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Abstract. Resveratrol is known to be a naturally produced 
polyphenol that is able to reduce cell proliferation in several 
types of cancer cells and adipocytes. However, the antiprolif-
erative effects of resveratrol on the growth of human sebocytes 
are not yet clear. In the present study, we investigated possible 
cellular pathways associated with these growth inhibitory 
effects on human SZ95 sebocytes. Our results revealed that 
resveratrol inhibited the proliferation of sebocytes, and that 
this resulted in disruption of the cell cycle. The inactivation of 
extracellular signal‑regulated protein kinase (ERK), Akt and 
peroxisome proliferator‑activated receptor (PPAR)‑γ was also 
shown to be involved in the inhibition of sebocyte growth by 
resveratrol. To examine the antiproliferative effects of resve-
ratrol, we determined the levels of cell cycle control proteins. 
Resveratrol inhibited cyclin D1 synthesis, whereas it stimulated 
p21WAF1/CIP1  (p21) and p27KIP1  (p27) synthesis. In addition, 
we demonstrated that the resveratrol‑mediated cell cycle 
arrest resulted in an increase in the proportion of cells in the 
sub‑G0/G1 phase. Moreover, we found that the growth inhibi-
tory effects of resveratrol were enhanced by treatment with 
LY294002 [a phosphatidylinositol 3‑kinase (PI3‑K) inhibitor] 
more so than by treatment with PD98059 (a MEK inhibitor), 
which indicates that resveratrol exerts its inhibitory effects on 
sebocyte proliferation through the inhibition of Akt. Linoleic 
acid (LA) is a well‑established lipid inducer in sebocytes and 

is known to stimulate sebocyte differentiation through the 
upregulation of PPAR‑γ. In this study, resveratrol was found 
to decrease the lipid content and PPAR‑γ expression during 
LA‑stimulated lipogenesis. Our results indicate that resveratrol 
plays a critical role in the inhibition of sebocyte growth through 
the inactivation of the Akt pathway. The present data suggest 
that resveratrol may be used as a therapeutic agent for the treat-
ment of acne vulgaris.

Introduction

Human skin is composed of the epidermis, dermis, hair, hair 
follicles and sebaceous glands. These multicellular struc-
tures consisting of a hair follicle and sebaceous glands are 
known as a pilosebaceous unit. In the pilosebaceous unit, the 
sebaceous glands store sebum, a lipid produced by sebocytes 
found in the skin of mammals (1,2). Human sebocytes are 
specialized epithelial cells that secrete sebum through an 
accumulation of neutral lipid droplets within the cytoplasm 
and thus undergo terminal differentiation into adipocytes (3). 
Sebaceous lipogenesis results in the secretion of sebum that 
contains triglycerides, wax esters, squalene, cholesterol 
esters, cholesterol and free fatty acids. Thus, these charac-
teristics of sebocytes are related to the functional persistence 
of skin by controlling the moisture balance and protecting 
the skin from harmful factors, such as pathogens or ultra-
violet (UV) light (4‑6). On the contrary, the production of 
excessive sebum is associated with a common inflammatory 
disorder of the pilosebaceous units which, along with micro-
bial infection, is known as acne vulgaris. The pathogenesis 
of acne vulgaris involves a variety of factors, including 
increased sebum production, follicular hyperkeratinization 
and the induction of inflammation by Propionibacterium 
acnes (P. acnes) (7). Current treatments for acne vulgaris 
utilize topical retinoids, benzoyl peroxide, antibiotics and 
systemic isotretinoin (13‑cis retinoic acid). It is the potent 
inhibition of sebum production that results in a marked 
reduction in the size of and the secretion of sebum by the 
sebaceous glands (8‑10).

The growth and differentiation of sebocytes and sebum secre-
tion are regulated by diverse factors, as well as by peroxisome 
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proliferator‑activated receptor (PPAR), liver X receptor (LXR) 
and insulin‑like growth factor (IGF)‑1. PPAR isoforms (α, β/σ, 
γ) are ligand‑activated transcription factors found in the skin and 
other organs that regulate adipogenesis and lipid metabolism 
through cell proliferation and differentiation. In addition, PPAR 
isoforms are all expressed in the human sebaceous glands where 
lipid synthesis occurs. Furthermore, PPAR activators, such as 
BRL‑49653, WY‑14643 and linoleic acid (LA) are potent lipid 
inducers that result in the production of lipids through sebo-
cyte differentiation (11‑13). Studies have indicated that IGF‑1 
increases sebocyte proliferation and promotes sebaceous gland 
lipogenesis by enhancing the expression of the sterol response 
element binding protein‑1 (SREBP‑1), a transcription factor 
regulating lipid formation (14,15). Furthermore, it has been 
demonstrated that IGF‑1 is associated with the activation of the 
mitogen‑activated protein‑kinase/extracellular signal‑regulated 
protein kinase  (MAPK/ERK) pathway and the stimulation 
of the phosphatidylinositol 3‑kinase (PI3‑K)/Akt pathway in 
several cell types (16,17). ERK and Akt are serine/threonine 
protein kinases that play a critical role in cell growth and cell 
survival in various cell types  (18,19). Taken together, both 
signaling pathways are known to be important for cell growth. 
Moreover, these pathways have been implicated in the activa-
tion of sebocytes (16,20). Thus, in this study, we investigated 
the potential involvement of ERK and Akt in the effects exerted 
by treatment with resveratrol.

