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Senescence of vascular endothelial cells leads to endothelial dys-
function and contributes to the progression of atherosclerosis. Liver
X receptors (LXRs) are nuclear receptors whose activation protects
against atherosclerosis by transcriptional regulation of genes
important in promoting cholesterol efflux and inhibiting inflamma-
tion. Here we found that LXR activation with specific ligands
reduced the increase in senescence-associated (SA) β-gal activity,
a senescence marker, and reversed the decrease in telomerase ac-
tivity, a replicative senescence marker, in human endothelial cells
under high glucose. This effect of LXR activation was associated
with reduced reactive oxygen species and increased endothelial
NO synthase activity. A series of experiments that used siRNAs in-
dicated that LXRβ mediates the prevention of endothelial cellular
senescence, and that sterol regulatory element binding protein-1,
which was up-regulated as a direct LXRβ target gene, may act as
a brake of endothelial cellular senescence. Although oral adminis-
tration of the LXR ligand led to severe fatty liver in diabetic rats,
concomitant therapy with metformin avoided the development of
hepatic steatosis. However, the preventive effect of the LXR ligand
on SA β-gal–stained cells in diabetic aortic endothelium was pre-
served even if metformin was coadministered. Taken together,
our studies demonstrate that an additional mechanism, such as
the regulation of endothelial cellular senescence, is related to the
antiatherogenic properties of LXRs, and concomitant treatment
with metformin may provide a clinically useful therapeutic strategy
to alleviate an LXR activation-mediated adverse effects on liver
triglyceride metabolism.

T0901317 | cholesterol efflux transporter

Nuclear receptors are ligand-activated transcription factors that
play an important role in the regulation of cellular metabolic

function such as lipid and glucose metabolism (1). Dysregulation of
these processes causes development of metabolic diseases such as
hyperlipidemia, diabetes, and cardiovascular disease. In humans, 48
different types of nuclear receptors have been identified. These
include the receptor for a metabolite of vitamin A, retinoic acid,
retinoic acid receptor (RAR); the vitamin D receptor (VDR); the
fatty acid receptor, peroxisome proliferator-activated receptor γ
(PPARγ); the oxysterol receptor, liver X receptor (LXR); and
their obligate heterodimeric partner, the retinoid X receptor
(RXR) (2, 3). LXRs act as potent transcriptional switches for the
coordinated regulation of genes involved in the control of hepatic
lipid and cholesterol metabolism, and have a crucial role in reverse
cholesterol transport, thereby stimulating of cholesterol efflux from
the peripheral tissue to the liver (4). Several studies have reported
that synthetic LXR ligands inhibit the development of atheroscle-
rosis in animal models (5). In addition, LXR is a key modulator of
systemic inflammation (6). Thus, activation of LXR has been
considered as a prime drug target for the treatment of the macro-
vascular disease atherosclerosis (7). However, most LXR agonists,
while lowering cholesterol, have the concomitant induction of

lipogenic genes that leads to hypertriglyceridemia and liver
steatosis, which have limited further clinical development.
Endothelial cellular senescence is an important contributor to

the pathogenesis of age-associated vascular disorders. The sen-
escent phenotype of endothelial cells can be transformed from
antiatherosclerotic to proatherosclerotic (8). Previous studies
have demonstrated that endothelial cells in atherosclerotic lesions
display features of cellular senescence, including senescence-
associated (SA) β-gal staining and telomere shortening (9, 10).
We have also shown that senescent endothelial cells are observed
in human atherosclerotic lesions but not in nonatherosclerotic
lesions (11). Furthermore, endothelial cellular senescence is con-
sidered as an important cause of diabetes-associated vascular ag-
ing. Hyperglycemia is well established to accelerate senescence in
endothelial cells (12). There is also in vivo evidence for the oc-
currence of vascular endothelial cellular senescence in diabetic
vasculopathy (13). Accordingly, prevention of high glucose-asso-
ciated endothelial cellular senescence may be a potential target to
arrest the development of atherosclerosis in diabetes.
Given the pleiotropic effects of activation of nuclear receptors

with their specific ligands on lipid and glucose homeostasis,
cardiac energy balance, and regulation of inflammatory gene
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expression, new drugs targeting nuclear receptors are emerging as
promising therapeutic agents for the treatment of diabetes, obesity,
atherosclerosis, and cardiovascular disease. However, very little is
known about the precise role of nuclear receptors in the regulation
of endothelial cellular senescence. The present study was thus
designed to examine the effects of a number of nuclear receptor
ligands—capable of being clinically used in various medical treat-
ments and that are highly influential on lipid and glucose me-
tabolism—on cellular senescence of the vascular endothelium.

