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Abstract Resveratrol (RSV) exerts anti-proliferative and
pro-apoptotic actions in different cell lines. Hepatic stellate
cells (HSCs) are major fibrogenic cell types that contribute
to collagen accumulation during chronic liver disease. In
the present study, the inhibitory effects of RSV on cell
proliferation, cell cycle, and apoptosis were evaluated in
the mouse hepatic stellate cell line GRX. Cells treated with
I nM-1 pyM of RSV demonstrated a decrease in cell
growth of about 35% after 5 days. GRX cells, treated with
RSV (100 nM or 1 puM), were analyzed by flow cytometry;
RSV induced an increase in the number of GRX cells in the
S- and sub-G1 phases. The increase in sub-G1 phase cells
and the nuclear condensation and fragmentation shown by
DAPI staining identified a possible pro-apoptotic effect of
RSV on GRX cells. Furthermore, the RSV anti-prolifera-
tive effects could be explained by an S-phase accumulation
caused by a decrease in the progression through the cell
cycle or an inhibition of S or G2 phase transition. It is
notable that these RSV actions are mediated at nanomolar
levels, compatible with the concentrations of free RSV in
biological fluids after ingestion of polyphenol-rich foods,
suggesting a possible effect of these foods as an adjuvant
treatment in chronical liver diseases.
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Introduction

Liver fibrosis is a dynamic and sophisticated regulated
wound healing response to chronic hepatocellular damage
that represents a major medical problem with significant
morbidity and mortality. This fibrotic process results from
the accumulation of extracellular matrix (ECM) proteins
including collagens, proteoglycans, and glycoproteins [1].
Hepatic stellate cells (HSCs) (previously known as Ito
cells, lipocytes, or fat storing cells) are liver-specific peri-
cytes which were identified as a major source of collagen in
pathologic fibrosis following their activation to miofibro-
blast-like cells [2].

Indeed, much of the knowledge on the cell and molec-
ular biology of liver fibrosis has been gained through
animal models and from in vitro models employing culture
activated HSC isolated from rat, mouse, or human liver.
From these, in vitro models grew a large body of infor-
mation characterizing stellate cell activation, cytokine
signaling, intracellular pathways regulating liver fibrogen-
esis, production of extracellular matrix proteins, and
development of antifibrotic drugs [3].

In this study, we used the GRX cell line, established
from hepatic fibrogranulomatous reactions, which mobi-
lizes adjacent stellate cells. Under standard conditions,
these cells express a transitional myofibroblast phenotype
and present morphological and biochemical aspects of
hepatic connective tissue [4-6]. It has been previously
demonstrated that the GRX cell line can be induced,
in vitro, to express alternative phenotypes. The lipocyte
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phenotype can be induced by retinol, indomethacin, or f-
carotene treatment, with a decrease in proliferation and
collagen production and progressive accumulation of fat
droplets, corresponding to the frequently termed quiescent
fat storing phenotype, in vivo [7-9]. These cells are also
responsive to cytokines, such as TNFa, increasing oxida-
tive stress levels, and ECM production [10-12].

Resveratrol  (3,5,4 -trihydroxystilbene—RSV) is a
polyphenolic compound found in the skins of red fruits. It
is thought that the presence of RSV in red wine explains, in
part, the “French paradox” and may be responsible for
many of the health benefits ascribed to the consumption of
red wine. Resveratrol has been proposed to exhibit anti-
oxidative, anti-proliferative, and anti-inflammatory prop-
erties [13, 14]. This harmless compound exhibits
chemopreventive activities in multiple animal and in vitro
models with less defined molecular mechanisms [15, 16].

Accumulating data from many cell line studies indicate
that RSV possesses strong anti-proliferative and apoptosis-
inducing properties. S-phase or G1-phase arrest was mainly
observed during RSV-induced apoptosis, but the apoptosis
inducing effects of RSV appeared diverse in different cells.
These conflicting data regarding RSV-induced biological
effects may be due to the specific cell type and cellular
environment [17].

The purpose of the present investigation was to study the role
of RSV with respect to the modulation of cell proliferation, cell
cycle, and stimulation of apoptosis in activated HSCs.

