c). This inhibition caused a resultant suppres-
sien of glycogen synthesis under both basal and insulin-induced condi-
tions (Fig. 2d).In contrast, but consisient with a well-established theory,
SREBPs activated fanty acid synthesis, which is a late metabolic effect of
insulin (Fig. 2¢). Similar results were observed in SREBP-1a-expressing
hepatocytes, but with a slightly more potent inhibition. These data indi-
cate that activation of SREBPs markedly suppresses hepatic insulin sig-
nalling through repression of IRS-2. The diminished level of IRS-1
protein could also contribute to impaired insulin signalling caused by
adenovirus-mediated overproduction of SREBPs in primary hepato-
cytes, although the mechanism is currently unlknown.,

To investigate mechanisms for SREBP-mediated suppression of
IRS-2 expression, promoter analysis of the 5'-flanking region of the
human IRS-2 gene was performed in transfection studies in rat pri-
mary hepatocytes. The JRS-2 gene promoter contains an IRE through

animals. a, b, fasted or refed C57BL6 mice; c, fasted wild-type (WT)
mice, and SREBP-18 or SREBP-1¢ transgenic {Tg) mice. d, Wild-type
mice and SREBP-1-knockout {KC) mice in fasted 2nd refed states.

which chronic insulin treatment down-regulates IRS-2 expression'2.
Intriguingly, 2 highly probable SREBP-binding site was identified in a
region that overlaps with the IRE' (Fig. 3a). In luciferase reporter
assays, IRS-2 promoter activity was consistenily suppressed by insulin
and increased by dexamethasone, as previously described™ (Fig. 3b),
Transfection of nuclear SREBP-1a and - 1c suppressed basal 1RS-2 pro-
moter activity, indicating that SREBPs repress IRS-2 at the transcrip-
tional level (Fig.3c). Similar consensus IRE sequences in the
promoters of genes involved in hepatic glucose output, such as PEPCK
and G6Pase genes, have been reported'?, Forkhead (FKH) proteins
such as FKHR and FKHRL] (also known as FOXQO! and FOXQ3a,
respectively) have been shown to be crucial for the regulation of
PEPCK and G6Pase through their IREs''%, Insulin-mediated repres-
sion of these genes occurs through PI1(3)K/Akt-mediated phosphory-
lation of the FKHR proteins, resulting in their translocation out of
nuclens'”18. Therefore, it is highly conceivable that the FKH proteins
could activate IRS-2 gene expression through its IRE in a similar man-
ner. Supporting this prediction, overexpression of FKHRLI increased
IRS-2 promoter activity (Fig. 3c). Even in this FKHRLI-induced con-
dition, IRS-2 promater activity was efficiently suppressed by co-trans-
fection of SREBP-1a and -1e. Overproduction of SREBP did not affect
FKHRLI expression {Fig. 3¢, inset). Similar results were obtained in
HepG2 cells, where FKHRL] and FKHR were shown to activate, and
SREBPs were shown to inhibit, the IRS-2 promoter in a compeitive
manner {Fig. 3d, e). Competition between SREBP-1 and FKH was fur-
ther confirmed with mutants of FKHR (Fig. 3f, g). FKHR3A4, in which
three Akt-mediated serine-phosphorylation sites were substituted for
alanine, is resistant to nuclear exclusion by Akt and is therefore consti-
tutively active®. The FRHR-mediated activation of the IRS-2 pro-
moter was enhanced by this mutation, but still robustly suppressed by
co-expression of SREBP-1. A mutation that disrupts binding to IRE
(FKHRH2IZR, rof 20) abolished activation of JRS-2 by FKH and
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Figure 2 Nuclear SREBPs reduce /RS-2 expression and insulin signalling in
primary hepatocyles. (a) Expression of [RS-2, FAS and HMG-CoA synthase in
adenovirus-mediated SREBP-overexpressing hepatocytes, as estimated by
northern blotting. Hepatocytes were infected with green $Huorescent protein
{GFP), SREBP-1c, SREBP-1a and SREBP-2 adenovirus st the indicated
multiplicity of infection (MOI). {b) Protein levels of IRS-1, IRS-2 and Akt
were examined by immunoblotting of hepatecytes expressing SREBP-1c, -1a,

