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Grape seed proanthocyanidin inhibits inflammatory
responses in hepatic stellate cells by modulating the
MAPK, Akt and NF-kB signaling pathways

JIN-WOO LEE! ’2, YOUNG IL KIM2, YOUNGCHUL KIM?, MINJI CHOI*, SEOYEON MIN®,
YONG HOON JOO'!, SUNG-VIN YIM® and NAMHYUN CHUNG!

1Departrnent of Biosystems and Biotechnology, College of Life Sciences and Biotechnology,

Korea University, Seoul 02841; Medical Science Research Institute, Kyung Hee University Medical Center;

Departments of 3Internal Medicine and *Science in Korean Medicine, College of Korean Medicine, Kyung Hee University;

5Depamnent of Nephrology, College of Medicine, Kyung Hee University; 6Department of Clinical Pharmacology,

College of Medical Science, Kyung Hee University, Seoul 02447, Republic of Korea

Received October 21, 2016; Accepted May 10, 2017

DOI: 10.3892/ijmm.2017.2997

Abstract. In the present study, we aimed to investigate the
molecular mechanisms and prophylactic effects of grape seed
proanthocyanidin (GSP) onlipopolysaccharide (LPS)-stimulated
human hepatic stellate cells (HSCs). Cell counting and MTT
assays were used to assess cell viability in the absence or pres-
ence of GSP. Reverse transcription-quantitative PCR (RT-qPCR)
was performed for several inflammation-related genes (NODI,
NOD2, TLR2, TLR4, IL-1 f, IL-6, IL-8, iNOS and COX-2).
The expression of anti-inflammatory cell signaling molecules,
including c-Jun N-terminal kinase (JNK), p38, extracellular
signal regulated kinase (ERK), Akt, nuclear factor-xB (NF-kB),
inhibitory-kBa (IkBa), iNOS and COX-2, was evaluated by
western blot analysis. Finally, IL-8 levels in the culture super-
natant of HSCs were measured by ELISA. Pretreatment with
GSP before LPS treatment significantly suppressed the mRNA
expression of pro-inflammatory cytokines such as IL-1f3, IL-6
and IL-8. GSP inhibited mRNA expression of LPS-induced
TLR4,NOD2 and COX-2, in addition to inhibiting the expression
of iNOS. GSP also inhibited LPS-induced NF-kB activation and
IxBa phosphorylation. Concomitantly, GSP dose-dependently
suppressed the activation of MAP kinases (JNK, ERK and p38)
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and Akt in LPS-stimulated HSCs. These data suggest that GSP
inhibits inflammatory responses in HSCs by inactivating the
NF-«B signaling pathway via MAP kinases. Thus, GSP may be
considered as a novel drug for the treatment of hepatic inflam-
mation, infectious diseases and fibrosis.

Introduction

Grape seed proanthocyanidin (GSP), referred to as condensed
tannins, includes a high content of flavonoids. The free
radical-scavenging abilities of GSP were found to reduce
the risk of cancer (1), blood clotting (2) and cardiovascular
disease (3). Proanthocyanidins are compounds naturally found
in vegetables, bark, fruits and seeds; grape seeds are a particu-
larly rich source of proanthocyanidins in both quantity and
variety (4). A variety of proanthocyanidins have multiple func-
tions such as antibacterial, antiviral (5), anticarcinogenic (5,6)
and anti-inflammatory activity (7). GSP is sold in the market
as a dietary supplement because of its potential antioxidant
activity, together with its low toxicity and lack of genotoxic
potential (8). However, there have been no studies on the
anti-inflammatory effects of GSP in human hepatic stellate
cells (HSCs).

