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ABSTRACT 

Beneficial effects attributed to green tea, such as its anticancer and antioxidant properties, may 
be mediated by (–)-epigallocatechin-3-gallate (EGCG). In this study, the effects of EGCG on cell 
proliferation and UV-induced apoptosis were investigated in normal epidermal keratinocytes. 
When topically applied to aged human skin, EGCG stimulated the proliferation of epidermal 
keratinocytes, which increased the epidermal thickness. In addition, this topical application also 
inhibited the UV-induced apoptosis of epidermal keratinocytes. EGCG was found to increase the 
phosphorylation of Bad protein at the Ser112 and Ser136. Moreover, EGCG-induced Erk 
phosphorylation was found to be critical for the phosphorylation of Ser112 in Bad protein, and 
the EGCG-induced activation of the Akt pathway was found to be involved in the 
phosphorylation of Ser136. Furthermore, EGCG increased Bcl-2 expression but decreased Bax 
expression, causing an increase in the Bcl-2-to-Bax ratio. In addition, we demonstrate the 
differential growth inhibitory effects of EGCG on cancer cells. In conclusion, this study 
demonstrates that EGCG promotes keratinocyte survival and inhibits the UV-induced apoptosis 
via two mechanisms: by phosphorylating Ser112 and Ser136 of Bad protein through Erk and Akt 
pathways, respectively, and by increasing the Bcl-2-to-Bax ratio. Moreover, these two proposed 
mechanisms of EGCG-induced cell proliferation may differ kinetically to promote keratinocyte 
survival. 
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he possible beneficial health effects of green tea have received a great deal of attention. 
The polyphenols in green tea, catechins, which include (–)-epigallocatechin-3-gallate 
(EGCG), (–)-epigallocatechin, (–)-epicatechin-3-gallate, and (–)-epicatechin, are major 

constituents in brewed green tea (1). Green tea polyphenols are known to be effective free radical 
scavengers and potent antioxidants (2, 3), and much epidemiological evidence suggests that 
drinking green tea and cancer development are inversely related (4–7). It has also been shown 
that EGCG protects against UVB-induced skin carcinogenesis in mice (8–10) and  inhibits UVB-
induced inflammatory responses and photocarcinogenesis in human skin (11). 
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However, the exact mechanisms by which EGCG brings about these anticancer effects are 
unknown. Reactive oxygen species (ROS) generated by UVB and chemical carcinogens play a 
key role in carcinogenesis, and EGCG may act by quenching ROS (10). Moreover, EGCG has 
been shown to inhibit the growth of several rat and mouse cancer cell lines and to induce the 
apoptosis of cancer cells. The antiproliferative and apoptotic effects of EGCG on cancer cells 
may also be responsible for the anticancer properties of green tea (12–15). However, it has been 
suggested that the antiproliferative and apoptotic effects of EGCG are cancer-specific (16). 
EGCG shows a pronounced growth inhibitory effect on cancerous cells, but not on normal cells. 
It has been demonstrated that one of the major constituent polyphenols in green tea, EGCG, can 
induce apoptosis in human epidermoid carcinoma cells, human carcinoma keratinocytes, human 
prostate carcinoma cells, and mouse lymphoma cells, but not in normal human epidermal 
keratinocytes (17). The different growth inhibitory effects of EGCG on cancer cells and normal 
cells suggest that EGCG has different target sites in these cells. Therefore, the need to identify 
the intracellular target sites of EGCG in apoptotic pathways and cell cycle regulation is of the 
utmost importance.  

In this study, we investigated the effects of EGCG on the proliferation of normal human 
epidermal keratinocytes and the signaling pathways through which EGCG acts in vitro and in 
vivo. We found that the increased phosphorylation of Bad through Erk and Akt activation and 
the increased ratio of Bcl-2 to Bax are involved in the EGCG-induced survival of normal human 
epidermal keratinocytes. In contrast to its effect on normal keratinocytes, EGCG was found to 
inhibit the proliferation of squamous carcinoma cells by decreasing the phosphorylation of Bad 
and the Bcl-2-to-Bax protein ratio. 