Resveratrol (trans‑3,4',5‑trihydroxystilbene) is a naturally 
occurring polyphenolic compound and a phytoalexin present 
in food products, red wine, grape skin and various plants and is 
produced as a reaction to environmental stresses, such as infec-
tion by plant pathogens (21). Previous studies have suggested 
that resveratrol exerts a variety of pharmacological effects, 
including antiproliferative, antioxidant, anti‑inflammatory, 
anti‑angiogenic and antimetastatic effects in many different cell 
lines (21-23). It has been reported that resveratrol has chemo-
therapeutic properties in several cell culture models and in an 
in vivo cancer model (22,24). Previous studies have reported 
the inhibitory effects of resveratrol on cell cycle progression in 
tumor cells, which results in a reduction in the number of cells 
in the G0/G1 phase of the cell cycle and the downregulation 
of cyclin D1 and cyclin‑dependent kinase (CDK)4 (24‑27). In 
addition, it has been shown that resveratrol downregulates the 
phosphorylation of Akt and ERK in cancer cells (28). Moreover, 
previous studies have reported that resveratrol inhibits the 
proliferation of normal cells, such as smooth muscle cells and 
normal human keratinocytes (29,30). It has also been shown to 
reduce the synthesis of lipids by repressing PPAR‑γ in differ-
entiated adipocytes (31‑33). Despite our understanding of the 
antiproliferative and pro‑apoptotic properties of resveratrol 
in other cells, the antiproliferative signaling mechanisms of 
resveratrol in human sebocytes remain uncertain. Thus, in this 
study, in order to investigate the association between the antip-
roliferative effects of resveratrol and cell cycle progression, we 
evaluated the epxression of p21WAF1/CIP1 (p21), p27KIP1 (p27) and 
cyclin D1 in human sebocytes.

The aim of the present study was to investigate the under-
lying molecular signaling pathways through which resveratrol 
inhibits the proliferation of human immortalized sebocytes 
and thus attenuates cell cycle progression. Due to the impor-
tance of cell cycle regulators in proliferation, we determined 

whether the levels of these regulators are affected by resvera-
trol. Therefore, we assessed the effects of resveratrol on cell 
cycle regulators in human sebocytes, and investigated the 
effects of this potent inhibitor of sebum production in a model 
of lipid droplet formation.

Materials and methods

Materials. Antibodies against phosphorylated ERK (p-ERKl; 
Thr202/Tyr204, #9101S), ERK (#9102), phosphorylated Akt 
(p-Akt; Ser473, #9271S), Akt  (#9272), cyclin  D1  (#2922), 
p21  (#2946) and p27  (#3688) were purchased from Cell 
Signaling Technology, Inc. (Beverly, MA, USA). The antibodies 
to PPAR‑γ (B‑5, #sc‑271392) and β‑actin (I‑19, #sc‑1616) were 
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, 
CA, USA). Reagents including, LA, formaldehyde, Thiazolyl 
Blue tetrazolium bromide (MTT), Tris‑HCl, sodium dodecyl 
sulfate  (SDS), β‑mercaptoethanol, phenylmethylsulfonyl 
fluoride (PMSF), sodium orthovanadate  (Na3VO4), sodium 
fluoride  (NaF), ethylenediaminetetraacetic acid  (EDTA), 
Oil  Red  O and Gill's hematoxylin were purchased from 
Sigma‑Aldrich Co. (St. Louis, MO, USA). LY294002 (19‑142, a 
PI3‑K inhibitor) and PD98059 (19‑143, a MEK inhibitor) were 
obtained from Calbiochem (San Diego, CA, USA). LA was 
dissolved in ethanol and stored at ‑20˚C. Further dilutions were 
made in a vehicle solution (ethanol) prior to use.

