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Abstract:

Diallyl trisulfide (DT) is a natural compound derived from garlic. Despite its reported lipid-lowering effects, the mechanisms of its

actions are not clear yet. To further understand the molecular mechanisms of actions of this compound, microarray technology was

used in the present study to investigate the lipid-lowering effects of DT on HepG2 cells. To optimize the concentration of DT

treatment on HepG2 cells, a series of concentration of DT were incubated with HepG2 cells for 24 h. The data indicted that the

concentrations of DT in the range from 20 to 50 µM were effective in lowering cellular total triglyceride and cholesterol, with no

significant cytotoxicity.

Using oligonucleotide microarrays and RT-PCR technology, the genes that were differentially regulated by DT were identified. The

results showed that peroxisome proliferator activated receptor � (PPAR-�) and hepatocyte nuclear factor 4� (HNF-4�) mRNA were

up-regulated, and CYP7A1 mRNA was down-regulated following DT treatment, suggesting that the lipid-lowering effects of DT

may be at least in part mediated through the regulation of PPAR-� dependent pathways.
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Introduction

Garlic (Allium sativum) has been used as herbal medi-

cine for thousands of years. The extensive studies

have shown that garlic and garlic preparations signifi-

cantly reduced plasma lipids in human and animals.

The active garlic compounds responsible for the

hypolipidemic effect have not yet been definitively

identified, but there is considerable evidence that

sulfur-containing compounds appear to be responsible

for most of the lipid-lowering effects [16, 18, 19]. The

evidences showed that in garlic extract, diallyl trisul-

fide (DT), a sulfur-containing compound with MW

178, appeared to be effective in the inhibition of lipid

synthesis (Fig. 1) [8, 14].

The liver is the key organ in lipid metabolism. The

present study aimed to investigate the effects of DT

on liver lipid metabolism in cultured HepG2 cells.

These cells are human hepatoma cells and are known

to perform a number of human liver functions, includ-

ing lipid synthesis. HepG2 cells are widely used to

study hepatic lipid metabolism [7, 17].

In our study, microarray technology was used to

identify differentially regulated genes following DT

treatment on HepG2 cells. The differentially regulated
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genes will help to identify the critical proteins that

may mediate the mechanisms of DT actions. It is

hoped that this study will provide new insights for un-

derstanding the lipid lowering effect of DT in HepG2

cells.

Materials and Methods

Materials

The human hepatoma cell line HepG2 was obtained

from American Type Culture Collection (ATCC,

Rockville, MD). DT (authentic standard) was from Chi-

nese National Institute for the Control of Pharmaceutical

and Biological Products. Dulbecco’s modified Eagle

medium (DMEM), fetal bovine serum (FBS), trypsin

and bovine serum albumin (BSA) were the products of

Invitrogen. CellTiter 96®Aqueous One Solution Cell

Proliferation Assay was purchased from Promega.

Cell cultures

HepG2 cells were plated in a 96-well culture plate or

25 cm2 flasks, in DMEM containing 10% FBS, peni-

cillin (100 U/ml), streptomycin (100 µg/ml) and

grown in monolayer at 37°C in a humidified atmos-

phere of 5% CO2, 95% O2. Cells were used for the ex-

periment when their confluency was above 80%.

Cell viability assay using MTS

For evaluation of cytotoxicity, cells (2500) were

seeded into each well of 96-well culture plates and

grown for 48 h. Cells were grown in 96-well plate and

incubated with various concentrations of DT for 24 h,

then 20 µl of MTS was added to each well and incu-

bation continued at 37°C for additional 2 h and the ab-

sorbance of the solubilized formazan was read at 490

nm using VictorTM 1420 Multilabel Counter. Cells in-

cubated in control medium were considered to be

100% viable.

Determination of intracellular lipid content

HepG2 cells were grown in 25 cm2 flask and pre-

treated as described above. After pretreatment for

24 h with varying concentrations of DT (5–50 µM),

200 µM gemfibrozil and 0.1 µM atorvastatin were

added. Atorvastatin and gemfibrozil were used as

positive control. The cells were washed with PBS and

cellular cholesterol was extracted with hexane/isopro-

panol (3:2). One milliliter of 2% Triton X-100/chloro-

form was added to each sample extract and the sol-

vent was evaporated. Lipids were solubilized with 1

ml of deionized H2O. Total cholesterol and total tri-

glyceride contents were determined with enzymatic

kits (KeHua biotech, Shanghai).