MATERIALS AND METHODS 

Human skin samples 

Skin samples were collected from 11 male subjects, with no current or prior skin disease. The 
subjects were divided into two groups: 5 elderly Korean men with a mean age of 78.5 years; age 
range, 78–79, and 6 young Korean men with a mean age of 21.7 years; age range, 20–27. EGCG 
(10%) or its vehicle (70% propylene glycol, 30% ethanol) was applied to the buttock skin of the 
elderly subjects 3 times a week for 6 wk under an occlusion. EGCG- or vehicle-treated skin 
samples were obtained by punch biopsy from the elderly subjects, as described previously (19). 

EGCG (10%) or its vehicle (70% propylene glycol, 30% ethanol) was applied to the buttock skin 
of the young volunteers (n=6) for 48 h under an occlusion. EGCG- or vehicle-treated skin 
samples were obtained by punch biopsy 24 h after irradiation with UV (2 minimal erythema dose 
[MED]). All procedures involving human subjects received prior approval from the Seoul 
National University Institutional Review Board, and all subjects providing written informed 
consent. 

Cell culture 

Human keratinocytes were isolated as described previously (18). Keratinocytes were cultured in 
keratinocyte growth medium (Clonetics, San Diego, CA), which was composed of MCDB 153 
medium supplemented with epidermal growth factor (10 ng/ml), bovine pituitary extract (70 



 

µg/ml), hydrocortisone (0.5 µg/ml), penicillin (100 µg/ml), streptomycin (100 µg/ml), and 
fungizone (0.25 µg/ml). Third-passage keratinocytes were used. 

The three human laryngeal squamous carcinoma cell lines, SNU-1041, SNU-1066, and SNU-
1076, were obtained from a cell bank (Korean cell line bank, Seoul, Korea) and were cultured in 
Dulbecco’s modified Eagle’s medium (DMED) supplemented with 10% fetal bovine serum. The 
cells were treated with various concentrations of EGCG, which was dissolved in serum-free 
keratinocyte basal medium (KBM) or DMEM, respectively. 

UV irradiation 

A phototherapy device (UV-800; Waldmann, Villingen-Schwenningen, Germany), incorporating 
TL20W/12 fluorescent sunlamps with an emission spectrum between 275 and 380 nm (a 
maximum at 310–315 nm), was used as the UV source (19). The distribution of the power output 
of the lamps was 0.5% UVC (<280 nm), 56.7% UVB (280–320 nm), and 42.8% UVA (320–400 
nm). A Kodacel filter (TA401/407; Kodak, Rochester, NY) was mounted 2 cm in front of the 
UV tubes to remove wavelengths <290nm (UVC). Irradiance was measured using a UV meter 
(model 585100; Waldmann). The total radiation energy, 40 cm from the light source, was 1 
mW/cm2. The skin of the buttocks was irradiated with the filtered UV, and the dose required to 
cause minimal erythema was determined 24 h after irradiation. Usually, this MED fell in the 
range 140–180 mJ/cm2. 

Keratinocytes were grown in 10 cm or 3.5 cm culture dishes (Falcon, Lincoln Park, NJ) until 
subconfluent, at which point the medium was replaced by 4 ml or 1 ml of phosphate-buffered 
saline (PBS) (pH 7.4). After irradiation, the cells were washed with PBS and cultured in the 
keratinocyte basal medium for the indicated times before the experiments. 

MTT assay 

Proliferation of cells was determined by the MTT assay (20), which is based on the reduction of 
the soluble yellow MTT tetrazolium salt [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide] to its blue insoluble MTT formazan product by mitochondrial succinic dehydrogenase. 
After EGCG or UV treatment, the cells (1×104 cells/well) were cultured for the indicated days. 
The cells were washed with PBS, 200 µl of MTT (0.05 mg/ml) was added to each well, and the 
cells were incubated for 4 h at 37°C. The supernatant was then removed, and 200 µl of DMSO 
was added to each well to dissolve the formazan product. Wells without cells were used as 
blanks. Absorbance was determined at 570 nm, spectrophotometrically, using an ELISA reader. 
The number of viable cells in each well was determined using a standard optical density curve 
obtained by serially diluting keratinocytes. Results are expressed as a percentage of the control. 

