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Abstract. Resveratrol is a phytoalexin that has been 
shown to inhibit cell proliferation of several cancer 
cell lines. In some cases this inhibition was specific 
for the transformed cells when compared with nor-
mal cells of the same tissue. To test whether this was 
the case in rat hepatocytes, we exposed primary rat 
hepatocytes in culture and transformed rat hepatic 
cells to this compound and studied its effect on cell 
proliferation, measuring deoxy-bromouridine incor-
poration and total DNA. We also studied the effect of 
resveratrol on the cell cycle of normal and trans-
formed rat hepatocytes. We observed that resvera-
trol inhibited proliferation in a dose-dependent man-
ner in both cases, with no differential action in the 
transformed cells compared to the normal ones. This 
compound arrested the cell cycle in G0/G1 in prima-
ry hepatocytes, while it arrested the cell cycle in G2/M 
in transformed cells. Transformed hepatocytes showed 
accumulation of cells in the S phase of the cell cycle.

Introduction
Resveratrol (trans-3,5,4´-trihydroxystilbene) is a 

phytoalexin. Its synthesis in plants can be induced by 
microbial infections, UV light and exposure to ozone 
(Ignatowicz and Baer-Dubowska, 2001). Resveratrol is 
present in fruits, vegetables, and beverages including 
wine that are part of the human diet (Fremont, 2000). 
Several reports indicate that resveratrol inhibits prolif-
eration of cancer cells including myeloid leukaemia 
cells (Estrov et al., 2003), epidermoid carcinoma A431 
cells (Ahmad et al., 2001), colon carcinoma HT29 and 
SE480 cells (Delmas et al., 2002; Liang et al., 2003), 

hepatocarcinoma Fao and HepG2 cells, breast cancer 
MCF cells (Mgbonyebi et al., 1998) and prostate cancer 
LNCaP cells (Hsieh and Wu, 1999). In some cases, the 
resveratrol concentration needed for cell proliferation 
inhibition was found to be lower in cancer cells than 
in normal cells of the same tissue. In leukaemia cells 
the IC50 of resveratrol for proliferation inhibition was 
34 μM, while it was of 59 μM for normal haematopoie
tic cells (Gautam et al., 2000). Similarly, SV40-trans
formed human fibroblasts (WI38VA) were shown to be 
more sensitive to resveratrol than normal fibroblasts in 
modulating expression of pro- versus anti-apoptotic 
genes ( Lu et al., 2001; Gosslau et al., 2005). In accord-
ance with the two cases mentioned above, resveratrol 
had specific cytotoxic effects toward hepatic tumour 
HepG2 cells, compared to normal human hepatocytes 
(Lancon et al., 2004).

After oral ingestion, the liver is one of the primary 
targets of resveratrol and its metabolites, resveratrol-
3-glucuronide and resveratrol-3-sulphate, in rodents and 
in humans (Bertelli et al., 1998; Vitrac et al., 2003; Sale 
et al., 2004). As revealed by several studies, different 
sub-populations of hepatocytes are involved in prolifer-
ation elicited in response to various types of liver injury 
in rodents (Styles et al., 1988). In rats and mice, poly-
ploidization affects most of the hepatocytes and is a pro-
gressive phenomenon that continues throughout the life 
of the animal. In rats, after 10 weeks of life, the liver 
consists mainly of tetraploid cells (2 × 2n and 4n) and 
some octoploids (2 × 4n and 8n) (Alfert and Geschwind, 
1958; Brodsky and Uryvaeva, 1977; Bohm and Nol
temeyer 1981; Severin et al., 1984). In primary rat hepa
tocyte cultures most cells are tetraploid with a small 
fraction of diploid and octoploid cells. Approximately 
30 % of the cells are bi-nucleated with two tetraploid or 
two diploid nuclei (Eckl, 1993). These cells are a conse-
quence of DNA synthesis and mitosis with failure in cell 
division (Epstein, 1967; Wheatley, 1972).