Cell culture. Immortalized human sebocytes, SZ95  (34), 
were maintained in Sebomed® basal medium  (Biochrom 
GmbH, Berlin, Germany) containing 10% fetal bovine serum 
(HyClone Inc., Logan, UT, USA), 1% penicillin (10,000 U/ml) 
and 1% streptomycin (10,000 g/ml) (Gibco‑BRL, Grand Island, 
NY, USA), 1mM CaCl2 and 5 ng/ml human epidermal growth 
factor (EGF; Sigma‑Aldrich Co.). The cultures were maintained 
at 37˚C in a humidified 5% CO2 incubator and the medium was 
replaced every 2‑3 days. The SZ95 human sebocytes used for 
the experiments were between passages 31 and 35.

Determination of cell proliferation by MTT assay and 
microscopy. The cells were examined under a phase contrast 
microscope (Olympus Optical Co., Tokyo, Japan) and photo-
graphed using a DCM300 digital camera  (ScopeTek,  Inc., 
Hangzhou, China), which was supported by Scope Photo 
software (Scopetek, Inc.). Cell proliferation was determined 
using the MTT reduction assay. To determine proliferation, 
SZ95 human sebocytes were seeded  (1x104  cells/well) on 
24‑well culture plates for 24 h and incubated with resvera-
trol‑containing medium at 37˚C in 5% CO2. Treatment with 
increasing concentrations of resveratrol was carried out for 
24, 48 and 72 h. At the end of the resveratrol incubation period, 
the cells were incubated with the test substances for the indi-
cated periods of time at 37˚C in 5% CO2. Subsequently, 100 µl 
of MTT at 5 mg/ml were added to each well, and incubation was 
continued for 4 h. Supernatants were removed and formazan 
crystals resulting from mitochondrial enzymatic activity on 
the MTT substrate were solubilized with dimethylsulfoxide 
(DMSO; Sigma‑Aldrich Co.). The absorbance was measured 
at 540 nm using an enzyme‑linked immunosorbent assay 
(ELISA) reader (VersaMax; Molecular Devices, Sunnyvale, 
CA, USA).
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Oil  Red  O staining. The human SZ95 sebocytes were 
seeded (1x105 cells/well) in 6‑well culture plates and incu-
bated for 24 h. To induce the differentiation of the sebocytes, 
100 µM LA were added to the culture medium and the cells 
were then treated with 10 µg/ml resveratrol for 48 h. The 
cells treated with the vehicle (ethanol) served as the controls. 
At the end of the treatment period, the cells were washed 
with phosphate‑buffered saline (PBS; WelGene Inc., Daegu, 
Korea) and fixed in 4% paraformaldehyde for 5 min at room 
temperature. After 5 min, the cells were washed with PBS, 
and the fixed cells were then stained with Oil Red O solution, 
a mixture of Oil Red O (1% in isopropanol) and dH2O at a 
ratio of 6:4 (vol/vol), for 15 min, and washed with PBS. The 
cell nuclei were stained with Gill's haematoxylin for 5 min, 
as previously described in the study by Zouboulis et al (34). 
The stained cells were visualized under a microscope. Cell 
morphology was observed under a DP70 microscope using 
DP Controller software (Olympus Optical Co.). The Oil Red O 
staining of the lipid droplets in the cells was quantified by 
elution into isopropanol, and 200 µl aliquots of the elution 
were then placed in 96‑well plates, and the optical density of 
each well was determined using an ELISA reader (VersaMax; 
Molecular Devices) at 500 nm. In some wells, the concentra-
tion of cellular protein from these cells was measured using a 
protein assay kit from Bio‑Rad Laboratories, Inc. (Hercules, 
CA, USA). The lipid content was expressed as the percentage 
of living cells relative to the controls.

Determination of cell cycle changes. Following treatment of 
the SZ95 cells with resveratrol (0‑50 µg/ml) for 24 h, culture 
supernatants were collected to remove floating dying and 
apoptotic cells. The adherent cells were then harvested by 
trypsinization and then adjusted to 1x106 cells/tube, washed 
with ice-cold PBS and resuspended in 2 ml ethanol. Following 
incubation at 4˚C for 1 h, the ethanol was removed and 100 µl 
of ribonuclease solution (10 mg/ml, Sigma‑Aldrich, Co.) were 
added to each tube. The tubes were then incubated at room 
temperature for 30 min and 500 µl of analysis solution (37 mM 
EDTA and 0.1% Triton X‑100 in PBS) and 100 µl of propidium 
iodide (PI) solution (1 mg/ml, Sigma‑Aldrich Co.) were added. 
The samples were stored in the dark at 4˚C and analyzed using 
a flow cytometer (FACSCalibur; Becton‑Dickson, San Jose, 
CA, USA). The population of the cells in the sub‑G0/G1 phase 
with a low DNA content was considered to be apoptotic cells.