FKH3A (Fig. 3f). PGC-1 (peroxisome proliferative activated receptor-
y co-activator 1) was recently established as a co-activator for FKH-
mediated activation of gluconeogenic genes®. As shown in Fig. 3h,
cotransfection of PGC-1 enhanced FKHRL1-mediated activation of
the IRS-2 promoter, suggesting that PGC-1 is involved in transactiva-
tion of IRS-2 by FKHs. SREBP-1 suppressed this PGC-1-mediated
activation,

On the basis of these results from luciferase assays, direct binding of
SREBP to the IRS-2 promoter was examined. Using different probes
covering the region neighbouring SRE/IRE (see Supplementary
Information, Fig. S1a), the binding site was determined and tentatively
designated as IRS-2-SRE {see Fig. 3a and Supplementary Information,
Fig. §1b). Gel-shift assays demonstrated that in-vitro-translated
SREBP-1a, -1¢ and -2 proteins bound specifically to this region with a
higher affinity than they do to an authentic low-density lipoprotein
receptor {LDLR)-SRE (see Supplementary Information, Fig.Slc).
Both FKH proteins were shown to bind specifically to the IRE-contain-
ing region (see Supplementary Information, Fig. S1d, e), as well as
FKHR (data not shown). Although IRS-2-SRE and IRS-2-IRE partially
overlap, SREBPs and FKHs bind to this regicn in a different way,
because the mutation that abolishes FKH binding did not affect
SREBP binding (see Supplementary Information, Fig. Sle). Fig. 3i
shows luciferase assays with the IRS-2 promoter construct in which
this newly identified IRS-2-8SRE was disrupted, but in which the IRS-2-
IRE remained. The construct retained the activation by FKHRLI, but
lost the suppression by SREBP-1c on the IRS-Z promoter activity.

SREBP-1¢
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and -2, (¢} Insulin-induced tyrosine phesphorylation ot IRS-2 and serine
(Ser) phosphorylation of Akt in SREBP-1c-expressing hepatocytes.

{d, ) Nuclear SREBPs suppress the hepatic insulin effect, as measured by
glycogen synthesis. tnsulin-induced glycogen (d) and fatty acid (e) synthesis
from U-14C-glucose were measured in SREBP-1¢- and SREBP-1a-expressing
hepatocyies. Eror bars represent standard errors from three independent
experiments. * P < 0.05, compared with GFP-trested cells.

These data dernonstrate that IRS-2-SRE is responsible for the repres-
sion of IRS-2 by SREBP-1.

When both FKHRL1 and SREBP-1¢ proteins were added compet-
itively to the IRS-2-SRE/IRE region for gel-shift assays, SREBP
binding replaced FKHRL1 binding in a dose-dependent manner
(Fig. 4a}. This indicates that SREBP ¢an prevent FKHRLI from
binding to the IRS-2 promoter. In a mere physiologically relevant
experiment, nuclear extracts from mouse livers were used to esti-
mate binding to the IRS-2-SRE/IRE region {Fig. 4b, ). By the time
of refeeding, nuclear SREBP-1¢ protein accumulated and FKHR
proteins declined, as shown by immunobletting (Fig. 4b). Nuclear
extracts from refed mouse livers shifted the IRS-2-5RE probe more
prominently than those from fasted mice (Fig. 4¢). The strong sig-
nal was almost exclusively specific to SREBP-1¢, as shown with the
anti-SREBP antibody, Finally, to confirm direct binding of SREBP
1o the IRS-2 premoter in vive, chromatin immunoprecipitation
(ChIP) assays were performed on hepatic nuclei from fasted and
refed mice (Fig. 4d). These results support the idea that SREBP-?
binds to the IRS-2-SRE in liver noclei. Reflecting nutritional indue-
tion of nuclear SREBP-Ic, the signal was highly enhanced by
refeeding. In contrast, binding of FKH to the IRS-2-IRE exhibited a
completely reciprocal change, suggesting that SREBP-1c prevents
binding of FKH to the IRS-2 promoter. The ChIP assay with the
PGC-1 antibody also detected the IRS-2 promaoter, supporting our
observations that this co-activator could be involved in the tran-
scription of IRS-2 (Fig. 4d).
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Figure 3 Nuclear SREBP-1c and SREBP-1a inhibit [RS-2 promoter activity
competing with FKHs. (a) The human IR$-2 promoter-luciferase reporter
plasmid was wsed for transtectiens. The SRE/IRE region contains an
SREBP-binding site (SRE) and insulin response element (IRE).