Chronic liver disease is often caused by inflammation. In
all disease stages, inflammation is observed and is character-
ized by the development of hepatocellular carcinoma, cirrhosis
and fibrosis, which are mainly of viral or autoimmune origin,
or are caused by alcohol abuse (9). HSCs are the major players
in liver inflammation and fibrogenesis. For example, HSC
activation and the subsequent matrix secretion by activated
HSCs induce liver fibrosis, leading to cirrhosis in chronic liver
injury (10). The reciprocal relationship between HSCs and
precancerous hepatocytes or hepatoma cells promotes tumori-
genesis, migration and invasion of cancer cells, and formation
of metastasis (11). Specifically, both activated and proliferating
HSCs play key roles in the inflammation-fibrosis-carcinoma
axis, whereas apoptotic HSCs promote fibrosis resolution (11).
The human HSC cell line, LX-2, exhibits the typical charac-
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teristics of HSCs under primary culture. Thus, LX-2 cells are
considered a novel tool for analyzing hepatic fibrosis (12).

After liver injury, recruited inflammatory cells accumulate
in the damaged site. A wide repertoire of pro-inflammatory
and anti-inflammatory compounds including chemokines,
cytokines and growth factors mediate the inflammatory
response of immune cells during the process of fibrosis (13).
HSCs also play an active role in the progression of inflam-
mation by interacting with various immune cells (14). Almost
all inflammatory stimuli converge on HSCs. As inflammation
is an important factor in the pathogenesis of liver fibrosis,
managing inflammatory responses is an important strategy for
treating hepatic fibrosis (15).

Medicinal plants produce compounds that suppress
inflammation, suggesting that their extracts could be used
for the treatment of symptoms of fibrosis. For example, these
extracts reduce liver fibrosis by decreasing hepatic secre-
tion of inflammatory cytokines at the protein and mRNA
levels in the liver (16). Specifically, vegetal compounds
target pro-inflammatory cytokines and chemokines such as
interleukin-1p (IL-1p), IL-2, IL-6, IL-8, interferon-y (IFN-y)
and tumor necrosis factor-a (TNF-a) (17). Moreover, liver
inflammation is suppressed by upregulation of the hepatic
levels of anti-inflammatory cytokines (IL-4, IL-10 and IL-13),
together with inhibition of the expression of inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) (16).
Toll-like receptors (TLRs) 2 and 4 are central mediators of
inflammation during liver fibrosis. TLR ligands consist of
pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs) (18). The high mobility
group box 1 (HMGBI1)-TLR2/TLR4-NF-«B signaling pathway
is a potential therapeutic target for suppression of inflamma-
tion in liver fibrosis. In the present study, we investigated the
underlying molecular mechanisms and prophylactic effects of
GSP on lipopolysaccharide (LPS)-stimulated LX-2 cells.

Materials and methods

Materials. GSP from Vitis vinifera was kindly supplied by
Hanlim Pharmaceutical (Seoul, Korea). GSP contains proantho-
cyanidins as amajor component (80%), as well as several catechin
monomers (19). GSP was solubilized in phosphate-buffered
saline (PBS). Dulbecco's modified Eagle's medium (DMEM)
and other related products were purchased from Gibco (Grand
Island, NY, USA). Fetal bovine serum (FBS) was obtained from
PAA Laboratories (Linz, Austria). Sigma-Aldrich (St. Louis,
MO, USA) was the supplier of all other chemicals of analytical
grade. R&D Systems (Minneapolis, MN, USA) was the supplier
of the antibody against iNOS (MAB9502) and the enzyme-
linked immunosorbent assay (ELISA) kit for IL-8 (D8000C).
Antibodies against COX-2 (#4842) and B-actin (#4970) as well
as horseradish peroxidase-conjugated anti-mouse (#7076) and
anti-rabbit (#7074) IgG were purchased from Cell Signaling
Technology (Beverly, MA, USA). Anti-phospho or total anti-
bodies to INK (#9258, #9251 for total and phospho form), Akt
(#4601, #4060 for total and phospho form), ERK (#4695, #4370
for total and phospho form), p38 #8690, #4511 for total and
phospho form), IkBa. (#9242, #9246 for total and phospho form)
and NF-xB #8242, #3031 for total and phospho form) were also
purchased from Cell Signaling Technology.
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Cell culture. The LX-2 cell line is an immortalized human
HSC line, and was provided by Dr Scott L. Friedman (Mount
Sinai Hospital, New York, NY, USA). LX-2 cells were grown
as previously described (12). They were grown in monolayers
with DMEM supplemented with 2% (v/v) heat-inactivated
FBS, 100 pug/ml streptomycin and 100 U/ml penicillin at 37°C
in a humidified atmosphere of 5% CO, in air. Then, after
rinsing with PBS, they were starved by incubation in a serum-
free medium for 24 h. The treated LX-2 cells were exposed to
LPS (1 pg/ml) with or without GSP.

