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Abstract

Objective To examine the effect of squalene on liver
X receptors (LXRs) that regulate target genes associ-
ated with reverse cholesterol transport and thus control
whole-body cholesterol homeostasis.

Results To examine the effect of squalene on liver X
receptors (LXRs) that regulate target genes associated
with reverse cholesterol transport and thus control
whole-body cholesterol homeostasis. Squalene signif-
icantly stimulated the transactivation of liver X receptor
modulator LXRa and LXRB. The mRNA expression of
LXRs and their target genes, including ABCAI,
ABCGTI and ApoE, was significantly induced in mac
rophages stimulated with squalene, resulting in removal
of cholesterol from the cells. Notably, squalene did not
induce higher hepatic triacylglycerol levels nor did it
alter expression of sterol regulatory element-binding
protein 1c (SREBP-1c) and FAS in hepatocyte cells,
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primarily because of its upregulation of Insig-2a, which
delays nuclear translocation of SREBP-1c, a key hepatic
lipogenic transcription factor.

Conclusion Squalene has hypocholesterolemic effect
through the activation of LXRa and B without inducing
hepatic lipogenesis.
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Introduction

Liver X receptors (LXRs) are members of the nuclear
receptor superfamily comprising several ligand-acti-
vated transcription factors. They play a critical role in
the protection against atherosclerosis by upregulating
the expression of ATP-binding cassette (ABC) pro-
teins A1, G1, and apolipoprotein E (ApoE), increasing
cholesterol efflux, stimulating reverse cholesterol
transport (RCT) from peripheral tissues, and elevating
high-density lipoprotein cholesterol (HDL-C) levels
(Geyeregger et al. 2006). LXRs also AFFECT the
systemic cholesterol levels by reducing intestinal
cholesterol absorption and increasing biliary choles-
terol excretion through the regulation of the trans-
porters ABCG5 and ABCGS8 (Repa et al. 2002).
Treatment of atherosclerotic mice with synthetic LXR
ligands, such as GW3965 and T0901317, inhibits the
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progression and promotes the regression of atheroscle-
rotic plaques. Furthermore, the transplantation of
macrophages lacking LXRa and B into a host predis-
posed to atherogenesis results in increased foam cell
differentiation and arterial plaque formation, even
after treatment with LXR agonists (Levin et al. 2005).
Although synthetic LXR agonists have an obvious
therapeutic interest, they may induce lipogenesis,
leading to increasing plasma triacylglycerol concen-
trations and hepatic steatosis (Schultz et al. 2000).
Thus, specific LXR ligands that do not induce fatty
acid synthesis in the liver are of interest.

Squalene, a natural tripterpene, is often used in
nutrition, health care, cosmetics and medicine. It has
several beneficial properties as an anticancer agent, an
antioxidant, a drug carrier, a detoxifier, as an aid to skin
hydrating, and in providing emollient activities of
adjuvants for vaccines (Spanova and Daum 2011).
Squalene also has cardio-protective properties and
hypocholesterolemic effects (Chan et al. 1996; Liu
et al. 2009). Chan et al. (1996) reported that the
treatment of elderly patients with hypercholesterolemia
with a diet containing 850 mg squalene per day for
20 weeks significantly decreased the levels of total
cholesterol by approx. 17%, the low-density lipoprotein
cholesterol (LDL-C) by 22% and triacylglycerol by 5%.
Although numerous studies have shown that squalene
has anti-atherosclerotic and hypocholesterolemic
effects, its direct molecular target remains unknown.
In this study, the potential application of squalene as a
novel LXR activator to reduce cholesterol levels was
investigated.

Materials and methods

Isolation and purification of squalene
from Schizochytrium mangrovei PQ6

Squalene was isolated and purified from dried biomass
of S. mangrovei PQ6 as described by Hoang et al.
(2014).