Western blot analysis. Sebocytes were prepared in cell 
lysis buffer contains 62.5 mM Tris‑HCl (pH 6.8), 2% SDS, 
5%  β‑mercaptoethanol, 2  mM  PMSF, 1  mM  Na3VO4, 
50 mM NaF and 10 mM EDTA, and protease inhibitors (Roche 
Diagnostics, Indianapolis, IN, USA). SDS‑polyacrylamide 
gel electrophoresis was performed using 10 µg of protein 
per lane. The gels were blotted onto polyvinylidene fluoride 
(PVDF; Millipore Corp., Billerica, MA, USA) membranes 
that were then saturated with 5% dried milk in Tris‑buffered 
saline (TBS) with 0.5% Tween‑20 (Sigma‑Aldrich, Co.). The 
blots were incubated with the specific primary antibodies 
against p‑ERK, ERK, p‑AKT, AKT, PPAR‑γ, cyclin  D1, 
p21, p27 and β‑actin overnight at 4˚C. After washing, secondary 
antibodies (Cell Signaling Technology, Inc.) conjugated with 
horseradish peroxidase were used. Bound antibodies were 

detected using an ECLTM Prime Western Blotting Detection 
substrate (Amersham Pierce Biotechnology Inc., Rockford, 
IL, USA).

Statistical analysis. One‑way ANOVA followed by Dunnett's 
T3 test were used to assess statistical significance with thresh-
olds of P<0.05, P<0.01 and P<0.001 indicating significant and 
highly significant differences, respectively.

Results

Resveratrol inhibits the proliferation of human SZ95 sebocytes. 
To investigate the effects of resveratrol on the proliferation of 
human sebocytes, we used a human SZ95 sebocyte cell line 
which was established by the simian virus‑40 transforma-
tion of primary sebocytes derived from a human sebaceous 
gland (34). In the present study, in order to determine whether 
resveratrol exerts an antiproliferative effect on sebocytes, we 
treated the cells with various concentrations of resveratrol by 
adding it to the culture medium. Cell proliferation was assessed 
by MTT assay, and we found that resveratrol significantly 
decreased the proliferation of the SZ95 sebocytes in a dose‑ and 
time‑dependent manner. Whereas cell proliferation was unaf-
fected in the SZ95 sebocytes treated with resveratrol for 24 h, 
a significant inhibitory effect of resveratrol was observed at the 
indicated concentration after 72 h of incubation (Fig. 1A). After 
72 h, treatment with resveratrol at concentrations of 1, 5, 10, 25 
and 50 µg/ml decreased the cell numbers by 2.4±3.54, 22.3±7.47, 
33.24±3.47, 72.53±8 and 66.46±3.49%, respectively, compared 
to the control levels. As shown in Fig. 1B, the cell numbers 
were distinctly reduced following treatment with resveratrol 
in a dose‑dependent manner. This observation indicates that 
resveratrol exerts antiproliferative effects on SZ95 sebocytes.

Resveratrol induces the inactivation of ERK and Akt in human 
SZ95 sebocytes. We demonstrated that resveratrol inhibited 
the proliferation of SZ95 sebocytes. In order to determine the 
signaling pathways through which resveratrol inhibits sebocyte 
proliferation, we measured the changes in ERK and/or Akt 
protein levels following treatment with various concentrations 
of resveratrol. Our results revealed that the activation of ERK 
was decreased by treatment of the SZ95 sebocytes with resve-
ratrol, and that the activation of Akt was markedly inhibited in 
the resveratrol‑treated SZ95 sebocytes (Fig. 2A). Additionally, 
we analyzed cell cycle distribution using DNA flow cytom-
etry following treatment with resveratrol for 72 h. Under the 
control conditions, the proportion of cells in the G0/G1 phase 
remained constant during the 72‑h incubation period. On the 
contrary, the proportion of cells in the G0/G1 phase in the cells 
incubated with resveratrol was altered, and this decline was 
observed following treatment with 1‑25 µg/ml of resveratrol. 
At high concentrations, this effect was reversible. The cell 
cycle distribution of the cells treated with 50 µg/ml of resve-
ratrol only differed slightly from the values obtained for the 
control cells (Fig. 2B). Our results revealed that treatment with 
resveratrol resulted in a significant increase in the number of 
cells in the sub‑G0/G1 phase of the cell cycle. Furthermore, 
we evaluated the effects of resveratrol on cell cycle progres-
sion by measuring the protein expression levels of cyclin D1, 
p21WAF1/CIP1  (p21) and p27KIP1  (p27). As shown in Fig.  2A, 
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the protein level of cyclin D1 decreased in a dose‑dependent 
manner following treatment with resveratrol, whereas the 
levels of p21 and p27 increased following treatment with 
resveratrol. These results suggest that the resveratrol‑mediated 
cell cycle arrest is associated with the inactivation of the ERK 
and Akt signaling pathways.

