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Abstract. The aim of the present study was to investigate 
whether S-adenosylmethionine (SAM) was able to suppress 
activated human hepatic stellate cells (HSCs). Human LX-2 
HSCs were cultured with SAM or NSC23766, and were trans-
fected with plasmids encoding ras-related C3 botulinum toxin 
substrate 1 (Rac1) protein or an empty expression vector. Cell 
proliferation was detected by Cell Counting Kit-8. Cell migra-
tion and invasion were determined using the Transwell assay. 
The expression levels of Rac1 and Smad3/4 were detected by 
reverse transcription-quantitative polymerase chain reaction 
(PCR) or western blotting. The methylation status of Rac1 
promoters was measured by methylation‑specific PCR. The 
results demonstrated that SAM and NSC23766 suppressed 
the expression of Smad3/4 in LX-2 cells. The overexpression 
of Rac1 enhanced the proliferation, migration and invasion of 
LX-2 cells. In addition, compared with the control groups, a 
marked increase was observed in the protein expression levels 
of Smad3/4 in the LX-2 cells transfected with Rac1 plasmids. 
The methylation-specific PCR findings showed that SAM 
increased the methylation of Rac1 promoters. The results of 
the present study suggested that Rac1 enhanced the expression 
of Smad3/4 in activated HSCs; however, this increase may be 
suppressed by SAM-induced methylation of Rac1 promoters.

Introduction

Resident hepatic stellate cell (HSC) activation has been 
described as a central event in the development of hepatic 
fibrosis; therefore, activated HSCs are considered a major 
target for anti‑fibrotic therapy (1). It has been reported that 
transforming growth factor-β 1 (TGF-β1)/Smad signaling is a 
pivotal pathway in hepatic fibrogenesis, and suppression of the 
TGF-β1/Smad signaling pathway may inhibit collagen produc-
tion and eventually alleviate hepatic fibrosis (2‑5). Despite 
recent progress in hepatic fibrosis research, the mechanism 
underlying hepatic fibrogenesis remains to be fully elucidated, 
and certain issues in the approaches to anti‑fibrotic treatment 
still need to be addressed.

The ras-related C3 botulinum toxin substrate 1 (Rac1) 
signaling pathway has been reported to regulate various 
biological processes, including cell proliferation, apoptosis, 
redox signaling, and gene transcription (6-8). Previous studies 
have shown that the overexpression of Rac1 is a novel pathway 
involved in hepatic fibrogenesis (9,10). In keratinocytes, Rac1 
has been reported to regulate TGF-β1-mediated epithelial 
cell plasticity and matrix metalloproteinase (MMP)9 produc-
tion (11). In addition, Rac1 may regulate the expression of 
Smad2/3 in pancreatic carcinoma cells; the suppression of 
Rac1 weakened the transcription and phosphorylation of 
Smad2 but enhanced the expression of Smad3 (12). Our 
previous study (13) indicated that S-adenosylmethionine 
(SAM) reduces the expression of Rac1, Smad3 and Smad4 in 
activated HSCs; however, the association between Rac1 and 
Smads in activated HSCs has yet to be revealed.

In the present study, LX-2 cells, a cell line derived from 
activated human HSCs (14-18), were used to demonstrate that 
SAM suppresses the expression of Smad3/4 via methylating 
the Rac1 promoter in activated HSCs.