Material and methods
Cell culture and treatments

The murine HSC cell line, GRX, was established by
Borojevic [5] and kindly provided by the Cell Bank of Rio
de Janeiro (HUCFF, UFRIJ, RJ). Cells were routinely
maintained in Dulbecco’s Modified Minimum Essential
Medium (DMEM, Invitrogen, Carlsbad, CA, USA) sup-
plemented with 5% fetal bovine serum (FBS, Cultilab,
Campinas, Br) and 2 g/l HEPES buffer, pH 7.4 under 37°C
and 5% CO, conditions. The cells were plated (5 x 10%
ml) in 12, 24, or 96-well plates and cultured for 24 h to
reach 60-70% of confluence before RSV treatment. Res-
veratrol (Sigma Inc., Saint Louis, MO, USA) was dissolved
in ethanol (Merck, Darmstadt, Germany) to a stock con-
centration of 100 mM and diluted in culture medium to
final concentrations of 1, 10, 100 nM, and 1 uM, just
before use. The GRX cells were treated with the above-
mentioned RSV concentrations for 5 days and the treat-
ment medium was daily changed. Each concentration
group included four wells. The routinely cultured cells
were used as normal controls.
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Cell growth assays
Bromodeoxyuridine incorporation into DNA

Cell proliferation was measured 5 days after RSV treat-
ment by the extent of 5-bromo-2-deoxyuridine (BrdU)
incorporation into DNA. BrdU, a thymidine analog that is
incorporated into proliferating cells mainly during the
S-phase of DNA synthesis is detected by peroxidase-
conjugated mouse monoclonal anti-BrdU antibody, fol-
lowed by the addition of o-phenylenediamine substrate.
The optical density (OD) was measured using a spectro-
photometric microtiter plate reader (Spectra Max 190,
Molecular Devices), at 492 nm wavelength [18].

Tritiated thymidine incorporation assay

GRX cells treated, or not, for 5 days with RSV (at the above
described concentrations) were incubated (24 h, 1 pCi/ml)
with [6-3H] thymidine ([3H]dT) (specific activity 23.0
Ci/nmol, Amersham Biosciences, Hillerod, Denmark).
Subsequently, the medium was removed, and 10% of tri-
chloroacetic acid (TCA) was added to each well. The cell
pellet was then dissolved in 200 pl of 0.1 N NaOH, the
incorporated DNA radioactivity was determined by scintil-
lation counting [19]. The protein content was measured
according to Peterson [20].

Cell viability assays
Colorimetric MTT assay

MTT (3-(4,5-dimethylthiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide) (Sigma Inc., Saint Louis, MO, USA) is a
yellow tetrazolium salt that is reduced to a blue formazan.
The MTT assay assesses cell viability by measuring cel-
lular redox environment [21, 22]. Pre-confluent GRX cells
were incubated with variable concentrations of RSV for
5 days. Cells were then incubated with 1 mg/ml MTT for
2 h at 37°C. Blue crystals were dissolved in dimethyl-
sulfoxide (DMSO, Sigma Inc., Saint Louis, MO, USA). OD
was measured using a spectrophotometric microtiter plate
reader (Spectra Max 190, Molecular Devices) at 570 nm
and 630 nm.

Lactate dehydrogenase (LDH) assay

The cytotoxicity of RSV was also evaluated by determina-
tion of LDH activity in the culture medium. LDH activity
was measured by a colorimetric assay (Kit from Doles,
Brazil). Cells were treated or not with RSV (100 nM-1 pM)
for 5 days. Subsequently, the medium was removed after
centrifugation, LDH in the supernatant of the conditioned
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media was determined as medium LDH. Attached cells were
lysed completely by 1 ml of 5% FBS/DMEM with Triton X-
100 (0.1%). After centrifugation, LDH in the supernatant
was determined as cellular LDH. LDH in DMEM with 5%
FBS was determined as contamination arising from FBS and
subtracted from medium LDH values. Results were shown as
the percentage of total LDH, i.e., [medium LDH/(medium
LDH + cellular LDH)] x 100 [23].