In order to establish whether resveratrol affected pro-
liferation in primary rat hepatocyte cultures, we deter-
mined the effect of this compound on DNA synthesis 
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and cell cycle of hepatocyte cultures. We also performed 
studies with an immortalized rat hepatic cell line (Clone 
9) in order to determine whether resveratrol affected 
these processes differentially in normal and transformed 
cells. 

Material and Methods
Resveratrol, 99%, was purchased from Sigma 

(Madrid, Spain, product code R5010). It was dissolved 
in D MSO (Panreac, Barcelona, Spain) and stored at 
-20 °C. When added to cell cultures, the final DMSO 
concentration was 0.1 % or lower.

Cell culture
Primary rat hepatocyte isolation and culture
All of the experimental protocols conformed to the 

ethics guidelines of the Santiago de Compostela Uni
versity. Primary rat hepatocytes were obtained from 
200–300 g Sprague-Dawley male rats (Charles River, 
Barcelona, Spain), fed ad libitum. The Seglen perfusion 
method was followed with modifications (Berry and 
Friend, 1969, Seglen, 1976). Rats were anaesthetized 
with a ketamine : xylazine mix (42.5% : 20%, Ketolar® 
50 mg, Parke D avis (Madrid, Spain); Rompun® 2%, 
Bayer (Madrid, Spain)) in physiological solution. After 
perfusion, the liver was extracted and the cells were dis-
persed in Leibovitz medium (Sigma). The cells were 
filtered and allowed to decant for 15 min. The cell pellet 
was washed twice with the same medium and cell via-
bility was determined by trypan blue exclusion. 
Preparations with less than 80 % of viability were dis-
carded. The cells were resuspended in attachment me-
dium [199 : E-MEM 1 : 4 (Sigma), 5 mg/l insulin 
(Sigma), 26.2 mM HCO3Na (Panreac), 100 μg/ml strep-
tomycin (Sigma), 100 UI/ml penicillin (Calbiochem, 
part of Merk-Millipore, Madrid, Spain), 1.2 μM dexa-
methasone (Sigma), 1 g/l BSA (Sigma), 10 % foetal bo-
vine serum (Gibco, part of Invitrogen, Madrid, Spain)]. 
The cells were plated at a density of 7.2 × 104 cells/cm2 
on 96-well plates (NunclonTM, Sigma) and incubated at 
37 °C and 5 % CO2 during 5 h. After this period the me-
dium was changed to post-attachment medium [199 : 
E-MEM 1 : 4 (Sigma), 5 mg/l insulin (Sigma), 26.2 mM 
HCO3Na (Panreac), 100 μg/ml streptomycin (Sigma), 
100 UI/ml penicillin (Calbiochem), 0.6 mM hydroxy-
cortisone (Sigma), 1 g/l BSA (Sigma), 10% foetal bo-
vine serum (Gibco)]. Cells were maintained in this me-
dium at 37 °C in 5% CO2 atmosphere for different time 
periods depending on the experiment.

Clone-9 cell culture
The rat liver transformed cell line, Clone-9, was pur-

chased from the European Collection of Cell Cultures, 
Ref. N° 88072203. Cells were cultured with Ham F12-K 
medium (Sigma) supplemented with 0.25 % HCO3Na 
(Panreac), 10 % foetal bovine serum (Gibco), 100 UI/ml 
penicillin (Sigma) and 100 mg/ml streptomycin (Sigma) 
at 37 °C in 5 % CO2 atmosphere.

