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Abstract

Background: Crocin (CRO), chlorogenic acid (CGA), geniposide (GEN), and quercetin (QUE) are all natural
compounds with anti-obesity properties, in particular, hypolipidemic effects, which have been widely used for the
treatment of obesity-related metabolic diseases. However, it is not yet known whether these compounds interact
synergistically. Here, we investigated the effects and molecular mechanisms of CRO, CGA, GEN, QUE, and a
combination of all four compounds (CCGQ), on lipid accumulation in human hepatoma (HepG2 cells).

Methods: The optimal concentration of CRO, CGA, GEN, QUE to stimulate HepG2 cells proliferation was determined
using MTT assay. HepG2 cells were pretreated with 10 pmol/L simvastatin, 1 umol/L CRO, 30 umol/L CGA, 10 pmol/
L GEN, 10 umol/L QUE, and CCGQ (a combination of 1 umol/L CRO, 30 umol/L CGA, 10 umol/L GEN, and 10 umol/
L QUE) for 24 or 48 h. Oil red O staining and extracellular TC and TG levels were detected. The RT-PCR was used to
observe on cholesterol metabolism-related gene expression. Immunocytochemistry and western-blot assayed the 3-
hydroxy-3-methylglutaryl-coenzyme (HMGCR) protein expression in HepG2 cells.

Results: Compared to those of control, we demonstrated that treating HepG2 cells for 48 h with CCGQ resulted in
a strong synergistic effect, causing a marked decrease in lipid deposition in comparison to individual treatments, in
both triglyceride and total cholesterol (CRO, 5.74- and 1.49-folds; CGA, 3.38- and 1.12-folds; GEN, 4.04- and 1.44-
folds; QUE, 3.36- and 1.24-folds; simvastatin, 5.49- and 1.83-folds; and CCGQ, 7.75- and 2.20-folds), and Oil red O
staining assays. In addition, CCGQ treatment increased ATP-binding cassette transporter (ABCA1), cholesterol 7a-
hydroxylase (CYP7A1), and AMP-activated protein kinase 2a (AMPKa2) mRNA expression, while decreasing sterol
regulatory element binding protein 2 (SREBP2), and liver X receptor alpha (LXRa) mRNA expression. Notably, CCGQ
was more effective in decreasing HMGCR expression than the individual treatments.

Conclusion: The CCGQ combination has potential, both as a complementary therapy for hyperlipemia, and in
preventing further obesity-related complications.
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Background

Obesity has become a global epidemic which is strongly
associated with many metabolic diseases, such as coron-
ary heart disease, type 2 diabetes mellitus, and non-
alcoholic fatty liver disease [1, 2]. Effective long-term so-
lutions to reduce obesity have remained elusive until
now. Many obesity-related metabolic abnormalities are
characterized by dyslipidemia, in particular the forma-
tion of excessive lipid deposits in non-adipose tissue,
such as the liver. These deposits cause lipotoxicity,
resulting in tissue damage, fibrosis and potential organ
failure [3]. There have been numerous investigations
into the role of dyslipidemia in the pathophysiology of
obesity [4, 5]. Decreasing hyperlipemia is therefore con-
sidered a protective strategy to treat obesity-induced dis-
eases [6, 7].

In the last decade, many studies have focused on a var-
iety of natural products, including botanical extracts or
phytochemicals, for the prevention and treatment of
obesity. In these studies, phenolic compounds and carot-
enoids have attracted a great deal of interest. Phenolic
compounds, such as phenolic acids and flavonoids, have
pharmacological properties involved in the regulation of
plasma lipids, and are increasingly being studied [8].
Crocin (CRO) is the only water-soluble carotenoid in na-
ture, and has been shown to be effective in reducing
diet-induced obesity in animals, as well as improving the
blood lipid profile [9, 10]. Chlorogenic acid (CGA), ubi-
quitously found in plants, is a phenolic acid, which has
been shown to exert anti-obesity effects and improve
lipid metabolism [11]. It has been reported that hypo-
cholesterolemic effects are the primary benefit of CGA
treatment [12]. Geniposide (GEN), an iridoid glycoside,
has also recently been demonstrated to infer protective
effects against hyperlipemia and obesity in rats [13].
Quercetin (QUE), commonly found in glycosidic form in
plants, is the most abundant flavonoid in the typical hu-
man diet, and exerts anti-obesity activity through a
range of molecular pathways [14, 15].