Results
First of all, specific ligands for eight representative nuclear
receptors were given to human umbilical venous endothelial
cells (HUVECs) cultured for 72 h under a high glucose con-
dition (22 mM), and their effects on high glucose-induced
endothelial cellular senescence were examined by using SA
β-gal as a quantitative indicator of senescence (Fig. 1A). The
VDR agonist calcitriol (i.e., vitamin D3), the farnesoid X
receptor (FXR) agonist GW4064, the RAR agonist all-trans-
retinoic acid (ATRA), the PPARα agonist Wy-14643, the
PPARδ agonist GW501516, the PPARγ agonist rosiglitazone,
and the RXR agonist bexarotene did not prevent the increase in
SA β-gal activity that was induced by high glucose conditions. In
contrast, the LXR-activating ligands T0901317 and GW3965
significantly reduced SA β-gal activity under high glucose. The
reducing effect of T0901317 on the high glucose-induced in-
crease in SA β-gal activity was concentration-dependent, and its
maximal effect was achieved with 100 nM (Fig. 1B). Telomerase
activity was significantly decreased in a high glucose environ-
ment, and T0901317 significantly prevented the decrease in
telomere length (Fig. 1C), suggesting that LXR activation can
suppress a process termed replicative senescence, a limitation in
the number of times that somatic cells can divide.
Because the effect of LXR activation on cholesterol excretion

results from the ability to regulate expression of members of the
ATP-binding cassette (ABC) family of membrane transporters
(6), we next conducted a luciferase reporter assay to examine the
effects of LXR-activating ligands on expression of the ATP-
binding cassette transporter 1 (ABCA1) gene. HEK293T cells

were transfected with the firefly luciferase gene linked to a pro-
moter sequence of the LXR gene. As indicated by an increase in
the relative luciferase activity, both T0901317 and GW3965 were
capable of activating reporter gene transfection in a concentra-
tion-dependent manner (Fig. 2A). In HUVECs, we observed that
T0901317 and GW3965 strikingly up-regulated the ABCA1 gene
not only under normal but also high glucose conditions (Fig. 2B).
On Western blots, expression of the ABCA1 protein was evi-
dently increased by T0901317 and GW3965 in HUVECs under
normal glucose conditions. Even in a hyperglycemic environ-
ment, we found the up-regulation of the ABCA1 protein in
HUVECs after stimulation of LXR (Fig. 2C and Fig. S1). These
findings demonstrate the presence of the target molecules for
LXRs in vascular endothelial cells.

Increased reactive oxygen species (ROS) and decreased
endothelial NO synthase (eNOS) under high glucose play a
critical role in endothelial cellular senescence (8, 11, 14). When
intracellular ROS were visualized using the fluorescence dye
5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diac-
etate, acetyl ester (CM-H2DCFDA), cells exposed to high glucose
had a significant increase in intracellular fluorescence (Fig. 3A).
The LXR agonist T0901317 prevented this increase in ROS-in-
duced intracellular fluorescence under high glucose conditions,
which was completely blocked by the LXR antagonist 5CPPSS-50.
T0901317 also showed increases in eNOS expression and phos-
phorylation, and caveolin-1 expression, which were damped under
high glucose (Fig. 3 B and C). Such effects were inhibited in the
presence of 5CPPSS-50. These observations indicate that LXR-
mediated prevention of endothelial cell senescence in a hypergly-
cemic environment may involve the resolution of unbalance of
NO and ROS.
LXRs consist of LXRα (NR1H3) and LXRβ (NR1H2) (15).

