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Tea flavonoids and polyphenols are well known for their extraordinary antioxidant activity which is con-
sidered important for anti-aging processes in animals. This study evaluated the anti-wrinkle effects of three
different kinds of tea (Camellia sinensis) water extracts (CSWEs) including green, white, and black teas
using a photoaged hairless mouse model. Data showed that the CSWE-treatment greatly improved skin
conditions of mice suffering from UVB-induced photoaging, based on the parameters including the skin
erythema index, moisture capacity, and transepidermal water loss. In addition, the wrinkle measurement
and image analysis of skin replicas indicated that CSWEs remarkably inhibited wrinkle formation. In his-
tological examination, the CSWE-treated mice exhibited diminished epidermal thickness and increased
collagen and elastic fiber content, key signatures for skin restoration. Furthermore, the reduced expression
of MMP-3, a collagen-degradative enzyme, was observed in the skin of CSWE-treated animals. Interest-
ingly, comparative data between green, white, and black tea indicated that the anti-wrinkle activity of
white tea and black tea is equally greater than that of green tea. Taken together, these data clearly demon-
strated that CSWEs could be used as an effective anti-wrinkle agent in photoaged animal skin, implying

their extended uses in therapeutics.
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INTRODUCTION

Ultraviolet (UV) irradiation results in diverse clinical skin
changes such as wrinkling, sunburn, immune-suppression,
cancer, and premature skin aging (photoaging) (1). UV
exposure to skin induces extensive generation of reactive
oxygen species (ROS). In vivo, ROS partly play a positive
role such as energy production, phagocytosis, regulation of
cell growth, and intracellular signaling. On the other hand,
ROS can react with DNA, proteins, fatty acids, and saccha-
rides causing oxidative damage. Such injuries result in a
number of harmful effects: disturbed cell metabolism, mor-
phological and ultrastructural changes, attack on the regula-
tion pathways and alterations in the differentiation,
proliferation and apoptosis of skin cells (2). Photodamaged
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skin is characterized by epidermal hyperplasia and altered
biomechanical properties of the dermis, ultimately leading
to wrinkle formation. Qualitative and/or quantitative alter-
ations of the dermal extracellular matrix components
involved in the photoagaing process are represented by
accumulation of elastotic material and immunohistochemi-
cal changes in collagen, the main macro-molecular compo-
nent of the skin (3). Acute exposure of human skin to UV
irradiation in vivo up-regulates synthesis of several matrix
metalloproteinases (MMPs) including MMP-1 (interstitial
collagenase), MMP-3 (stromelysin-1), and MMP-9 (92-kd
gelatinase B), all of which are involved in degradation of
skin collagen (4).

Retinoids are known to induce the proliferation of kerati-
nocytes and fibroblasts, promote collagen synthesis, and
decrease the MMPs expression level in the dermis (5). Plant
extracts have been widely used as topical applications for
wound-healing, anti-aging, and disease treatments (6). In
particular, the antioxidant activity of herbal phenolics,
namely phenolic acids and flavonoids, has been given much
attention. Tea leaves (Camelia sinensis L.) are a rich source
for polyphenols, natural compounds consisting of flavonoids,
mainly catechins [(—)-epigallocatechin-3-gallate (EGCQG),
(—)-epicatechin-3-gallte (ECG), (—)-epigallocatechin (EGC),
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(—)-epicatechin (EC)], which undergo oxidation to form
theaflavins and thearubigens in the manufacturing of black
tea (7,8). The epicatechin derivatives, which are commonly
called polyphenols, are the active ingredients in green tea
and possess antioxidant, anti-inflammatory and anti-car-
cinogenic properties (9). EGCG has been shown to sup-
press skin cancer caused by ultraviolet irradiation or
carcinogens (10) and reduce the expression of extracellular
matrix degradation (11). Polyphenol in green tea has a skin
anti-aging effect through stimulating the proliferation of
keratinocyte (12). White tea manufactured by a minimal
process is also known to have a skin photo-protective effect
(13). Black tea reduces the number of sunburn cells caused
by ultraviolet irradiation (14), and shows skin cancer sup-
pression, anti-inflammatory (15), anti-oxidation and antimi-
crobial activity (16). Despite the well-established health
benefits, the effects of white and black teas on skin aging
have not been extensively investigated so far.