(b) Dexamethasone-mediated induction and insulin-mediated inhibition of
IRS-2 promoter activity in rat primary hepatocytes. (c) Effects of SREEP-1¢,
SREBP-1a and FKHRLI1 on IRS-2 promcter activity in primary rat
hepatocytes. Immunoblotiing of the cotransfected SREBP-1c and FKHRL]
proteins is also shown (inset). (d) Dose-dependent effects of SREBP-1c,
SREBP-1a, FKHRL] and FKHR on IRS-2 promoter activity in HepG2 cells.
(e} inhibiticn of FKHRL1- or FKHR-induced IRS-2 promoter activity by
SREBP-1¢ and SREBP-12 in HepG2 cells. {f} Effects of wild-type and

mutant FKHR. FKHRP2I2R (ref, 20), DNA-binding-delective mutant;
FKHR3A (rel. 18), phosphorylation-deficient, and thus constitutively active,
mutant. (g} Effects of FKHR3A mutants on IRS-2 promoter activity and
SREBP inhibition. (h) Effects of PGC-1 on FKHRLI-induced IRS-2 promoter
activity and SREBP-1 inhibition. (i) IRS-2-5RE is responsible for repression
of SREBP. HepG2 celis were fransfected with the indicaled expression
plasmids, IRS-2 promoter luciferase constructs and a renillz luciferase
plasmid 25 a reference, befcre 2 24-h incubalion in the presence or absence
of the indicaled hormones. Luciferase assays were then performed. The
firefly luciterase activity of transfectants was normalized to renilla luciferase
aclivity as an internal reference. Error bars represent standard errors for
three ingependent experiments.
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Figure 4 SREBP-1c¢ in hepatic nuctear extracts dominates binding to the
IRS-2-SRE. {a) Competition between SREBP-1¢ and FKHRL] in binding to
IRS-2-SRE/IRE. Both in vitro-transtated proteins were used in the indicated
amounts for an EMSA assay with the IRS-2-SRE/IRE probe. (b) The amounts
of SREBP-1c¢ and forkhead proteins in hepatic nuclei from fasted or refed
normal mice. Liver nuclear extracts were subjected 1o immunoblotting with
the indicated antibodies. (¢) Endopencus SREBP-1¢ from hepatic nuclear
extracts binds to iRS-2-SRE. Binding reactions were performed by
incubation with hepatic nuclear extracts from fasted or refed mice using
IRS-2-SRE (probe G in Supplementary Information, Fig. 52a} or LDLR-SRE

In this study, we demonstrate that the competition between SREBP-
1¢ and FKH proteins is observed in vive in pathophysiological livers. In
leptin-deficient oli/ob mice, extreme insulin resistance results in dys-
regulation of both SREBP-1¢ and FKH proteins jn the liver. Hepatic
nuclear SREBP-1¢ is unsuppressed at fasting, whereas nuclear FKH
proteins are resistant 1o nuclear exclusion by insulin treatment and
remain in the nucleus even in a fed state (Fig. 4e}. Therefore, hepatic
nuclear extracts from these insulin-resistant mice contained an abun-
dance of both FKH and SREBP-1c proteins in either fasted or refed
states. Nevertheless, hepatic JRS-2 mRNA and protein were markedly
decreased, supporting the observation that SREBP- 1¢ dominates hind-
ing to the IRS-2 promoter. Furthermore, the low level of hepatic IRS-2
mRNA in insulin-resistant ob/ob mice was restored by deletion of
SREBP-1, as shown in ob/ob SREBP-1 double-knackout mice®
(Fig. 4f). In conjunction with the results from the luciferase assays,
these data illustrate that SREBPs bind strongly to the IRS-2-SRE and
efficiently inhibit binding of trans-activators {FKHs) to the IRS-2-IRE
to repress JRS-2 expression and sustain insulin resistance.