LXRβ is ubiquitously expressed, whereas LXRα expression is
highest in the liver, kidney, intestine, and adrenal ligand. When
the knockdown of LXRβ gene expression was performed in
HUVECs by using siRNAs, the effect of T0901317 to reduce SA
β-gal activity under high glucose conditions was less pronounced
(Fig. 4A). However, T0901317 was fully effective in reducing
high glucose-induced SA β-gal activity after transfection of
LXRα siRNAs. The T0901317-stimulated up-regulation of
mRNA levels of ABC family members of membrane transporters
(ABCA1 and ABCG1) and sterol regulatory element binding
protein-1 (SREBP-1), direct LXR target genes, were prevented
by LXRβ siRNAs but not by LXRα siRNAs (Fig. 4 B–D). These
results suggest that LXRβ is functionally important in vascular
endothelial cells and mediates the prevention of endothelial
cellular senescence. We further investigated whether ABCA1,
ABCG1, and SREBP-1 are a critical molecule that is involved in
the LXR-mediated prevention of endothelial cellular senes-
cence. T0901317 significantly reduced SA β-gal activity under
high glucose regardless of whether ABCA1 or ABCG1 siRNAs
were applied (Fig. 4E). Transfection of SREBP-1 siRNAs greatly
augmented high glucose-stimulated SA β-gal activity, suggesting
that SREBP-1 may act as a brake on endothelial cellular se-
nescence. However, T0901317 was significantly effective in
reducing SA β-gal activity even in the presence of SREBP-1
siRNAs (Fig. 4E).
Because LXRs are critical regulators of overall hepatic lipo-

genesis, LXR agonists, through induction of expression of lipo-
genic genes such as ABCA1, results in hypertriglyceridemia and
liver steatosis (16). Oral administration of T0901317 (20 mg/kg)
for 7 d did lead to severe fatty liver in streptozotocin (STZ)-induced
diabetic rats, in which STZ was injected 7 d before oral admin-
istration (Fig. 5A). However, when metformin (50 mg/kg), widely
given to patients with type 2 diabetes, was concomitantly used,
hepatic steatosis did not apparently occur upon treatment with
T0901317. Plasma glucose levels were 428.3 ± 21.9 mg/dL, 403.0 ±
43.9 mg/dL, 391.2 ± 39.0 mg/dL, and 352.2 ± 39.9 mg/dL in STZ,
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Fig. 1. LXR-activating ligands inhibit cellular senescence in HUVECs. (A)
Effects of nuclear receptor-activating ligands on SA β-gal activity under high
glucose (HG) conditions for 3 d. Each ligand was given at a concentration of
100 nM simultaneously with exposure to high glucose. (B) Concentration-
dependent inhibition of high glucose-induced increases in SA β-gal activity
by T0901317. (C) Recovery effect of T0901317 (100 nM) on telomerase ac-
tivity under high glucose exposure for 24 h. Telomerase activity was mea-
sured by the telomere repeat application protocol assay [*P < 0.05 and **P <
0.01 vs. normal glucose (NG); #P < 0.05 and ##P < 0.01 vs. high glucose
without ligand treatment].
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STZ plus metformin, STZ plus T0901317, and STZ plus met-
formin and T0901317 rats (no significant differences). In
HUVECs, metformin was without effect on the increase in SA
β-gal activity under high glucose (Fig. 5B). Furthermore, the
preventive effect of T0901317 on high glucose-induced SA β-gal
activity was unaffected by the presence of metformin. In diabetic
rats, significant SA β-gal–stained cells in the aortic endothelium
were detected (Fig. 5 C and D). Diabetic rats treated with
T0901317 exhibited a significantly decreased ratio of SA β-gal–
stained cells regardless of whether metformin was coadministered.
We also examined the combined effect of T0901317 and met-

formin by using Zucker diabetic fatty rats (ZDFs), an insulin-
resistant type 2 diabetes model. ZDFs receiving a high-fat diet
developed fatty liver, which was moderated by administration of

metformin/T0901317 but not T0901317 alone (Fig. S2A). Oil red
O staining showed lipid accumulation in the aortic section from
ZDFs fed a high-fat diet (Fig. S2B). In addition, consumption of
a high-fat diet resulted in increased vascular cell adhesion mole-
cule-1 (VCAM-1) expression in the aortas of ZDFs (Fig. S2C).
Treatment with T0901317 effectively reduced lipid deposition and
VCAM-1 expression in the aortas of ZDFs on a high-fat diet,
regardless of coadministration of metformin. These beneficial
effects were associated with the prevention of increased SA β-gal
activity in aortas (Fig. S2D). However, it should be kept in mind
that metabolic parameters summarized in Table S1 demonstrated
that hyperglycemia was marked with the high-fat diet and amaz-
ingly improved by treatment with T0901317 alone and in combi-
nation with metformin.