Fluorescent oligonucleotides microarray analy-

sis of HepG2 cells

The oligonucleotide chip consists of 452 human

genes, which are associated with atherosclerosis,

hyperlipidemia and cardio-therapeutic target obtained

from cardiodatabase and therapeutical target database

(http://cardio.bjmu.edu.cn/, xin.cz3.nus.edu.sg). The

control genes including housekeeping genes, positive

control and negative control are printed in duplicate

as described by Li et al. [6]. All oligonucleotides used

in this study were 40-mer amine-labeled oligonucleo-

tide probes which were designed using software and

selection rules modified from the published criteria

[9]. The oligonucleotides were made in an ABI DNA

synthesizer and purified by polyacrylamide gel. The

probes were printed on aldehyde modified glass slides

by a custom microarray printer (pixy sys5500) in

a lower density format.

cDNA labeling was carried out as described by Li

et al. [6] with some modification. Briefly, 50 µg of to-

tal RNA, 0.1 µg of luciferase mRNA and 4 µg of

oligo (dT) primer were mixed in a total volume of

14 µl containing RNase-free water, heated to 70°C for

10 min, and chilled on ice. Then, 1 µl of RNase in-

hibitor (Promega), 3 µl of 5 × first-strand buffer (Invi-

trogen), 1.5 µl of DTT, 0.6 µl of dNTP (10 mM ATP,

10 mM GTP, 10 mM CTP, 4 mM TTP), 1.5 µl of

Cy3-dUTP or Cy5-dUTP (Amersham Pharmacia Bio-

tech, USA), and 1 µl of Superscript II reverse tran-

scriptase (RT) (Invitrogen) were added and incubated

for 3 h at 42°C. Superscript II reverse transcriptase

was inactivated at 70°C for 10 min. The RNA was de-

graded by adding 5 Invitrogen l of 1 M NaOH fol-

lowed by a 30 min incubation at 65°C. The samples

were neutralized by addition of 5 µl of 1 M HCl and

5 µl of 1 M Tris-Cl (pH 7.8). The samples were pre-

cipitated with ethanol. Pellets were washed with 70%

ethanol, dried to completion in air, and resuspended in

2 µl of H2O.
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The two cDNAs pools to be compared were mixed

thoroughly and denatured by boiling for 2 min and

cooled on ice. Then 2 µl of sample and 4 µl of hy-

bridization solution (50% formamide, 5 × SSC, 0.5%

SDS, 5 × Denhardt’s reagent) were mixed. The 1.5 µl

of mixture was used on each session. The slides were

covered with glass coverslips and fixed in a hybridi-

zation cassette, and hybridization was performed at

42°C for 2 h. Slides were then washed in 2 × SSC,

0.1% SDS for 5 min, 1 × SSC for 3 min, and 0.2 ×

SSC for 3 min. Hybridization was repeated with the

fluorescent labels reversed in labeling process. The

signal was obtained by GenePix 4000B scanner and

the result was analyzed by software-GenePix Pro 4.0.

A differentially expressed gene is defined by a ratio of

treated/control >1.5 or 0.67.

Verification of oligonucleotide microarray data

using RT-PCR analysis

For multiplex semi-quantitative RT-PCR analysis, to-

tal RNA was isolated from cells by using Trizol rea-

gent according to the standard protocol. Total RNA

(2 µg) was used to generate cDNA in each sample us-

ing the SuperScript II RT with oligo (dT) 16 primers.