Here, we clearly demonstrate that SREBPs — traditionally charac-
terized as transcriptional activators for lipid synthesis — also regulate
expression of JRS-2, the major hepatic insulin signal mediator. An

as probes, An anti-SREBP-antibody was used to confirm the specificity of
the binding. (d) SREBP-1¢ and FKH proteins bind 1o the 1RS-2 gene
premater in vivo, ChIP assays were performed for livers from mice in fasted
and refed states using anti-SREBP-1 (top), anti-FKHR antibody (middle),
anti-PGC-1 antibodies (bottom), or 1gG as a negative contrel. PCR reactions
were conducted with primers for the IRS-2 prometer region containing {RS-
2-SRENRE. {e) SREBP-1, FKH and IRS protein levels in hepatic nuclei and
IRS-2 MRNA level from wild-type (WT) and leptin-deficient eb/ch mice in
fasted and refed states. () Hepatic JRS-Z mRNA level of wild-type, ob/ob
and ob/ot- SREEF-1 double-knockoul mice.

abundance of nuclear SREBPs, as cbserved by a high enrichment of
SREBP-1cin the liver nuclei of refed or insulin-resistant mice, causes
efficient repression of IRS-2 expression, resulting in impaired
PI(3)K/Akt-mediated insulin signalling. The molecular mechanism
for SREBP-mediated inhibition of IRS-2 is transcriptional repression
through direct binding to the IRS-2-SRE in competition wilh putative
trans-activators, including FKHRL1, FKHR and HNF3 (data not
shown). Although it is possible that other factors could be involved in
IRS-2 expression through the IRS-2-IRE, the high affinity of SREBPs
for the IRS-2-SRE seems to function in a dominant manner to remove
their activators from the IRE. Our data also suggest that PGC-1 could
be invelved in transcription of IRS-2 by interacting with FKHs on the
IRS-2-IRE, and that SREBP represses IRS-2 expression through inhibi-
tion of PGC-1 recruitment because SREBP-1 does not interact with
PGC-1 (ref. 22).

Reciprocal effects of FKH and SREBP-1c on IRS-2 promoter activ-
ity could provide a mechanism for nutritional regulation of hepatic
insulin sensitivity and expression of metabolic genes by these factors
(see Supplementary Information, Fig. 52). In insulin-depleted or
fasted states, high nuclear ¥KH and low nuclear SREBP-1c assure
high expression of IRS-2, presumably to sensitize hepatocytes for
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subsequent calorie intake and insulin influx (see Supplementary
Information, Fig. 52a), After food intake, glucose consumption and
glycogen synthesis proceed according to insulin signalling pathways.
As feeding proceeds, insulin signalling stimulates phosphorylation of
FKHs through PI{3)K/Akt activation and excludes them from the
nmucleus, reducing PEPCK and G6Pase gene expression (see
Supplementary Information, Fig. §2b). Meanwhile, nuclear SREBP-1¢
is accomulated and lipogenesis js initiated. High SREBP-1¢ and low
FKHs in the liver nuclei are prominent in the fully fed state, resulting
in a further reduction of IRS-2 expression and insulin sensitivity (see
Supplementary Information, Fig. 52c}. Thus, the physiolegical conse-
quence of IRS-2 suppression by SREBP-1c is a transitional switch
from glycogen synthesis to lipogenesis, and could be considered as a
feedback response to prolonged insulin/glucose action. It has been
reported that chronic exposure of hepatocytes to insulin represses
IRS-2 promoter activity throngh the IRE, implying that prolonged
hyperinsulinemia causes secondary insulin resistance!?, Suppression
of IRS-2 in the refed state mimics this sitvation in vivo.

