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Abstract. Our study was designed to determine the protec-
tive effect of epigallocatechin-3-gallate (EGCG) on cultured 
human skin fibroblasts (HSFs) from multiple ultraviolet A 
(UVA) irradiation-induced hypoxanthine-guanine phospho-
ribosyl transferase (HPRT) mutant colony formation and its 
underlying mechanisms. In our study, the mutation frequency 
of the HPRT gene was examined by mutagenesis assay. 
Cell senescence was determined by histochemical staining 
of senescence-associated β-galactosidase. The apoptosis 
rate was detected by flow cytometry. EGCG decreased the 
UVA-induced HPRT gene mutation frequency by 47.85%. 
However, EGCG further increased the number of senescent 
cells by 38.92% and the apoptosis rate by 56.92% in HSFs. The 
photo-protective effect of EGCG on multiple UVA-exposed 
HSFs is related to a significant reduction in UVA-induced 
HPRT mutant cells. This may be caused by the induction of 
damaged cells to proceed to senescence and apoptosis.

Introduction

Exposure of the human skin to ultraviolet (UV) irradiation can 
cause photoaging and photo-carcinogenesis. It is well docu-
mented that UV irradiation causes oxidative attack and damage 
to DNA primarily by formation of photoproducts, and even 
initiates targeted gene mutation in cells (1,2). Subsequently, the 
UV-damaged cell begins DNA repair or turns to apoptosis. If 
the injury is too severe to be repaired completely and correctly, 
the damaged cells may begin an initiative event of mutant 
colony formation followed by cancer development.

Chemoprevention of cancer is a novel and more effective 
means of cancer management. Natural agents are considered 

less toxic and more effective in controlling various human 
malignancies, including skin cancer (3-5). It has been proven 
that epigallocatechin-3-gallate (EGCG) extracted from 
green tea is characterized by effects of anti-oxidation, anti-
inflammation and immunoregulation both in vitro and in vivo 
(6-8). Our previous studies proved that EGCG protects human 
keratinocytes and Langerhans cells from UVB-induced photo-
damage (8,9). However, the effect of EGCG on mutant colony 
formation of cultured human skin fibroblasts (HSFs) caused 
by multiple ultraviolet A (UVA) irradiation and its underlying 
mechanism remain unclear.

The X-chromosomal gene for hypoxanthine-guanine phos-
phoribosyl transferase (HPRT), first recognized by its human 
germinal mutations, quickly became a useful target for studies 
on somatic mutations in vitro and in vivo in human beings and 
animals. In this role, HPRT serves as a simple reporter gene. 
The HPRT gene locus is sensitive to irradiation and can be an 
index of irradiation dosage effect (10,11). Previously, senescence 
and apoptosis have been considered to be a crucial defensive 
mechanism preventing damaged or abnormal cells from cancer-
genesis, which has been used in cancer treatment (12-16). It has 
been confirmed that senescence-associated β-galactosidase 
(SA-β-Gal) expression increases in aging individuals and 
serves as an aging-related biological marker (17). In this study, 
we investigated the effect of EGCG on the frequency of muta-
tions of HSFs with multiple UVA irradiations for 2 weeks. We 
also compared the effects of EGCG on apoptosis and SA-β-Gal 
expression in HSFs between the intrinsic senescence group 
and the multiple UVA irradiation‑induced senescence group, 
aiming to ascertain the underlying mechanism.