Proliferation determination

5-Bromo-2´-deoxy-uridine (dBrU) incorporation
To determine DNA synthesis, the commercial kit 

5-Bromo-2´-deoxy-uridine Labeling and Detection Kit 
III (Roche®, Barcelona, Spain) was used.
Primary rat hepatocytes were seeded in 96-well 

plates. Twenty-four hours after plating, the medium was 
changed and 10 ng/ml of epithelial growth factor 
(Sigma, EGF) was added, except for control cells. Cells 
were incubated with EGF for another 24 h to induce pro-
liferation. After this time period the medium was 
changed and 10 ng/ml EGF, 10 μM dBrU and 10, 25, 50 
and 75 μM resveratrol or vehicle (DMSO) were added. 
After 24 h, dBrU incorporation was determined follow-
ing the kit instructions and plotted as a measure of the 
absorbance determined for the different treatments.
Clone-9 cells were seeded in 96-well plates. Cells, 

confluent at 80 %, were treated with 25, 50 and 75 μM 
resveratrol or vehicle (DMSO) for 24 h. After this time 
period, dBrU incorporation was measured following the 
kit instructions.

Total DNA determination
Primary rat hepatocytes were treated with EGF plus 

resveratrol or vehicle and Clone-9 cells with resveratrol 
or vehicle in the same way as they were treated for the 
dBrU incorporation assay. After these treatments the 
cells were lysed with TNE buffer [150 mM NaCl 
(Panreac), 25 mM Tris-HCl (Sigma) pH 7.8, 1 mM 
EDTA (Sigma), and 1 % SDS (Sigma)]. A standard 
curve was generated spectrofluorimetrically using 
0–800 ng of salmon sperm DNA diluted in a solution of 
PBS with 1/20000 Hoechst 33258 (Sigma, λex=356; 
λem=458) and 2 M NaCl (Panreac), pH 7.4. Ten µl of the 
cell lysates were incubated in the Hoechst 33258 solu-
tion in the same conditions as the standards during 
30 min. Finally, the D NA concentrations in the cell 
lysates were determined measuring the fluorescence of 
each sample and extrapolating the DNA concentration 
from the standard curve.

Flow cytometry
Primary hepatocytes or Clone-9 cells treated for 24 h 

with vehicle, 25, 50 or 75 μM resveratrol and EGF were 
detached from the plates with Accutase (PAA, Colbe, 
Germany) and washed twice with PBS. Cells were fixed 
with 70% ethanol for 30 min at 4 °C. Fixed cells were 
washed with PBS and resuspended in a solution of PBS 
with 100 μg/ml propidium iodide (Sigma) and 0.5 mg/
ml RNAse (Sigma). After 30 min of incubation in this 
solution 5,000 events were captured with an AMNIS 
ImageStream (Seattle, WA) imaging flow cytometer and 
the analysis was performed with the IDEAS® 3.0 Cell 
Image Analysis Software (AMNIS).

Statistical analysis
One-way ANOVA was employed for comparison of 

significant differences among groups. Comparisons be-
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tween groups were made by the Holm-Sidak multiple-
range test. Values are presented as the mean ± SD. The 
value of P < 0.05 (N = 4) was considered significant.

Results
Primary rat hepatocytes treated with EGF + 10, 25, 50 

and 75 μM resveratrol showed lower incorporation of 
dBrU (Fig. 1A) and less total DNA (Fig. 1B) than cells 
treated with EGF + vehicle. No significant changes in 

dBrU incorporation were observed in the cells treated 
with EGF + 25, 50 and 75 μM resveratrol with respect to 
control cells without EGF (Fig. 1A). When primary rat 
hepatocytes were treated with resveratrol and without 
EGF, no increase in dBrU incorporation was observed 
when compared to control cells treated with the vehicle 
(Fig. 1A).
When Clone-9 cells were treated with 25, 50 and 

75 μM resveratrol, lower incorporation of dBrU was ob-
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Fig. 1. (A) Proliferation determination in primary rat 
hepatocyte cultures by dBrU incorporation. 
* Significant differences between cells treated with EGF + 
vehicle (DMSO) or R 10 μM and the rest of the treatments 
(N = 4, P < 0.01). ∆ Significant difference with respect to 
control (N = 4, P < 0.05). 
● Significant difference with respect to the cells treated 
with EGF + 10 μM R (N = 4, P < 0.01). 
(B) Proliferation determination in primary rat hepatocyte 
cultures by total DNA determination. 
* Significant difference with respect to the rest of the treat-
ments (N = 4, P < 0.01). ∆ Significant difference with re-
spect to the cells treated with EGF + 50 or 75 μM R (N = 4, 
P < 0.01).