Resveratrol enhances the antiproliferative effects exerted 
by PD098059 or LY294002 in human SZ95 sebocytes. The 
resveratrol‑treated sebocytes were cultured for 72 h in the pres-
ence of PD098059 (a MEK inhibitor) or LY294002 (a PI3‑K 
inhibitor), and cell proliferation was measured by MTT assay. 
As shown in Fig. 3A, at a concentration 10 µg/ml, resveratrol 
induced a 33±3.4% decrease in cell growth compared with the 
untreated controls. In order to determine the association of the 
ERK and Akt signaling pathways in the resveratrol‑induced 
growth inhibitory effects, we treated the cells with the specific 
inhibitors, PD098059 and LY294002, and examined the antip-
roliferative effects of resveratrol and the inhibitors either alone 

or in combination. The SZ95 sebocytes were pre-treated with 
50 µM PD098059, a specific inhibitor of MEK, for 1 h and 
or with 50 µM LY294002, a specific inhibitor of PI3‑K, for 
10min, and subsequently treated the cells with resveratrol. As 
shown in Fig. 3A, PD098059 alone inhibited sebocyte growth, 
and this PD098059‑mediated inhibition was enhanced by 
resveratrol. In parallel, LY294002 alone inhibited sebocyte 
proliferation, and the combination treatment of LY294002 and 
resveratrol had a stronger inhibitory effect than the combina-
tion with PD098059. As a result, the inhibitory effects of 
resveratrol in combination with PD098059 (51.27±6.25%) and 
with LY294002 (77.94±4.09%) were demonstrated (Fig. 3A). 
In addition, the decrease in Akt protein levels was significantly 
enhanced by combination treatment with LY294002 and resve-
ratrol (Fig. 3B). These results indicate that the Akt signaling 
pathway is important for sebocyte proliferation.

The induction of lipogenesis by LA in human SZ95 sebo-
cytes is blocked by resveratrol. SZ95 immortalized human 

Figure 1. Effects of resveratrol on cell proliferation in a time‑course experiment. (A) Cells were treated with various concentrations of resveratrol (1‑50 µg/ml) 
for the indicated periods of time. Cell proliferation was analyzed by MTT reduction assay following treatment. Data represent the means ± SD of triplicate assays 
expressed as percentages of the control. *P<0.05, **P<0.01, ***P<0.001 compared to the control. (B) Cell morphology of SZ95 sebocytes following treatment 
with resveratrol for 72 h. Phase contrast photomicrographs were acquired using a DCM300 digital camera, as described in the Materials and Methods. Original 
magnification, x100. Data are representative of 3 independent experiments.
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sebocyte differentiation is characterized by the intracellular 
accumulation of cytoplasmic lipid droplets, including neutral 
lipids (3). Lipid synthesis in SZ95 sebocytes is increased by 
diverse stimuli, such as androgens and fatty acids (35,36). 
LA and arachidonic acid are a known as free fatty acids 
and induce the accumulation of lipids in SZ95 sebocytes, 
which activates PPAR  (37,38). In addition, the treatment 
of human sebocytes with LA  (100  µM) has been shown 
to lead to the activation of all PPAR subtypes (12). In this 
study, to determine the role of resveratrol during sebocyte 
differentiation, we examined the inhibition of lipid forma-
tion in SZ95 sebocytes by treatment with resveratrol in the 
presence of LA. The sebocyte lipid content was detected by 
Oil Red O staining and then by ELISA, and cell morphology 
was determined by microscopic examination, as described 
in the Materials and Methods. When the SZ95 sebocytes 
were treated with 100 µM LA, Oil Red O staining revealed 
intracellular lipids and an enlarged number of lipid droplets 
in the cytoplasm surrounding the nucleus. Of note, although 
the intracellular lipid accumulation was further decreased 

in the SZ95 sebocytes following treatment with resveratrol 
and LA in comparison to treatment with LA alone (Fig. 4B), 
it was not influenced by treatment with the vehicle or by 
treatment with resveratrol alone. Additionally, the enhance-
ment of lipogenesis by LA was significantly decreased in a 
dose‑dependent manner by treatment with both resveratrol 
and LA (Fig. 4A), as evidenced by the results of microscopic 
visualization after Oil Red O staining.

