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Ellagic acid plays a protective role against UV-B-induced oxidative
stress by up-regulating antioxidant components in human
dermal fibroblasts
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has been reported to possess diverse pharmacological properties, including anti-
inflammatory, anti-tumor and immunomodulatory activities. This work aimed to
clarify the skin anti-photoaging properties of EA in human dermal fibroblasts. The
skin anti-photoaging activity was evaluated by analyzing the reactive oxygen species
(ROS), matrix metalloproteinase-2 (MMP-2), total glutathione (GSH) and superoxide
dismutase (SOD) activity levels as well as cell viability in dermal fibroblasts under
UV-B irradiation. When fibroblasts were exposed to EA prior to UV-B irradiation,
EA suppressed UV-B-induced ROS and proMMP-2 elevation. However, EA restored
total GSH and SOD activity levels diminished in fibroblasts under UV-B irradiation.
EA had an up-regulating activity on the UV-B-reduced Nrf2 levels in fibroblasts.
EA, at the concentrations used, was unable to interfere with cell viabilities in
both non-irradiated and irradiated fibroblasts. In human dermal fibroblasts, EA

plays a defensive role against UV-B-induced oxidative stress possibly through an
Nrf2-dependent pathway, indicating that this compound has potential skin anti-
photoaging properties.

UV-B radiation

#These authors contributed equally to
this work.

antioxidant activity.
The antioxidant properties of EA have been extensively
verified using a variety of in vitro and in vivo methodologies. Its

INTRODUCTION

Ellagic acid (EA; 2,3,7,8-tetrahydroxy-chromeno(5,4,3-
cde]-chromene-5,10-dione, Fig. 1) is a fused four-ring
polyphenolic compound that is present in numerous vegetables

and fruits, including green tea, pomegranate, strawberries, OH
blackberries, raspberries, nuts, grapes and others [1]. EA is 0.0 OH
abundant as ellagitannins and is released from ellagitannins ‘

by the gut microflora [2]. EA has a wide array of physiological
functions, including antioxidant, antiviral, antibacterial, anti-

HOO )

inflammatory, anticarcinogenic, antifibrotic, antiplasmodial and

chemopreventive activities [3-5]. Most of its currently known
pharmacological properties are based, at least partly, upon its

OH

Fig. 1. The chemical structure of ellagic acid (EA).
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antioxidant capability was proposed to be primarily mediated
by the four hydroxyl groups present in its structure that
scavenge both hydroxyl and superoxide anion radicals [6]. EA
stimulates 2,2-diphenyl-1-picrylhydrazyl radical scavenging,
superoxide dismutase (SOD), catalase and glutathione peroxidase
activities; however, EA inhibits lipid peroxidation in the Chinese
hamster lung cell line V79-4 [7]. In vitro radical scavenging
and antioxidant capacities of EA were further confirmed using
various analytical methods, which can measure hydroperoxide,
2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) radical and
superoxide anion radical scavenging activities, total antioxidant
activity by ferric thiocyanate, ferrous ion-chelating activity
and ferric ion-reducing ability [8]. In an aqueous solution at
physiological pH, EA, in the form of an anion, deactivates a wide
variety of free radicals generated in biological systems, and EA
anions are continuously regenerated after scavenging two free
radicals per cycle [1]. Regeneration of an EA anion gives rise
to an advantageous and unusual compound that enhances EA
antioxidant activity at low concentrations [1]. EA metabolites also
efficiently scavenge a wide variety of free radicals [1].