FACS analysis 

Keratinocytes were trypsinized, washed with PBS (pH 7.4), and resuspended in a binding buffer 
containing 10 mM Hepes, pH 7.4, 140 mM NaCl, and 2.5 mM CaCl2. After being incubated for 
15 min with annexin V–fluorescein isothiocyanate (PharMingen, San Diego, CA) and propidium 
iodide (PI; PharMingen) at room temperature, the fluorescence emitted by the cells (100,000 



 

cells/sample) was analyzed using a FACScan flow cytometer (FACStar apparatus; Becton-
Dickinson, San Jose, CA). 

Histology and immunohistochemical staining 

Serial sections (8-µm-thick) were mounted onto silane-coated slides (DAKO, Glostrup, 
Denmark). Hematoxylin and eosin staining was performed, and the average thickness of the 
epidermis was determined using an image analyzer (IMTechnology, Daejeon, Korea). 

Acetone-fixed frozen sections were stained with monoclonal Ki-67 antibody (Immuntech, 
Marseille Cedex, France) at a dilution of 1:1600 for 1 h at room temperature. Sections were 
rinsed in PBS and visualized using a LSAB kit (DAKO), using a biotinylated secondary antibody 
and horseradish-streptavidin conjugate. 3-Amino-9-ethylcarbazole was used as a chromogenic 
substrate. The sections were counterstained briefly with Mayer’s hematoxylin. 

Entire fields of each section at 200× magnification were counted, and the mean number of Ki-67 
positive keratinocytes per millimeter of the epidermis was calculated. Control staining was 
performed with normal mouse immunoglobulin, which showed no immunoreactivity (data not 
shown). 

TUNEL staining 

Apoptotic cells were detected by the TUNEL method, using the ApopTag in situ apoptotic 
detection kit (Serologicals, Norcross, GA). The number of apoptotic TUNEL-positive cells per 
field (×200) in the epidermis was determined. 

Western blot analysis 

Western blot analyses were performed as described previously (21). In brief, cultured cells were 
washed twice and scraped. Soluble protein was extracted using a lysis buffer containing 50 mM 
Tris-HCl (pH 7.4), 2 mM EDTA, 100 µg/ml leupeptin, 20 µg/ml aprotinin, and 100 mM NaCl. 
Punch-biopsied skin samples were homogenized in the same lysis buffer and rotated at 4°C for 
10 min. Supernatants were collected and kept at –70°C until required. Protein was separated by 
10% or 12% SDS-PAGE and transferred to a nitrocellulose membrane. After blocking for 60 
min with Tris-buffered saline (50 mM Tris, pH 8.0, 150 mM NaCl; TBS) containing 5% nonfat 
milk, the membrane was incubated overnight at 4°C with the primary antibody [anti-Bcl-2 
monoclonal antibody (DAKO); anti-Bax polyclonal antibody (DAKO), 1:500; anti-actin 
monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA), 1:1000; anti-Erk polyclonal 
antibody (Cell Signaling Technology, Beverly, MA), anti-phosphorylated-Erk polyclonal 
antibody (Cell Signaling Technology); anti-Bad polyclonal antibody (Cell Signaling 
Technology); anti-phosphorylated (Ser112)-Bad polyclonal antibody (Cell Signaling 
Technology); anti-phosphorylated (Ser136)-Bad polyclonal antibody (Cell Signaling 
Technology), 1:500; anti-Akt polyclonal antibody (Cell Signaling Technology), 1:1000; anti-
phosphorylated (Ser473)-Akt polyclonal antibody (Cell Signaling Technology), 1:500] in TBS 
with 0.05% Tween 20 (TBST) and 5% bovine albumin. The membrane was then washed twice 
with TBS containing 0.1% Tween 20 and probed with anti-mouse IgG-HRP conjugates 
(Amersham Pharmacia Biotech, Little Chalfont, UK; 1:2000) or anti-rabbit IgG-HRP conjugates 



 

(Amersham Pharmacia Biotech; 1:2000) for 1 h at room temperature and washed twice with 
TBST. The antibody-antigen complexes were detected using an ECL system (Amersham 
Pharmacia Biotech). 