Cellviability. The anti-proliferative effects of GSP on LX-2 cells
were determined as follows. Cells were grown on 6-well plates
(1x10°/well) for 24 or 48 h, after which the indicated concentra-
tion of GSP was added; controls received 0.01% PBS. After the
indicated incubation times, the cells in each well were harvested
with trypsin-EDTA solution (JBI, Seoul, Korea) and washed
once with PBS containing 5% FBS. Then, the number of cells
was counted using an ADAM-MC cell counter (NanoEnTeK,
Seoul, Korea), and the effects of GSP on cell proliferation were
examined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) assay (20). A total of 1.5x10* LX-2
cells/well were plated in 96-well culture plates and incubated
for 24 h. Then, GSP concentrations of 1-100 yg/ml were added
to the cell culture; cells were incubated for an additional 24 and
48 h. At predetermined times following treatment with GSP,
the medium was replaced with MTT (20 ul, 5 mg/ml) in each
well. Incubation was continued at 37°C for an additional 2 h,
after which the plate contents were centrifuged and the super-
natants were disposed of. Formazan precipitates were dissolved
with 200 ul dimethyl sulphoxide. The absorbance was obtained
at 570 nm in comparison to 650 nm as a blank using an E-max
microplate reader (Molecular Devices, Sunnyvale, CA, USA).
The change in percentage of cell proliferation in each well was
expressed in comparison to the non-GSP-treated controls. All
experiments were repeated three times independently.

RNA isolation, cDNA synthesis and reverse transcription-
quantitative PCR (RT-gPCR). Total RNA from the cells was
obtained with TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). First-strand cDNA was synthesized by reverse tran-
scription in a 20-ul reaction mixture containing 1 mM dNTPs,
1 ug RNA, 1X reaction buffer, 5 yM random primers, and
20 units of AMYV reverse transcriptase (Promega, Madison,
WI, USA). The individual sequences for the gene-specific
primers used were as follows: IL-6, 5-GTCTTGCCTGCT
GCCTTC-3' and 5'-AGTGCCTCTTTGCTGCTTTC-3'
(194 bp); IL-8, 5'-GACATACTCCAAACCTTTCCAC-3' and
5-CTTCTCCACAAACCTCTGC-3' (160 bp); IL-1f, 5'-TGA
TGGCTTATTACAGTGGCAATG-3' and 5'-GTAG
TGGTGGTCGGAGATTCG-3' (140 bp); TLR-2, 5-TCTCCC
ATTTCCGTCTTTTT-3' and 5'-GGTCTTGGTGTTCATT
ATCTTC-3' (125 bp); TLR-4, 5'-GAAGCTGGTGGCTGT
GGA-3' and 5'-TGATGTAGAACCCGCAAG-3' (213 bp);
p-actin, 5'-GCGAGAAGATGACCCAGATC-3' and 5-GGAT
AGCACAGCCTGGATAG-3' (77 bp); NODI1, 5-GTCACT
GAGGTCCATCTGAAC-3' and 5'-CATCCACTCCTGG
AAGAACCT-3' (363 bp); NOD2, 5'-CATGTGCTGCTAC
GTGTTCTC-3' and 5'-CCTGCCACAATTGAAGAGGTG-3'
(226 bp); iNOS, 5'-TGGATGCAACCCCATTGTC-3' and
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Figure 1. Effects of grape seed proanthocyanidin (GSP) on the cell viability of LX-2 cells. Cells were treated with the indicated concentrations of GSP for 24
and 48 h. Cell numbers were determined using an automatic cell counter (A) and cell viability was determined by the MTT assay (B). Values are expressed as
the mean + SD of three independent experiments. “*p<0.001 compared to lipopolysaccharide (LPS) alone.