UV radiation, especially UV-B (280~315 nm) radiation, causes
skin photoaging, which is defined as premature aging due to
repeated exposure to the radiation and results from a photo-
oxidation reaction that disrupts the antioxidant status of skin
cells and increases the cellular reactive oxygen species (ROS)
levels [9-12]. Enhanced ROS levels induce the production of
matrix metalloproteinases (MMPs), a large and complex family of
zinc-dependent endopeptidases capable of degrading essentially
all components of the extracellular matrix, and lead to skin
damage, subsequently causing skin photoaging [13,14]. Collagen
degradation is associated with MMP induction, and MMPs are
secreted from epidermal keratinocytes and dermal fibroblasts
[15]. Skin photoaging under oxidative stress is closely linked with
dermal extracellular matrix deterioration due to increased MMP
expression and decreased collagen synthesis [16,17]. Limited
findings on the beneficial effects of EA in skin cells under UV
irradiation have been reported. EA suppresses UV-A-induced
ROS generation, malondialdehyde formation, DNA damage and
apoptosis but enhances heme oxygenase-1 and SOD expression
[18]. EA prevents the UV-B-induced inflammatory cascade by
reducing proinflammatory mediators such as interleukin (IL)-1f,
IL-6, IL-8 and tumor necrosis factor-o and enhancing IL-10 with
an anti-inflammatory function in keratinocytes [19].

In the present work, the skin anti-photoaging properties of
EA were clarified by evaluating ROS and MMP-2 levels as well
as antioxidant-related components, including total glutathione
(GSH), SOD and Nrf2, as a master regulator of antioxidant
systems, in human dermal fibroblasts under UV-B irradiation.
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METHODS
Materials and chemicals

Ellagic acid (EA, purity>95%), gelatin, Bradford reagent,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), 2,7-dichlorodihydrofluorescein diacetate (DCFH-
DA), dihydrorhodamine 123, 5,5-dithiobis(2-nitrobenzoic acid)
(DTNB), glutathione reductase (GR), reduced glutathione (GSH),
NADPH, cytochrome c, catalase, xanthine, and xanthine oxidase
were obtained from Sigma-Aldrich Chemical Co. (St Louis, MO,
USA). Fetal bovine serum (FBS), Dulbecco’s modified Eagle’s
medium (DMEM) and penicillin-streptomycin were purchased
from HyClone Laboratories Inc. (Logan, UT, USA). Cell lysis
buffer was obtained from Promega Korea (Seoul, Korea). All
other chemicals used were of the highest grade commercially
available.

Cell culture

The human dermal fibroblast cell line CCD986sk (ATCC,
Manassas, VA, USA) was grown in DMEM containing 10% heat-
inactivated FBS, 100 U/ml penicillin and 100 pg/ml streptomycin
in a humidified atmosphere with 5% CO, at 37°C. Prior to the
treatment, 1x10° mammalian cells, seeded on 24-well plates, were
cultured overnight, washed twice with 1 ml phosphate-buffered
saline (PBS), and then incubated with 1 ml FBS-free medium.
Following UV-B irradiation and/or EA treatment, the cells were
grown under the same culture conditions described above.

UV-B irradiation

As an artificial UV-B source, an ultraviolet lamp (peak, 312
nm; model VL-6M, Vilber Lourmat, Marine, France) was used.
A radiometer (model VLX-3W, Vilber Lourmat, Marine, France)
with a sensor (bandwidth, 280 to 320 nm; model CX-312, Vilber
Lourmat, Marine, France) was used to monitor radiation intensity.
Fibroblasts were irradiated at 25°C with UV-B radiation at 70 m]/

2
cm .

Preparation of cellular lysate

Adherent cells were washed twice with PBS and stored on
ice for 5 min. The cells were scraped off the bottom of a dish
with a cell scraper and centrifuged at 15,000 rpm for 10 min.
The cell pellets were resuspended in cell lysis buffer [25 mmol/
L Tris-phophate (pH 7.8), 2 mmol/L 1,2-diaminocyclohexane-
N,N,Nv,Nv-tetraactic acid, 2 mmol/L dithiothreitol, 10% glycerol,
1% Triton X-100] and stored for 30 min on ice. Cellular lysate was
obtained after centrifugation at 15,000 rpm for 15 min. Protein
contents in cellular lysates were determined according to the
Bradford method [20] using bovine serum albumin as a standard.
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Quantitation of intracellular ROS