In this study, the anti-wrinkle effects of three different tea
(Camellia sinensis) water extracts (CSWEs) including green,
white, and black teas were evaluated based on physiologi-
cal and histological observation and MMP expression anal-
ysis using a photoaged hairless mouse model.

MATERIALS AND METHODS

Preparation of tea extracts. Green, white, and black
teas were obtained from an oriental medicinal herb market,
Daegu, Korea. Six-hundred gram of green tea, white tea and
black tea each suspended in 6 L distilled water was boiled
for 2 hr in a heating extractor (COSMOS-660, Kyungseo
Machine Co., Korea) and concentrated. The aqueous extracts
were then lyophilized into powder. These specimens were
dissolved to 2% concentrations in the vehicle [propylene
glycol : ethanol : water (5 : 3 : 2)] for the downstream experi-
ments.

Experimental animal. Seven-weeks-old female SKH-1
hairless mice were purchased from Charles River (Japan).
The animals were acclimatized for 1 wk before use and
maintained throughout at standard conditions: 22 + 1°C,
50 £ 5% relative humidity, and 12/12 hr light/dark cycle.
Animals were allowed free access to water and diet. The
mice were divided into six groups seven mice each, which
consisted of no UV irradiation group as the normal group
(N), UV irradiation group as the control group (C), UV irra-
diation and 0.01% retinoic acid treatment group as the posi-
tive control group (RA), and UV irradiation and 2% green
tea (GT), 2% white tea (WT), or 2% black tea (BT) treat-
ment group. The skin was extracted, a part of the skin was
fixed with 10% neutral buffered formalin solution for histo-
logical analysis, and the rest of the skin was stored in deep
freezer (—80°C) for MMP-3 analysis. Both animal care and
the protocol for this study were in accordance with IACUC

(Institutional Animal Care and Use Committee) and OECD
guidelines.

UV irradiation. The mice were irradiated dorsally using
an UVB radiation (302 nm sunlamp) for 12 wks, three
times a week. The irradiation dose was one MED (minimal
erythemal dose: 60 mJ/cm?®) in the 1% wk, two MED (120
mJ/ecm?) in the 2™ wk, three MED (180 mJ/cm®) in the 3"
wk, and four MED (240 mJ/cm?) between the 4™ and 12"
wk. Four MED irradiation was applied once a week during
the period of sample application.

Application of the test compounds. After wrinkle
induction using an UVB irradiation for 12 wks, saline and
CSWEs were applied 200 ul each time, for four weeks, five
times a wk (2%: 0.26 g’lkg BW/day). RA was diluted to
0.01% with polyethylene glycol.

Measurement of skin conditions. Skin moisture capac-
ity, erythema index, and transepidermal water loss (TEWL)
were measured using Corneometer® CM825, Mexameter”
MX18, and Tewameter® TM300 (Courage & Khazaka,
Koln, Germany), respectively.

Measurement of skin wrinkle. At the end of the exper-
iment, skin replicas were made from the back skin of the
hairless mice using a SILFLO impression material (FLEX-
ICO, England). The Visioline® VL650 (Courage & Khaz-
aka, Koln, Germany) was used to assess the skin surface.
Total wrinkle area (mm?) was calculated.

Histological observation. After fixation with 10%
neutral buffered formalin solution for 24 hr at room tem-
perature, the extracted skin tissue was subjected to the pro-
cesses of washing, dehydration, clearing, and infiltration,
and was embedded with paraffin to be sliced into a section
of 4 um in thickness. After staining the section with H&E,
Masson’s trichrome, Verhoeff's and Toluidine, the patterns
of changes in skin tissue were observed under the optical
microscope.