To evaluate the inhibitory effect of resveratrol on PPAR‑γ 
activation in LA‑treated cells, we examined inactivation of 
PPAR‑γ by resveratrol in the cells treated with LA. We found 
that the expression of PPAR‑γ decreased in a dose‑dependent 
manner in the SZ95 sebocytes treated with resveratrol (Fig. 2A). 
As shown in Fig. 4B, LA enhanced PPAR‑γ expression in the 
SZ95 sebocytes, while treatment with resveratrol and LA 
inhibited the activation of PPAR‑γ. Moreover, the activation of 
PPAR‑γ was inhibited by treatment with resveratrol alone in 
comparison to the untreated SZ95 sebocytes (Fig. 4B). These 
results provide evidence of the effectiveness of resveratrol 
against sebocyte differentiation. Thus, our results suggest that 

Figure 2. Effects of resveratrol on the extracellular signal‑regulated protein kinase (ERK) and Akt pathways and on cell cycle control proteins in SZ95 sebocytes. 
(A) Cells were treated with various concentrations of resveratrol (1‑50 µg/ml) for 24 h. Cultured cells were harvested and western blot analysis was performed 
with antibodies against phospho‑specific ERK, phospho‑specific Akt, peroxisome proliferator‑activated receptor (PPAR)‑γ, cyclin D1, p21 and p27. Equal 
protein loading was confirmed by evaluating the levels of phosphorylation‑independent ERK, Akt and β‑actin. (B) Cells were treated with various concentrations 
of resveratrol (1‑50 µg/ml). Cell cycle analysis was performed using a flow cytometric assay, as described in the Materials and Methods. For each protein, a 
representative immunoblot is shown (n=3).
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lipid production is reduced by resveratrol and that this reducing 
effect by resveratrol is mediated through the inactivation of 
PPAR‑γ in human sebocytes.

Discussion

The effectiveness of resveratrol (trans‑3,4',5‑trihydroxystilbene) 
in the inhibition of cell growth, cell cycle arrest and apoptosis 
has been investigated in several human cancer cells, and has 
been shown to induce anticancer effects when used as a cancer 
therapy (22,24). In addition, a few studies have reported the 
antiproliferative effects of resveratrol on cell growth in normal 
cell types, although to date, the molecular mechanisms through 
which these effects occur are unknown (29,30). By contrast, the 
antioxidant effects of resveratrol on human skin cells have been 
shown to be mediated by protection against hydrogen peroxide 
through the prevention of lipid peroxidation and programmed 
cell death (14,15). Despite this fact, the antiproliferative effects 
of resveratrol in human sebocytes are not yet well understood 
and the mechanisms leading to the resveratrol‑dependent cell 
growth inhibition have not been fully elucidated.

Studies utilizing a variety of cells have demonstrated the 
involvement of cell cycle arrest as a contributor to cell growth 
inhibition  (24,39,40). Cell cycle progression is a complex 
biological process that includes cell growth and mitosis. This 
process is controlled by CDKs, CDK inhibitors and phosphory-
lation events (41). Therefore, the upregulation of the p21 and p27 
inhibitors of CDKs has been associated with the disruption of 

the cell cycle and, conversely, the decreased expression of p21 
has been shown to lead to increased proliferative activity (42). 
A number of cell types have been shown to respond to resvera-
trol treatment by cell cycle arrest (24‑26), the accumulation of 
p21 (43,44) and the downregulation of cyclin D1 and CDK4 (27). 
In this study, to examine the association between cell growth 
inhibition by resveratrol and cell cycle arrest, we evaluated the 
involvement of the cell cycle progression machinery during 
the inhibition of proliferation by resveratrol in sebocytes. Our 
results demonstrated that the inhibition of cell growth by resve-
ratrol involved a decrease in the expression of cyclin D1 and 
an enhanced expression of p21 and p27, which confirms that 
resveratrol exerts antiproliferative effects on SZ95 sebocytes 
by inducing cell cycle arrest. In addition, we demonstrated that 
the resveratrol‑mediated cell cycle arrest resulted in an increase 
in the proportion of cells in the sub‑G0/G1 phase, suggesting 
that resveratrol leads to the abrogation of DNA synthesis.

This study provides evidence that resveratrol significantly 
inhibits cell proliferation in a dose‑dependent manner. Cell 
proliferation is regulated by a complex series of events that 
trigger intracellular signals, which included the activation of 
the ERK and Akt pathways (16‑19). Therefore, as further eluci-
dation is required, we investigated the mechanisms leading to 
cell growth inhibition by resveratrol in SZ95 sebocytes. The 
ERK pathway, one of the MAPK family proteins, is known to 
play key roles in cellular events, such as proliferation, differen-
tiation and apoptosis and is activated by growth factors, such 
as EGF and platelet‑derived growth factor (PDGF) (45,46). 