5'-CCCGCTGCCCCAGTTT-3' (59 bp); COX-2, 5'-CAAAT
CCTTGCTGTTCCCACCCAT-3' and 5'-GTGCACTGTGTT
TGGAGTGGGTTT-3' (173 bp). Quantitative PCR (qPCR) was
carried out using a StepOnePlus real-time PCR system (Applied
Biosystems, Foster City, CA, USA). PCR was carried out with
1 ul cDNA in 20 ul reaction mixtures consisting of 1 ul
primers, 10 ul Power SYBR-Green PCR Master Mix and 7 pl
PCR-grade water. The amplification protocols included an
initial denaturation step (95°C, 10 min), 40 subsequent cycles of
denaturation (95°C, 15 sec), and an annealing step (60°C,
1 min). The crossing point value (ACT) of each cDNA was
applied to the formula 2-(areet gene - B-actin) 6 quantify the relative
amounts of each cDNA.

Western blot analysis. Treated cells were washed with cold
PBS to be lysed with lysis buffer (Cell Signaling Technology).
Bicinchoninic acid (BCA) protein assay was employed to
determine the total protein concentration, in accordance
with the manufacturer's instructions. Protein (30 ug) was
mixed with loading buffer, boiled for 5 min, and loaded onto
8-12% polyacrylamide gels. After electrophoresis, the proteins
were transferred to PVDF membranes. After blocking the
membranes with 5% non-fat dried milk for 1 h, they were
incubated for 1 h in a solution of Tris-buffered saline with
0.05% Tween-20 (TBS-T) containing primary antibody at
a dilution rate of 1:500-1:1,000. After washing with TBS-T,
the membranes were soaked in TBS-T solution containing
horseradish peroxidase-conjugated secondary antibodies at a
dilution of 1:2,500 for 1 h. After a second wash with TBS-T,
target protein bands were visualized using an Enhanced
Chemiluminescence kit (Thermo Scientific, Rockford, IL,
USA). The target protein expression was visualized using
a Davinch-Chemi Chemiluminescence Imaging system
(Davinch-K Co., Seoul, Korea).

Measurement of IL-8. LX-2 cells were seeded in 6-well plates
at a density of 6x10° cells/well and cultured with various doses
of GSP for 4 h at 37°C before challenge with LPS (1 pg/ml)
for 24 h. After treatment, culture media were collected and
subjected to centrifugation at 1,000 x g for 15 min. The super-
natants were analyzed with IL-8 ELISA kits (R&D Systems).

Statistical analysis. All values are expressed as the mean + stan-
dard deviation (SD). SigmaPlot version 10 software (Systat
Software Inc., Chicago, IL, USA) was used for statistical
analyses. Student's t-test or one-way ANOVA was used for the
determination of statistical significance of differences between
the LPS-treated and GSP plus LPS-treated cells. In all analyses,
a p-value of <0.05 was considered statistically significant.

Results

Effects of GSP on the viability of LPS-induced human HSCs.
The cytotoxic effects of GSP on LX-2 cells were evaluated by
exposing the cells to varying concentrations of GSP for 24 and
48 h. The data are expressed as the number of cells (Fig. 1A)
and the percentage of cell viability (Fig. 1B) compared to the
controls. GSP did not exhibit cytotoxicity towards LX-2 cells
at doses of 10 and 25 ug/ml, which were the doses used for
treatment with GSP in subsequent experiments.

