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Nrf2 mediates the protective effects of homocysteine by
increasing the levels of GSH content in HepG2 cells
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Abstract. Homocysteine (Hcy) and glutathione (GSH) are
crucial reduction-oxidation mediators. The underlying mecha-
nisms governing the effects of Hcy on GSH generation in the
progression of alcoholic liver disease has so far received little
attention. The present study hypothesized that the antioxidant
transcriptional factor nuclear factor (erythroid-derived 2)-like
2 (Nrf2) may participate in Hcy-mediated regulation of GSH
production in HepG2 human liver cancer cells. MTT assay
was used to study the cytotoxicity of homocysteine, western
blot analysis and immunofluorescence staining were used
to determine the effect of Hcy on Nrf2 expression. Our data
demonstrated that HepG2 cells exposed to exogenous levels
of Hey (0-100 #M) exhibited elevated GSH levels in a concen-
tration-dependent manner. Furthermore, 4-hydroxynonenal
(4-HNE)-induced cell injury was attenuated by Hcy; however,
this protective effect was blocked by the GSH-production
inhibitor buthionine sulfoximine. Hcy treatment was able to
induce Nrf2 protein expression in HepG2 cells. Treatment
with the Nrf2 activator tert-butylhydroquinone (0-100 M)
increased GSH expression in a concentration-dependent
manner; however, Nrf2-siRNA abolished the Hcy-induced
increase in GSH expression and cellular protection in
4-HNE-stressed HepG2 cells. In conclusion, the antioxidant
transcriptional factor Nrf2 was demonstrated to mediate the
Hcy-induced increase in GSH expression levels and cellular
protection in HepG2 cells.
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Introduction

Homocysteine (Hcy) is a sulfur-containing, non-protein amino
acid that is derived from methionine metabolism (1). An imbal-
ance in Hcy metabolism is considered an independent risk factor
for many disorders, such as physical impairment (2), atheroscle-
rosis (3,4), neurodegenerative diseases (5) and alcoholic liver
disease (ALD) (6,7). Alcoholic hyperhomocysteinemia (HHcy)
is often seen in rodents and humans with during the develop-
ment of alcoholic steatohepatitis (8). In contrast with the adverse
effects of Hcy in the progression of ALD, Hcy may serve a
positive role in cellular antioxidant reactions as an important
producer of cellular total glutathione (GSH) (9,10). This meta-
bolic link between Hcy and GSH occurs by the transsulfuration
of Hey to cysteine, a precursor for GSH (11,12). GSH performs a
crucial role in maintaining hepatic reduction-oxidation (redox)
balance in biological systems (13). However, the underlying
molecular mechanism of the positive role that Hcy serves in the
progression of ALD has not been clearly elucidated.

The nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
functions as a master regulator of the antioxidant response by
regulating the expression of cytoprotective genes, including
genes involved in the antioxidant GSH pathway (14-16).
Notably, a Hcy-activated Nrf2-antioxidant reaction has been
demonstrated in mouse macrophage and human hepatoma cell
lines (6,9,10). Therefore, the present study hypothesized that
Nrf2 may function to mediate Hcy-regulated GSH production
in hepatocytes, and that the hepatic Hcy-Nrf2-GSH pathway
may serve a protective role in the progression of ALD. Cellular
viability and intracellular GSH expression levels were assayed
to investigate the antioxidant effects of Hcy and Nrf2 on HepG2
cell injury induced by the hepatic lipid-peroxidation product
4-hydroxynonenal (4-HNE). Hey-activated Nrf2 expression
was demonstrated by western blot analysis and immuno-
fluorescence staining assay. Further research into this area will
provide deeper insights into the association between Hcy and
its potentially protective roles in the progression of ALD.

Materials and methods

Cell culture conditions and MTT assay. The HepG2 human
hepatocarcinoma cell line was purchased from the American
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Type Culture Collection (Manassas, VA, USA) and main-
tained in Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal bovine serum (FBS; both from HyClone;
GE Healthcare Life Sciences, Logan, UT, USA) at 37°C in a
5% CO, atmosphere.