Fig. 2. (A) Proliferation determination in Clone-9 cell cul-
tures by dBrU incorporation. (B) Proliferation determina-
tion in Clone-9 cell cultures by total DNA determination. 
* Significant differences with respect to control cells (N = 4, 
P < 0.01).
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served in a dose-dependent manner compared to cells 
treated with the vehicle (Fig. 2A). The same was ob-
served when total DNA was determined (Fig. 2B).

When the cell cycle of primary rat hepatocytes was 
analysed in resveratrol-, EGF+resveratrol, or vehicle-
treated cells (typical histograms obtained are presented 
in Fig. 3A), an arrest in G0/G1, in a dose-dependent 
manner, was observed. This was accompanied with a 
decrease in the G2/M population. Also, a decrease in the 
octoploid cell population was observed in EGF+res
veratrol-treated cells (Fig. 3B). No effect was observed 
when hepatocytes were treated with resveratrol alone in 
the same concentrations used when hepatocytes were 
induced to proliferate with EGF (Fig. 3B). On the con-
trary, when Clone-9 cells were treated with resveratrol 
(typical histograms obtained are shown in Fig. 4A), an 
arrest of the cell cycle in G2/M was observed (Fig. 4B). 
Also, an increase in the cells in the S phase was ob-
served after resveratrol treatment, which is explained by 
DNA synthesis inhibition (Fig. 4B). This inhibition to-
gether with that in G2/M represented a dose-dependent 

increase of approximately 20, 40 and 80 % in 25, 50 and 
75 μM treated cells when compared to controls (Fig. 
4C).

Discussion
In this work we show that resveratrol inhibits prolif-

eration in primary rat hepatocytes as well as in trans-
formed rat hepatic cells in a dose-dependent manner. We 
didn’t observe the higher sensitivity towards inhibition 
of cell proliferation in transformed cells compared to 
normal cells reported by others (Gautam et al., 2000; Lu 
et al., 2001; Gosslau et al., 2005). Resveratrol had no ef-
fect on the proliferation of quiescent primary hepatocytes.

Cell cycle analysis showed that resveratrol inhibits 
primary rat hepatocyte proliferation in G0/G1. This in-
dicates that after mitogenic stimulation, the cells in G2, 
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Fig. 3. (A) Typical histograms obtained in vehicle-, res-
veratrol-, EGF- or resveratrol+EGF-treated cultures of pri-
mary hepatocytes as described in Material and Methods. 
(B) Cell cycle analysis after flow cytometry as described in A.
* Significant differences with respect to control or resverat
rol-treated cells (N = 3, P < 0.01).

Fig. 4. (A) Typical histograms obtained in vehicle- or res-
veratrol-treated cells as described in Material and Meth-
ods. (B) Cell cycle analysis after flow cytometry as de-
scribed in A. C) Summary of the G1 and S phases showing 
a dose-dependent increase of the cells in these cell cycle 
phases in resveratrol-treated cells. 
* Significant differences with respect to control cells (N = 3, 
P < 0.01).
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which are the most abundant in normal rat liver, can pro-
ceed through mitosis, but after reaching G1, they are 
incapable of progressing to S because of DNA synthesis 
inhibition. Resveratrol has been shown to induce an in-
crease in the levels of cAMP in MCF-7 human breast 
cancer cells (El-Mowafy and Alkhalaf, 2003), and re-
cently the direct interaction of this molecule with 
cAMP-degrading phosphodiesterases, leading to elevat-
ed cAMP levels, has been reported (Park et al., 2012). 
Considering that cyclic adenosine monophosphate 
(cAMP) and agents that increase intra-cellular cAMP 
inhibit hepatocyte proliferation induced by EGF 
(Bronstad et al., 1983; Vintermyr et al., 1989; Refsnes et 
al., 1992), resveratrol could inhibit primary hepatocyte 
proliferation by this mechanism. Supporting this is the 
fact that cAMP inhibits the G0/G1 to S transition in pri-
mary hepatocytes (Vintermyr et al., 1989), which is 
what we observed for this type of cells.