Reverse transcription-polymerase chain reaction (RT-
PCR). The total RNA was extracted from the dorsal skin
samples by homogenization with 400 pl of lysis/binding
buffer per 50-mg samples using a high pure RNA tissue kit
(Roche, Germany) per the manufacturer instructions. The
purity was checked by measuring the optical density (OD)
at 260 nm and 280 nm with a spectrometer to confirm the
A260/A280 ratio was between 1.8 and 2.0. The total RNA
(1 pg/ul) was used to synthesize cDNA utilizing a Cycle
Script RT PreMix (dT20) kit with the PCR-cycling parame-
ters of 95°C for 5 min followed by 12 cycles of 30°C for
1 min, and 50°C for 4 min. MMP-3 was amplified using an
Accupower™ PCR PreMix kit with 2 ul template, 15.2 ul
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sterile water, and 1.4 ul of 100 pmol/ul each of gene-spe-
cific primers (mouse MMP-3 forward 5-TAGCAGGT-
TATCCTAAAAGCA-3, reverse 5'-CCAGCTATTGCTCT-
TCAAT-3'; GAPDH forward 5'-CCCACTAACATCAAAT-
GGGG-3, reverse 5'-ACACATTGGGGGTAGGAACA-3")
with the following PCR conditions: 35 cycles of 94°C for
45 s, 60°C for 45 s, and 72°C for 60 s. The amplification
products were run on a 1.5% agarose gel and visualized
with ethidium bromide staining. The DNA band densities
were evaluated with the KODAK Gel Logic 100 image
analysis system.

Statistical analysis. Differences between the groups
were evaluated statistically using one-way analysis of vari-
ance (ANOVA) followed by the Duncan's multiple range
test as a post hoc comparison using SPSS WIN (v20.0). Sta-
tistical significance was set at p <0.05, p<0.01 and p <
0.001.

RESULTS

Skin conditions. The skin moisture capacity of all the
treatment groups (i.e., RA, GT, WT, and BT) was signifi-
cantly higher compared to the control group (C) throughout
the experiment period (Table 1). At wk 4, the moisture
capacity of RA, GT, WT, and BT groups was 207%, 196%,
233%, and 219%, respectively, significantly (p <0.001)
higher than that of C group. While the skin erythema index
increases over time in C group which didn’t receive any
treatment, it gradually decreased in the 4 treatment groups.
At wk 4, the skin erythema index of RA, GT, WT, and BT
groups was 32%, 41%, 46%, and 42%, respectively, signifi-
cantly (p <0.001) lower than that of C group. Overall, the
skin TEWL of all the treatment groups was at the basal lev-

RA 0.01%

Fig. 1. Comparison in replica images of SKH-1 hairless mice
skin applied with test compounds for 4 wks. N: saline-treated
normal group, C: UVB-irradiated control group, RA 0.01%: 0.01%
retinoic acid-treated group, GT 2%: 2% green tea-treated group,
WT 2%: 2% white tea-treated group, BT 2%: 2% black tea-
treated group. As compared with C group, RA and CSWE groups
reduced wrinkle formation in a pattern of shallow furrows and
thin and narrow crests.

els similar to N group in contrast to C group that displayed
a significant increase of TEWL over time. At wk 4, the skin
TEWL of RA, GT, WT, and BT groups was 58%, 82%,
87%, and 86%, respectively, significantly (p <0.001) lower
than that of C group.

Replica image analysis. There was no wrinkle forma-
tion in N group, whereas varying degrees of fine wrinkles
were observed on the replica images of the control and
treatment groups (Fig. 1). In UV-irradiated animals, there

Table 1. Changes in moisture capacity, erythema index and transepidermal water loss (TEWL) of SKH-1 hairless mice

Index Week N C RA 0.01% GT 2% WT 2% BT 2%

1 60.48 +9.53" 39.86 + 1.59° 57.99 +7.31° 57.04+£10.01"  64.37+2.25" 64.78 £2.39°
Moisture 2 51.46 +9.66" 31.02+ 1.75 65.70 + 5.75¢ 69.09 + 9.84¢ 76.16 + 2.66° 75.82+ 1.31¢
capacity 3 36.31+7.25° 18.52 +3.09° 71.42+£582¢  69.61 +4.22° 78.79+ 1.71%  80.90+0.81°
4 46.06 £ 5.95" 28.90+2.10° 88.59 + 4.87% 85.67 + 5038° 95.89 + 2.42% 08.55 + 5.98°
1 240.67 £30.67° 3469+ 1448 31438+17.33° 279.76+11.72"° 274.17+587"  275.86+5.64"