Materials and methods

Reagents. Dulbecco's modified Eagle's medium (DMEM; 
Gibco/BRL, USA); epigallocatechin-3-gallate (Sigma, USA); 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 
bromide) (Sigma); solar simulator (Sigma); dispase (Sigma); 
β-galactosidase kit (Mirus Bio Co., USA); 6-thioguanine 
(Sigma); 0.2% methylene blue (Sigma); propidium iodide (PI; 
Molecular Probe, USA); Vidas Image and Analysis system 
(Zeiss, Germany) and a flow cytometer (Epics, USA) were 
obtained.
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Cell culture and subgroups. Human fibroblasts derived from 
the foreskin of young donors (<5 years of age) were isolated 
and cultured in DMEM (Gibco/BRL) supplemented with 
2 mM glutamine (Gibco/BRL) and 10% fetal bovine serum 
(HyClone) at 37˚C in 5% CO2. In the intrinsic senescence 
experiment, HSFs were cultured and passaged for a total 
of 80  days. In the UVA irradiation-related experiment, a 
serum-free version of the above medium was supplied. When 
growth of HSFs reached the desired confluence, the cells were 
divided into the following subgroups: control group, EGCG 
group, UVA irradiation group and UVA+EGCG group. HSFs 
in different groups were used for the determination of senes-
cence, HPRT gene mutation and cellular apoptosis.

Preparation and selection of EGCG solution with optimal 
concentration. The EGCG solution was prepared with DMEM 
at the concentration of 500 µg/ml, and stored at -20˚C. A cell 
suspension (100 µl) of HSFs (105 cells/ml) was seeded in a 
96-well plate. In the UVA+EGCG group, different concentra-
tions (0, 25, 50 and 100 µg/ml) of EGCG solution were added. 
After incubation for 24 h, the cultures were irradiated with 
10 J/cm2 UVA. HSFs were incubated with the new medium 
containing EGCG for another 24  h and then 20  µl MTT 
(5 mg/ml) was added. After another 4 h, the supernatant was 
replaced by 100 µl DMSO, and the culture was oscillated at 
room temperature for 15 min. The absorbance (A value) at 
490 nm was measured and the cell proliferation viability in 
each group was determined. Since the experiments related to 
the SA-β-Gal and HPRT gene mutation required a relatively 
longer culture time, the optimal concentration of 25 µg/ml 
EGCG was chosen in the following photo-protection study 
according to the preliminary cell viability assay.

UV irradiation protocol. HSFs were pre-cultured with 25 µg/
ml EGCG solution for 2 h, then irradiated with 10 J/cm2 UVA. 
The accumulation course was designed for 2 weeks. After 
washing twice with phosphate-buffered saline (PBS), cells 
were irradiated with a thin cover of PBS to avoid drying and 
with a water bath at room temperature to avoid overheating 
during irradiation. The intensity of UVA (320‑400 nm) emitted 
by a solar simulator (Sigma) was 4.4 mW/cm2. The irradiation 
distance between the cultured cells and the UV source was 
15 cm and the irradiation dosage was controlled by a radio
meter equipped with a UVA-sensor. Sham-irradiated cultures 
were handled identically except that they were shielded with 
aluminum foil during the irradiation. Each treatment was 

conducted in triplicates and the experiments were conducted 
three times.

HPRT mutagenesis assay. The HPRT-mutagenesis assay was 
used as described previously to detect and to characterize 
UV-induced HPRT mutations. Exponentially growing cells 
were irradiated with UVA or sham when the HSF culture 
reached ~50% confluence. After irradiation, cells were propa-
gated for 3.5-4 population doublings (expression period), as 
verified by cell counts in parallel dishes, to allow the expres-
sion of the mutated HPRT gene. After being cultured for 
7-14 days (expression period), the cells were transferred to 
10-20 tissue culture dishes with a selective medium containing 
7 µg/ml 6-thioguanine (Sigma), at a density of 5x100 cells/cm2. 
In this selective medium, only HPRT-mutated cells were able 
to survive and form colonies, since they are unable to metabo-
lize 6-thioguanine to a toxic agent. After a selection period 
of 4-6 weeks, HPRT-mutated, 6-thioguanine-resistant cell 
colonies were stained with 0.2% methylene blue and counted 
to determine the mutation frequency. The mutation frequency 
was calculated as the number of mutants/the number of plated 
cell x the plating efficiency. The latter was determined by 
plating 100 cells/dish separately in non-selective medium at 
the end of the expression period.