Statistics 

Statistical significance was determined using the Wilcoxon rank sum test, and results are 
presented as means ±SE. 

RESULTS 

EGCG induced keratinocyte proliferation in human skin in vivo and in vitro 

The topical application of 10% EGCG to aged human skin (5 men; mean age, 78.5 years; age 
range, 78–79 years), 3 times a week for 6 wk, increased the epidermal thickness by an average of 
157.6±14.3% (n=5, P<0.05, Fig. 1a). The number of Ki-67 positive keratinocytes in the basal 
cell layer also increased (Fig. 1a) to 33.1±9.6 cells/mm, which was significantly higher than in 
the control (3.8±0.6 cells/mm) (n=5, P<0.01, Fig. 1a). These results indicate that the topical 
application of EGCG stimulates keratinocyte proliferation and that this increases the epidermal 
thickness of human skin in vivo. 

Treatment of cultured keratinocytes with EGCG for 5 days significantly increased their 
proliferation in a dose-dependent manner up to 1.0 µM of EGCG (Fig. 1b), 138.8±10.3% at 0.01 
µM, 196.7±5.7% at 0.1 µM, 233.0±17.6% at 0.5 µM, and 246.3±15.4% at 1.0 µM. However, 
concentrations of EGCG >100 µM significantly inhibited the proliferation of the cultured 
keratinocytes (Fig. 1b). 

EGCG stimulated keratinocyte proliferation through the phosphorylation of Bad by 
activating Erk- and Akt-dependent pathways 

Treatment with EGCG significantly increased the phosphorylation of Erk 1 h posttreatment, by 
an average of 262.2±50.0% at 0.01 µM, 303.4±49.2% at 0.1 µM, and 365.1±33.5% at 0.5 µM 
(Fig. 2a). The level of total Erk was unchanged by EGCG treatment (Fig. 2a). 

Treatment with EGCG increased the phosphorylation of Akt 1 h posttreatment by an average of 
280.4±20.2% at 0.01 µM, 488.1±87.6% at 0.1 µM, and 595.4±99.1% at 0.5 µM (Fig. 2b). The 
total level of Akt was unchanged by EGCG treatment (Fig. 2b). 

EGCG increased phosphorylation at Ser112 and Ser136 of Bad protein in cultured keratinocytes 
(Fig. 2c, d). One hour posttreatment, the phosphorylation of Ser112 increased by 136.4±10.3% at 
0.01 µM, 213.2±39.0% at 0.1 µM, and 192.8±16.0% at 0.5 µM, and the total Bad protein was 
unchanged (Fig. 2c). Phosphorylation of Ser136 of Bad increased by 130.2±8.3% at 0.01 µM, 
164.1±17.1% at 0.1 µM, and 200.7±13.2% at 0.5 µM. (Fig. 2d). 

The mitogen-activated protein kinase kinase (MEK 1) inhibitor, PD98059 (20 µM), inhibited the 
EGCG-induced phosphorylations of Erk (data not shown) and of Ser112 of Bad (Fig. 2c), but the 
phosphorylation of Ser136 of Bad was unaffected (Fig. 2c). These results indicate that the Erk 



 

pathway is involved in the phosphorylation of Ser112, but not of Ser136, when cultured 
keratinocytes are treated with EGCG. 

The PI-3 kinase inhibitor, LY294002 (20 µM), inhibited the EGCG-induced phosphorylation of 
Akt (data not shown) and of Ser136 (Fig. 2d), but it did not affect the phosphorylation of the 
Ser112 (Fig. 2d). This indicates that the PI-3 kinase and the Akt pathways are involved in the 
phosphorylation of Ser136, but not of Ser112, of Bad protein, when cultured keratinocytes are 
treated with EGCG. 

When cultured keratinocytes were treated with PD98059 or LY294002, EGCG-induced 
proliferation was inhibited (Fig. 2e). Therefore, our data suggest that EGCG activates both Erk- 
and Akt-dependent pathways and that this results in phosphorylation of Ser112 and Ser136 of 
Bad protein, respectively. Moreover, this increased phosphorylation of Bad protein plays a role 
in the stimulation of keratinocyte proliferation by EGCG. 