Immunofluorescence staining. HepG2 cells were grown on
6-well cover slips at a density of 3x10* cells/well, and treated
with Hcy (0, 10, 20, 50 or 100 M) for 24 h at 37°C. Adherent
cells were fixed to slides with paraformaldehyde for 15 min at
37°C and incubated with 0.5% Trion-X-100 for 10 min at 37°C.
Nonspecific binding was blocked by 3% BSA for 30 min at 37°C
as previously described (17). Immunostaining was performed
with an anti-Nrf2 antibody overnight at 4°C (1:300; bs-1074R,
Rabbit polyclonal IgG, BIOSS, Beijing, China), followed
by incubation with a cyanine-3 (Cy3)-conjugated secondary
antibody for 2 h at 37°C (1:200. P0O183, Goat Anti-Rabbit
IgG, Beyotime Institute of Biotechnology, Shanghai, China).
Nuclear staining was performed by incubating with DAPI
(1:100) for 10 min at 37°C. Increased Nrf2 expression was
observed under an inverted microscope (Nikon Corporation,
Tokyo, Japan). Images were processed using Image ProPlus 6.0
(Media Cybernetics, Inc., Rockville, MD, USA).

Knockdown of Nrf2 by siRNA. Nrf2 expression was silenced
by Nrf2-siRNA (Suzhou GenePharma LLC). A non-targeted
control siRNA (NC) was used as a negative control. The siRNA
sense sequences were as follows: siNrf2, 5'-GCACCUUAU
AUCUCGAAGUTT-3'; NC, 5-UUCUCCGAACGUGUCACG
UTT-3". Briefly, HepG2 cells were grown to 50-70% conflu-
ence. A total of 0.27 pug (1 ul) siRNA, 10 I INTERFERin
Gene siRNA Transfection Reagent (Suzhou GenePharma
LLC) and 400 ul serum-free Opti-MEM-1 medium (Gibco;
Thermo Fisher Scientific, Inc., Waltham, MD, USA) were
combined and added to the cells, which were incubated at room
temperature for 10 min, followed by the subsequent addition
of the siRNA/Transfection Reagent mixture directly onto the
cells with 4 ml serum-free Opti-MEM-1 medium (final siRNA
concentration, 1 nM). Following incubation for 4 h at 37°C, the
media was replaced with DMEM containing 10% FBS. Total
RNA was extracted and reverse transcribed to cDNA using
a Golden 1st cDNA Synthesis kit (HaiGene Bio Inc., Harbin,
China). cDNA was stored at -80°C and transfection efficiency
was later validated by reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR).

MTT assay. HepG2 cells were seeded at a density of
2x10° cells/well in two 96-well plates; one plate was treated
with 70 uM 4-HNE (Cayman Chemical Company, Ann
Arbor, MI, USA), 200 xM buthionine sulfoximine (BSO;
Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai,
China), 100 M Hcy (Sigma-Aldrich; Merck KGaA, Darm-
stadt, Germany), 4-HNE+Hcy, BSO+Hcy, BSO+4-HNE and
BSO+4-HNE+Hcy for 24 h at 37°C; the second plate was
transfected with 1 nM negative control and Nrf2-targeted small
interfering RNA (siRNA; Suzhou GenePharma LLC, Suzhou,
China), followed by addition of 100 M Hcy, 70 uM 4-HNE
or 4-HNE+Hcy respectively, for 24 h at 37°C. The following
day, 20 ul MTT (5 mg/ml), the yellow mitochondrial dye, was
added to the cells, and the plates were incubated at 37°C for
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an additional 4 h. The culture medium was discarded, and
any formazan crystals that may have formed were dissolved
in 150 1 DMSO. Absorbance was measured at 570 nm using
a SPECTRA Max 190 (Molecular Devices, LLC, Sunnyvale,
CA, USA).