Materials and methods

Materials and chemicals. LX-2 cells were purchased from 
BioHermes Bio & Medical Technology Co., Inc. (Meishan, 
China). Dulbecco's modified Eagle's medium (DMEM) was 
purchased from Wisent Inc. (Saint-Jean-Baptiste, QC, Canada). 
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Fetal bovine serum (FBS) was obtained from Biological 
Industries (Beit Haemek, Israel), and SAM was from Abbott 
Laboratories (Lake Bluff, IL, USA). DC Protein Assay Reagent 
was supplied by Bio-Rad Laboratories, Inc., (Hercules, CA, 
USA). Cell Counting kit-8 (CCK-8) was purchased from Dōjindo 
Laboratories (Kumamoto, Japan), and Matrigel Basement 
Membrane Matrix and Cell Culture Inserts were obtained 
from BD Biosciences (San Jose, CA, USA). The QuantiTech 
Reverse Transcription and QuantiFast SYBR Green PCR kits 
for reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR) were obtained from Qiagen (Hilden, Germany). 
The PrimeScript RT Master Mix for methylation‑specific PCR 
(MSP) was purchased from Takara Bio, Inc., (Otsu, Japan). 
Transwell chambers were from EMD Millipore (Billerica, MA, 
USA). The primary monoclonal antibodies, mouse anti-human 
Rac1 (cat. no ab33186) and mouse anti-human Smad3/4 
(cat. no. ab75512/ab130242), polyclonal rabbit anti-human 
β-actin (cat. no. ab8227), the polyclonal horseradish-peroxidase 
conjugated goat anti‑mouse IgG (cat. no. ab6789) and goat 
anti-rabbit IgG (cat. no. ab6721) secondary antibodies were all 
purchased from Abcam (Cambridge, UK.)

Cell culture. LX-2 cells were maintained in DMEM (high 
glucose) medium supplemented with 10% FBS and 100 U/ml 
penicillin-streptomycin solution (Biological Industries) in an 
incubator containing 5% CO2. Cells were divided into three 
treatment groups and incubated with 0 mM, 4 mM and 6 mM 
of SAM for 24 h.

Cell proliferation assay. LX-2 cells were recovered 
from the culture f lask using 0.25% trypsin and 0.1% 
ethylenediaminetetraacetic acid, and were then seeded onto 
96‑well microplates at a density of 1x104 cells/well. The cell 
viability was evaluated with CCK-8, according to the manufac-
turer's protocol, and was expressed as relative cell viability, using 
the following formula: Percentage of cell viability (%) = OD of 
treated sample/OD of control sample) x 100%. OD indicates 
optical density. The experiment was performed in triplicate.

Plasmid transfection. LX-2 cells were transfected with plas-
mids encoding Rac1 protein or an empty expression vector 
(Shanghai GeneChem Co., Ltd., Shanghai, China) using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), according to the manufacturer's protocol. 
The Rac1 overexpression plasmid was fluorescently-labeled. 
The untransfected, vector-transfected and Rac1 plasmid-trans-
fected cells were all harvested following incubation for 48 h. 
Transfection efficiency was evaluated by RT‑qPCR, western 
blotting and inverted fluorescent microscopy using an Axio 
Scope A1 microscope (Carl Zeiss AG, Oberkochen, Germany).

Transwell migration and invasion assays. Transwell migration 
and invasion assays were performed using the 8-mm pore size 
Transwell system. For the cell invasion assay the chambers 
were coated with Matrigel, according to the manufacturer's 
protocol. Briefly, the chambers set on 24‑well cluster plates 
were covered with 20 µl Matrigel and were incubated for 30 min 
at 37˚C, whereas non‑coated chambers were used for the cell 
migration assay. LX-2 cells post-transfection and control cells 
were resuspended in DMEM containing 0.5% FBS, and were 

seeded at a density of 2x104 cells/well on the upper chamber 
of the Transwell. Complete medium (0.5 ml) was added to the 
lower chamber. Following a 24 h incubation, the inner surface 
of the upper chamber was gently scrubbed using a cotton bud. 
The cells were fixed in methanol and stained with crystal violet. 
Cells that traversed the Transwell membrane were counted, and 
images corresponding to the entire membrane surface were 
captured using an Olympus inverted microscope equipped with 
a charge-coupled device camera (CKX41-F32FL; Olympus 
Corp., Tokyo, Japan). Five evenly spaced fields of cells were 
counted in each well. The assay was performed in triplicate. A 
group of cells was also treated with 50 µM NSC23766 (Tocris 
Bioscience, Bristol, UK) for 48 h, a Rac1‑specific inhibitor.