Effects of GSP on the mRNA levels of NODI, NOD2, TLR2
and TLR4 in LPS-stimulated LX-2 cells. The effects of GSP
on the mRNA expression of NOD1, NOD2, TLR2 and TLR4
were investigated by gPCR. TLR2 and TLR4 are central inter-
mediaries of inflammation in liver fibrosis. In particular, TLR4
may be involved in the increase in inflammation and fibrosis of
the liver (21). In this study, LX-2 cells were pre-incubated with
GSP before LPS treatment. LPS treatment caused significant
increases in mRNA levels of TLR4 (Fig. 2B) and NOD2 (Fig. 2D)
compared to the controls. The mRNA levels of NOD2 and TLR4
were decreased in the cells pretreated with GSP. In contrast,
mRNA levels of TLR2 and NODI were not significantly affected
by LPS stimulation (Fig. 2A and C). Decreases in mRNA levels
following GSP pretreatment were likely only due to the drug, and
were independent of LPS stimulation.

Effects of GSP on mRNA levels of IL-1f3, IL-6 and IL-8 in
LPS-stimulated LX-2 cells. We performed qPCR to evaluate
the mRNA expression levels of pro-inflammatory cytokines
including IL-1p, IL-6 and IL-8 in LPS-stimulated HSCs. As
shown in Fig. 3, significant increases in cytokine expression
were induced by LPS treatment; however, pretreatment with
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Figure 2. Effects of grape seed proanthocyanidin (GSP) on mRNA levels
of NOD1, NOD2, TLR2 and TLR4 in lipopolysaccharide (LPS)-stimulated
LX-2 cells. After cells were pretreated with GSP (10 and 25 pg/ml) for 24 h
and stimulated with LPS (1 yg/ml) for an additional 4 h, and real-time quan-
titative PCR was performed to analyze mRNA levels. The crossing points of
TLR2 (A), TLR4 (B), NODI (C) and NOD2 (D) with f-actin were entered
into the formula: 2-(tareet gene - fractiv Pyaea are expressed as the mean + SD of
three independent experiments. “p<0.05, “p<0.01 and ““p<0.001 compared
to LPS alone. TLR, Toll-like receptor; NOD1 and NOD2, nucleotide binding
oligomerization domain containing 1 and 2.

GSP decreased the mRNA expression levels. These findings
indicated that GSP regulates immune responses by reducing
the mRNA expression levels of pro-inflammatory genes.
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Figure 3. Effects of grape seed proanthocyanidin (GSP) on mRNA levels of
interleukin-1f (IL-1),IL-6 and IL-8 in lipopolysaccharide (LPS)-stimulated
LX-2 cells. Cells were pretreated with GSP (10 and 25 pg/ml) for 24 h before
stimulation with LPS (1 ug/ml) for 4 h. The mRNA levels were measured by
real-time quantitative PCR. The crossing points of IL-1f (A), IL-6 (B) and
IL-8 (C) with B-actin were entered into the formula 2-(tareet gene - factin) Pyqeq
are expressed as the mean = SD of three independent experiments. “p<0.05,
“p<0.01 and "“p<0.001 compared to LPS alone.

Effects of GSP on mRNA and protein expression of COX-2 and
iNOS in LPS-induced LX-2 cells. Next, we performed qPCR
and western blot analyses to investigate the effects of GSP on
the expression levels of COX-2 and iNOS. Fig. 4A and B show
that LPS treatment noticeably increased the mRNA expres-
sion levels of COX-2 and iNOS. In contrast, GSP pretreatment
decreased the mRNA and protein levels of COX-2 and iNOS
in the LPS-induced LX-2 cells (Fig. 4C and D).