To confirm these effects of EGCG on Bad phosphorylation in human skin in vivo, changes in 
Bad phosphorylation were observed by Western blot analysis (Fig. 2f). EGCG (10%) was 
applied topically, 3 times a week for 6 wk, to old human skin, and was found to increase the 
phosphorylation of Ser112 and Ser136 by an average of 395.6±16.5% and 227.5±14.9%, 
respectively. 

EGCG increased Bcl-2 expression and decreased Bax expression 

To elucidate the molecular mechanism underlying EGCG-induced keratinocyte proliferation, we 
also investigated the effects of EGCG on Bcl-2 and Bax protein expression. EGCG significantly 
increased Bcl-2 protein expression in a dose-dependent manner 24 h posttreatment in cultured 
keratinocytes (Fig. 3a), by an average of 208.6±28.8% at 0.01 µM, 251.0±21.6% at 0.1 µM, and 
325.6±20.8% at 0.5 µM, of EGCG (Fig. 3a). Conversely, treatment of cultured keratinocytes 
with EGCG inhibited Bax protein expression in a dose-dependent manner to 74.9±6.6% of the 
vehicle group at 0.01 µM, 48.9±7.0% at 0.1 µM, and 33.1±6.7% at 0.5 µM of EGCG (Fig. 3a). 
Therefore, the ratio of Bcl-2 to Bax was increased significantly in a dose-dependent manner. 
These results indicate that EGCG increased the ratio of Bcl-2 to Bax, resulting in the increased 
proliferation of epidermal keratinocytes. 

We confirmed that EGCG had the same effect on Bcl-2 and Bax expression in human skin in 
vivo. The changes of Bcl-2 and the Bax, after topically applying 10% EGCG in aged human 
skin, were measured by Western blot (Fig. 3b). Topical application of 10% EGCG, 3 times a 
week for 6 wk, to aged human skin increased Bcl-2 expression on average by 406.2±51.7% but 
decreased Bax protein to 60.3±10.3% of the level in the vehicle-treated group. 

ECCG inhibited UV-induced apoptosis by inducing Bad phosphorylation and by increasing 
the ratio of Bcl-2 to Bax 

UV irradiation (25 mJ/cm2) induced the apoptosis (350±89.6%) of cultured keratinocytes 
significantly after 24 h vs. control cells. The pretreatment with EGCG for 24 h before UV 
irradiation inhibited this UV-induced apoptosis (Fig. 4a). By TUNEL staining, we found that the 
topical application of 10% EGCG, 2 days before UV (2 MED) irradiation, prevented this UV-



 

induced apoptosis in human epidermal keratinocytes in vivo (Fig. 4b). Our results indicate that 
EGCG can prevent UV-induced apoptosis in epidermal keratinocytes both in vitro and in vivo. 

Because EGCG stimulates keratinocyte proliferation by activating the Erk and the Akt pathways, 
resulting in the phosphorylation of Bad protein, and by increasing the ratio of Bcl-2 to Bax, we 
investigated whether EGCG prevents this UV-induced apoptosis through similar molecular 
mechanisms. 

In this study, we observed that UV irradiation increased Erk and Akt phosphorylation levels in 
cultured keratinocytes (Fig. 5a) and induced the phosphorylation of Bad at both Ser112 and 
Ser136 (Fig. 5b). Pretreatment with EGCG, before UV irradiation, augmented the UV-induced 
phosphorylation of Erk and Akt (Fig. 5a) and the UV-induced phosphorylation of both Ser112 
and Ser136 of Bad (Fig. 5b). The MEK 1 inhibitor, PD98059 (20 µM), inhibited the UV-induced 
phosphorylation of Bad (Ser112) (Fig. 5c), indicating that the Erk pathway is involved in the 
UV-induced phosphorylation of the Ser112 of Bad protein. The PD98059 also could inhibit the 
augmentation of the Ser112 phosphorylation, but not of the Ser136, of Bad protein by EGCG 
(Fig. 5c). 