Figure 3. Effects of PD098059 (PD) and LY29002 (LY) on the inhibition of SZ95 sebocyte proliferation by resveratrol. Cells were pre-treated with 50 µM 
PD098059 for 1 h or 50 µM LY29002 for 10 min alone or in combination with resveratrol (10 µg/ml) for 72 h. (A) Cell proliferation was measured by MTT reduc-
tion assay. Data represent the means ± SD of triplicate assays expressed as percentages of the control. ***P<0.001 compared to the 10 µg/ml resveratrol-treated 
controls. (B) Cells were treated with 10 µg/ml resveratrol for 24 h. Pre‑treatment was for 10 min with 50 µM LY29002. Cells were harvested and subjected to 
western blot analysis with antibody against phospho‑specific Akt. Equal protein loading was confirmed by evaluating the levels of phosphorylation‑independent 
Akt and β‑actin. These results are representative of 3 independent experiments. Values shown are the means ± SEM. ***P<0.001 vs. resveratrol‑treated cells.
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Resveratrol has previously been shown to promote growth 
inhibition by inhibiting the ERK pathway in K562 leukemia 
cells and normal human keratinocyte (47). In SZ95 sebocytes, 
we found that treatment with resveratrol resulted in a decrease 
in ERK phosphorylation in a concentration‑dependent manner. 
In addition, our results revealed that the inhibition of the ERK 
pathway by PD98050 treatment, which is known to be a typical 
MEK inhibitor, caused cell growth inhibition, suggesting that 
the resveratrol‑induced inactivation of ERK may be associated 
with an antiproliferative effect. Among the signaling pathways 
controlling cell growth, the Akt pathway plays a critical role 
in mediating both cell growth and apoptosis. Akt phosphoryla-
tion, a target signaling molecule of PI3‑K, is activated when 
cells are exposed to IGF‑1 or other growth factors (17). Our 
result revealed that resveratrol inactivated Akt in a dose‑depen-
dent manner, indicating that the antiproliferative effects of 

resveratrol are linked to the inactivation of the Akt pathway. 
Furthermore, in order to investigate the cell growth inhibition 
resulting from the inactivation of Akt by LY294002, a specific 
PI3‑K inhibitor, we evaluated cell proliferation by MTT assay. 
Our data revealed that the inhibition of Akt by LY294002 
induced cell growth inhibition, indicating that the inhibition 
of Akt phosphorylation by resveratrol may be involved in the 
growth‑inhibiting mechanisms in SZ95 sebocytes.

Subsequently, we examined the effects of resveratrol on 
the proliferation of human sebocytes using specific inhibitors. 
SZ95 sebocytes were treated with resveratrol alone, or with 
resveratrol in combination with LY294002 or PD98050. We 
demonstrated that pre‑treatment with PD98050 enhanced the 
resveratrol‑mediated cell growth inhibition. In parallel, the 
resveratrol‑induced inhibition of cell growth was increased by 
pre-treatment with LY294002 (Fig. 3A). Of note, the level of 

Figure 4. Effects of resveratrol on lipogenesis induced by linoleic acid (LA) and the peroxisome proliferator‑activated receptor (PPAR)‑γ signaling pathway. 
(A) Cells were treated with various concentrations of resveratrol (1‑50 µg/ml), and then incubated with linoleic acid (LA; 100 µM) for 48 h. After Oil Red O staining, 
the lipid content was assessed by ELISA. Data represent the means ± SD of triplicate assays expressed as percentages of the control. ***P<0.001 compared to the 
LA‑treated cells. (B) Cells were treated with or without the vehicle (ethanol), 100 µM linoleic acid or 10 µg/ml resveratrol for 48 h. Following treatment, the lipid 
droplets in SZ95 sebocytes were stained with Oil Red O and visualized under a microscope. Original magnification, x200. Arrowheads indicate lipid droplets 
stained with Oil Red O. Cells were treated with 10 µg/ml resveratrol in the absence or presence of linoleic acid (100 µM). Cell lysates were then subjected to 
western blot analysis with antibody against PPAR‑γ. Equal protein loading was confirmed by evaluating the levels of β‑actin. For each protein, a representative 
immunoblot is shown (n=3).
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cell growth inhibition resulting from treatment with resveratrol 
in the presence LY294002 was greater than the antiproliferative 
effects of resveratrol in the presence PD098059. As shown in 
Fig. 3A, >67.02±4.09% of the cells were inhibited by treatment 
with resveratrol in the presence LY294002, compared with those 
treated with resveratrol only. Moreover, the phosphorylation of 
Akt in the resveratrol‑ and LY‑treated cells decreased consid-
erably to 57.23±0.26% in comparison to the cells treated with 
resveratrol alone (Fig. 3B). These findings suggest that resvera-
trol regulates cell proliferation through Akt activation, thereby 
suggesting a possible mechanism of action for resveratrol.