Western blot analysis. Proteins were extracted in lysis buffer 
[30 mM Tris, pH 7.5, 150 mM sodium chloride, 1 mM 
phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 
1% Nonidet P-40, 10% glycerol, and phosphatase and protease 
inhibitor cocktail (Roche Diagnostics, GmbH, Mannheim, 
Germany)]. Total proteins (30 µg) were then separated by 
10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and electrophoretically transferred onto polyvinylidene 
fluoride membranes (0.45 µl; EMD Millipore). They were 
quantified using a DC Protein Assay. The membranes were 
blocked with 5% non‑fat milk and Tris‑buffered saline with 
Tween 20 for 1 at room temperature. Next, they were probed 
with primary antibodies (Rac1, 1:1,000; Smad3, 1:5,000; 
Smad4, 1:1,000; β-actin, 1:1,000) overnight at 4˚C, and 
were then incubated with the secondary antibodies (goat 
anti-mouse IgG, 1:2,000; goat anti-rabbit IgG, 1:2,000) for 
1 h at room temperature. The blots were visualized using 
Immobilon Western Chemiluminescent HRP Substrate 
(EMD Millipore). Images of the western blotting products 
were captured and analyzed using Quantity One V4.31 
(Bio-Rad Laboratories, Inc.).

RT‑qPCR. Total RNA was extracted from the cells with TRIzol 
(Invitrogen; Thermo Fisher Scientific, Inc.) and quantified using 
a spectrophotometer (NanoDrop 2000; Thermo Fisher Scientific, 
Inc.). The samples were treated with gDNA Wipeout Buffer from 
the QuantiFast SYBR kit. RT was performed with 1 µg RNA 
in a total reaction volume of 20 µl containing 200 U Moloney 
murine leukemia virus reverse transcriptase, according to the 
manufacturer's protocol, using the following protocol: 42˚C for 
15 min and 95˚C for 3 min. The PCR primers (β-actin, forward 
5'‑AGC GAG CAT CCC CCA AAGTT, reverse 5'‑GGG CAC 
GAA GGC TCA TCATT; Rac1, forward 5'‑CCC TAT CCT ATC 
CGC AAACA, reverse 5'‑CGC ACC TCA GGA TAC CACTT; 
and α-smooth muscle actin (SMA), forward 5'‑ACT GGG ACG 
ACG ACA TGG AAAAG and reverse 5'‑TAG ATG GGG ACA 
TTG TGGGT) were designed and validated by Sangon Biotech 
Co., Ltd. (Shanghai, China). qPCR was performed at 95˚C for 
5 min, followed by 40 cycles of amplification at 95˚C for 10 sec 
and 60˚C for 30 sec on an Applied Biosystems 7500 Real‑Time 
PCR system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The fluorescent signals were collected during the exten-
sion phase, quantification cycle (Cq) values of the sample were 
calculated, and transcript levels were analyzed using the 2-ΔΔCq 
method (19). The results were normalized to β-actin and cDNA 
was prepared 30 times.
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MSP. Genomic DNA (gDNA; 1 µg) isolated from LX-2 cells 
was extracted when the cells were treated with lysis buffer and 
incubated with proteinase K for 10 min, next cells were treated 
with bisulfite using the EZ DNA Methylation kit (Zymo Research 
Corp., Irvine, CA, USA), according to the manufacturer's 
protocol. The specific primers (methylated DNA: 164 bp PCR 
product, forward 5'‑TTA ATT AAA GTG TTG GGA TGA TAGAC, 
reverse 5'‑AAA TCT CTT AAA CCT AAA AAA CGAT; and 
unmethylated DNA: 164 bp PCR product, forward 5'‑AAT TAA 
AGT GTT GGG ATG ATA GATGT and reverse 5'‑AAA TCT CTT 
AAA CCT AAA AAA CAAT) were designed and synthesized by 
Sangon Biotech Co., Ltd. Normal lymphocytes collected from 
healthy human blood (Dr Xuejia Lu, Affiliated Drum Tower 
Hospital of Nanjing University Medical School, Nanjing, China) 
were used as the negative control, whereas normal lymphocytes 
treated with bisulfite‑converted gDNA were used as the positive 
control. The modified DNA was immediately used for MSP. The 
PCR was carried out using PrimeScript RT Master Mix (Takara 
Bio, Inc.) under the following conditions: 98˚C for 10 min, 53˚C 
for 30 min, 8 cycles of 53˚C for 6 min and 37˚C for 30 min. 
The methylated and unmethylated DNA was distinguished 
after running on a 3% agarose gel and was stained with GelRed 
DNA-binding dye (Biotium, Inc., Hayward, CA, USA).