In addition, the PI-3 kinase inhibitor, LY294002 (20 µM), inhibited the UV-induced 
phosphorylation of Ser136, but not that of Ser112, indicating that the PI-3 kinase and the Akt 
pathway is involved in the UV-induced phosphorylation of Ser136 (Fig. 5d). The inhibitor, 
LY294002, also inhibited the augmentation of the Ser136 phosphorylation, but not that of 
Ser112 by EGCG (Fig. 5d). These results indicate that EGCG prevents UV-induced apoptosis by 
augmenting Bad phosphorylation through Erk and Akt activation. 

It is known that UV decreases Bcl-2 expression (22) but increases Bax expression (23), resulting 
in a decreased Bcl-2-to-Bax ratio and the apoptosis of UV-irradiated cells. UV irradiation (25 
mJ/cm2) decreased Bcl-2 expression significantly (49.2±2.7%) 24 h post-UV. Moreover, 
pretreatment with EGCG almost completely prevented the UV-induced decrease in Bcl-2 
expression: 81.7±5.9% of the control cells (no UV) with 0.01 µM, 96.1±3.3% with 0.1 µM, and 
214.6±25.1% with 0.5 µM of EGCG (Fig. 6a). Conversely, UV irradiation increased Bax protein 
expressions significantly (279.7±53.7%) 24 h post-UV. And, pretreatment with EGCG prevented 
this UV-induced Bax expression in a dose-dependent manner (Fig. 6a): 77.8±16.9% of UV-
treated cells with 0.01 µM, 53.2±14.1% with 0.1 µM, and 46.4±7.3% with 0.5 µM of EGCG. 
Thus, we confirmed that UV irradiation significantly decreases the ratio of Bcl-2 to Bax in 
cultured keratinocytes and that EGCG can reverse this UV-induced decrease, which resulted in 
the prevention of UV-induced apoptosis. We also demonstrated, by Western blot, that these 
effects are present in human skin in vivo (Fig. 6b). 

Differential effects of EGCG on normal keratinocyte and squamous carcinoma cell 
proliferation 

The above results indicating the stimulation of proliferation and the inhibition of apoptosis by 
EGCG are contrary to those found in other studies on cancer cell lines (12–15). To investigate 
the molecular basis of this discrepancy, we studied the effects of EGCG at low (0.5 µM) and 
high (50 µM) concentrations on proliferation and signaling events, using normal keratinocytes 
derived from four different individuals and three different squamous cell lines 



 

In normal keratinocytes, EGCG enhanced proliferation at 0.5 µM (n=4, 218.5±2.4%, P<0.05) but 
did not affect it significantly at 50µM (Fig. 7a). However, in squamous carcinoma cells, EGCG 
decreased proliferation at both concentrations dose-dependently; to 39.9±4.8% of the vehicle 
group (n=3, P<0.05) at low concentration (0.5 µM) and to 16.6±1.0% (n=3, P <0.05) at high 
concentration (50 µM) (Fig. 7a). 

Treatment with EGCG also modulated the activities of Erk and Akt and the expressions of Bcl-2 
and Bax differently in normal keratinocytes and squamous carcinoma cells (Fig. 7b–d). The 
phosphorylations of Erk and Akt were increased by EGCG at 0.5 µM, but not at 50 µM, in 
normal keratinocytes, which led to the increased phosphorylation of Bad at Ser112 and Ser136, 
respectively (Fig. 7b, c). On the other hand, the phosphorylation of Erk was increased, but the 
phosphorylation of Akt and Bad at Ser112 and at Ser136 was decreased by EGCG in a dose-
dependent manner in squamous carcinoma cells (Fig. 7b, c). In addition, EGCG increased the 
ratio of Bcl-2 to Bax in normal keratinocytes but decreased it in squamous carcinoma cells (Fig. 
7d). Taken together, these results suggest that the observed differences between normal 
keratinocytes and squamous cancer cells, in terms of the proliferation induced by treatment of 
EGCG, may be due to the different signaling events induced by EGCG. 