Aliquots (5–10%) of total cDNA were amplified in

each PCR reaction mixture that contains 0.5 µM of

sense and antisense primers of selected genes

(Tab. 1). The multiplex semi-quantitative RT-PCR re-

actions were carried out in a thermocycler for 29 cy-

cles. The appropriate number of cycles was deter-

mined by performing a linear amplification curve and

choosing a cycle number within the linear amplifica-

tion range. The PCR products were analyzed by aga-

rose gel electrophoresis. Optical densities of ethidium

bromide-stained DNA bands were quantified by Im-

ageQuant5.2 and the mRNA expression levels were

normalized to the expression of a housekeeping gene,

glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Statistical analysis

All values are expressed as the means ± SD of inde-

pendent determinations. Statistical analysis was per-

formed with analysis of variance (ANOVA) and

Tukey test using software Originlab originPro 7.5.

Results

Growth inhibitory effect of DT on HepG2

DT dose-dependently inhibited cell proliferation of

HepG2 (Fig. 2). After incubation with 800, 400, 200,

100, 50 and 25 µM DT, cell viability was, respectively

(in %) 24 ± 1.1, 26 ± 4.4, 80 ± 10.6, 96 ± 2.5, 98 ± 7.2

or 98 ± 3.5 of control levels, the three highest concen-

trations causing a significant reduction in cell viability.

Cellular lipid contents

To examine whether the effect of DT on the synthesis

of lipids involves altering of their cellular concentra-

tions, we determined the contents of total cholesterol

and triglycerides in cellular extracts. After incubation

for 24 h with DT, cellular total cholesterol and triglyc-
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Gene Primer sequence Orientation Product size
(bp)

GAPDH ACCACAGTCCATGCCATCAC
TCCACCACCCTGTTGCTGTA

sense
antisense

452

PPAR-� GCCTAAGGAAACCGTTCTGTG
TCCGACTCCGTCTTCTTGATG

sense
antisense

322

HNF-4� GGTGTCCATACGCATCCTTG
ATGCCGAAGAGCTTGATGAAC

sense
antisense

300

CYP7A1 GCTTGAGGCACGAGAACC
TGAGGGAGGCACTGGAAAG

sense
antisense

363
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Assession no. Gene name Relative mRNA
expression ratio

NM_005036 Homo sapiens peroxisome
proliferative activated receptor,
alpha (PPAR-�)

1.9

NM_178850 Homo sapiens hepatocyte
nuclear factor 4 alpha
(HNF-4�)

0.45

NM_000780 Homo sapiens cytochrome
P450, family 7, subfamily A,
polypeptide 1 (CYP7A1),

1.61



erides were significantly decreased by more than

16.8% and 29%, respectively, compared to control

(Fig. 3).

Gene expression pattern of HepG2 cells treated

with DT

The lipid lowering effects of DT could be mediated

through the modulation of gene expression in HepG2

cells. The gene expression profiles of HepG2 cells in

response to DT were obtained by using an oligonu-

cleotide microarray containing 452 human genes. The

DT concentration (20 µM) was chosen because it was

found to cause biological effects in cultured cells

without causing cell toxicity. Our results indicated

that the expressions of peroxisome proliferator acti-

vated receptor � (PPAR-�) and HNF-4� were persis-

tently up-regulated; while the expression of CYP7A1

was down-regulated (Tab. 2).

RT-PCR analyses of gene expression

Relative HNF-4�, PPAR-� and CYP7A1 mRNA lev-

els were then analyzed by semi-quantitative RT-PCR

in cultured HepG2 treated with DT after establishing

the linear range of the assay and normalizing the re-

sults to an internal GAPDH control (Fig. 4). The data

from the semi-quantitative RT-PCR confirmed and

quantitated the decrease in CYP7A1 gene expression

and increase in HNF-4� and PPAR-� gene expression

in response to DT.

These results confirmed the findings of the oligonucleo-

tide microarray analysis, i.e. that lipid-lowering effects of

DT were associated not only with enhanced expression of

the HNF-4� and PPAR-� in HepG2s, but also with the

suppressed basal level of CYP7A1 gene expression.

Discussion

Garlic has a wide range of therapeutic applications.

Some investigations have shown that garlic extracts

can decrease the amount of low-density lipoprotein,

serum triglycerides, and cholesterol and can prevent

the oxidation of low-density lipoprotein. However,

most studies have employed garlic or its extracts, and

studies on purified garlic components and on the pre-

cise mechanism of inhibition have been few [1, 4, 12].

In this study, we sought to probe the mechanism by
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which DT, a component of garlic, inhibits lipids bio-

synthesis.