Immunofluorescence (IF). LX-2 cells were seeded onto 
24-well plates containing a sterile glass slide at a density of 
2x104 cells/well. Following incubation in high-glucose DMEM 
medium supplemented with 10% FBS and antibiotics at 37˚C 
in a humidified incubator containing 5% CO2 for 24 h, the cells 
coated on the glass slide were washed three times with cold 
phosphate‑buffered saline (PBS) and fixed with 4% parafor-
maldehyde for 20 min at room temperature. Following blocking 
with 1% non-fat milk for 2 h, the cells were incubated with 
primary antibodies (Smad3 and Smad4) at a dilution of 1:250 
overnight at 4˚C. Subsequently, the slides were washed three 
times with 0.5% PBS‑Tween 20 and incubated with fluorescein 
isothiocyanate-conjugated goat anti-mouse IgG H&L Alexa 
Fluor 488 secondary antibody (cat. no. ab150117; Abcam) at a 
dilution of 1:1,000 at 37˚C for 2 h. Eventually, the slides were 
washed and examined using the inverted fluorescence micro-
scope. Five random high power field images were taken in each 
group.

Statistical analysis. Statistical analysis was performed using 
SPSS 13.0 (SPSS Inc., Chicago, IL, USA). Results are presented 
as the mean ± standard deviation of at least three independent 
experiments. The significant differences among the groups were 
evaluated by a Student's t-test. P<0.05 was considered to indicate 
a statistically significant difference.

Results

SAM suppresses the expression of Smad3/4 in LX‑2 cells. To 
determine the mechanism underlying SAM-induced reversal of 
LX-2 HSC activation, the protein expression levels of Smad3/4 
were examined in cells treated with various concentrations of 
SAM for 24 h. As shown in Fig. 1, the protein expression of 
Smad3 and Smad4 in the SAM-treated groups (4 and 6 mM 
SAM) was significantly decreased compared with in the control 
group (P<0.05), as determined by western blotting. This result 

indicates an inhibitory effect of SAM on the expression of 
Smad3/4.

Rac1 enhances the proliferation, migration and invasion of 
LX‑2 cells. Following transfection of the cells with plasmids 
encoding Rac1 protein or an empty expression vector for 48 h, the 
expression of Rac1 in the LX-2 cells was examined. The mRNA 
expression levels of Rac1 in the Rac1 plasmid-transfected cells 
were significantly increased compared with in the vector‑trans-
fected cells, as determined by RT‑qPCR (P<0.05; Fig. 2A). 
Similarly, the protein expression levels of Rac1 were also 
increased in response to Rac1 plasmid transfection (Fig. 2B), 
confirming that the transfection was successful.

To investigate the role of Rac1 in the proliferation of LX-2 
cells, CCK-8 assay was performed. The results showed that 
the overexpression of Rac1 significantly facilitated the prolif-
eration of LX-2 cells compared with the vector-transfected cells 
(P<0.05); however, proliferation was reduced when the activity 
of Rac1 was suppressed by a specific inhibitor, NSC23766 
(Fig. 2C).