Gardenia jasminoides Ellis (gardenia) fruit, of the
Rubiaceae family, was reported to decrease body weight,
fat percentage, and BMI, lower high insulin, GLP-1, and
leptin levels, and reduce insulin resistance in middle-
aged obese women. It has been reported that CRO,
CGA, rutin, and GEN are the main components of gar-
denia fruit [16]. The anti-obesity effect of gardenia fruit
may be attributed to synergistic interactions between its
various phytochemical constituents, and analyzing the
activity of these active components is a key step to un-
derstanding this effect and underlying mechanisms. It is
therefore necessary to study the impact of the combin-
ation of these compounds on dyslipidemia, but no study
has so far focused on this. Rutin is the most common,
and important, glycosidic form of QUE [15] and cellular
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models can clarify how these phytochemicals interfere
with lipid metabolism to prevent obesity at the molecu-
lar level. This study therefore aimed to investigate hypo-
lipidemic effects and molecular mechanisms of
combined therapy with CRO, CGA, GEN, and QUE in
human hepatoma HepG2 cells.

Methods

Chemicals

CGA, GEN and QUE (purity >98%, as determined by
HPLC) were purchased from the National Institute for
the Control of Pharmaceutical and Biological Products
(Beijing, China). CRO was extracted and purified as pre-
viously reported (purity > 98%, as determined by HPLC)
[17]. All drugs were dissolved in 0.1% dimethyl sulfoxide
(DMSO). The chemical structures of purified CRO,
CGA, GEN, and QUE are illustrated in Fig. 1. All other
chemicals used were of molecular biology and analytical
grade.

Cell culture

The HepG2 human hepatoma cell line was purchased
from the China Center for Type Culture Collection.
HepG2 cells were grown and maintained in RPMI-1640
medium (Invitrogen, Waltham, MA) supplemented with
10% fetal bovine serum, 100 U/mL penicillin, and
100 pg/mL streptomycin at 37 °C in a humidified atmos-
phere of 5% CO,. Cells were subcultured upon reaching
approximately 80—90% confluency.

Cell viability assay

HepG2 cell growth was determined using the MTT
assay. Cells (2 x 10% were seeded into 96 well micro-
titer plates containing 100 pL complete culture medium
per well, and incubated for 24 h at 37 °C. Cultures were
transferred into serum-free medium 12 h prior to per-
forming the assay. A range of concentrations of CRO (0.
01, 0.1, 1, 10, and 100 umol/L), CGA (0.3, 3, 30, 300,
and 3000 pmol/L), GEN (0.1, 1, 10, 100, and 1000 pumol/
L), and QUE (1, 10, 20, 40, 60, 80, and 100 umol/L) were
added. Cells were incubated for a further 24 or 48 h in
an incubator (37 °C at 5% CO,), and then treated with
MTT for 4 h. DMSO (150 pL) was added to each well,
and plates were then shaken for 10 min. Absorbance
was measured at 490 nm using a microplate reader (Bio-
Rad). Cell viability in each group was presented as a per-
centage of the control.

Oil red O staining and determination of extracellular TC
and TG levels

HepG2 cells (2 x 10%) were seeded into 6- or 24-well
plates and cultured. After incubation in the presence or
absence of the different drugs for 48 h, cells were fixed
with 4% polyformaldehyde, and then incubated in Oil
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Fig. 1 Chemical structures of CRO, CGA, GEN and QUE
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red O working solution for 30 min. Microscopic images
were taken to visualize red oil droplets with an Olympus
microscope (Olympus Corporation, Tokyo, Japan). After
incubation in the presence or absence of the different
drugs for either 24 or 48 h, cell supernatant was used
for analysis of total cholesterol (TC) and triacylglycerol
(TQ) levels. TC and TG kits (Beihuakangtai, Beijing,
China) were used according to the manufacturer’s
instructions.