A

B

C

Fig. 2. LXR-activating ligands up-regulate expres-
sion of ABCA1, a major cellular cholesterol efflux
transporter, in HUVECs. (A) HEK293T cells were
cotransfected with LXR expression vectors and lu-
ciferase reporter plasmid together with pCMX–β-gal.
Eight hours after transfection, the cells were treated
with increasing concentrations of T0901317 or
GW3965 for 24 h. The luciferase activity in each
sample was normalized by using β-gal and expressed
as fold induction relative to that of vehicle-treated
cells. (B) The mRNA levels of ABCA1 in HUVECs under
normal glucose (NG) and high glucose (HG) con-
ditions were quantified by real-time PCR. Data were
expressed as a fold increase vs. control under normal
glucose normalized to β-actin. (C) Western blots of
ABCA1 in HUVECs under normal and high glucose
conditions. β-Actin served as loading control. The
mRNA and protein levels of ABCA1 were evaluated
72 h after the addition of T0901317 or GW3965 at
a concentration of 100 nM under normal and high
glucose conditions.

A B

C

Fig. 3. LXR activation inhibits ROS generation and
up-regulates expression of caveolin and eNOS in
HUVECs. (A) Effects of 100 nM T0901317 in the ab-
sence and presence of 100 nM 5CPPSS-50 on ROS
generation in HUVECs exposed to high glucose (HG)
for 3 d. The cells were stained with fluorescent
probe CM-H2DCFDA, and ROS were detected by
flow cytometry [***P < 0.001 vs. normal glucose
(NG); ###P < 0.001 vs. high glucose without ligand
treatment]. (B) Immunofluorescent images showing
increased expression of caveolin and eNOS by acti-
vation of LXR with 100 nM T0901317 in HUVECs
exposed to high glucose for 3 d, which faded out in
the presence of 100 nM 5CPPSS-50. (Lower) Nuclei
were stained with Hoechst. No apparent difference
in fluorescent signals from nuclei among groups was
noted. T0901317 and 5CPSS-50 were added simul-
taneously with exposure to high glucose. (C) West-
ern blots showing the effects of T0901317(T090)
and 5CPSS-50(5CPSS) on eNOS expression and phos-
phorylation in HUVECs exposed to high glucose.
β-Actin served as loading control (*P < 0.05 vs. high
glucose alone).
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Discussion
LXRs belong to a family of nuclear receptors and are activated
by the oxidized cholesterol derivatives, namely the natural ligand
oxysterols, which form heterodimers with the RXR to regulate
transcription of target genes governing cholesterol, fatty acid,
and glucose metabolism (17, 18). Furthermore, LXRs play an
important role in the regulation of cytokine production and the

antiinflammatory response (19, 20). A recent report also has
shown that T0901317 serves as an inverse agonist of RAR-related
orphan receptors α and γt, and suppresses differentiation of T-
helper cells, that produce IL-17, related to chronic inflammation
and autoimmune diseases (21). Because LXR-activating ligands
promote reverse cholesterol transport and suppress inflammatory
responses, LXR has had promise as a prime drug target for the
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Fig. 4. LXRβ mediates cellular senescence in
HUVECs. The cells were transfected with scrambled,
LXRα, LXRβ, ABCA1, ABCG1, or SREBP-1 siRNAs for 72
h. T0901317 (blue bars) was given simultaneously
with exposure to normal glucose (NG) or high glu-
cose (HG). (A–D) Influence of LXRα and LXRβ siRNAs
on changes in (A) SA β-gal activity, (B) ABCA1 mRNA,
(C) ABCG1 mRNA, and (D) SREBP-1 mRNA. (E) Influ-
ences of ABCA1, ABCG1, and SREBP-1 siRNAs on
changes in SA β-gal activity (*P < 0.05, **P < 0.01,
and ***P < 0.001 vs. respective value untreated with
T0901317).