Measurement of reduced GSH and oxidized GSH levels in
HepG2 cells. HepG2 cells (3x10°) were treated with increasing
concentrations of Hcy (0-500 M) and tert-butylhydroquinone
(t-BHQ; 0-100 M, Sigma-Aldrich; Merck KGaA) and 200 M
BSO for 24 h, respectively, or transfected with 1 nM Nrf2- or
NC-siRNA for 4 h at37°C. The media was subsequently replaced
with DMEM containing 10% FBS with or without Hcy for
9 h. Cells were trypsinized and collected by centrifugation at
170 x g for 5 min at room temperature, re-suspended in protein
removal reagent M (Beyotime Institute of Biotechnology) and
immediately vortex mixed for 10s. The samples were frozen
rapidly with liquid nitrogen and thawed at 37°C, this was
repeated twice, and then the samples were incubated in an
ice-bath for 5 min. The resulting supernatant was collected by
centrifugation at 10,000 x g for 10 min, and analyzed using the
sulfhydryl reagent 5,5'-dithiobis (2-nitrobenzoic acid), which
forms the yellow derivative 5'-thio-2-nitrobenzoic acid (TNB),
and is measured at 412 nm using a SPECTRA Max 190
(Molecular Devices, LLC). Levels of reduced and oxidized
GSH were determined using a GSH Assay kit (Beyotime
Institute of Biotechnology), according to the manufacturers
protocol (18).

Western blot analysis. HepG2 cells were treated with Hcy
(0-100 uM) for 24 h at 37°C. Cells were homogenized in
RIPA lysis buffer (Beyotime Institute of Biotechnology)
containing leupeptin. Protein concentrations were quanti-
fied using a Bicinchoninic Acid Protein Assay kit (Beyotime
Institute of Biotechnology), according to the manufacturer's
protocol. Cellular protein samples (30 ug) were separated by
10% SDS-PAGE as previously described (19). Proteins were
transferred onto nitrocellulose membranes and the membranes
were incubated with an anti-Nrf2 polyclonal antibody (1:500;
bs-1074R, BIOSS, Beijing, China) or an anti-f-actin mono-
clonal antibody (1:3,000; TA-09; Zhongshan Golden Bridge
Biotechnology, Beijing, China) overnight at 4°C, followed by
horseradish peroxidase-conjugated goat anti-rabbit immuno-
globulin G secondary antibody (1: 5,000; ZB-2301, Zhongshan
Golden Bridge Biotechnology). Protein bands were visual-
ized by enhanced chemiluminescence (HaiGene Bio Inc.).
Densitometric analysis of band intensity was calculated using
Quantity One software, version v4.62 (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

Relative mRNA expression quantification by RT-gPCR. Total
RNA was extracted from cultured HepG2 cells (2x10° cells)
using TRIzol Reagent (HaiGene Bio Inc.), according to the
manufacturer's protocol (9), and subsequently reverse tran-
scribed to cDNA using a Golden 1st cDNA Synthesis Kit
(HaiGene Bio Inc.). cDNA samples were amplified using a
DNA thermal cycler (Thermo Fisher Scientific, Inc.). gPCR
reactions were set up by mixing 10X SYBR Green PCR Master
Mix (Roche Diagnostics GmbH, Mannheim, Germany) with
2 ul 100 fold diluted cDNA template, 0.6 ul each of forward
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and reverse primers (0.3 xM) and 6.8 ul PCR-grade water in
a 20 ul reaction volume. The reaction mixtures were ampli-
fied using an ABI 7300 Sequence Detection System (Applied
Biosystems; Thermo Fisher Scientific, Inc.) with an initial
denaturation step at 95°C for 10 min, followed by 40 cycles of:
denaturation at 95°C for 15 sec; annealing at 58°C for 20 sec;
extension at 72°C for 30 sec; and melting curve analysis.
The primer sequences were as follows: 18S, forward 5'-AAC
TTTCGATGGTAGTCGCCG-3', reverse 5-CCTTGGATG
TGGTAGCCGTTT-3"; Nrf2, forward 5'-GCACCUUAUAUC
UCGAAGUTT-3', reverse 5-ACUUCGAGAUAUAAGGUG
CTT-3'; GCLc, forward 5-ATGTGGACACCCGATGCA
GTATT-3"; reverse 5S-TGTCTTGCTTGTAGTCAGGATGGT
TT-3". Primers were designed using the GenBank database
(https://www.ncbi.nlm.nih.gov/genbank). Nrf2 mRNA and
GCLc mRNA expression were measured by RT-qPCR and
normalized to 18s. Data was analyzed using Applied Biosys-
tems SDS V1.4 software (Thermo Fisher Scientific, Inc.) using
the 27244 method, where AACq=ACq target-ACq internal
control (20).