RT-PCR

Expression of the following genes was studied using
semi-quantitative RT-PCR: ATP-binding cassette trans-
porter (ABCA1), sterol regulatory element binding pro-
tein 2 (SREBP2), cholesterol 7a-hydroxylase (CYP7AL),
liver X receptor alpha (LXRa), AMP-activated protein
kinase 2a (AMPKa2) and 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMGCR). Primer pairs (Sangon,

Table 1 The primers of gene amplification

Shanghai, China) are listed in Table 1. RNA isolation
(Total RNA Extractor, Sangon, Shanghai, China), cDNA
synthesis (TaKaRa PrimeScript® RT reagent Kit,
Baosheng, Dalian, China), and amplification (TaKaRa Ex
Taq PCR Kit, Baosheng, Dalian, China) were performed
as per manufacturer’s instructions. Amplification was
performed using a three step temperature cycle as fol-
lows: ABCA1, AMPKa2, and HMGCR: 32 cycles at 95 °
C for 20 s, 57 °C for 30 s, and 72 °C for 45 s; SREBP2,
LXRa, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH): 32 cycles at 95 °C for 20 s, 56 °C for 30 s,
and 72 °C for 45 s; and CYP7A1L: 32 cycles at 95 °C for
20 s, 58 °C for 30 s and 72 °C for 30 s. Polymerization
was performed at 72 °C for 5 min. Amplified product
was analyzed in 1% agarose gel, photographed, and ana-
lyzed using Quality One Software (SPSS Inc., Chicago,
IL). Each relative densitometric value was calculated
after normalization to GAPDH.

GENE Sense Anti-sense Product
ABCA1 5-AGGCCCAGACCTGTAAATGC-3' 5'-CTCACCAACCTTGCCAACTTC-3' 450 bp
SREBP2 5-CAGACGCCAAGATGCACAAG-3' 5-TGGCTCATCTTTGACCTTTGC-3' 323 bp
CYP7A1 5-CATTTGGGCACAGAAGCATTG-3' 5-AGGCAGCGGTCTTTGAGTTAG-3' 174 bp
NRTH3 (LXR a) 5-AAGAAACTGAAGCGGCAAGA-3' 5-AGCAATGAGCAAGGCAAACT-3' 555 bp
PRKAA2 (AMPK 02) 5-TCAATCGTTCTGTCGCCAC-3 5-ATACGGTTTGCTCTGACTTCG-3' 530 bp
HMGCR 5-CTCCGCAGGCTATTTGTTCAG-3' 5-GCTAAGAGCGTTCGTGGGTC-3' 620 bp
GAPDH 5-ACTCCTCCACCTTTGACGCTG-3' 5-CTCTCTTCCTCTTGTGCTCTTGC-3 182 bp
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Immunocytochemistry

HepG2 cells were plated into 6-well chamber slides.
After treatment with the different drugs for 48 h, the
slides were fixed in 4% neutral buffered paraformalde-
hyde for 30 min at room temperature, subsequent
HMGCR detection. Immunostaining was carried out
using a kit (Boaoseng, Beijing, China, SP-0023). The en-
dogenous peroxidase was inactivated by treated the
slides with 0.3% hydrogen peroxide for 10 min. After
washed with PBS, the slides were added into normal
goat serum to incubate for 10 min at 37 °C. Rabbit poly-
clonal HMGCR antibody (1:50) (Boaoseng, Beijing,
China, LOT. YE0905W, bs-5068R) was used as the pri-
mary antibody to incubated cells at 4 °C for overnight
after washed. The slides were washed and incubated
with biotinylated secondary antibody for 30 min. And
then slides were added into peroxidase-labeled streptavi-
din for another 30 min. Slides were stained with 3,3"-di-
aminobenzidine for 25 min. Cells were incubated with
nonimmune serum or PBS to control antibody specifi-
city, and then the nuclei were counterstained with H&E.