To fluorometrically determine intracellular ROS levels in
cultured fibroblasts, a redox-sensitive fluorescent probe DCFH-
DA, which generates fluorescent 2,7’-dichlorofluorescein (DCF;
Rexcitation=485 MM, Apiion=530 Nm) upon enzymatic reduction and
subsequent oxidation by ROS, was used as previously described
[21]. After treatment with EA and/or 20 umol/L DCFH-DA
for 30 min at 37°C, the cells were washed twice with 1 ml FBS-
free medium. Next, the cells were resuspended in 1 ml FBS-free
medium and irradiated with UV-B radiation. The intracellular
ROS levels were immediately quantitated using a Multi-Mode
Microplate Reader (Synergy™ Mx, BioTek Instruments, Winooki,
VT, USA).

For confocal microscopic analysis [21], the cells were treated
with EA and/or 20 umol/L dihydrorhodamine 123 for 30 min at
37°C, irradiated with UV-B radiation, and immediately analyzed
using a Confocal Laser Scanning Microscope (Fluoview-FV300,
Olympus, Tokyo, Japan). The assays were repeated at least three
times.

Cell viability assay

To determine the cellular survival of fibroblasts in the presence
of EA, cell viabilities were determined using an MTT assay,
which assesses metabolic activity [22]. The cells were treated with
EA for 30 min., and after removing the medium by suction, the
cells were treated with 5 ug/ml MTT in medium for 4 h. The
cells were then lysed with dimethyl sulfoxide, and the amount of
formazan, generated from MTT reduction by the mitochondria
of living cells, was determined by measuring the absorbance at a
wavelength of 540 nm.

Gelatin zymography

MMP-2 gelatinolytic activity in conditioned medium was
determined using zymographic analysis as previously described
[23]. The cells were further incubated for 24 h at 37°C and washed
twice with 1 ml PBS. The cells in 1 m] FBS-free medium were
treated with EA for 30 min and irradiated with UV-B radiation.
The conditioned medium, taken from fibroblasts culture
incubated for 24 h at 37°C, was fractionated on 10% (w/v) SDS-
PAGE gel impregnated with 1 mg/ml gelatin under non-reducing
conditions. Proteins in the gel were renatured by shaking with
2.5% Triton X-100 at room temperature for 30 min two times and
were then incubated in incubation buffer (50 mmol/L Tris buffer,
pH 7.8, 5 mmol/L CaCl,, 0.15 mol/L NaCl, 1% Triton X-100) for
24 h. After the gel was stained with 0.1% Coomassie Brilliant
Blue R-250, gelatin-degrading enzyme activities were denoted as
clear zones against a blue background. The MMP-2 activity band
was identified in accordance with its molecular mass, which was
estimated by molecular mass markers.

www.kjpp.net

Western blotting analysis

To detect MMP-2 and Nrf2 proteins in the cellular lysate,
western blotting analysis was performed using anti-MMP-2
(ALX-210-753, Enzo Life Sciences, Farmingdale, NY, USA) and
ant-Nrf2 (ab31163, Abcam, Cambridge, MA, USA) antibodies as
the primary antibodies. The cellular lysates were run on a 10% (w/
v) SDS-PAGE and electrotransferred to PVDF membranes. The
membranes were blocked with blocking buffer (2% BSA in 1X
TBS-Tween 20), probed with primary antibody overnight at 4°C,
incubated with secondary antibody (goat anti-rabbit IgG-pAb-
HRP-conjugate; ADI-SAB-300, Enzo Life Sciences, Farmingdale,
NY, USA) for 1 h at room temperature, and developed using an
enhanced West-save upTM (AbFrontier, Seoul, Korea).

Determination of total GSH in cellular lysate

As previously described [24], the total GSH content in the
cellular lysate was determined using an enzymatic recycling
assay based on GR. The reaction mixture (200 ul), containing 175
mmol/L KH,PO,, 6.3 mmol/L EDTA, 0.21 mmol/L NADPH, 0.6
mmol/L DTNB, 0.5 U/ml GR and cellular lysate, was incubated
at 25°C. Absorbance at 412 nm was monitored using a microplate
reader. Total GSH content in the cellular lysates was reported as
ug/mg protein.