Histochemical method for β-galactosidase detection. The 
semi-quantitative analysis of SA-β-Gal-positive cells was 
performed when the confluence of the plated HSFs reached 
50%. Cells were washed in PBS, fixed in 2% formalde-
hyde/0.2% glutaraldehyde for 5  min (room temperature), 
washed again and then incubated at 37˚C (no CO2) with fresh 
SA-β-Gal stain solution. The blue-co1ored cells were consid-
ered β-Gal-positive cells. Randomly selected 500 cells within 
a field under the microscope were counted. The percentage 
of positive cells, which represented the aging rate of the HSF 
cultures, was calculated. Senescence rate = the number of blue 
colored cells/the total cell number x 100%.

Cellular apoptosis detection. The HSFs were treated as 
above by UVA with or without EGCG. Conditioned cells 
were digested by 0.25% trypsin and fixed by 80% alcohol 
solution. The cells were washed three times and 200 µl PI 
(50 µg/ml) was added into every tube. Cells were then resus-
pended into a single-cell suspension and left to set for 30 min 
at room temperature. Cellular apoptosis was detected by flow 
cytometry.

Table I. Effects of different concentrations of EGCG on UVA-irradiated HSF viability.

A values	 EGCG (µg/ml)
	 -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
	 0	 10	 25	 50	 100

0 UVA (J/cm2)a	 0.54±0.13	 0.50±0.07	 0.44±0.08	 0.47±0.06	 0.52±0.10
10 UVA (J/cm2)b	 0.34±0.02	 0.41±0.01	 0.46±0.02	 0.47±0.01	 0.40±0.02

aThere was no significance in cellular viability between the control and EGCG-treated groups without UVA irradiation (p>0.05). bThe cellular 
viability of HSFs increased stably, while EGCG concentration ranged from 10 to 50 µg/ml under 10 J/cm2 UVA irradiation (p<0.05).
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Statistical analysis. SPSS 11.0 software was used to conduct 
the paired t-test or AVONA test. Statistical significance was 
established at p-values <0.05.

Results

Effects of different concentrations of EGCG solution on 
UVA-irradiated HSF viability. Table I shows that there was no 
significant difference in cellular viability between the control 
and the EGCG-treated groups without UVA irradiation 
(p>0.05), which meant that various concentrations of EGCG 
exhibited no cytotoxicity to the cultured HSFs. The cellular 
viability of the HSFs stably increased, while the EGCG 
concentration ranged from 10 to 50 µg/ml under 10 J/cm2 UVA 
irradiation (p<0.05). Since the experiments related to SA-β-Gal 
and HPRT gene mutations require a relatively longer culture 
time, such as 80 days, for spontaneous senescence study and 
2 weeks for UVR-associated experiments, 25 µg/ml EGCG 
was thus chosen for further study.

Effect of EGCG on mutation colony frequency in irradiated 
HSFs. Different groups of HSF cells were co-cultured with 
6-TG in the selective period and then stained, counted and 
corrected. The intrinsic mutation frequency was very low in 

the control group (1.8±1.6) and the EGCG group (2.8±1.6). The 
mutation frequency in the UVA group was 433.8±40.6, almost 
240 times higher than that in the control group and the simple 
EGCG group, respectively (p<0.001). Compared to simple 
UVA irradiation, the mutation number in the EGCG+UVA 
group was much lower (293.4±27.2) and was reduced by 
47.85% (Fig. 1).

Effect of EGCG on the intrinsic senescence in HSFs. 
Naturally, HSFs were passed for more than 20 passages during 
80 culture days, and histochemistry was used to detect SA-β-
Gal-positive cells. Under microscopy, young fibroblasts grew 
well, displaying a long shuttle or irregular shape (Fig. 2B). 
In contrast, with a prolonged culture period, the aging cells 
arranged in a disordered pattern were large and flat, with 
more cytoplasm and a higher ratio of cellular cytoplasm/
cellular nucleus. Many granules and vacuoles appeared in the 
cytoplasm, which was hardly observed in the HSFs treated 
with 25 µg/ml EGCG, but obvious in the aging cells without 
EGCG treatment (Fig. 2B), which also implied some type of 
cell natural senescence and functional decline. The number of 