Transwell assay was performed in order to determine the 
effects of Rac1 on the migration and invasion of the transfected 
LX-2 cells. The results indicated that the number of migrated 
or invaded cells was significantly increased in the Rac1 
plasmid-transfected group compared with in the vector-trans-
fected group (P<0.05; Fig. 2D and E).

Rac1 promotes the expression of Smad3/4 in LX‑2 
cells. Compared with the vector-transfected cells, Rac1 

Figure 1. SAM suppresses the expression of Smad3/4 in LX-2 cells. Western 
blotting showed that the total protein of Smad3/4 in the 4 and 6 mM SAM 
groups was significantly decreased compared with that in the control group. 
Data are presented as the mean ± standard deviation. *P<0.05, compared with 
the control group. SAM, S-adenosylmethionine.
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plasmid-transfected LX-2 cells exhibited a marked increase 
in Smad3/4 protein expression (Fig. 3A and B). Smad3/4 
expression detected by IF was consistent with the results of 
the western blot analysis (Fig. 3C). These findings indicate 
that Rac1 may act as part of an upstream signaling pathway 

that promotes the expression of Smad3/4 in LX-2 cells. In 
addition, the expression levels of α-SMA were detected by 
RT-qPCR. The mRNA expression levels of α-SMA were 
significantly increased in the Rac1 plasmid‑transfected cells 
compared with in the vector-transfected cells (Fig. 3D), thus 

Figure 2. Rac1 enhances the proliferation, migration and invasion of LX-2 cells. (A and B) Reverse transcription-quantitative polymerase chain reaction and 
western blotting showed that the expression of Rac1 in Rac1 plasmid‑transfected LX‑2 cells was significantly increased compared with that in the vector‑trans-
fected cells. (C) Rac1 overexpression enhanced the proliferation of LX-2 cells, as determined by Cell Counting Kit-8, whereas the NSC23766-induced 
inhibition of Rac1 activity suppressed cell proliferation. (D and E) Rac1 overexpression in LX-2 cells enhanced the migration and invasion of LX-2 cells. 
Magnification, x400. Data are presented as the mean ± standard deviation. *P<0.05 vs vector group. Rac1, ras‑related C3 botulinum toxin substrate 1; lipo2000, 
Lipofectamine® 2000.

  A   B
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indicating that the overexpression of Rac1 facilitates the 
activation of HSCs.

SAM increases methylation of the Rac1 promoter. gDNA was 
extracted from LX-2 cells treated with 4 mM SAM for 24 h, 
and from untreated control cells for MSP. As shown in Fig. 4, 

a strong signal was observed in the bisulite-converted lympho-
cyte DNA (positive control) amplified with both methylated 
and unmethylated allele‑specific MSP primers, which were 
not effective at amplifying the negative control. A markedly 
increased methylation status was shown in the SAM-treated 
cells compared with the untreated ones, which indicated that 

Figure 3. Rac1 upregulates the expression of Smad3/4 in LX-2 cells. (A and B) Western blotting indicated that the total protein of Smad3/4 in Rac1 plasmid-trans-
fected cells was significantly increased compared with in the vector‑transfected cells. (C) Smad3/4 expression was measured by immunofluorescence, and the 
results were consistent with those of western blotting. (D) Reverse transcription-quantitative polymerase chain reaction showed that the mRNA expression of 
α‑SMA was upregulated by Rac1. Magnification, x400. Data are presented as the mean ± standard deviation. *P<0.05, compared with the vector‑transfected 
group. Rac1, ras-related C3 botulinum toxin substrate 1; α-SMA, α-smooth muscle actin; lipo2000, Lipofectamine® 2000.