Effects of GSP on phosphorylation of NF-xB in LPS-induced
LX-2 cells. All major pro-inflammatory mediators are
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Figure 4. Effects of grape seed proanthocyanidin (GSP) on mRNA and
protein expression of cyclooxygenase-2 (COX-2) and inducible nitric oxide
synthase (iNOS) in lipopolysaccharide (LPS)-induced LX-2 cells. Cells
were pretreated with different concentrations of GSP (10 and 25 pg/ml) for
24 h followed by LPS stimulation for 4 h. Levels of COX-2 (A) and iNOS
mRNA (B) were measured by real-time quantitative PCR. The crossing points
of COX-2 (A) and iNOS (B) with B-actin were entered into the formula
Q- (target gene - fractin) Protein levels of COX-2 (C) and iNOS (D) were determined
by western blot analyses. Data are expressed as the mean + SD of three inde-
pendent experiments. ““p<0.001 compared to LPS alone.

induced via activation of NF-xB (22). Therefore, we
hypothesized that the aforementioned findings were related
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Figure 5. Effects of grape seed proanthocyanidin (GSP) on nuclear
factor-k B (NF-«xB) p65 phosphorylation and IkBa phosphorylation in lipo-
polysaccharide (LPS)-induced LX-2 cells. Cells were pretreated with GSP (10
and 25 pug/ml) for 24 h and stimulated with LPS for a further 2 h. Cytosolic
proteins were prepared and analyzed by western blot analysis. The ratios of
immunointensity between NF-kB p65 (A) or p-NF-«kB p65 (B) and IkBa (C)
or p-IxkBa (D) to f-actin were calculated. Data are expressed as the mean + SD
of three independent experiments. ““p<0.001 compared to LPS alone.

to the NF-«kB signaling pathway. Thus, the effects of GSP
on IkBa phosphorylation and NF-xB p65 activation were
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Figure 6. Effects of grape seed proanthocyanidin (GSP) on phosphorylation of MAPKs and Akt in lipopolysaccharide (LPS)-induced LX-2 cells. The expres-
sion levels of phospho-extracellular signal regulated kinase 1/2 (ERK1/2) (p-ERK), phospho-p38 (p-p38), phospho-Akt (p-Akt), and phospho-JNK1/2 (p-JNK)
were analyzed by western blotting. Cells were pretreated with GSP (10 and 25 ug/ml) for 24 h followed by LPS stimulation for 2 h. The ratios of immunointen-
sity between Akt or p-Akt (A), p38 or p-p38 (B), ERK or p-ERK (C), and JNK or p-JNK (D) to 3-actin were calculated. Data are expressed as the mean + SD
of three independent experiments. “p<0.01 and ““p<0.001 compared to LPS alone.

investigated. After pretreatment of LX-2 cells with GSP for
24 h and stimulation with LPS for 2 h, western blotting was
performed for IkBa and NF-kB p65. Fig. 5 shows that the
total protein expression levels of IkBa and NF-xB p65 were
unaffected by treatment with LPS and pretreatment with
GSP (Fig. 5A and C). However, while LPS treatment increased
the protein levels of phosphorylated IxkBa and NF-kB p65,
pretreatment with GSP significantly decreased levels of both
these proteins (Fig. 5B and D).

Effects of GSP on phosphorylation of Akt and MAPKs in
LPS-induced LX-2 cells. To investigate whether inhibi-
tion of the inflammatory response by GSP occurs via the
PI3K/Akt and MAPK pathways, we studied the effects of
GSP on LPS-stimulated phosphorylation of upstream kinases
such as Akt, ERK, p38, and JNK in LX-2 cells. Total protein
was extracted 2 h after LPS stimulation, and the expression

of ERK, Akt, p38, JNK, and their phosphorylated proteins
was examined. The treatment of LX-2 cells with LPS induced
increases in expression levels of phosphorylated Akt, ERK,
p38 and JNK (Fig. 6). However, while the protein level of
each kinase stayed constant, the expression level decreased
with pre-incubation with GSP. These results suggest that GSP
pretreatment interferes with key signaling pathways, including
Akt and p38 MAPK. These results indicate that activation of
pro-inflammatory mediators is suppressed by GSP pretreat-
ment of HSCs.