Erythema 2 246.33+23.30" 357.52+ 14.46° 301.10+16.60° 267.81 +12.00° 25524 +846"  274.10+11.51"
index 3 261.71+£21.60° 377.43+13.36° 29443 +13.14° 260.93+11.09° 236.75+12.71° 261.31 £9.58°
4 285.50 £34.20° 41343+ 12.21° 282.64+15.50° 24550+ 12.07° 223.64+424*  238.86+8.52°

1 8.29+2.07° 19.16 +£2.92™ 2416 +£4.497°  14.67+£3.01""  1421+2.03""  13.81+1.68""
TEWL 2 11.08 +2.37° 22.86+2.71° 1833 +4.85™  11.66+2.24 10.79 + 547 9.84 + 1.53
3 11.90 + 1.26° 2479 £1.51¢ 18.76 + 3.66° 9.86+ 1.83% 8.76 + 1.45® 774 +1.20°
4 15.77 +3.06° 40.27 £2.24° 16.90 + 3.59° 7.39 + 0.85° 534 +1.50° 5.53 + 0.66°

Unit: Moisture capacity and erythema index (arbitrary unit), TEWL (g/m?/h). N: saline-treated normal group, C: UVB-irradiated control group,
RA 0.01%: 0.01% retinoic acid-treated group, GT 2%: 2% green tea-treated group, WT 2%: 2% white tea-treated group, BT 2%: 2% black tea-
treated group. Values represent the mean + SD of 7 mice.*****Values with different superscripts in the same raw are significantly different
(p<0.001) by ANOVA and Duncan’s multiple range test. **p < 0.01 significantly different from the control group.
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Fig. 2. Comparison of wrinkle area of SKH-1 hairless mice skin
applied with test compounds for 4 wks. Values represent the
mean +SD of 7 mice. **Values with different superscripts are
significantly different (p < 0.001) by ANOVA and Duncan’s multi-
ple range test. A significant decrease in wrinkle area was
observed in RA and CSWE groups.

was a tendency toward decrease of wrinkle formation in the
treatment groups over time, with the least amount of visible
wrinkle at wk 4. As compared with C group, RA and

CSWE groups (GT, WT, and BT) greatly improved wrinkle
conditions (i.e., shallow furrows and thin and narrow
crests). The C group showed significantly (p < 0.001) wider
wrinkle area than N group by 110%, and RA, GT, WT, and
BT groups showed significantly (p <0.001) narrower area
of wrinkle than C group by 49%, 37%, 46%, and 45%,
respectively (Fig. 2).

Histological observation. Microscopic examination
was performed in the skin. The epidermis and dermis of C
group were remarkably thickened by UV exposure and a
moderate number of inflammatory cells including lympho-
cytes, neutrophils, and macrophages were infiltrated in the
dermis. Inflammatory cells were rarely found in the dermis
of RA and CSWE groups. The thick epidermal layer found
in the C group is shown in Fig. 3A. Collagen fibers in N
group displayed highly dense regular arrangement while
they were severely broken and reduced in the structural
density in the dermis of C group. As expected, collagen
fibers in the dermis of RA and CSWE groups were almost
intact with a regular arrangement (Fig. 3B). Similarly, elas-

GT 2% WT 2% BT 2%

Fig. 3. Histological observation on SKH-1 hairless mice skin applied with test compounds for 4 wks. (A) H&E stain, x200, (B) Masson’s
trichrome stain, x200, (C) Verhoeff’s stain, X200, (D) Toluidine blue stain, x200 magnification. N: saline-treated normal group, C: UVB-
irradiated control group, RA 0.01%: 0.01% retinoic acid-treated group, GT 2%: 2% green tea-treated group, WT 2%: 2% white tea-
treated group, BT 2%: 2% black tea-treated group. Scale bar 100 um. The epidermis and dermis of control group were remarkably
thickened in comparison with normal group. A moderate large numbers of neutrophil and lymphocyte were infiltrated in the dermis
of control group (A), and collagen fibers (B) and elastic fibers (C) in the dermis were arranged irregularly in control groups. A large
number of mast cells were found in the dermis and hypodermis of control group and their degranulation was severe, whereas a few
numbers of mast cells were observed in the dermis of RA and CSWE groups (D).
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Fig. 4. Comparison in MMP-3 mRNA expression of SKH-1 hair-
less mice applied with test compounds for 4 wks. (A) MMP-3
transcript levels decreased by treatment with RA and CSWEs
compared to UVB-irradiated control group, as determined by
RT-PCR. Expression was normalized to GAPDH levels. (B) Quanti-
fication of MMP-3 transcript expression in mice treated with
saline (N), UVB radiation (C), 0.01% retinoic acid (RA 0.01%), 2%
green tea (GT 2%), 2% white tea (WT 2%), or 2% black tea (BT
2%). Values represent the mean + SD of 5 mice. ****Values with
different superscripts are significantly different (p <0.001) by
ANOVA and Duncan’s multiple range test. A significant decrease
in MMP-3 mRNA expression was observed in RA and CSWE
groups compared to UVB-irradiated control group.