Cell culture and experiments
HepG2 and RAW 246.7 cells were obtained from the
Korean Cell Line Bank (Seoul, Korea). Cells were

cultured in Dulbecco’s minimum essential medium
(DMEM) supplemented with 10% (v/v) fetal bovine
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serum (FBS) and 1% (v/v) penicillin/streptomycin before
treatment. All cells were grown in 5% CO, at 37 °C. For
the experiments, HepG2 cells were incubated with 600
UM palmitate to mimic hyperlipidemic conditions for
24 h. Then the lipid-loaded HepG2 and RAW 246.7 cells
were treated with squalene (50 and 100 M), synthetic
LXRs agonist (T0901317; 1 uM) or 0.1% dimethyl
sulfoxide (DMSO) as vehicle for a further 48 h. Each
treatment was performed at least in triplicate.

Reporter gene assays

The transfection and reporter gene assays were
performed with CHO-K1 cells (Hoang et al. 2012).

Cellular lipid measurements

Cellular and medium lipids were extracted (Hoang et al.
2012). The cellular and medium concentrations of
cholesterol and triacylglycerol (TAG) were quantified
enzymatically with an automated chemistry analyzer
(Olympus Analyzers, Tokyo, Japan). Protein quantifi-
cation was measured using the Bio-Rad protein assay kit
for normalization.

Oil Red O staining

HepG2 cells were stained with Oil Red O as described
by Hoang et al. (2012). Stained lipid images were
taken with a digital camera. Lipid accumulation was
quantified through 21-propanol extraction of Oil Red
O from stained cells and read at 500 nm.

Determination of mRNA expression

Total RNA was extracted from RAW 246.7 and HepG2
cells using an RNAiso Plus reagent (Takara, Japan) as
instructed by the manufacturer. Quantitative real-time
PCR was performed in the LightCycler 2.0 system
(Roche Diagnostics, Penzberg, Germany) using SYBR
Green (Thermo). Expression levels were normalized to
that of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) by the normalized expression (CT) method
according to the manufacturer’s guidelines. The primer
sequences are shown in Supplementary Table 1.

Immunoblotting analysis

RAW 264.7 macrophages and HepG2 cells were lysed
inice-cold lysis buffer containing 10 mM Tris/HCI (pH
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7.4),0.1 M EDTA, 10 mM NacCl, 0.5% Triton X-100,
and protease inhibitor cocktail (ThermoFisher). The
lysate was clarified by centrifugationat ~ 10,000x g for
10 min at 4°C. Protein concentration was determined
using a Coomassie protein assay reagent with bovine
serum albumin as the standard. Protein samples (100 pg)
were subjected to 8—12% SDS-PAGE and then trans-
ferred and immobilized on PVDF membranes. After
blocking, the membranes were probed with primary
antibody (anti-ABCA1, anti-SREBP 1, anti-Insig2;
Santa Cruz Biotechnology) and then incubated with
secondary antibody (anti-rabbit or anti-mouse
immunoglobulin G; Thermo). Immunoreactive bands
were stained with 3,3’-diaminobenzidine in 50 mM
Tris/HCI (1 mg/ml with 0.1% H,0,, pH 7.2). The
reaction was stopped by rinsing with water; the
membrane was dried and scanned. Relative band
intensities were determined using Gel-Pro Analyzer
4.0 software (Media Cybernetics). For each sample,
target protein levels were normalized to a-tubulin
(internal reference).

Statistics

Data are expressed as mean =+ standard error of the
mean (SEM). Differences were considered statisti-
cally significant at P < 0.05, assessed using Student’s
1 test.

Results and discussion
Squalene is an agonist ligand of LXRa and 3

In the present study, squalene significantly increased the
transactivation of both LXRo and LXRf. Squalene
increased the transactivation of LXRa by 60 and 70% at
50 and 100 puM, respectively; while TO901317 increased
the transactivation of LXRa by 147% compared with
the controls (P < 0.05) (Fig. la). Treatment with
squalene 50 and 100 uM increased the transactivation
of LXRB by more than 30%, whereas T0901317
activated the LXRp transactivation by 53% compared
with the controls (P < 0.05) (Fig. 1b).