A

B

C

D

Fig. 5. Combination treatment with T0901317 and metformin improves vascular endothelial senescence in STZ-induced diabetic rats without the development of
hepatic steatosis. (A) Liver changes when diabetic rats were treated with T0901317 alone (20 mg/kg by mouth), metformin alone (50 mg/kg by mouth), and
T0901317 plus metformin. (Scale bar: 10 mm.) (B) Effects of metformin and T0901317 plus metformin on the increase in SA β-gal activity in HUVECs under high
glucose (HG) conditions for 3 d. T0901317 and metformin were given at a concentration of 100 nM simultaneously with exposure to high glucose [***P < 0.001 vs.
normal glucose (NG); ###P < 0.001 vs. high glucose without drug treatment.] (C) SA β-gal–positive staining was observed in the intimal side of aortas of diabetic
rats. T0901317 treatment eliminated its staining regardless of coadministration of metformin. (D) Relative ratio of the SA β-gal positively stained parts in the
intimal side of aortas of diabetic rats untreated and treated with T0901317 alone or T0901317 plus metformin. Treatment with metformin (350 ± 34 mg/dL),
T0901317 (321 ± 39 mg/dL), or metformin plus T0901317 (337 ± 40 mg/dL) did not significantly affect blood glucose levels in diabetic rats (389 ± 29 mg/dL).
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treatment of atherosclerosis (7). Indeed, the LXR-activating li-
gand GW3965 has been shown to be effective at reducing plaque
formation in the mouse model of atherosclerosis (22). However,
LXRs are also critical regulators of overall hepatic lipogenesis,
and LXR-activating ligands can lead to severe hepatic steatosis,
which would limit their clinical use.
The present study reports that LXR-activating ligands can

prevent endothelial cellular senescence, which was increased
under high glucose conditions. A common feature of senescent
endothelial cells is the presence of SA β-gal (23). This activity
is a manifestation of an increase in lysosomal mass (24) and
probably reflects the accumulation of autophagic vacuoles in
the senescent cell containing nondegradable intracellular
macromolecules and organelles. We showed that T0901317
and GW3965 significantly reduced SA β-gal activity in human
endothelial cells exposed to high glucose. Furthermore, LXR
activation reversed the decrease in telomerase activity, a rep-
licative senescence marker, in these endothelial cells. Vascu-
lar endothelial cells with SA phenotypes are present in
atherosclerotic lesions, and endothelial cellular senescence
could contribute to atherogenesis (8, 11, 25). We thus suggest
the involvement of reduced endothelial cellular senescence in
LXR-mediated inhibition of the development of atheroscle-
rosis. Specific ligands for other nuclear receptors did not
prevent the increase in SA β-gal activity that was induced by
high glucose conditions. Notably, it is interesting to note that
endothelial cellular senescence was not inhibited by PPAR
agonists that are currently used for the treatment of insulin-
resistant diabetes and hyperlipidemia.
LXRs consist of two isoforms, including LXRα, which is

expressed in several tissues such as liver, small intestine, and
kidney, whereas LXRβ is more ubiquitously expressed; however,
both isoforms are highly related, sharing 78% amino acid iden-
tity in their DNA-binding and ligand-binding domains (15, 26).
Our experiments with the use of LXRα and LXRβ siRNAs in-
dicated that LXRβ mediates the prevention of the senescence of
human endothelial cells. In addition, endothelial expression of
ABC family members of membrane transporters, ABCA1 and
ABCG1, up-regulated by T0901317 appeared to result from
activation of LXRβ. However, we found by using gene-specific
siRNAs for ABCA1 and ABCG1 that these target genes of
LXRs are not critically involved in the LXR-mediated pre-
vention of endothelial cellular senescence. On the contrary,
SREBP-1, which was also up-regulated as a direct LXRβ target
gene, may act as a brake of endothelial cellular senescence, be-
cause transfection of SREBP-1 siRNAs greatly augmented high
glucose-stimulated SA β-gal activity. However, we observed that
T0901317 was significantly effective in reducing SA β-gal activity
even in the presence of SREBP-1 siRNAs, suggesting an in-
volvement of further mechanism(s) in the LXR-mediated pre-
vention of endothelial cellular senescence. Our previous studies
have demonstrated that endothelial cellular senescence caused
by high glucose stimuli is associated with an increase in ROS and
a decrease in eNOS-derived NO (8, 11, 14). In this study, acti-
vation of LXR reduced ROS generation and increased eNOS
and cavelion-1 protein expression in human endothelial cells
exposed to high glucose. Therefore, the beneficial effects of
LXR-activating ligands on high glucose-induced endothelial
cellular senescence may, at least in part, involve their actions on
ROS and eNOS.
As predicted, oral administration of T0901317 for 7 d resul-

ted in fatty liver in STZ-induced diabetic rats. It has been
pointed out that fatty liver is associated with a decline in the
NAD(+)-dependent protein acetylase sirtuin 3 (27-29). Sirtuins
regulate cellular senescence and are generally considered as
longevity factors (30). However, T0901317-induced fatty liver
seems to occur independently of surtuin 3. Metformin, a popular
oral drug for treating type 2 diabetes, is well known to activate the