In transformed rat hepatic cells, a mild cell cycle inhi-
bition was observed, in this case in G2/M, indicating 
that besides the inhibition of DNA synthesis observed in 
the presence of resveratrol, which appears as an accu-
mulation of cells in S phase, this compound has also an 
effect on the tetraploid cells, at the level of progression 
from G2 to M, and/or on the chromosome segregation 
and cell division. In transformed cells, resveratrol has 
been shown to induce cell cycle arrest, affecting the S to 
G2 transition (Ragione et al., 1998), through a p53-de-
pendent pathway (Huang et al., 1999; Liontas and Yeger 
2004). This protein could be involved in the cell cycle 
arrest of Clone-9 cell reported in this work, given that 
these cells possess wild-type p53. Also, the flow cyto-
metric analysis showed an increase of the S and G2 
populations in resveratrol-treated Clone-9 cells, point-
ing to S to G2 cell cycle transition inhibition. 

The low micromolar concentrations of resveratrol 
employed in the present studies are similar to those used 
by others in the investigation of the biological effects of 
resveratrol in cultured cells (Fremont, 2000; Gusman et 
al., 2001; Wallerath et al., 2002; Dong 2003). Whether 
these concentrations can be reached in vivo in the liver 
cannot be answered at present. There are studies indicat-
ing that because of its high lipophilicity, resveratrol can 
accumulate in tissues, such as heart, liver, and kidney 
after oral administration in wine (Gusman et al., 2001). 
Studies in animal models (mice, rats and dogs) and hu-
mans have shown that resveratrol undergoes rapid me-
tabolism in the gut to glucuronide and sulphate conju-
gates, which are well absorbed and result in high 
circulating levels (Yu et al., 2002; Walle et al., 2006). 
Glucuronidation and sulphation of resveratrol may be 
important determinants of its pharmacological activity 
because resveratrol glucuronide or sulphate conjugates 
may be deconjugated at the target sites of action, releas-
ing the substrate to elicit biological activity (Kuhnle et 
al., 2000; Walle et al., 2004; Signorelli and Ghidoni, 
2005). Furthermore, the biologically active resveratrol 
sulphate or glucuronide cannot be ruled out. It has been 
observed that after an oral dose of red wine containing 

26 μg of resveratrol, a 10-4 molar concentration of this 
compound can be reached in the liver and the kidneys of 
rats for more than 2 h (Bertelli et al., 1996). In vivo studies 
have demonstrated that resveratrol can prevent the de-
crease in the activities of catalase, superoxide dismutase, 
glutathione peroxidase and glutathione reductase in the 
livers of rats treated with ethanol (Kasdallah-Grissa et 
al., 2007). In vitro resveratrol exerts a cytoprotective ac-
tion and induces an increase in the enzymatic antioxi-
dant response in primary rat hepatocytes (Rubiolo and 
Vega, 2008; Rubiolo et al., 2008). These observations 
point to a beneficial effect of this molecule on human 
health. In normal livers there is a very low level of 
hepatocyte proliferation, but after liver damage hepato-
cytes proliferate until the liver mass is restored (Fausto 
and Campbell, 2003). Although the results obtained in 
this work cannot be directly related to an in vivo situa-
tion, the possibility exists that resveratrol could be 
harmful for subjects with liver damage. It should be 
noted that resveratrol, besides being present in some 
foods and beverages, is available as a diet supplement, 
and not as a prescribed drug, in several formats (pills, 
creams, etc.) for human consumption as an antioxidant 
and age-prolonging compound.
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