Squalene decreases cellular cholesterol and stimu-
lates medium cholesterol by regulating the expression
of LXRs and their responsive genes.

The activation of LXRs promotes cholesterol
efflux, stimulates RCT in macrophages, and inhibits

the accumulation of cholesterol in vitro and in vivo
(Geyeregger et al. 2006). Therefore, we evaluated the
cellular cholesterol concentration in RAW 264.7
macrophages stimulated with squalene. Squalene at
50 and 100 uM reduced the cellular cholesterol
concentration by 10 and 14%, respectively, compared
to the control cells (P < 0.05) (Fig. 2a). This was
accompanied by an increased concentration of choles-
terol in the culture medium treated with 50 and 100
UM squalene (P < 0.05; over 20% higher than the
controls) (Fig. 2b). Similar but stronger trends were
observed in cells stimulated with T0901317.

LXRs play a critical role in cholesterol homeostasis
by inducing the expression of several genes involved in
cholesterol efflux as ABCA1 and ABCGI transporters
(Geyeregger et al. 2006). ABCAI1 transfers both
cholesterol and phospholipids from plasma membrane
to lipid-free apolipoprotein A-I (apoA-I). This trans-
porter is also crucial for the formation of nascent HDL
particles in the liver. On the other hand, the function of
ABCGl1 is to transfer cholesterol to HDLs. ApoE is also
an LXR target gene involved in cholesterol homeosta-
sis, and mice lacking ApoE spontaneously develop
atherosclerosis (Wouters et al. 2005). Taking into
consideration our observation that squalene induced
the cholesterol efflux, we further performed quantitative
PCR (qPCR) and immunoblotting analysis of LXR
target genes. We demonstrated that squalene increased
the expression of LXRa and LXRP mRNA, similar to
T0901317 (Fig. 2c and d). Treatment with squalene (50
or 100 uM) increased the mRNA expression of LXRa in
macrophages by 57-81% (P < 0.05) (Fig. 2c). The
mRNA expression of LXRP was upregulated in a dose-
dependent manner, being increased by 61 and 93% in
cells treated with 50 and 100 uM squalene, respectively
(Fig. 2d). Squalene also significantly increased the
mRNA expression of the LXR-responsive genes
ABCA1l, ABCGl and ApoE in macrophages
(P < 0.05). At 100 pM, squalene increased ABCAI,
ABCGI and ApoE mRNA expression by 46, 38 and
112% (P < 0.05), respectively, compared to the control
group. In tandem with the upregulation of mRNA
expression, the level of ABCAIl protein was also
increased in macrophages stimulated with squalene
(Fig. 2h). Similar but greater effects were observed in
cells stimulated with T0901317; these findings suggest
that squalene as an LXR ligand suppresses cholesterol
accumulation by promoting an efflux pathway in
macrophages, which could lead to the elevation of
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circulating levels of HDL-cholesterol and prevention of
hypercholesterolemia and atherosclerosis.

Squalene reduces cellular TG concentrations
by upregulation of Insig-2a in HepG2 cells