Determination of total SOD activity

As previously described [25], the total SOD activity in cellular
lysate was spectrophotometrically determined as reduced
cytochrome ¢ with the xanthine/xanthine oxidase system. The
reaction mixture (200 pl) contained 50 mmol/L phosphate buffer
(pH 7.4), 0.01 U/ml xanthine oxidase, 0.1 mmol/L EDTA, 1 pmol/
L catalase, 0.05 mmol/L xanthine, 20 pmol/L cytochrome ¢ and
cellular lysate. A change in absorbance was monitored at 550 nm.

Statistical analysis

The results are shown as the mean+SD. Comparisons between
experimental groups were statistically analyzed using unpaired
Student’s t-test. A p-value of less than 0.05 was considered
statistically significant.

RESULTS
Down-regulation of UV-B-induced ROS elevation

The fibroblasts were exposed to varying concentrations (0, 5,
12 or 30 pmol/L) of EA prior to irradiation with 70 mJ/cm® UV-B
radiation. As shown in Fig. 2A, the UV-B irradiation alone, in
the absence of EA treatment, caused an approximately 11.5-fold
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Fig. 2. Attenuating effect of EA on the reactive oxygen species
(ROS) elevation in human dermal fibroblasts under UV-B
irradiation. Fibroblasts were subjected to fresh media with the
varying concentrations (0, 5, 12 or 30 pmol/L) of EA for 30 min before
irradiation. The intracellular ROS levels were determined using both
DCFH-DA in a microplate fluorometer (A) and dihydrorhodamine 123
via confocal microscopic analysis (B). In A, ROS levels are represented
as DCF fluorescence arbitrary units expressed as the percentage of
control. In the lower panel of B, the ROS-associated fluorescent signals
were quantified using Adobe Photoshop software. Data are presented
as % of control versus the non-irradiated control (Mean+SD, n=3).
*p<0.05; **p<0.01; ***p<0.001 versus the non-treated control (UV-B
irradiation alone).

enhancement in the ROS level compared with the non-irradiated
control cells. EA attenuated UV-B-induced ROS elevation in a
concentration-dependent fashion (Fig. 2A). EA treatment at 5, 12
and 30 umol/L reduced the UV-B-induced ROS enhancement
to 82.1%, 51.1% and 22.3%, respectively, of the ROS levels
induced by UV-B irradiation alone (Fig. 2A). The IC;, value of
EA was estimated to be 12.2 umol/L. As shown in Fig. 2B, this
attenuating effect of EA was also confirmed using confocal
microscopic analysis, which showed that UV-B irradiation alone,
in the absence of EA treatment, produced an approximately 3.2-
fold elevation in the ROS level, compared with the non-irradiated
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Fig. 3. Non-toxic effects of EA on the cellular viability in human
dermal fibroblasts without (A) or with (B) UV-B irradiation.
Fibroblasts were subjected to fresh media with the varying
concentrations (0, 5, 12 or 30 umol/L) of EA for 30 min before
irradiation. The viable cell numbers were determined using MTT assay.
Data are presented as % of control versus the non-treated (A) or non-
irradiated (B) control (Mean£SD, n=3).

control cells (Fig. 2B). EA treatment at 5, 12 and 30 umol/L
diminished the UV-B-induced ROS enhancement to 80.0%,
60.0% and 37.0% of the levels induced by UV-B irradiation alone,
respectively (Fig. 2B). Overall, EA down-regulates UV-B-induced
ROS elevation in human dermal fibroblasts.

No cytotoxicity

To detect whether EA at the applied concentrations is cytotoxic
to cultured fibroblasts, its effects on the cellular viabilities of
fibroblasts were determined using an MTT assay. As shown in
Fig. 3A, in the absence of UV-B irradiation, 5, 12 and 30 pmol/L
EA exhibited no modulatory effect on fibroblast cellular viability.
UV-B irradiation alone, in the absence of EA treatment, did not
change fibroblast cellular viability, and the viabilities remained
similar to the viability of non-irradiated fibroblasts (Fig. 3B). As
shown in Fig. 3B, EA did not alter fibroblast viabilities under
UV-B irradiation (Fig. 3B). Overall, at the applied concentrations,
EA did not exhibit any cytotoxic effects on cultured fibroblasts,
irrespective of UV-B irradiation.