Statistical analysis. Statistical analysis was performed using
one-way analysis of variance followed by Newman-keuls
test. Analyses were performed using OriginPro7.5 software
(OriginLab, Northampton, MA, USA) and Graph Pad Prism
version 5 (Graph Pad Software Inc., La Jolla, CA, USA). Data
were presented as the mean + standard error of the mean.
Values of P<0.05 were considered to indicate a statistically
significant difference. All experiments were performed at least
three times and representative results were presented.

Results

Hcy treatment increases total GSH expression levels in HepG2
cells. Intracellular levels of the antioxidant thiol GSH were
evaluated using the GSH Assay kit. In response to exogenous
Hcy (10, 20, 100 or 500 #M) treatment, the levels of intracel-
lular total GSH (Fig. 1A), oxidized GSH (Fig. 1B) and reduced
GSH (Fig. 1C) were increased in a concentration-dependent
manner, with a peak at 100 M Hcy. Therefore, exogenous
Hcy was administered at a concentration of 100 M for the
following tests.

Hcy protects against oxidative stress-induced cell injury in
HepG?2 cells. HepG2 cells were pretreated with the specific
GSH production inhibitor BSO (200 M) for 2 h, and subse-
quently treated or co-treated with Hcy (100 xM) for 24 h.
Hcy treatment led to elevated GSH content compared with
the untreated control group (n=6, P<0.05). However, BSO
co-treatment significantly abolished the Hecy-induced GSH
expressionin HepG2 cells,compared with the Hey-treated group
(Fig. 2A; n=6; P<0.05). HepG2 cells were treated with several
combinations, as follows: 4-HNE (70 yM)+Hcy (100 pM);
BSO (200 uM)+4-HNE; BSO+Hcy; BSO+4-HNE+Hcy all
together. MTT assay indicated that treatment with the lipid
peroxidation product 4-HNE decreased cell viability, and no
cellular toxicity was observed in HepG2 cells at 10 M Hcy.
However, Hey co-treatment attenuated 4-HNE-induced cell
injury, compared with the 4-HNE-treated group (Fig. 2B; n=6;
P<0.05). Notably, BSO pretreatment significantly weakened
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Figure 1. GSH levels in response to Hey treatment in HepG2 cells. HepG2
cells were treated with Hey (0-500 uM) for 24 h. The levels of (A) total GSH,
(B) oxidized GSH and (C) reduced GSH were determined using a GSH Assay
kit. Values are presented as the mean + standard error of the mean (n=3).
“P<0.05, ““P<0.001; GSH, total glutathione; Hcy, homocysteine.

the protective effect of Hcy on 4-HNE-induced cell injury
in HepG2 cells, compared with the 4-HNE+Hcy group
(n=6; P<0.05). Conversely, BSO pretreatment had no effect
on viability in Hey- or 4-HNE-treated cells (Fig. 2B; n=6;
P>0.05).