Effects of GSP on IL-8 cytokine production in LPS-induced
LX-2 cells. To further analyze the anti-inflammatory effects
of GSP, we used ELISA to measure the production of IL-8 in
LPS-stimulated LX-2 cells. The expression level of IL-8 was
markedly increased after LPS treatment, but was significantly
decreased in the GSP-treated cells (Fig. 7). The inhibitory
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Figure 7. Effects of grape seed proanthocyanidin (GSP) on interleukin-8 (IL-8)
cytokine production in lipopolysaccharide (LPS)-induced LX-2 cells. Cells
were pretreated with GSP (10 and 25 ug/ml) for 4 h and stimulated with LPS
(1 ug/ml) for 24 h. The supernatants were collected and assayed by enzyme-
linked immunosorbent assay (ELISA). Data are expressed as the mean + SD
of three independent experiments. ““p<0.001 compared to LPS alone.

effects of GSP on IL-8 protein production was correlated
with the suppression of IL-8 mRNA expression (Fig. 3C).
The results above indicate that the anti-inflammatory effects
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of GSP occur via suppression of pro-inflammatory genes or
proteins related to the MAPK, Akt and NF-«B signaling path-
ways in LPS-stimulated cells.

Discussion

Inflammation is heavily involved in liver fibrosis. HSCs play
an active role in this process via interactions with diverse types
of immune cells (14). Inflammation may often coexist with
liver fibrosis after liver insult. During inflammatory progres-
sion, lymphocytes and neutrophils may invade the liver and
have direct effects on HSCs. The immune cells are affected by
activated HSCs, which secrete chemokines and cytokines such
as TGF-f, IL-10 and IL-6 (23). Medicinal plants reduce liver
fibrosis and inflammation by downregulating hepatic expres-
sion and secretion of inflammatory cytokines. Inflammatory
cytokines targeted by plant-derived compounds include
TNF-a,IL-1a,IL-1p3,1L-2,1L-4,1L-6,1L-12,1L-18 and IFN-y.
Pro-inflammatory cytokines can regulate the synthesis of a
wide variety of acute phase proteins in the liver. They are also
involved in the pathogenesis of liver cirrhosis and fibrosis (24).
It is possible that during the inflammatory response, chemoat-
traction of various immune cells is promoted by human HSCs.
That is, activated HSCs can evoke neutrophil chemotaxis after
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Figure 8. Schematic diagram illustrating the signaling pathways involved in the anti-inflammatory effects of grape seed proanthocyanidin extract in lipopoly-
saccharide (LPS)-induced hepatic stellate cells (HSCs). Grape seed proanthocyanidin (GSP) inhibited LPS-induced nuclear factor-kB (NF-«xB) activation as
well as IkBa phosphorylation. GSP suppressed activation of three MAPKs (ERK, JNK and p38) and Akt, leading to reduced levels of Toll-like receptor 4
(TLR4), NOD2, cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase (iNOS) in LPS-induced LX-2 human HSCs.
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secreting IL-8, a neutrophil chemoattractant, and macrophage
inhibitory protein-2 (MIP-2) (25,26). Accordingly, both the
inflammatory response and liver fibrosis are affected by
HSC:s. Previous studies indicate that HSCs are a major factor
in liver fibrosis and hepatic inflammation. Thus, inhibition of
the secretion of pro-inflammatory cytokines by HSCs is an
important strategic element for inhibiting inflammation and
fibrosis of the liver.

Our results demonstrated that GSP noticeably suppressed
the expression of IL-1f, IL-6 and IL-8 (Fig. 3). Inflammatory
stimuli (such as LPS treatment in HSCs) induce excessive
production of cytokines, which intensifies the immune
response and subsequent inflammation (27). Therefore,
anti-inflammatory therapies often target pro-inflammatory
cytokines, supporting our findings that GSP has anti-inflam-
matory activity via inhibition of the protein expression of
IL-1p, IL-6 and IL-8 (Figs. 3 and 7).