Attenuation of UV-B-induced MMP-2 elevation
UV radiation enhances the production of certain MMP family

http://dx.doi.org/10.4196/kjpp.2016.20.3.269
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Fig. 4. Attenuating effect of EA on the gelatinolytic activity of
promatrix metalloproteinase-2 (proMMP-2) in the conditioned
media from human dermal fibroblasts under UV-B irradiation.
Fibroblasts were subjected to fresh media with the varying
concentrations (0, 5, 12 or 30 umol/L) of EA for 30 min before
irradiation. In A, the proMMP-2 gelatinolytic activity in conditioned
medium was detected using gelatin zymography. The relative band
strength was determined with densitometry using ImageJ software.
In B, the equal loading of conditioned media was shown by the silver
staining. Data are presented as % of control versus the non-irradiated
control (Mean+SD, n=3). *p<0.05 versus the non-treated control (UV-B
irradiation alone).

members; therefore, chronic exposure to UV radiation impairs
the normal architecture of the skin, subsequently leading to skin
photoaging [26]. UV-B irradiation alone significantly enhanced
proMMP-2 gelatinolytic activity in fibroblasts and EA attenuated
the UV-B-induced proMMP-2 gelatinolytic activity in fibroblasts
in a concentration-dependent fashion (Fig. 4A). As shown in
Fig. 4B, silver staining was used to prove the equal loading of
conditioned media. EA diminished UV-B-induced elevation in
proMMP-2 gelatinolytic activity; therefore, proMMP-2 protein
levels in fibroblast cellular lysates were examined using western
blotting analysis. Expectedly, UV-B irradiation alone markedly
enhanced the proMMP-2 protein levels (Fig. 5). EA at 5, 12 and
30 umol/L was able to attenuate the UV-B-induced proMMP-2

www.kjpp.net
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Fig. 5. Attenuating effect of EA on promatrix metalloproteinase-2
(proMMP-2) protein levels in human dermal fibroblasts under
UV-B irradiation. Fibroblasts were subjected to fresh media with the
varying concentrations (0, 5, 12 or 30 umol/L) of EA for 30 min before
the irradiation. The proMMP-2 proteins were determined using western
blotting analysis with anti-MMP-2 antibodies. GAPDH was used as a
protein loading control. The relative band strength was determined
with densitometry using ImageJ software. Data are presented as % of
control versus the non-irradiated control (Mean+SD, n=3). *p<0.05;
***p<0.001 versus the non-treated control (UV-B irradiation alone).

protein levels in cellular lysates in a concentration-dependent
fashion (Fig. 5). Collectively, EA down-regulates UV-B-induced
proMMP-2 gelatinolytic activity by attenuating proMMP-2
protein production in dermal fibroblasts.

EA restores UV-B-attenuated total GSH levels

Consistent with a previous finding [27], the total GSH content
was significantly decreased in fibroblasts irradiated with UV-B
radiation (Fig. 6A). Prior treatment with 5, 12, and 30 pmol/L EA
increased the UV-B-diminished total GSH levels by 1.7-, 2.6- and
3.1-fold, respectively, compared with the irradiated fibroblasts
that did not receive EA treatment (Fig. 6A). Taken together, this
finding suggests that the GSH-enhancing effects of EA combat
the deleterious effects of UV-B irradiation.

Up-regulation of total SOD activity

As shown in Fig. 6B, total SOD activity was significantly
diminished by irradiation with UV-B radiation in dermal
fibroblasts; however, this reduction was restored by treatment
with EA. In total, 5, 12 and 30 umol/L EA increased the SOD
activities by 2.0-, 2.5- and 3.2-fold, respectively, compared with
the UV-B-irradiated fibroblasts not treated with EA (Fig. 6B).
Taken together, in dermal fibroblasts, EA up-regulates SOD
activity that was decreased under UV-B irradiation.