This study also suggests that SREBP-1¢ may be involved in the
pathogenesis of hepatic insulin resistance. High amounts of hepatic
SREBP-1¢ were observed in numerous insulin-resistant animals82?,
Excess carbohydrate intake, an exacerbating factor for insulin resist-
ance, also increases hepatic SREBP-1¢ expression. Qur studies demon-
strate that a high level of SREBP-1¢ results in further hepatic insulin
resistance through suppression of IRS-2 expression, as well as forma-
tion of fatty liver and production of triglyceride-rich VLDL that could
be converted to atherogenic remnant particles. These are the main fea-
tures of insulin-resistant animals, and clinical components of the
metabolic syndrome. Concomitantly, nuclear FKHs sustain gluconeo-
genesis and could cause the onset of diabetes (Fig. 4e; also see
Supplementary Information, Fig. $2d). Resultant hyperglycemia
would also enhance forther glucose-mediated induction of SREBP-1¢,
forming an unfavourable positive feedback loop of insulin resist-
ance??. The current studies suggest that SREBP-1¢ eould be central to
the pathogenesis of hepatic insulin resistance and represent a potential
therapeutic target. O

METHODS

Materials. Anti-IRS-1 and anti-IRS-2 antibodies were purchased from Upstate
Biotechnology Institute (Lake Placid, NY), anti-FKHRLI and anti-FKHR anti-
bodies were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Affinity puri-
fied antibodies against Akt and phosphorylated Akt (Ser 473) were obtained
from Cell Signaling Technology Inc. (Beverly, MA). The anti-phosphotyrosine
monoclonal antibody (4G10) was a kind gift from T. Asano. The adenovirus
expression vector kit (AdEasy system) was from B. Vogelstein and T.C. He.

Animals, Male mice {C57BL/6]) were obiained from CLEA Japan {Tokyo,
Japan). For fasting and refeeding, mice were fasted for 24 h and then fed a high-
sucrose/fat-free diet for 12 h, as previously described’®, SREBP-1 knockouwt
mice and ob/ob SREBP-1 double-knockout mice are previously described®19,
SREBP-1a and SREBP-1c transgenic mice, and the wild-1ype Jittermates, were
put on a high-protein/low-carbokydrate diet for two weeks 10 induce transgene
expression and then fasted for 12 h before sacrifice?26, ob/+ mice ona C57BL/6
background were purchased from Jackson Laboratories (West Grove, PA) and
intercrossed 10 obtain leptin-deficient ob/ob mice and wild-1ype mice.

Isolation and culture of hepatocytes. Primary hepatocytes were isolated from
male Sprague-Dawley rats (200-300 g, Japan Clea, Tokyo, Japan). Cells were
resuspended in DMEM containing penicillin and streptomycin supplemented

with 10% foetal bovine seruny (FBS) and 30 nM dexamethasone before being ’

seeded on 100-mm collagen-coated dishes a1 a final density of 4 x 107 cells ¢m™
2, After incubation for 4 h 10 allow attachment, the niedium was replaced with
serum-free DMEM containing adenovirus.

Preparation of recombinant adenovirus, ¢cDNAs encoding the active amino-
terminal fragment of human SREBP-}¢ (amine acids 1-436), SREBP-1a
(amino acids 1—460) and SREBP-2 (amine acids 1-460) were integrated into
the adenovirus vector?”. SREBP adenovirzl vectors were propagated in 293 cells
and purified by caesium chloride density centrifugation,

Glycogen and fatty acid synthesis. Aficr adenoviruses infection, rat primary
hepatocytes were incubated for 24 h in DMEM containing 10% FES and 30 nM
dexamethasonc before a 4-h incubation in scrum-free DMEM. Cells were then
incubated for 3 h in DMEM containing 5.6 mM glucose and 2.5 pCi ml*!
U-4C-plucose in the presence or absence of 100 nM insulin. Glycogen and fatty
acid synthesis were determined by measuring the incorporation of U-"C-glucose
into glycogen and fatty acid, as described previously?®.