Figure 1. Effect of EGCG on UVA-irradiated cell mutation colony frequency 
in HSFs. (A) After the expression period, the four groups of HSF cells were 
cultured with 7 µg/ml 6-TG. After a selection period of 4-6 weeks, HPRT-
mutant, 6-TG-resistant cell colonies were stained with 0.2% methylene blue 
and counted for mutation frequency, showing that treatment of HSF with 
EGCG prior to UVA exposure caused a decrease in HPRT mutation (a, b and 
c). (B) Statistical analysis for the data: Compared to the intrinsic mutation fre-
quency in the control and EGCG groups, the mutation frequency in the UVA 
group was 241 times higher. With EGCG treatment, the mutation frequency 
was reduced by 32.37%. Data are the means ± SD of three independent experi-
ments. *p<0.05 when comparing EGCG-treated irradiated cells to irradiated 
cells.

  A   B

Figure 2. Effect of EGCG on the natural senescence in HSFs. After culturing 
and passaging HSFs for 80 days, histochemistry staining with SA-β-Gal 
antibody was carried out and semi-quantitative analysis for positive cells was 
conducted on the slide with conditioned HSFs. (A) Under microscopy, HSFs 
cultured with EGCG treatment grew well, displaying long shuttle or irregular 
shape such as fresh and young fibroblasts. With prolonged days of culture, 
the HSFs cultured without EGCG underwent aging and were arranged in a 
disordered pattern. (B) The aging HSFs appeared large and flat with many 
granules and vacuoles in the cytoplasm, showing an increase in the ratio 
of cytoplasm/nucleus. (C) Statistical analysis of positive cells and data are 
shown as the means ± SD of three independent experiments. Blue/brown-
colored cells were counted under the microscope in order to calculate the 
percentage of positive cells in randomly selected 500 cells within 3 vision 
fields. Senescence rate = the number of blue colored cells/the total cell number 
x 100%. *p<0.05 when comparing EGCG-treated cells to untreated cells.
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SA-β-Gal-positive cells was quite different between the two 
groups (82.30±7.21 in the control group vs. 43.12±6.48 in the 
EGCG-treated group) (Fig. 2C). The senescence rate of the 
HSFs cultured with 25 µg/ml EGCG was reduced by 47.60%.

Effect of EGCG on UVA-irradiated cell senescence in HSFs. 
After the HSFs were pre-cultured with 25 µg/ml EGCG and/or 
UVA irradiation for 2 weeks, cell morphology and SA-β-Gal 
positively-stained senescent cells were assessed in the cultures 
(Fig. 3A-D). Images of the UVA+EGCG group showed several 
large and flat cells. By histochemical staining, less SA-β-Gal-
positive cells were observed in the control group (12.71±2.10) 
and the EGCG group (11.46±2.27). The positive senescent 
cells in the multiple UVA group showed an approximately 
three times higher value than the control and EGCG groups 
(53.62±4.01), and the senescence rate was also increased by 
38.92% in the EGCG-multiple UVA group compared to the 
UVA group (74.49±5.03). Statistical analysis confirmed 
that there was statistical significance between the UVA and 
EGCG+UVA groups (Fig. 3E), which implied some promo-

tive effect of EGCG on cell senescence, while combined with 
multiple UVA irradiation.

Effect of EGCG on UVA-induced cell growth curve during the 
expression period. After 2 weeks of UVA irradiation, the HSFs 
required several days to allow for the expression of the mutant 
phenotype prior to replanting the mutant cells. Compared to 
the control group, the expression period was longer in the 
multiple UV irradiation group as the cells proliferated slowly 
and it required 1 week to enter into rapid growth period. 
Furthermore, the HSF cells proliferated much more slowly 
after the cultures were intervened by EGCG treatment. The 
period for the HSF cells in the UVA+EGCG group to reach a 
growth peak was 14 days (Fig. 4).