Western blot

Total cell protein from each sample was extracted using
a kit (Protease inhibitor cocktail set I, Calbiochem, USA)
and quantified using a Bio-Rad protein kit (Pierce, Rock-
ford, IL). Equal quantities of protein were separated
using 10% SDS-PAGE and transferred to PVDF mem-
brane (Millipore Corporation, USA) overnight at 4 °C:
the membrane was then blocked in 5% non-fat milk.
The membrane was probed separately with the primary
antibodies for GAPDH-HRP (1:1000, Kangcheng, Shang-
hai, China) and rabbit antihuman HMGCR (1:1000, Cell
Signaling), and secondary antibodies (1:10000, Santa
Cruz). Signal was detected using an ECL Kit (Millipore,
USA) and developed on X-ray film. Protein bands were
detected by ChemiDoc XRS systems and Quality One 4.
6.1 (Bio-Rad, Hercules, CA) software, and GAPDH anti-
body was used as the internal control.

Statistical analysis

All data were presented as means + SEM, obtained from
at least three separate experiments, and one representa-
tive image was selected for presentation in the figures.
One-way analysis of variance followed by Dunnett’s test
was used for comparison among groups (SPSS computer

software version 13.0). P<0.05 was considered
significant.

Results

Effects of CRO, CGA, GEN, and QUE on HepG2 cell
viability

We examined the cytotoxicity of CRO, CGA, GEN, and
QUE to determine suitable concentrations for the
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treatment of HepG2 cells. Results showed that 100 uM
CRO, CGA, and GEN, and < 10 pM QUE had no inhibi-
tory effect on HepG2 cell viability after 24 or 48 h of
treatment (Fig. 2). Therefore, subsequent experiments
used the following concentrations: 10 pmol/L SIM,
1 pmol/L. CRO, 30 pmol/L CGA, 10 pmol/L GEN,
10 umol/L QUE, and a combination of 1 pmol/L CRO,
30 pmol/L CGA, 10 pmol/L GEN, and 10 umol/L QUE
(CCGQ), consistent with concentrations used in previ-
ous studies [18-21].

CRO, CGA, GEN, QUE, and CCGQ inhibit lipid

accumulation in HepG2 cells

To test whether drugs affected lipid deposition, we ex-
amined lipid droplets in HepG2 cells using Oil red O
staining. Compared with the control group, we found
prominent lipid accumulation in the cytoplasm of
HepG2 cells, using 0.1 mmol/L of oleate. Compared
with the oleate group, treatment with SIM, CRO, CGA,
GEN, and CCGQ significantly attenuated the accumula-
tion of lipid droplets, however, QUE alone did not in-
duce notable inhibition (Fig. 3a, b). To further assess
lipid deposition, we determined TC and TG content in
the culture medium of HepG2 cells (Fig. 3¢, d). Consist-
ent with Oil red O findings, all drugs elevated extracellu-
lar TC and TG levels after treatment for 24 or 48 h.
CCGQ and CRO induced significant increases in con-
centrations of secreted TC in cells treated for 48 h,
which were greater than effects produced by any other
single drug. Compared with the SIM group, treatment
with CCGQ for 24 or 48 h significantly increased extra-
cellular TC and TG content (p < 0.05). These results in-
dicate that combined treatment with CCGQ results in a
much greater decrease in lipid accumulation in HepG2
cells than treatment with the drugs individually.

Effect of CRO, CGA, GEN, QUE and CCGQ on cholesterol
metabolism-related gene expression
In order to further clarify the mechanism responsible for
the changes in cholesterol levels of HepG2 cells, we next
examined the mRNA expression levels of cholesterol
metabolism-related enzymes (results shown in Fig. 4).
All drugs increased ABCA1 mRNA expression in com-
parison with the control group, and had significantly
greater effects than SIM treatment. CYP7A1 mRNA ex-
pression was significantly enhanced by treatment with
SIM, CCGQ, CGA, and GEN, but was comparable to
the control group in CRO-treated cells, and was lower
than levels in all other groups in QUE-treated cells. All
individual drugs except GEN significantly decreased
HMGCR mRNA expression.