Several studies have shown that DT significantly

suppresses triglyceride and cholesterol synthesis and

excretion in HepG2 cells, but a dose-dependent man-

ner has not been reported. To determine the optimal

conditions for gene expression profile analysis of

DT-treated HepG2 cells, we first performed dose-

response studies in which HepG2s were cultured with

various concentrations of DT for 24 h. Then, oligonu-

cleotide microarrays were used to identify genes in

the HepG2 cells that responded to DT. We have

shown that PPAR-� and HNF-4� mRNA levels were

increased and CYP7A1 was decreased.

PPAR-� is a nuclear receptor that has an important

regulatory role in lipid metabolism. It is activated by

various fatty acid metabolites as well as several drugs

used in the treatment of metabolic disorders, PPAR-�

can be considered as a key messenger that transduces

nutritional, pharmacological, and metabolic stimuli

into changes in gene expression [5, 12].

HNF-4�, a liver-specific transcription factor, plays

a significant role in many liver-specific functions in-

cluding lipid, glucose and drug metabolism. It is also

a transcription factor involved in the basal expression

of CYP7A1 [15].

Cholesterol 7�-hydroxylase (CYP7A1), catalyzes

sterol side-chain oxidation in bile acid synthesis from

cholesterol, and is the rate-limiting enzyme in the

conversion of cholesterol to bile acids in the liver

which plays a central role in the regulation of bile acid

and cholesterol metabolism, and transcription of the

gene is controlled by bile acids and hormones acting

through a complex interaction with a number of po-

tential steroid-hormone-binding sites. HNF-4� plays

a pivotal role in transcriptional regulation of this gene [3].

However, the role of PPAR-� in the control of hu-

man CYP7A1 expression is still unclear. Studies per-

formed in transfected cells have reported divergent

data about the effect of PPAR-� agonists on human

CYP7A1 promoter activity. Cheema and Agellon re-

ported that PPAR-� agonist stimulated human

CYP7A1 promotor activity [2]. On the contrary, Mar-

rapodi and Chiang showed that PPAR-� agonists de-

creased human CYP7A1 promoter activity by reduc-

ing the expression of HNF-4� [10].

Fibrates and statins were widely used hypolipi-

demic drugs. It has been reported that fibrates regu-

late the expression of many genes involved in lipid

metabolism by activating the PPAR-�. Moreover,

cerivastatin, fluvastatin, and pitavastatin synergisti-

cally and dose-dependently increased the transcrip-

tional activation of PPAR-�/RXR-� induced by

bezafibrate [5]. Similarly, in the present study, we

have shown that CYP7A1 mRNA levels were decreased

in HepG2 cells treated with DT, with increasing the

mRNA levels of PPAR-�. Our results provide evidence
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that the decrease in TG and TC observed in HepG2

after DT treatment is mediated by activating of

PPAR-� and suppression of CYP7A1 gene transcription

[10]. Marrapodi and Chiang also reported that PPAR-�

repressed CYP7A1 cholesterol 7�-hydroxylase activity

by reducing the availability of HNF-4� for binding to

the DR-1 sequence [10]. We assumed that the increased

PPAR-� expression after DT treatment, might decrease

the availability of HNF-4� for binding to the promoter

sequence of CYP7A1, and, therefore, attenuated the

transactivation of CYP7A1, although the HNF-4�

mRNA level was increased by DT treatment. As choles-

terol conversion to bile acids in the liver is regulated by

the rate-limiting enzyme cholesterol 7a-hydroxylase

(CYP7A1), down regulation of CYP7A1 after DT treat-

ment is important for the observed lipid lowering effect.

However, we must be cautious, as mRNA levels do not

necessarily reflect protein levels or activities of enzymes.

In summary, this microarray analysis showed for

the first time that the increases in PPAR-�, HNF-4�

and decreases in CYP7A1 mRNA levels might con-

tribute to the decreased triglyceride and cholesterol

synthesis found in HepG2 cells treated with DT. How-

ever, further studies should be performed to confirm

the precise role of PPAR-�, HNF-4� and CYP7A1 in

the lipid-lowering effect caused by DT.
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