Figure 4. Rac1 promoter is methylated by SAM in LX-2 cells. Normal lymphocytes collected from healthy human blood were used as the negative control, 
whereas normal lymphocytes treated with bisulfite‑converted genomic DNA were used as the positive control. Rac1 promoter was significantly methyl-
ated in the 4 mM SAM-treated group compared with in the untreated group. The polymerase chain reaction product of the Rac1 promoter was 164 bp. 
M, methylated; U, unmethylated; ctr, control; Rac1, ras-related C3 botulinum toxin substrate 1; SAM, S-adenosylmethionine.

  A   B

  C   D
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the Rac1 promoter could be methylated by SAM in LX-2 cells, 
explaining the inhibitory effect of SAM on Rac1 expression.

Discussion

Rac1, which is a member of the Rho family of GTPases, is an 
important intracellular transducer. Rac1 is known to induce 
cytoskeletal rearrangement, and is required for cell migra-
tion, proliferation and gene transcription. Previous studies 
have reported that Rac1 regulates the TGF-β1/Smad signaling 
pathway (11,20). In addition, Rac1 may regulate the expres-
sion of Smad2/3 in pancreatic carcinoma cells, facilitating cell 
proliferation and mobility, whereas the suppression of Rac1 
weakens the transcription and phosphorylation of Smad2 but 
enhances that of Smad3 (12). In keratinocytes, Rac1 has been 
reported to regulate TGF-β1-mediated epithelial cell plasticity 
and MMP9 production (11); however, the interaction between 
Rac1 and Smad4 has not yet been detected. Rac1 has also been 
shown to facilitate the synthesis of collagen, as mediated by 
TGF-β1 (21). Our previous study (13) demonstrated that SAM 
inhibited the activated phenotype of HSCs, probably via Rac1, 
and that SAM attenuated the expression of Smad3/4; however, 
the association between Rac1 and Smads in activated HSCs is 
currently unknown.

The present study focused on the regulating effect of Rac1 
on the expression of Smad3/4 in activated HSCs, and on further 
demonstrating the anti‑fibrotic mechanism of SAM. To vali-
date the effects of Rac1, plasmids encoding Rac1 protein or an 
empty expression vector were transfected into LX-2 cells. The 
results demonstrated that the expression levels of Smad3 and 
Smad4 were markedly increased by overexpression of Rac1, 
which had not previously been demonstrated. Conversely, the 
expression levels of Smad3 and Smad4 were decreased when 
the expression of Rac1 was downregulated by NSC23766. 
Furthermore, following our previous study, the mechanism 
underlying the inhibitory effects of SAM on Rac1 expres-
sion was explored. SAM, which is an intermediate product of 
L-methionine metabolism, is a precursor of glutathione and 
an endogenous methyl donor. SAM regulates the expression of 
target genes through altering the methylation status; therefore, 
the present study examined the methylation status of the Rac1 
promoter. The results indicated that the Rac1 promoter was 
highly methylated by SAM. 

Smad2/3 form a hetero-oligomeric complex with Smad4, 
which translocates into the nucleus of HSCs where it induces 
target gene transcription and mediates hepatic fibrosis (1). 
It has previously been reported that partly suppressing the 
TGF-β1/Smad signaling pathway could delay or reverse 
hepatic fibrosis (22,23); however, a complete block of the 
TGF-β1/Smad pathway also increases the risk of tumorigen-
esis. Therefore, targeting selected Smads in TGF-β1/Smad 
could comprise a potential treatment for fibrosis (24). 

The present study demonstrated that Rac1 may have a 
promising role in the regulation of Smad3/4 expression, thus 
revealing a novel mechanism for the reversal of liver fibrosis. 
The present findings suggested that the expression of Smad3/4 
in activated HSCs could be enhanced by the overexpression 
of Rac1, whereas SAM suppressed the expression of Smad3/4, 
probably via methylation of the Rac1 promoter, which would 
result in subsequent downregulation. The present study 

provided a molecular basis for a potential application of SAM 
and Rac1 in the treatment of hepatic fibrosis.
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