Cell cycle analysis by flow cytometry

Flow cytometry analysis [24] was used to assess the cell
cycle phase distribution and the percentage of fragmented
nuclei. Briefly, after treatment with 100 nM or 1 pM of
RSV for 5 days, cells were harvested by trypsinization and
counted. Samples of 1 x 10° cells were fixed in 70%
ethanol at 4°C overnight. After centrifugation, the cell
pellet was washed in ice-cold PBS, resuspended in hypo-
tonic propidium iodide solution (50 pg/ml propidium
iodide, 0.1% sodium citrate, 0.1% Triton X-100, 0.1 mg/ml
RNAse A) and incubated in the dark at room temperature
for 30 min. The DNA content was then analyzed using a
FACScan Calibur flow cytometer equipped with a Modfit
2.0 software (Beckton Dickinson, San Jose, USA). The
number of cells having a subdiploid DNA content was
taken as a measurement of apoptotic cells.

Identification of apoptotic cells after DAPI nuclei
staining

The nuclear morphology of cells was studied using the cell-
permeable DNA dye DAPI. GRX cells grown on coverslips
were treated with 1 pM RSV for 5 days, fixed in 4% (v/v)
paraformaldeyde for 30 min, washed in PBS, and perme-
abilized with 0.5% Triton X-100 in PBS 3 times for
10 min. The DAPI nuclear dye was added at 0.1 pg/ml in
0.9% NaCl for 5 min. Coverslips were mounted with
Fluorsave (Calbiochem, San Diego,CA, USA). Cells were
analyzed and photographed with a Nikon inverted micro-
scope using a TE-FM Epi-Fluorescence accessory.
Apoptotic cells were morphologically defined by nuclear
shrinkage and chromatin condensation or fragmentation.

Statistical analysis

Data were expressed as mean + standard error. P < 0.05
was considered significant. Statistical comparisons were
performed using ANOVA. For post-hoc testing, the Dun-
can test was used. All analyses were performed with the
SPSS statistical package (SPSS Inc., Chicago, IL, USA).

Results

Resveratrol inhibits cell growth and interferes with cell
viability in GRX cells

The anti-proliferative effects of RSV were assessed by
incubating pre-confluent GRX cells with RSV at indicated
concentrations for 5 days. Proliferation of GRX cells
measured by BrdUrd assay was significantly decreased by
about 35% at all concentrations of RSV, compared to
control (Table 1). This effect was confirmed by a thymi-
dine incorporation assay, where the decrease in GRX cell
proliferation was dose dependent (Table 1).

In addition, the effects of RSV on cell viability were
determined by MTT assay and by measuring LDH activity
in extracellular medium. The results show that, only con-
centrations above 10 uM significantly decreased cell
viability (Data not shown). In view of these results, in
subsequent experiments, we used the concentrations of
100 nM and 1 pM.

Resveratrol induces S-phase cell cycle arrest in GRX
cells

The effect of RSV on cell proliferation could be due to its
actions on cell cycle and the initiation of programmed cell
death. In order to explore this possibility, we treated
exponentially growing GRX cells with RSV and assayed its
effects on cell cycle. The untreated cells showed the
expected pattern for continuously growing cells, whereas
the cells treated with 100 nM or 1 uM RSV for 5 days
showed a 50% increase in the number of GRX cells in
S-phase (Fig. 1).

Table 1 Effect of RSV on GRX cell growth. GRX cells were treated with variable concentrations of RSV for 5 days and the proliferation

measured by BrdUrd or [3H]dT incorporation assay

RSV [uM] Control 0.001 0.01 0.1 1
BrdU-DNA (Immunoactivity) 0.57 £ 0.020° 0.41 £ 0.024° 0.36 & 0.023° 0.39 & 0.017° 0.36 &+ 0.011°
*H Thymidine (cpm/ug protein) 16.9 £ 0.94* 15.1 £ 0.33* 13.7 + 1.17° 12.0 + 1.01° ND

Results are expressed as the means £ S.E.M. of three independent experiments. Different letters indicate statistically significant differences

between groups P < 0.02. ND, not determined
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Fig. 1 Effect of RSV on GRX cell cycle. Exponentially growing
GRX cells were treated with RSV for 5 days at indicated concentra-
tions and their effects on cell cycle were assayed as described in the
“Material and methods” section. Data represent the mean £+ S.E.M.
of three independent experiments performed in triplicate. (a), (b), and
(c) significantly different from control GO/GI, S, and G2 + M,
respectively, P < 0.02