Currently, the majority of experimental and clinical studies 
using sebocytes are mainly focused on lipogenesis. Sebocytes 
are similar to adipocytes in that both cells accumulate 
lipids within their cytoplasms and comparable transcrip-
tion factors are involved in lipid production. However, it has 
been reported that the secreted lipids in sebocytes differ 
from adipocytes‑derived lipids  (5). In addition, the exces-
sive production of sebum in the sebaceous glands is pivotal 
in the pathogenesis of acne (7). During the process of sebum 
production, several transcription factors, including SREBP‑1 
and PPARs, are involved in lipogenic gene expression in 
sebocytes and are consequently involved in the pathogenesis 
of acne (13,16,48). PPAR‑γ, one of 3 PPARs subsets, has been 
implicated in modulating the differentiation of adipocytes 
and sebocytes, and its activation also enhances lipid metabo-
lism (11,49,50). In addition, it is known that the transcriptional 
activation of PPAR‑γ requires the activation of both the PKA 
and PI3‑K/Akt pathways. During lipid synthesis, PI3‑K/Akt 
signaling is an important regulatory pathway for lipogenesis in 
sebocytes and adipocytes, and the lack of this pathway results 
in a complete defect in the differentiation process  (16,51). 
Therefore, previous studies have demonstrated that resve-
ratrol inhibits adipogenesis in 3T3‑L1 adipocytes through 
the downregulation of PPAR‑γ and Akt signaling (31,52). In 
addition, resveratrol has been found to inhibit lipid synthesis 
in rat liver and 3T3‑L1 preadipocytes (32,33). On the other 
hand, the results of a previous study investigating the effects 
of inhibiting lipogenesis and the mechanisms of resveratrol in 
sebocytes were less conclusive (53). In the present study, in 
order to further examine the potential anti-lipogenic effects 
of resveratrol, we extended our experiments to sebocyte cells. 
We determined the effects of resveratrol on LA‑induced lipo-
genesis. LA is a well‑established lipid inducer in sebocytes 
and is known to stimulate sebocyte differentiation through 
the upregulation of PPAR‑γ (11,54,55). In the current study, 
resveratrol was found to decrease the lipid content and PPAR‑γ 
expression in LA‑stimulated lipogenesis. The treatment of the 
cells with resveratrol at concentrations >5 µg/ml resulted in a 
significant reduction in their lipid content (Fig. 4A). A similar 
effect on cell morphology visualized by Oil Red O staining 
was observed using resveratrol at 10 µg/ml, whereas resveratrol 
alone did not result in these changes in morphology (Fig. 4B). 
In addition, the effects on the expression of PPAR‑γ resulting 
from resveratrol treatment were investigated in human SZ95 
sebocytes. Our results revealed that resveratrol resulted in a 
marked decrease in the expression of PPAR‑γ in a concen-
tration‑dependent manner (Fig. 2A). Moreover, as shown in 
Fig. 4B, resveratrol abolished the activation of LA‑stimulated 
PPAR‑γ expression, indicating a possible mechanism of action 

for resveratrol. These data indicate that the potent anti‑sebum 
effect of resveratrol is mediated through the inactivation of 
PPAR‑γ transcription.

In conclusion, our results demonstrated that treatment 
with resveratrol resulted in a dose‑dependent inhibition of 
proliferation and induced cell cycle arrest in human SZ95 
sebocytes, which was associated with the stimulation of the 
p21 and p27 proteins and a decrease in cyclin D1 levels. Our 
results demonstrated that resveratrol reduced the phosphoryla-
tion levels of ERK and Akt. LY294002 as a chemical inhibitor 
of the Akt pathway further enhanced the antiproliferative 
effects of resveratrol in contrast to the effects observed in the 
PD098050‑treated cells, indicating that the inactivation of 
Akt may play a critical role in the growth inhibitory effects 
of resveratrol. Furthermore, resveratrol also blocked the 
LA‑induced transcription of PPAR‑γ and sebocyte lipogenesis. 
These data suggest that treatment with resveratrol may be used 
as a therapeutic approach for the treatment of acne vulgaris.
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