DISCUSSION 

In this study, we found, for the first time, that topical EGCG application to aged human skin 
induces epidermal keratinocyte proliferation, resulting in increased epidermal thickness. This 
proliferative effect was also observed in cultured human epidermal keratinocytes. We also found 
that EGCG inhibits the UV-induced apoptosis of human epidermal keratinocytes in vivo and in 
vitro and found that EGCG affects the proliferation of normal keratinocytes and squamous 
carcinoma cells differently. 

The Erk-dependent pathway is known to promote cell survival and to inhibit apoptosis (24–27). 
We examined the role of the Erk pathway in the EGCG-induced proliferation and survival of 
keratinocytes. The phosphorylation of Erk was induced by EGCG, and Erk activity was inhibited 
by PD 98059, a pharmacological blocking agent of MEK 1 activity, diminishing the EGCG-
induced proliferation of cultured keratinocytes. These results indicate that Erk activation is 
necessary for EGCG-induced keratinocyte proliferation. 

Survival-promoting cytokines have been known to suppress the activity of the Bad protein, a 
proapoptotic member of the Bcl-2 family, by inducing its phosphorylation at two critical sites, 
Ser112 and Ser136. This leads to the dissociation of Bad from the prosurvival Bcl-2 proteins and 
its association with members of the 14-3-3 protein family (28). This regulation of Bad by 
phosphorylative events suggests that Bad protein is a point of convergence for the multiple 
signaling pathways that cooperate to promote cell survival. We have also found that EGCG can 
phosphorylate Ser112 and Ser136 of Bad and that the MEK1 inhibitor, PD98059, inhibits the 
phosphorylation of only Ser112, but not the Ser136, indicating that Erk is critical for the 
phosphorylation of Ser 112. Consistent with our results, it has been reported that Erk 
phosphorylates the proapoptotic protein Bad at Ser112 and thus suppresses Bad-mediated 
apoptosis in neurons (29). 



 

This study shows that EGCG activates the Akt kinase cascade in keratinocytes and that this Akt 
signaling pathway may mediate the survival-promoting effects of EGCG. Moreover, we found 
that increased phosphorylation of Akt by EGCG induces the phosphorylation of Bad at Ser136, 
but not at Ser112, in cultured human keratinocytes. Bad has been shown to be a substrate for Akt 
both in vitro and in vivo (1, 30). In addition, it is known that exposure of cells to survival factors, 
such as IL-3, PDGF, or NGF, results in the rapid phosphorylation of Bad at Ser136 (31, 32). 
Therefore, our proposed mechanism for the keratinocyte proliferation caused by EGCG is in part 
consistent with previous reports, in that the Akt phosphorylated Bad at Ser136 (30, 33). Taken 
together, our results suggest that EGCG stimulates keratinocyte proliferation by phosphorylating 
of Bad at both Ser112 and Ser136 through the activation of the Erk and the Akt signaling 
pathways, respectively. 

The Bcl-2 family of proteins consists of more than a dozen proteins, which have either 
prosurvival or proapoptotic functions (34–39). Because they exert a profound effect on cells, it is 
necessary for Bcl-2 family members to be tightly regulated. Interacting pro- and antiapoptotic 
Bcl-2 members integrate diverse upstream survival and distress signals to determine whether a 
cellular death warrant has been issued. Bcl-2 inhibits apoptosis, whereas the Bax fosters death. 
When Bax is overexpressed in cells, apoptotic death, in response to a death signal, was found to 
be accelerated (40), and when Bcl-2 was overexpressed, it heterodimerized with Bax, and thus 
repressed apoptosis (40). Thus, the ratio of Bcl-2 to Bax is important for determining 
susceptibility to apoptosis. We established that EGCG increases the expression of Bcl-2 but 
decreases the expression of Bax, increasing the Bcl-2-to-Bax ratio in normal epidermal 
keratinocytes. 