Resveratrol stimulates apoptosis in GRX cells

Cells with DNA content below GI phase, defined as a
hypodiploid sub-G1 peak, were regarded as apoptotic cells.
The results shown in Fig. 2A demonstrate that RSV treat-
ment (100 nM or 1 puM) induced a two-fold increase in the
number of sub-G1 GRX cells, as compared with controls.
The ability of RSV to modulate apoptosis was also studied
by examination of nuclear morphology. After treatment,
cells were stained with DAPI and nuclear morphology
visualized under a fluorescence microscope (Fig. 2B). RSV
(1 M, 5 days), induced an increase in the number of GRX
nuclei with a condensed and fragmented morphology,
indicating stimulation of apoptosis (Fig. 2B, ¢ and d).

Discussion

Resveratrol (3,5,4’-trihydroxy-trans-stilbene, RSV) is a
naturally occurring polyphenol synthesized by a variety of
plant species in response to injury, UV irradiation, and
fungal attack [25]. Accumulating evidences indicate that an
inverse relationship exists between RSV and its striking
inhibition of diverse cellular events associated with cell
growth [17, 26, 27]. RSV has now been recognized as a
promising candidate for chemopreventive effects [17].
The major fibrogenic cell type HSC contributes to col-
lagen accumulation during chronic liver disease. Liver
regeneration, driven by hepatocyte proliferation is neces-
sary for tissue repair and survival after acute liver injury
and chronic hepatic disease, such as fibrosis and cirrhosis
[28]. Induction of hepatocyte proliferation depends on
cross-talk between hepatocytes and non parenchymal-liver
cells, such as HSCs [28]. At sites of injury, HSC differ-
entiate to myofibroblasts and secrete ECM and growth

@ Springer

Control Rsv 100 nM Rsv 1uM

Resveratrol

(B) Control

Fig. 2 Influence of RSV on apoptosis, as analyzed by subdiploid cell
population and nuclear morphology of GRX cells. GRX cells were
treated with RSV at indicated concentrations for 5 days. (A) The
number of cells having a subdiploid DNA content was taken as a
measurement of apoptotic cells, as described in the “Material and
methods” section. Values are expressed as means £+ S.E.M. of three
independent experiments performed in triplicate. (a) significantly
different from control,P < 0.02. (B) Representative images of four
experimental conditions. DAPI staining was used to visualize nuclear
morphology under the fluorescence microscope after exposure to RSV
at 1 uM (b, d) for 5 days, compared to the control cells (a, c). The
apoptotic cells demonstrated nuclear fragmentation or partially
condensed nuclei without fragmentation (arrows). Scale bar: 50 pm

factors that support hepatocyte proliferation [29]. Apop-
tosis of activated HSC is a key factor in regression of liver
fibrosis. Activated HSC are more susceptible to apoptosis
and can undergo spontaneous cell death or receptor-medi-
ated death, caused by serum deprivation or cytokine
signaling [30].

Putative anti-fibrogenic drugs mainly include agents
able to reduce inflammation, agents able to reduce HSC
activation, agents with a pro-apoptotic potential for HSC,
agents with antioxidant effects, and agents able to increase
fibrillar ECM degradation. Numerous studies have attrib-
uted a beneficial role in a number of pathologies to RSV-
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rich foods and beverages. In order to further understand the
biochemical mechanisms of this molecule, a number of
studies have been carried out with very high concentrations
of RSV: In the present study, we used concentrations
compatible with those found in biological fluids after
consumption of RSV-rich foods and beverages, in an
attempt to understand in vitro (with all the limitations of
cell culture systems) the beneficial actions of the agent
found in vivo by using physiologically relevant RSV
concentrations [26].

With the increasing interest in developing antifibrotic
therapies, there is a need for cell lines that preserve the
in vivo phenotype of HSCs to elucidate pathways of
hepatic fibrosis. In this context, the GRX cell line repre-
sents an interesting and efficient study tool [6, 9, 10, 12,
31-35]. In standard culture conditions, GRX cells have a
myofibroblast-like phenotype that resembles activated
HSCs.