tic fibers in N group had a regular arrangement but an elas-
tosis with denatured and tangled elastic fibers was observed
in C group. Both the RA and CSWE groups featured less
denaturalization of elastic fibers was observed compared to
the C group (Fig. 3C). A large number of mast cells and
prominent degranulation were found in the C group. In con-
trast, relatively less number of mast cells were found in the
RA and CSWE groups and the degree of degranulation was
negligible (Fig. 3D).

Reverse transcription polymerase chain reaction (RT-
PCR). An overall decrease in the expression of MMP-3
mRNA was observed in both RA and CSWE groups com-
pared to the C group. At wk 4, MMP-3 mRNA expression
was significantly (p < 0.001) decreased by 77%, 49%, 60%,
and 80%, respectively in RA, GT, WT, and BT groups com-
pared to the C group (Fig. 4).

DISCUSSION

In this study, we found that CSWEs can effectively reduce

skin damage and promote anti-wrinkling processes in UV-
irradiated hairless mouse model, which is associated with
increased moisture capacity, decrease of erythema index,
decreased TEWL, replica image analysis, histological
examination, and MMP-3 expression. The health benefits of
tea have been mainly attributed to the relatively high levels
of flavonoids, including catechins and other polyphenols
(17). Tea polyphenols act as antioxidants in vitro by scav-
enging reactive oxygen and nitrogen species and chelating
redox-active transition metal ions (18). Given the high anti-
oxidant activity of tea, we sought to investigate the anti-
wrinkle effect of CSWEs through rigorous tests using an
animal model. In an observation of skin wrinkle, RA and
CSWE groups reduced wrinkle formation in a pattern of
shallow furrows and thin and narrow crests compared with
C group (Fig. 1). The RA and CSWE groups showed sig-
nificantly (p <0.001) lower wrinkle areas compared with C
group, and the reduction rate was in the order of RA > WT >
BT > GT (Fig. 2). In particular, BT and WT showed simi-
lar values to the RA group, indicating that the CSWE has
the efficacy of reducing wrinkle formation on the photo-
aged skin. Kim et al. (19) reported that treatment of EGCG,
a major polyphenolic constituent of green tea, had shown to
reduce UVA-induced skin damage (roughness and saggi-
ness) and prevent the decrease of dermal collagen in hair-
less mouse skin, and also block the UV-induced increase of
collagen degradation and collagenase mRNA level in fibro-
blast culture.

According to the histological observation with Masson’s
trichrome and Verhoeff's stain, collagen fibers in the dermis
were reduced and arranged irregularly in the C group, while
they were almost intact with a regular arrangement both in
the RA and CSWE groups. In addition, an elastosis was
observed moderately in the C group. However, it was
almost disappeared both in the RA and CSWE groups (Fig.
3). Thus, these data support that the damage on the skin tis-
sue reduced by treatment with CSWE. Kligman (20)
reported an observation of reduction in collagen and modi-
fied elastosis by UV irradiation to mouse skin. Imokawa
(21) also observed the improvement in wrinkles and elastic-
ity by RA in mouse skin.