Effect of EGCG on UVA-induced cell apoptosis and cell cycle 
in HSFs. The apoptosis rates of the different groups of HSF 
cells were also analyzed after 2 weeks of EGCG treatment 
with or without UVA. There was no noticeable difference 
in the peak of apoptosis in the control (0.15±0.06%) and the 
EGCG groups (0.50±0.11%) (p>0.05). Compared to these 
two groups, the apoptosis rate was apparently higher in the 
chronic UVA irradiation group (20.06±1.14%), increasing by 
~200% (p<0.01). The cellular apoptosis was further increased 
by ~56.92% in the EGCG+UVA (31.48±2.01) compared to 
the UVA only group (p<0.05), which implied that EGCG 
prompts apotosis of UVA damaged HSFs. In accordance 
with cell apoptosis, the percentage of cells in the cell cycle 
displayed a similar change; the number of cells in arrested 
S phase increased (64.15±3.98%) and was accompanied by a 
decrease in cells in the G0/G1 (17.95±1.47%) and G2/M phase 
(17.9±1.21%). Compared to the UVA group, co-culture with 
EGCG reduced the number of cells in the S phase (26.78±1.10%, 
p<0.001), and an increase in cells in the G0/G1 (2.7-fold) and 
G2/M phase (1.43-fold) (p<0.05, Table II) was noted. These 
results indicate that EGCG confers a photo-protective effect 
on UVA-irradiated HSFs.

  A   B

  C   D

Figure 3. Effect of EGCG on UVA-irradiated cell senescence in HSFs. HSFs 
were managed for senescence experiment under EGCG treatment and/or 
UVA irradiation. (A-C) The number of β-Gal-positive stained cells showed 
an increasing trend in the multiple UVA group compared to the control and 
single EGCG-treatment groups. (D) Treatment of HSFs with EGCG prior to 
UVA exposure caused a further increase in the senescence rate (EGCG+UVA 
group). (E) Statistical analysis of positive cells; data are the means ± SD of 
three independent experiments and the significant difference was confirmed. 
*p<0.05 when comparing EGCG-treated irradiated cells to irradiated cells.

  E

Figure 4. Cell growth curve during the expression period after EGCG and/
or multiple UVA irradiation. Compared to the control group (squared mark), 
the peak time of HSF proliferation was longer (11 and 15 days, respectively) 
in the UVA group (triangle mark in purple color) and the EGCG+UVA group 
(triangle mark in orange color). UVA caused a decrease in cell proliferation 
rate, which was further reduced by treating HSF with EGCG prior to UVA 
exposure.
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Discussion

Solar UV irradiation induces different hazardous effects in the 
skin, including sunburn (18), photoaging (19) and cancer (20). 
Protection against solar-induced damage is therefore a highly 
desirable goal. Several studies have shown that EGCG has a 
photo-protective effect on human skin cells, such as primary 
keratinocytes, fibroblasts, dendritic cells, Langerhans cells 
and HaCaT cells (21-26). These data suggest that EGCG may 
protect HSFs against UVA-induced HPRT mutations in vitro.

It has been well known that DNA lesions are induced 
by UV irradiation and the mutations can be formed in some 
critical genes, which are believed to play an important role in 
carcinogenesis (27,28). Previously, researchers have used the 
alkaline comet assay to compare the DNA damage induced by 
UVR in cultured human cells (lung fibroblasts, skin fibroblasts 
and epidermal keratinocytes) with and without EGCG, and 
found that EGCG protects human cellular DNA from UV and 
visible radiation-induced damage (29). In the present study, 
we confirmed that 2  weeks of UVA irradiation increased 
the mutation frequency of the HPRT gene approximately 
150-240  times higher than that of the control and EGCG 
groups (intrinsic mutant levels). Pre-treatment with EGCG 
inhibited the frequency of mutation at the coding region of the 
HPRT gene by 47.85% in UVA-irradiated HSFs. Therefore, 
we may infer that one important photo-protective effect of 
EGCG on HSFs from multiple UVA irradiation may be related 
to the depression of DNA mutation formation.