The role of LXR in the control of fatty acid
metabolism has been implicated as a potential side
effect of LXR therapy. The expression of fatty acid
synthesis genes, including sterol regulatory element-
binding protein-1c (SREBP-1c) and fatty acid syn-
thase (FAS) is blunted in mice carrying a targeted
disruption in the LXRo gene. On the other hand,
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Fig. 3 Squalene has modest effects on cellular triacylglycerol
levels in HepG2 cells and the expression of hepatic lipogenesis
genes. a Cellular triacylglycerol levels in HepG2 cells. b Oil
Red O lipid staining of HepG2 incubated with squalene and
T090131727. c—e mRNA expression of SREBP-1c, FAS and
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administration of synthetic LXR ligands in mice
elevates plasma TAG levels, in part by inducing the
hepatic lipogenic pathway (Schultz et al. 2000). In this
study, stimulation of HepG2 cells with T0901317
increased cellular TAG levels, as previously reported,
and also increased the expression of SREBP-1c and
FAS (Fig. 3a—d). Notably, the cellular TAG concen-
trations decreased significantly with squalene; com-
pared to the control, squalene at 100 pM significantly
reduced the TAG level by 17% (Fig. 3a). Oil Red O
staining showed similar results (Fig. 3b). Further-
more, squalene did not alter the mRNA and protein
expression of SREBP-Ic and expression of FAS
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(Fig. 3 c, d, f); this indicates that, unlike T0901317,
squalene acts as a partial agonist that selectively
activates LXRs without inducing hepatic lipogenesis.
Thus, treatment with this compound may have prac-
tical implications for the prevention or treatment of
dyslipidemia without undesirable side effects.

The mechanisms by which squalene does not affect
expression of SREBP1c and FAS genes in hepatocytes
are currently unclear. The endogenous LXR agonists
cholesterol and oxysterols, inhibit the nuclear translo-
cation of SREBP-1c by activating Insig-2a gene
expression and, thus, did not stimulate FAS or SCD-
1 gene expression in the mouse liver (Dang et al.
2009). Inhibition of SREBP processing by cholesterol
and oxysterols is the major homeostatic mechanism
that balances cellular cholesterol and fatty acid
metabolism. When cholesterol is high, cholesterol
binds to the sterol-sensing domain of SCAP and
recruits insulin signaling protein (INSIG), thus retain-
ing the INSIG—SCAP—SREBP complex in the ER,
the expressions of SREBP-regulated gene were down-
regulated (Brown et al. 2002). In fact, Insig-2 is
required for cholesterol and oxysterols to retain the
SREBP—SCAP complex in the ER (Yabe et al. 2002).
In our study, stimulation with squalene significantly
increased Insig-2a mRNA and protein levels in HepG2
cells (Fig. 3e, g). At 100 puM, squalene increased
mRNA and protein expression of Insig-2a by 44 and
37% (P < 0.05), respectively, compared to the con-
trols. This suggests that squalene may delay nuclear
translocation of SREBP-1c and retains the INSIG2-
SCAP-SREBP-Ic triple complex in ER and conse-
quently does not alter the expression of SREBP-1c and
its responsive hepatic lipogenic gene, FAS.

Albers et al. (2006) reported that the selective
compared the effects of T0901317 to those of LN6500
in the induction of two LXR target genes, FAS and
SCD-1 in the liver. T0901317 induced the expressions
of FAS and SCD-1 while LN6500 showed no induc-
tion. In a co-activator recruitment assay, T0901317
recruited TRAP220 strongly, while LN6500 only
recruited TRAP220 weakly, which may explain the
lack of induction of FAS and SCD-1 expression by
LN6500. Hence, it is possible that LXRs activation by
squalene may recruit co-activators as well as LN6500
did. In addition, Svensson et al. (2003) reported that
groups of trifluoro ethyl, phenyl and sulfonamide in
T0901317 are essential for the interaction of
T0901317 and LXRs, while structure of squalene
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only contains groups of methyl. Alternatively, itis also
possible that squalene may not directly activate LXR
proteins but indirectly by inducing endogenous ligand
synthesis. Therefore, these possibilities should be
examined in the future.

Conclusions

Squalene is a selective LXR modulator that regulates
the expression of key genes in reverse cholesterol
transport in macrophages without inducing lipogene-
sis in hepatocytes. Squalene can not only serve as a
potent pharmaceutical agent for treatment of hyperc-
holesterolemia and atherosclerosis, but also prevents
the potential side effect of hepatic steatosis.
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