Numerous studies indicate that AMPK, LXRa and
SREBP2 play key roles in regulating cholesterol homeo-
stasis. As shown in Fig. 4, treatment with SIM, CCGQ,
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respectively for 48 h. Data represent as mean + SEM of three independent experiments. “P<0.05 vs. control, *P < 0.05 vs. SIM

or CRO significantly inhibited SREBP2 expression com-
pared to the control group, while the other drugs had no
significant effect on SREBP2 expression. Treatment with
SIM significantly up-regulated LXRa mRNA expression,
while the opposite effect was observed in cells treated
with all other drugs. All drugs except SIM enhanced
AMPK2a expression compared with the control group.

CRO, CGA, GEN, QUE, and CCGQ suppress HMIGCR protein
expression in HepG2 cells

We also examined intracellular localization and expres-
sion of HMGCR protein by immunostaining and west-
ern blotting, after treatment for 48 h with the different
drugs. Figure 5 demonstrates prominent accumulation
of brown HMGCR granules localized in the cytoplasm
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comparison of the 10D for HMGCR expression in cells. Data represent as mean + SEM of three independent experiments. *P < 0.05 vs. control, *P
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Similar to gardenia fruit, HPLC analysis showed that
Eucommia ulmoides Oliver (eucommia) leaf mainly con-
sists of CGA, in addition to GEN and QUE [22]. We
previously demonstrated that CGA-enriched extract
(CAEF) from eucommia leaf was more effective in low-
ering lipid levels than the same concentration of CGA,
and deduced that the hypolipidemic effect of CAEF may
be attributed to the synergistic effects of its other com-
ponents [18]. We therefore selected CRO, CGA, GEN,
and QUE for HepG2 cell treatment, to observe their
synergistic lipid-decreasing effects. Neutral lipid drops
were apparently decreased by all drugs except QUE:
these results were further supported by the determin-
ation of TC and TG content in the supernatant of
HepG2 cells, and combinations of these natural com-
pounds were more effective than SIM or each individual
compound. These positive outcomes may result from
synergistic interactions between the different bioactive
phytochemicals.

The liver plays a central role in cholesterol metabol-
ism. Cholesterol homeostasis is governed by several
genes, including HMGCR, CYP7A1, ABCA1, SREBPs,
LXR, and AMPK. These genes maintain a complex net-
work involving cholesterol uptake, synthesis, intracellu-
lar transport, and excretion [23, 24]. HMGCR is
responsible for cholesterol synthesis [25], CYP7A1 cata-
lyzes the conversion of cholesterol into bile acids,
ABCAL is involved in high-density lipoprotein (HDL)
formation and facilitates the efflux of free cholesterol,
SREBP2 positively regulates cholesterol biosynthesis
genes, and activation of LXR is associated with increased
lipogenesis and fat accumulation. HMGCR, CYP7A1,
ABCA]1, and SREBPs are all target genes of LXR [26—
28]. AMPK, as an upstream kinase in lipid metabolism
regulation, inhibits transcriptional activity of SREBPs
[29], as well as ligand-induced LXR activity and produc-
tion of endogenous LXR ligands [30]. The protective ef-
fects of CRO, CGA, QUE, GEN and their combination
against hepatocytic cholesterol accumulation may there-
fore be studied by measuring changes in expression of
these key hepatic transcription mRNAs.