Through the mechanisms described above, EGCG may prevent UV-induced apoptosis in 
epidermal keratinocytes. We observed previously that the inhibition of the activity of Erk and 
Akt by the MEK 1 inhibitor, PD98059, and the PI3K inhibitor, LY294002, respectively, 
increases the UV-induced apoptosis of keratinocytes (personal observation). Therefore, it may be 
possible that the UV-induced activation of Erk and Akt, and resulting phosphorylation of Bad at 
Ser112 and Ser136, may be a kind of cellular defense mechanism against UV-induced apoptosis. 
EGCG may prevent UV-induced apoptosis by augmenting the activities of the Erk and Akt 
pathways, leading to greater phosphorylation of Bad protein at Ser112 and at Ser136. Increased 
phosphorylation of Bad protein would induce cell survival and inhibit UV-induced apoptosis. On 
the other hand, we also found that pretreatment with EGCG before UV treatment inhibits UV-
induced apoptosis by preventing an UV-induced decrease in the ratio of Bcl-2 to Bax. 

In addition, the observed proliferative and antiapoptotic effects of EGCG in normal keratinocytes 
are at odds with the growth inhibitory and apoptotic effects of EGCG in several cancer cell lines 
(12–15). In most studies on the growth inhibitory and apoptotic effects of EGCG in cancer cell 
lines, high concentrations (1–100 mM) were used (7, 10, 13). Even at the low EGCG 
concentration (0.5 µM) used to treat cultured keratinocytes in our study, EGCG inhibited the 
proliferation of cancer cells and the phosphorylations of Akt and Bad (Ser112 and Ser136), and 
the relative expressions of Bcl-2 and Bax were the reverse of those in normal keratinocytes. 
Therefore, a possible explanation for the differential growth stimulatory effects observed in 
normal keratinocytes could be that EGCG target sites differ in normal and cancer cells. On the 
other hand, at a high EGCG concentration (50 µM) in this study, EGCG did not affect the 
proliferation of normal keratinocytes but did inhibit the proliferation of cancer cells. The reason 



 

why a high concentration of EGCG did not stimulate the normal keratinocytes to proliferate 
remains to be investigated. Under conditions that allowed the inhibition of tumorigenesis by tea 
to be demonstrated in mice, the average serum EGCG concentrations were in the range of 0.2–
0.3 µM (13). After human subjects ingesting two or three cups of tea, the average peak plasma 
values of EGCG were found to be in a similar concentration range, with the highest observed 
individual EGCG value at 0.65 µM (41). 

In conclusion, EGCG promotes the survival of keratinocytes and inhibits UV-induced apoptosis 
via a dual mechanism (Fig. 8): 1) by increased phosphorylation at Ser112 and Ser136 of Bad 
protein, through Erk-dependent and Akt-dependent pathways, respectively, and 2) by increasing 
the ratio of Bcl-2 to Bax. The suppression of Bad-mediated cell death, caused by EGCG, occurs 
relatively early, 1 h post-EGCG treatment, whereas the contribution made by the Bcl-2-to-Bax 
ratio is detected significantly later at 24 h after treatment. Therefore, these two proposed 
molecular mechanisms associated with EGCG-induced cell proliferation promote the survival of 
keratinocytes with different kinetics. On the other hand, ECGC acts differently on cancer cells 
and may protect against cancers by inhibiting proliferation and inducing apoptosis even at 
physiological concentrations. Our data suggest that EGCG can be used topically to induce an 
anti-aging effect and to induce an anticancer effect in human skin. 
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Fig. 1 
 

                           
 
Figure 1. EGCG increased the epidermal thickness of aged human skin in vivo and stimulated the proliferation of 
human epidermal keratinocytes. A) 10 % EGCG, or its vehicle (70% propylene glycol, 30% ethanol), was applied to the 
buttock skin of five elderly men, three times a week for 6 wk, under occlusion. EGCG- or vehicle-treated skin samples 
were obtained by punch biopsy. The skin sections were stained with hematoxylin and eosin and immunostained with anti-
Ki-67 antibody. The average epidermal thickness was measured using an image analyzer, and the number of Ki-67-positive 
keratinocytes per millimeter of the basal cell layer was calculated. The pictures shown are representatives of the five 
individuals, and the values shown are the means ±SE of the five individuals. B) Cultured human epidermal keratinocytes 
were treated with various concentrations of EGCG (0–100 µM) every 2 days for 5 days, and an MTT assay was performed. 
The values shown are the means ±SE from six wells, and the graph is a representative result from triplicate experiments. 
*P<0.05, **P<0.01 compared with vehicle-treated group. 