Hcy treatment induces Nrf2 protein expression and promotes
nuclear accumulation in HepG?2 cells. HepG2 cells were
treated with Hcy (0-100 xM) for 24 h. Western blot analysis
revealed that Hcy exposure induced Nrf2 protein expression
in a concentration-dependent manner (Fig. 3A). Immunofluo-
rescence analysis with an anti-Nrf2 antibody revealed that the
protein expression of Nrf2 increased with the Hey concentra-
tion (Fig. 3B). In addition, Hcy (0-100 #M) treatment promoted
the expression of glutamate-cysteine ligase catalytic subunit
(GCLc), a downstream target gene of Nrf2 (Fig. 3C).

Nrf2 mediates Hcy-induced GSH expression and cell protec-
tion. To explore whether Nrf2 participates in the Hcy-induced
increase in GSH expression in HepG2 cells, cells were treated
with the Nrf2 activator t-BHQ (0, 10,20, 50 or 100 #M) for 24 h.
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Figure 2. Hey treatment protects HepG2 cells from 4-HNE-induced cell injury by increasing GSH expression levels. (A) Treatment with the GSH biosynthesis
inhibitor BSO abolished Hey-induced GSH expression in HepG2 cells. HepG2 cells were pretreated with or without 200 M BSO for 2 h, followed by treatment
with 100 M Hcy for 24 h. Total GSH levels were determined using a GSH Assay kit. (B) Hcy treatment reduced 4-HNE-induced cell injury, and co-treatment
with BSO weakened the protective effect of Hcy on 4-HNE-induced cell injury in HepG2 cells. HepG2 cells were pretreated with or without BSO for 2 h,
followed by treatment with 100 zM Hcy and/or 70 M 4-HNE for 24 h. The viability of HepG2 was detected by MTT assay. Values are presented as the

mean + standard error of the mean (n=6). "P<0.05 and ““P<0.001 vs. control or Hey group; #*P<0.001 vs. 4-HNE group; ““4P<0.001 vs. 4-HNE+Hcy group.
4-HNE, 4-hydroxynonenal; BSO, buthionine sulfoximine; Con, control; GSH, total glutathione; Hcy, homocysteine.

Cells exposed to t-BHQ exhibited an increase in GSH expres-
sion levels in a concentration-dependent manner (Fig. 4A).
Additionally, Nrf2 gene expression was knocked down in
HepG2 cells by siRNA, which resulted in the decreased expres-
sion of Nrf2 mRNA levels by ~50% (Fig. 4B; n=3; P<0.001 vs.
NC treated cells). Hcy+NC treatment for 24 h slightly elevated
the intracellular GSH content in comparison with the NC
group. This small increase may be attributed to invasion of
the exogenous siRNA into the serum-starved cells, which may
have resulted in decreasing the cell sensitivity to the following
Hcy treatment. Nrf2-siRNA exposure resulted in decreased
GSH expression levels, compared with the NC-treated HepG2
cells. Furthermore, Hey-induced GSH expression in HepG2
cells was also suppressed by Nrf2 siRNA, compared with
the NC+Hcy group (Fig. 4C; n=3; P<0.05). Analysis of cell
viability with MTT indicated that Nrf2-siRNA pretreatment
reduced the protective role of Hey in limiting 4-HNE-induced
cell injury in HepG2 cells (Fig. 4D; n=3; P<0.05). In brief,
Nrf2 was observed to mediate Hey-induced GSH expression
and the protective effect of Hcy on cell viability.

Discussion

The present study is the first, to the best of our knowledge,
to demonstrate the protective role of exogenous Hcy in
4-HNE-induced cell injury in HepG2 cells. Furthermore,
the present study investigated the underlying molecular
mechanism of this process, which involves an increase in GSH
expression mediated by the antioxidant transcriptional factor
Nrf2.