Compared to freshly isolated HSF cells, the HSF cells that 
were cultured for more than 20 passages, with their special 
aging morphology, were positive for SA-β-Gal staining. 
However, upon pre-treatment with EGCG, not only the aging 
morphology was normalized, but also the number of SA-β-
Gal-positive cells was markedly reduced, which indicated that 
EGCG mitigated the intrinsic senescence in cultured HSFs. 
However, after pre-treatment with EGCG with irradiation of 
UVA for a continuous 2 weeks, the positive number of senes-
cent cells increased by 38.92% compared to the UVA group. 
This indicated that treatment of HSFs with EGCG prior to 
UVA exposure caused a further increase in the rate of senes-
cence. Similarly, UVA also caused an increase in cell growth 
arrest and apoptosis rates, which were further increased by 
treatment of EGCG prior to UVA exposure.

Several studies have discussed the relationship between 
senescence and tumor genesis. Some researchers consider 

senescence as an important defence mechanism by preventing 
damaged or abnormal cells from cancer transformation 
(12-14,30). On the one hand, by altering the tissue microenvi-
ronment, senescent cells may contribute to the rise in cancer that 
occurs with age. On the other hand, senescence is thought to be a 
powerful, albeit imperfect, tumor-suppressive mechanism since 
one of the phenotypic changes in senescent cells is irreversible 
growth arrest. Cellular apoptosis is also an effective mecha-
nism for eliminating senescent or mutated cells to balance the 
intrinsic environment and interfere with tumor growth. Certain 
studies have confirmed that UV-induced cell apoptosis is also a 
protective mechanism in UV injury (31-33). Treatment of HSFs 
with EGCG prior to UVA exposure caused a further increase 
in the rates of senescence and apoptosis, but a decrease in the 
cell proliferation rate and mutant frequency. Thus, we may infer 
that a novel mechanism was initiated, in which the mutant HSFs 
induced by multiple UVA exposure underwent a state of arrested 
growth and entered senescence and/or a course of apoptosis.

Previous studies have shown that the WRN helicase may 
play a role in cancer development, by participating in both 
oncogenic proliferation through the avoidance of senescence, as 
well as protection of the genome from mutations that eventu-
ally promote tumor establishment (34). This is a paradigm that 
has been reported for telomerase as well. Similarly, activation 
of telomerase promotes cell immortalization and thus tumor 
genesis, while its absence protects cancer-prone mice from tumor 
development (35,36). However, the exacerbated genomic insta-
bility, occurring after several generations in telomerase-negative 
mice, eventually contributes to an increased incidence of cancers 
(37). Accordingly, future studies are also required to assess the 
effect of EGCG on WRN and telomerase as an adaptive response 
for its efficacy against UVA-caused HPRT mutations in HSFs.

In summary, the results obtained in the present study 
indicate that EGCG induces multiple UVA damaged cells to 
proceed to either senescence and/or apoptosis. In this way, the 
mutant cells cannot be replicated and inherited, and photo-
carcinogenesis can be finally reduced. However, the exact 
molecular mechanisms remain unclear. Present and further 
studies concerning EGCG may certainly provide new clues 
for new strategies to avoid UV-induced damages.
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Table II. Effects of UV irradiation and EGCG treatment on apoptosis and the cell cycle in HSF.

Groups	 Apoptosis (%)	 S phase (%)	 G0/G1 phase (%)	 G2/M phase (%)

Control	   0.15±0.06	 29.73±1.52	 46.50±2.32	 23.77±1.21
EGCG 	   0.50±0.11	 30.36±1.83	 48.79±2.42	 20.85±1.05
UVA	 20.06±1.14	 64.15±3.98	 17.95±1.47	 17.90±1.21
UVA+EGCG	  31.48±2.01a	  25.78±1.10b	 48.59±2.68	 25.63±1.92

The conditioned HSFs were managed for apoptosis and cell cycle detection as above. Data are shown as the means ± SD of three independent 
experiments. aPre-treatment with EGCG increased the cellular apoptosis compared to the UVA group (p<0.05). bPre-treatment with EGCG 
decreased the percentage of S phase cells compared to the UVA group (p<0.001).
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