TLRs, particularly TLR2 and TLR4, are central mediators
of inflammation during liver fibrosis. LPS signals are trans-
mitted via TLR2 and TLR4 to the intracellular compartment,
and thus, the two transmembrane receptors play important roles
in the immune system (28). In this study, we demonstrated that
GSP regulates TLR4 gene transcription in activated human
HSCs (Fig. 2B). GSP could be employed for the inhibition of
LPS/TLR4 signaling to prevent liver fibrosis. These results also
suggest that GSP plays a regulatory role in inflammation at the
level of TLR transcription. NODs and TLRs are a central part
of the mammalian innate immune response (29). For example,
NODI and NOD?2 are primarily involved in mediating anti-
bacterial defenses (30). We found that GSP downregulated
LPS-induced NOD2 expression (Fig. 2D). These results
suggest that both ligands for NOD2 and TLR4 may synergisti-
cally improve innate immune responses for the induction of
the inflammatory response in HSCs (Fig. 2B and D).

iNOS and COX-2 play critical roles in the pathogenesis
of certain types of human cancer and inflammatory disor-
ders (31). Therefore, anti-inflammatory agents that inhibit
iNOS and COX-2 genes may be used as potential therapeutics
to treat inflammatory and infectious diseases. The results of
this study indicate that GSP can efficiently inhibit the expres-
sion of iNOS and COX-2 (Fig. 4). NF-«xB, a transcription factor,
plays a role in the regulation of the expression of inflammatory
mediators such as IL-1p, IL-6, iNOS and COX-2 (22). When
activated by stimuli such as LPS, NF-«B dissociates from IxkBa
to become an active form, and IkBa is degraded. In this study,
we found that GSP attenuated LPS-stimulated phosphoryla-
tion of NF-kB in HSCs by blocking IxBa phosphorylation.
The MAPK pathway is involved in the expression and regula-
tion of inflammatory mediators including iNOS and COX-2,
as well as in the activation of NF-xB (32). Since GSP inhibits
NF-«B activation, we proposed the hypothesis that the MAPK
pathway is involved in the attenuation of inflammatory media-
tors. This study showed that GSP decreased LPS-stimulated
activation of MAPK in HSCs (Figs. 5 and 6). We believe that
GSP exerts its anti-inflammatory effects partly by the attenua-
tion of MAPK and NF-«kB activation.

LPS is a strong activator of the PI3K/Akt and MAPK path-
ways. It was recently shown that the PI3K/Akt pathway plays an
important role in the regulation of LPS-induced acute inflamma-
tory responses (33). However, its role in the regulation of NF-xB
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transactivation is still unclear. In this study, LPS-stimulated
phosphorylation of p38 MAPK and Akt was suppressed
following GSP treatment. This suggests that the suppression of
LPS-induced secretion of pro-inflammatory cytokines in HSCs
may be correlated with the suppression of p38 MAPK phos-
phorylation by GSP (Fig. 6). Our current findings suggest that
GSP may block LPS-induced NF-«B activation by inhibiting the
phosphorylation of MAPKs and Akt, subsequently decreasing
the protein levels of iNOS, COX-2 and other related inflamma-
tory cytokines. In addition, our results also suggest that innate
immune responses may be initiated by TLR4 ligands and further
increased by NOD?2 ligands, resulting in the stimulation of an
inflammatory response in human HSCs (Fig. 8).

In conclusion, the results of this study demonstrated that
GSP suppresses many inflammatory events, including pro-
inflammatory cytokine secretion in LPS-stimulated HSCs.
That is, GSP plays a critical role in suppressing the expression
of COX-2 and iNOS, as well as the expression of pro-inflamma-
tory cytokines such as IL-8. These inhibitory effects appear to
occur via inhibition of IkBa phosphorylation and subsequent
suppression of NF-kB activation, p38 MAP kinase, and Akt
signaling. Hence, GSP may be a potential anti-inflammatory
agent with which to treat liver disease.
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