AMP-activated protein kinase (AMPK) in intact cells and in vivo
(31). AMPK suppresses hepatic expression of the lipogenic gene
SREBP-1c by inhibiting LXR-dependent SREBP-1c tran-
scription (32–34). When metformin was concomitantly used,
T0901317-induced hepatic steatosis was effectively avoided
without affecting blood glucose levels in the type 1 diabetic rat
model. On the contrary, the concurrent use of metformin did
not hamper the inhibitory effect of T0901317 endothelial se-
nescence in both in vitro and in vivo experiments.
To conclude, activation of LXRs can prevent endothelial

cellular senescence accelerated by hyperglycemia. This beneficial
effect on endothelial cellular senescence would be an additional
mechanism by which LXRs inhibit the development of athero-
sclerosis. Considering the potential antiatherogenic properties of
LXRs, we believe LXRs could be a good target for the de-
velopment of therapy to limit atherosclerosis in diabetes. Met-
formin can contribute to a reduction in LXR-mediated hepatic
steatosis. Therefore, combination treatment with metformin
may hold the promise for the key to the clinical use of LXR-
activating ligands.

Methods
Materials. T0901317, GW3965, GW4064, and calcitriol were purchased from
Cayman Chemical. ATRA andmetformin were purchased from Sigma-Aldrich.
5CPPSS-50 was purchased from Wako Pure Chemical. Wy14643, GW501516,
and rosiglitazone were purchased from Alexis Biochemicals. Bexarotene was
purchased from Kishida and Toronto Research Chemicals.

Cell Culture. HUVECs were purchased from Lonza and cultured in endothelial
cell growth medium-2 until the start of the experiment. The cells were cul-
tured in modified endothelial cell growth medium-2 that lacked insulin-like
growth factor-1 but contained 2% (wt/vol) FBS during the experimental
term. According to our previous study (11), five- to seven-passage subcon-
fluent cells were used in the experiments. Cells were harvested at subcon-
fluence and seeded into six-well plates.

SA β-Gal. Cellswere fixed for 10min in 2%formaldehyde, 0.2%glutaraldehyde in
PBS solution, and incubated for 12 h at 37 °C without CO2 with fresh β-gal
staining solution: 1 mg/mL 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside,
5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, and 2 mM MgCl2,
pH 6.0. The cells were counterstained with DAPI (0.2 mg/mL in 10 mM NaCl) for
10 min to count the total cell number. The percentage of SA β-gal–positive cells
was determined by counting the number of blue cells within a sample of 1,000
cells. SA β-gal activity was also measured by flow cytometry as described pre-
viously (14). After the experiment, cells were incubated with C12FDG (fluorogenic
substrate 5-dodecanoyl-aminofluorescein di-β-D-galactopyranoside; 33 mM) at
37 °C for 30 min. Cells were trypsinized and analyzed by using a FACSCalibur
flow cytometer (Becton Dickinson).

Human Telomere Length Assay. Telomere length was measured by fluores-
cence in situ hybridization by using flow cytometry (14).

Luciferase Reporter Gene Assay. Transfection of HEK293T cells were per-
formed by using calcium phosphate coprecipitation. HEK293T cells can be
stably transfected by this transfection protocol suitable for comparing the
effect of LXRα and -β. Transfection mixtures contained 30 ng of human LXRα
ligated into pBApo-CMV Neo DNA vector (Takara Bio) and 120 ng of pGL4.1-
DR4-Luc for the LXR reporter assay with the addition of 30 ng of the pCMX
β-gal expression vector and carrier DNA pUC18 to yield 600 ng of total DNA
per well. After 8 h of transfection, cells were thoroughly washed with fresh
medium and further incubated in the presence of the compounds at the
indicated concentrations in medium containing 10% FBS for another 24 h.
Luciferase and β-gal activities of cell lysates were analyzed by using a lumi-
nescence reader and a spectrophotometer. Luciferase activity was normal-
ized relative to the activity of an internal β-gal control and expressed as the
relative luciferase activity, which was determined in triplicate experiments.