Previous studies indicated that circulating and hepatic Hey
levels were elevated in alcohol-fed mice, and aberrant Hey
metabolism elicited oxidative stress and hepatic GSH depletion,
which has been demonstrated in both experimental animals
and in humans (21,22). One study indicated that Hcy treatment
was able to trigger acute GSH depletion in HepG2 cells within
45 min (6). By contrast, increased GSH expression that was
induced by Hcy has also been demonstrated in HepG2 cells (9)

and macrophages (10); this may be due to increased activity
via the transsulfuration pathway or de novo synthesis of GSH.
Consistent with these reports, the present study demonstrated
that 24 h Hcy treatment increased the levels of intracellular
GSH expression in a concentration-dependent manner. GSH is
a crucial mediator in various antioxidant responses; therefore,
the data suggested that the GSH metabolism-related amino
acid Hey may be involved in the antioxidant process, and may
protect against oxidative stress-induced cell injury in HepG2
cells.

HHcy is a risk factor for cardiovascular disease and ALD,
and patients with HHcy may develop hepatic steatosis and
fibrosis (1,3,23,24). However, the balance of Hcy metabolism
and its role in the progression of these diseases is not clearly
understood. In contrast to the adverse effects of elevated Hey
in these pathological conditions, the present study indicated
that exogenous Hcey treatment may protect HepG2 cells against
cell injury induced by the lipid peroxidation product 4-HNE.
Notably, a previous in vitro investigation indicated that exog-
enous Hcy exposure had no effect on HepG2 cell viability (6).
Consistent with this observation, the present study demon-
strated that Hecy exposure did not affect HepG2 cell viability
in non-stress conditions. Also of note, the GSH biosynthesis
inhibitor BSO significantly lowered the Hcy-induced increase
in GSH expression levels and the Hcy-mediated cellular
protection against 4-HNE. Collectively, these data indicated
that Hey protects against 4-HNE-indued cell injury in HepG2
cells, via increased expression of intracellular GSH levels.

Nrf2 is critical for maintaining the GSH redox state and
protecting cells against oxidative stress (19). High levels
of Hcy treatment suppressed Nrf2-dependent antioxidant
protection, but lower levels of Hcy (100 M) upregulated the
expression of Nrf2 in U373 astroglial cells (25). In addition,
HepG2 cells exposed to 50 uM Hcy exhibited an increase in
Nrf2 protein expression in a time-dependent manner (9). In
the present study, HepG2 cells exposed to Hcy (0-100 M)
for 24 h exhibited increased Nrf2 protein expression in a
concentration-dependent manner. These results indicated that
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nontoxic concentrations of Hcy may activate the antioxidant
transcriptional factor Nrf2 in HepG2 cells.

Previous studies have reported that Nrf2 affects GSH homeo-
stasis by regulating de novo synthesis and salvage pathways, to
protect cells against oxidative stress (15,16,25,26). Consistent
with these reports, the present study demonstrated that the Nrf2
activator t-BHQ increased total intracellular GSH levels in a
concentration-dependent manner. By contrast, Nrf2-siRNA
treatment inhibited the Hecy-induced GSH elevation. Further-
more, Nrf2-siRNA treatment reduced the ability of Hcy to
protect against 4-HNE-induced cell injury. Collectively, these
data suggested that Nrf2 mediates Hcy-induced GSH expression
and cellular protection in 4-HNE-treated HepG?2 cells.

In conclusion, the present study demonstrated that Hey
treatment may protect HepG2 cells against cell injury induced
by the lipid peroxidation product 4-HNE, by inducing the
expression of GSH, and this was mediated by the antioxidant
transcriptional factor Nrf2. Hcy has been regarded as an
independent risk factor for the progression of arteriosclerosis,
hypertension or ALD (3,24,27,28). The concentration of Hcy
(<100 uM) applied in the present study represented mild -
moderate HHcy, which is usually a characteristic symptom in
the early stages of these diseases; an initial elevation of Hcy
may serve a compensatory protective effect on vulnerable cells.
Therefore, the results indicated that hepatic Hcy elevation may
be involved in an antioxidant mechanism, particularly in the
early stage of these pathological conditions.
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