Our data show that ABCA1, CYP7A1, and AMPK2«
expression in HepG2 cells significantly increased in
CCGQ-treated cells; however, HMGCR, SREBP2 and
LXRa mRNA levels were significantly lower than those
of the control group. Gene expression in the SIM group
was similar to that of the CCGQ group, aside from up-
regulated LXRa and a lack of increase in AMPK2a ex-
pression in SIM-treated cells. Again, similar effects were
observed for ABCA1, AMPK2a, and LXRa mRNA ex-
pression in HepG2 cells, after treatment with CRO,
CGA, QUE, and GEN. Nonetheless, we observed that
CRO, CGA, and QUE also significantly decreased
HMGCR mRNA expression, although this was not
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observed for the GEN group. Interestingly, out of all
four phytochemicals, only CRO induced dramatically
lower SREBP2 mRNA expression than the control
group. On measuring the abundance of the CYP7A1l
gene, responsible for the synthesis of bile acids, we ob-
served significant differences between CRO-, CGA-,
GEN-, and QUE-treated cells. CYP7A1 expression was
repressed in the QUE group, CGA and GEN increased
CYP7A1 expression, and no change was noted in the
CRO group.

The role for QUE in suppressing LXRa gene expres-
sion and modulating lipid accumulation has previously
been described in Huh7 cells [31]. The current study is
the first demonstration that CRO, CGA, QUE, GEN,
and CCGQ all significantly inhibited LXRa mRNA ex-
pression in HepG2 cells, in agreement with previous
data from our group [18]. Although the expression of
genes involved in cholesterol biosynthesis, bile acid syn-
thesis, and cholesterol efflux is regulated by LXR, our
data show that CCGQ up-regulated some genes involved
in these processes (CYP7A1l and ABCA1) and down-
regulated others (HMGCR and SREBP2). In recent re-
ports, AMPK activation increased ABCA1 mRNA and
protein expression, increasing the cholesterol efflux cap-
acity of macrophages [32, 33]. Activation of AMPK by
sulfated low molecular weight guluronate was linked to
up-regulation of CYP7A1 in HepG2 cells [34]. Based on
these studies, the up-regulation of CYP7A1 and ABCA1
may be attributed to AMPK activation by CCGQ. Fur-
ther studies are required to fully understand the mech-
anism of AMPK activation.

In our study, HMGCR protein expression, measured
by immunocytochemistry and western blot and con-
firmed by PCR, was inhibited to a greater extent in the
CCGQ group than in cells treated with the individual
drugs, suggesting that the four phytochemicals may be
more efficient in combination than separately. These
data are consistent with the reduction in hepatic lipid
accumulation observed in Oil red O staining and lipid
content analysis. Analysis of the relative expression of
related genes, based on hepatic lipid concentration, also
showed that CCGQ dramatically decreased hepatic lipid
accumulation to a greater extent than the individual
drugs.

Based on our observations, the preventative effect of
CCGQ on lipid accumulation in HepG2 cells was con-
siderably greater than that of SIM. Statins are the pre-
ferred drugs for treatment of hyperlipemia. However,
evidence that they cause hazardous side effects, and are
effective in only one-third of patients, highlights the
need for alternative therapies [35].

The experimental findings of the present study primar-
ily revealed that synergistic interactions between com-
bined CRO, CGA, GEN, and QUE demonstrated



Leng et al. BMC Complementary and Alternative Medicine

positive effects against hepatic lipid accumulation. The
anti-hyperlipidemic effect of these phytochemicals ap-
pears to be mediated by the modulation of AMPK,
LXRa, and associated genes engaged in cholesterol syn-
thesis, metabolism, and efflux. To our knowledge, this is
the first report demonstrating the synergistic lipid-
lowering actions of CRO, CGA, GEN and QUE. Al-
though results from in vitro experiments cannot be dir-
ectly extrapolated to anti-obesity and lipid-modulating
clinical effects of gardenia fruit [16] and eucommia leaf
[36], such studies will assist in elucidating the anti-
hyperlipidemic mechanisms of their constituent com-
pounds, either individually or in combination treat-
ments. These results also suggest that combining active
ingredients in traditional herbal medicine, to enhance
their curative effects, may potentially improve hyperlip-
emia and further prevent obesity-related complications.
However, more detailed studies are required to validate
their synergistic interactions.
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