Photoaging is characterized by degradation of collagen
and accumulation of abnormal elastin in the superficial der-
mis; several MMPs have been implicated in this process
(22-24). Latent MMP-1, -7, and -9 derived from keratino-
cytes or dermal fibroblasts could be maximally activated by
MMP-3, and ultimately initiate degradation of collagen
types I and III. Simultaneous expression of MMP-2, -3, -7,
and -9 could lead to degradation of non-collagenous extra-
cellular matrix, including the basement membrane and pro-
teoglycans (25). In this study, at wk 4, compared to the C
group, the MMP-3 mRNA expression was significantly
(» <0.001) reduced in the order of BT >RA>WT>GT
(Fig. 4). In particular, BT group showed similar value to the
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RA group. The RA and CSWE groups also showed remark-
ably lower MMP-2 and MMP-9 activities than that of the C
group (data not shown). Vayalil et al. (22) reported that top-
ical application of EGCG had been shown to reduce UV-
induced production of MMP-2, -3, -7, and -9, which are
known to degrade collagen and lead to photodamage.

In this study, the degree of erythema was measured to
examine the inflammatory reaction. The skin erythema indi-
ces of all the groups were significantly (p <0.001) lower
compared to the C group during the whole period of experi-
ment. At wk 4, compared to the C group, the skin erythema
indices were significantly (p <0.001) reduced in the order
of WT>BT>GT>RA (Table 1). Elamets et al. (26)
reported that the EGCG and ECG polyphenolic fractions
were most efficient at inhibiting erythema, whereas EGC
and EC had little effect. In an observation of H&E stain, a
moderate number of inflammatory cells including macro-
phages, neutrophils, and lymphocytes were infiltrated in the
thick dermis of the C group, whereas only a few inflamma-
tory cells were found in the dermis of RA and CSWE
groups. Dona ef al. (27) and Katiyar et al. (28) reported that
the topical application of EGCG before UVB exposure
reduced the number of CDI11b+ monocytes/macrophages
and neutrophils that infiltrated in the exposed skin. In an
observation of toluidine blue stain, the number and degree
of degranulation of mast cells were reduced in the RA and
CSWE groups, compared with C group. Thus, it is affirmed
that the inflammation on the skin tissue reduced by treat-
ment with CSWEs.

Human skin acts as a barrier between the internal and the
external environment, protecting the body from mechanical
damage, noxious substances, penetration by pathogens and
radiation. The skin also plays a vital role in regulating body
homeostasis by reducing TEWL to a minimum via the stra-
tum corneum (SC). The TEWL is used for assessing epider-
mal barrier function. Therefore, in the current study, TEWL
was used as one of the parameters for evaluating the anti-
aging properties. The skin moisture capacity of all the
groups was significantly (p <0.001) higher compared to the
C group throughout the experiment period. At wk 4, com-
pared to the C group, the skin moisture capacity was signifi-
cantly (p <0.001) increased in the order of BT > WT > RA >
GT (Table 1). At wk 4, compared to the C group, the skin
TEWLs were significantly (p <0.001) reduced in the order
of WT >BT > GT >RA. It was found that the damage to
the skin barrier in the CSWE groups decreased, because the
skin moisture capacity was significantly higher and the
TEWL was significantly lower, compared to the C group.
Green tea polyphenols have been reported to have many
effects on cellular and molecular responses in the epider-
mis, but more important effect of this general class of ingre-
dients is on TEWL. For instance, polyphenols, such as
catechins when ingested in beverages, have been shown to
improve SC barrier function (29), although at much higher

concentrations compared with the current skin topical appli-
cation study. Puch et al. (30) demonstrated enhancement of
the skin barrier function in human volunteers after con-
sumption of green tea containing milk.

All together, the findings of this study indicated that
CSWEs derived from green, white and black teas were
effective in the wrinkle improvement by reducing dermal
extracellular matrix damage, and alleviating inflammation
and skin barrier damage in an in vivo hairless mouse photo-
aged model. These anti-wrinkle activities are likely attribut-
able to the high levels of EGCG and polyphenols in green
tea and white tea, and to theaflavins and thearubigins formed
during the oxidation of black tea. In particular, the water
extracts from white and black teas had a better effect than
green tea on the wrinkle improvement. Interestingly, despite
differences in the processing between white tea and black
tea, they did not significantly differ each other in the ability
to improve photoaged skin. In conclusion, this study sug-
gests a high possibility of the practical use of white and
black teas as anti-wrinkle agents.
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