The treatment of GRX cells for 5 days with variable
concentrations of RSV resulted in a decrease in cell growth
of about 35%. These findings are in agreement with pre-
vious studies performed in HL-60 [26], HepG2 cells [26],
and C6 glioma [17, 36]. Kawada et al. [19] demonstrated
that RSV dose-dependently suppressed the incorporation of
[3H]thymidine in rat HSC, but the value of median inhib-
itory concentration for RSV was 37 pM. Our results show
that RSV inhibits GRX cell growth at concentrations that
are lower that than those found in the majority of studies
dealing with RSV effects in cells, but compatible with
those reported previously in HepG2 [17]. As discussed
above, we chose to use low doses of the agents that are
compatible with reported concentrations of RSV after
ingestion of polyphenol-rich foods [37].

In vitro studies have shown that RSV reduces cell pro-
liferation and modulates the cell cycle in different cell
lines. Gl-arrest has been observed in human epidermoid
carcinoma A431 cells [38], human leukemia U937 cells
[39], Hep G2 cells [40], and esophageal adenocarcinoma
Bic 1 [41]. Resveratrol blocked the S-G2 transition in HL-
60 [42] and [17] induced a more than twofold increase in
number of C6 cells in S phase. In agreement with these
findings, S-phase arrest was also seen in human neuro-
blastoma SH-SYSY and in Neuro-2a neuroblastoma cells
[43, 44]. In rat HSCs, 100 uM of RSV reduced the level of
cyclin D1, a cell cycle-related protein [19]. Since cyclin D1
regulates the activity of cdk4 and cdk6, resulting in the
phosphorylation of retinoblastoma gene product Rb p110
and the successive G1l-to S-phase transition, its reduction
might cause G1 arrest of the cells. In general, the effect of
RSV on cell cycle distribution is concentration-dependent,
where lower RSV concentrations cause accumulation of
the cells in S-phase and higher concentrations cause
accumulation of the cells in the GO/G1 phase or G2 + M

phases [27]. This may indicate that RSV has more than one
target inhibiting cell division, which may be modulated at
different concentrations [45].

The S-phase arrest produced by RSV is often accom-
panied by inhibition in [*H] thymidine incorporation. RSV,
at 20 pM, induced S-phase accumulation in HL-60 with a
30% inhibition of cell growth. In contrast, in HepG2,
40 pM RSV induced a maximal S-phase accumulation
without a significant decrease in [°H] thymidine incorpo-
ration. Here, we demonstrate that treatment of GRX cells
with small doses of RSV (100 nM and 1 pM) induced a
35% inhibition in [*H] thymidine incorporation and a 50%
increase in S-phase cells. These S-phase arrests indicate
that RSV at 100 nM and 1 pM did not induce a decrease in
cyclin D1 expression like described by Kawada et al. [19]
for rat HSC. Our results could be explained by the
hypothesis proposed by Delmas et al. [16], in which
S-phase accumulation is suggested to be caused by a
decrease in the progression through the cell cycle or an
inhibition of S or G2 phase transition. Furthermore, our
results are in agreement with observations that RSV
inhibits the production of polyamines by interfering with
ornithine decarboxylase [46], which in turn catalyses the
rate-limiting step in polyamine production.

In addition to its cell cycle arresting properties,
another essential effect of RSV is its apoptosis-inducing
ability. RSV has been previously shown to trigger
apoptosis in leukemia, mammary, myeloma, epidermoid,
embryonal rhabdomyosarcoma, and glioblastoma cell
lines [38, 47]. The doses required for RSV apoptosis
induction (100-200 pM range) are often higher than
those used to induce growth inhibition and cell cycle
arrest [41]. Interestingly, in GRX cells, small doses of
RSV (100 nM and 1 pM) resulted in twice the number
of sub-G1 cells. An obvious increase in the number of
GRX nuclei with a condensed and fragmented mor-
phology is visualized by DAPI-staining, indicating the
stimulation of apoptosis by RSV.

Taken together, our observations indicate that GRX
cells, when treated with RSV, are induced to enter into the
S phase, but subsequent progression through the S phase is
limited by the inhibitory effect of RSV on DNA synthesis.
Therefore, as suggested by Kuwajerwala [45], this unique
ability of RSV to exert opposing effects on two important
processes in cell cycle progression, induction of S phase,
and inhibition of DNA synthesis, indicate that RSV could
modulate apoptotic and anti-proliferative effects in GRX.
In this context, more studies are necessary to demonstrate
these effects in liver fibrosis.
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