RNA Extraction and Quantitative Real-Time PCR. Total RNA was isolated from
cells with use of RNAiso Plus (Takara Bio). Following treatment of the RNA
samples with DNase (Invitrogen), first-strand cDNA was synthesized from 0.5
μg of total RNA by using an oligo(dT)20 RT primer and ReverTra Ace
(Toyobo) according to the manufacturer’s instructions. Quantitative real-
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time PCR (SYBR green) analysis was performed by using a TP800 Thermal
Cycler Dice real-time system (Takara Bio). The mRNA expression levels were
normalized by the β-actin mRNA levels and calculated according to the
delta–delta Ct method.

Western Blot Analysis. Cells were harvested and lysed in 50 μL of RIPA buffer
(25 mM Tris·HCl, 1% Nonidet P-40, 150 mM NaCl, 0.1% SDS, 1% sodium
deoxycholate, 5 mM EDTA, pH 7.4) containing protease inhibitor mixture
tablets (Roche Diagnostics) on ice. The lysates were centrifuged at 12,000 × g
for 15 min at 4 °C, and the resulting supernatants were assayed for their
protein concentrations (Bradford Assay; Bio-Rad). The supernatants (10 μg of
protein) were separated by SDS/PAGE by using a 12% gel and transferred
onto polyvinylidene fluoride membranes. After blocking with 5% powdered
skim milk in TBS for 1 h, the membranes were probed with anti–ABCA-1
(supplied by Shinji Yokoyama, Chubu University, Kasugai, Japan) or anti-
β-actin (Santa Cruz Biotechnology) in TBS containing 1% powdered skim
milk and 0.05% Tween-20 overnight at 4 °C. The membranes were then
washed and incubated with an alkaline phosphatase-conjugated anti-mouse
or anti-rabbit IgG secondary antibody (Santa Cruz Biotechnology) in TBS as
described earlier for 1 h at room temperature. The membranes were thor-
oughly washed, and the bound antibodies were detected by using CDP-Star
(Applied Biosystems) as a substrate for alkaline phosphatase. The protein
concentrations were determined by using an LAS-3000 Mini system (Fujifilm).

Flow Cytometric Analysis of ROS Generation. Intracellular oxidant generation
was detected with the fluorescent probe CM-H2DCFDA (Invitrogen). Cells
were incubated with CM-H2DCFDA (10 mM) at 37 °C for 30 min, and flow
cytometry was performed.

Immunofluorescence and Confocal Analysis. Cells were fixed with a 4%
formalin solution and exposed to the secondary antibody conjugated to

high-quality fluorophores, including Alexa Fluor 488 and Alexa Fluor 647,
after overnight with an anti–caveolin-1 antibody (BD Bioscience) or an
anti-eNOS antibody (BD Biosciences). The nucleus was stained with
Hoechst 33258 (Nacalai Tasque). Images were observed by using a Leica
TCS-SP5 confocal system.

Transfection of siRNAs. LXRα, LXRβ, ABCA1, ABCG1, SREBP-1, and scrambled
siRNAs were purchased from Santa Cruz Biotechnology. siRNA (10 nM) was
transfected by using Lipofectamine RNAiMAX (Invitrogen). After incubation
for 72 h, the down-regulation of the target genes was confirmed by real-
time PCR.

Generation of STZ Diabetic Animal Model. We generated diabetic rats
(Sprague-Dawley rats; 26 wk old) using STZ (60 mg/kg, i.p.) (14). When
T0901317 or metformin were used, they were administered orally at 20 mg/
kg/d and 50 mg/kg/d for 7 d from 5 d after STZ injection, respectively. Blood
glucose levels and body weights were measured daily. This animal research
was conducted in accordance with the National Institutes of Health
Guidelines on the Use of Laboratory Animals and with approval of the
Nagoya University Animal Care Committee.

Statistical Analysis. Analysis was performed with Prism software (version 4;
GraphPad) by using one-way ANOVA followed by Tukey multiple comparison
or t test when appropriate. Data are expressed as mean ± SE (n = 3∼6).
P values <0.05 were considered significant.
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