Plasmids. Human SREBP-1¢, SREBP-1a, SREBP-2, FKKRL1 and FKHR ¢cDNAs
were cloned into pcDNA3.1(+) (Invitrogen, Carlsbad, CA} containing 2 CMV
promoter. FKHRH2IR, FKHR3A and FKHR3A-H212R expression plasmids
were previously described!%2%. The human IRS-2 promoter {base pairs —611 to
+133, relative 1o the transcriptional stant site) was amplified by PCR2? and
sub-clened into the pGL3-basic Juciferase vector (Promega, Madison, W1).

Northern blotiing. Afier adenovirus infection, rat primary hepatocytes were
incubated for 24 h. The cDINA probes for SREBP-1, SREBP-2, FAS, HMG-CoA
synthase and acidic ribosomal phosphoprotein PO {36B4) were prepared as pre-
viously described'®. The cDNA probes for mouse IRS-1 and IRS-2 were prepared
by RT-PCR using mouse liver total RNA as a template. The 5'- and 3'-PCR
primers used 10 generate these probes were as follows: IRS- 1, 5-CGCCTGGAG-
TATTATGAGAACGAG-3" and 5'-TGATGGGAAATGGTAGGAGATGTG-3'
{GenBank accession number: X697223; IRS-2, 5'- CCTTAGGAGTGGTGGTCC-
CAATAG-3 and 5'-TGACGGTGGTGGTAGAGGAAAAG-3 (GenBank acces-
sion number: AF090738).

Transfections and luciferase assays. HepG2 cells were grown in serum-free
DMEM supplemented with 100 U mI™! penicillin and 300 pg ml=! strepio-
mycin at 37 °C in 12-well plates for 6 h before transfection. Cells were trans-
fected with 50 ng each of a pIRS-2 luciferase plasmid and a pRL-5V40 plasmid
{Premega} using the SuperFect reagent (Qiagen, Valencia, CA). Rat primary
hepatocytes were placed in serum-free DMEM and transfected with 1.5 g of
PIRS-2-Luciferase and 0.5 pg of pRL-SV40 using the Lipofectin reagent
(Invitrogen). An SREBP-1c or SREBP-1a (2 pg) expression plasmid was
cotransfected with or without an FKHRLI or FKHR expression plasmid (2 pg).
After a 24-h incubation, the amount of firefly luciferase activity in transfectants
was measured and normalized to the amount of renilla Juciferase activity,

Electrophoretic mobility shift assay (EMSA}. Nuclear extracts were prepared
from livers as previously described'®. Nuclear SREBP-1¢, SREBP-1a, SREBP-2
and FKHRLI proteins were generated from expression vectors using a coupled in
vitro reticulocyte transcription-translation system (Promega). Double-stranded
oligonuclectides nsed in gel mobility shift assays were directed against the SRE of
the LDLR promoter, 5'-TTTGAAAATCACCCCACTGCA-3" and IRS-2 SRE/IRE
promoter, 5'-CCTGCGTAACGCCGAGTCACATGTIGTTTTGCTCTIC-3 (G
probe in Supplementary Information, Fig.S1) or 5'-GCCGAGTCACAT-
GTTGTTTTGCTCTTCTTAGTTC-3 (C probe in Supplementary Information,
Fig. 81). In virro synthetic protein lysate (0.25-5-ul} or nuclear extracts (1.0 ug)
were incubated in a reaction mixture as previously described. DNA~protein com-
plexes were resolved on a 4.0% pelyacrylamide gel,

Immunoblotting, Proteins were extracted from rat primary hepatocytes or
immunoprecipitated from livers of fasted or refed mice as described previcusly'®.

ChIP assay. Hepatic nuclei were prepared from livers as previously described'?,
ChIP assays were performed as described by the manufacturer {Upsiate
Biotechnology, Lake Placid, NY) with some modifications. Cross-linking
berween transcription factors and chromatin was achieved by adding formalde-
hyde (final concentration 1%) to hepatic puclei for 15 min for 37 °C.
Chromatin solutions were sonicated and incubated with 15 pg of anti-PGC-1
antibody (H-300; Santa Cruz), anti-SRERP-1 antibody (H-160, Santa Cruz),
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