Enhancement of Nrf2 levels

The Nrf2 levels in the UV-B-irradiated cells were dropped to
74.3% of that of the non-irradiated control (Fig. 7). EA at 5, 12 and

Korean J Physiol Pharmacol 2016;20(3):269-277
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Fig. 6. Enhancing effects of EA on the total GSH (A) and SOD
(B) activity levels in human dermal fibroblasts under UV-B
irradiation. Fibroblasts were subjected to fresh media with the varying
concentrations (0, 5, 12 or 30 umol/L) of EA for 30 min before the
irradiation. In A, total GSH content, expressed as ng/mg protein, was
determined with an enzymatic recycling assay using GR. In B, total SOD
activity was measured using a spectrophotometric assay and presented
as % of control versus the non-irradiated control (Mean+SD, n=3).
*p<0.01 versus non-irradiated control; **p<0.01; ***p<0.001 versus
non-treated control (UV-B irradiation alone).

30 umol/L could cause an enhancement in the UV-B-reduced
Nrf2 levels by 1.1-, 1.5- and 2.2-fold, respectively, compared with
that of the irradiation only (Fig. 7). Collectively, EA has an up-
regulating effect on the UV-B-reduced Nrf2 levels in human
dermal fibroblasts.

DISCUSSION

EA, a polyphenolic phytonutrient occurring naturally in
various plant foods, including berries, nuts and vegetables, is
known to possess an extensive array of biologically valuable
properties [28]. EA has shown potent in vitro and in vivo
antioxidant activity in diverse experimental models; therefore,
EA has received much attention recently. Various biological
activities of EA mediated by its antioxidant activity have
already been elucidated using different experimental systems.
EA have been documented to exhibit protective properties by
suppressing oxidative stress-related biochemical markers and/
or by enhancing antioxidant-related biochemical markers in
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Fig. 7. Enhancing effect of EA on the Nrf2 levels in human dermal
fibroblasts under UV-B irradiation. Fibroblasts were subjected to
fresh media with the varying concentrations (0, 5, 12 or 30 umol/L) of
EA for 30 min before the irradiation. The Nrf2 proteins were determined
using western blotting analysis with anti-Nrf2 antibodies. GAPDH
was used as a protein loading control. The relative band strength
was determined with densitometry using ImagelJ software. Data are
presented as % of control versus the non-irradiated control (Mean+SD,
n=3). "p<0.01 versus non-irradiated control; **p<0.01 versus non-
treated control (UV-B irradiation alone).

oxidative stress-induced hepatocytes [29], hyperlipidemic rabbits
[30], oxidative-damaged brains and sciatic nerves in diabetic
rats [31], cyclophosphamide-treated rat spermatogenic cells [32],
isoproterenol-treated male rats during myocardial infarction
[33], and human lung carcinoma cells [34]. EA displays anti-
inflammatory effects against carrageenan-induced inflammation
in rats through the reduction of nitric oxide, malondialdehyde,
interleukin-1B, tumor necrosis factor-a, cyclooxygenase-2
and nuclear factor-xB expression and the induction of GSH
and interleukin-10 production [35]. Nevertheless, the strong
antioxidant activity of EA still deserves further investigation,
and few studies have investigated the beneficial effects of EA on
human skin tissue. Furthermore, the advantageous effects of EA
on skin oxidative damage have not yet been clearly elucidated.

The present work was designed to clarify the skin anti-
photoaging activities of EA. Specifically, UV-B radiation at 70
mJ/cm’, the intensity chosen from a preliminary test, caused
a marked increase in the intracellular ROS levels of cultured
fibroblasts. This result confirms the establishment of UV-B-
induced oxidative stress status in cultured fibroblasts, which
mimics the triggering stage of human skin cells chronically
exposed to UV-B radiation from sunlight. EA attenuates the
intracellular ROS levels in cultured fibroblasts under UV-B-
induced oxidative stress in a concentration-dependent manner.

Elevated intracellular ROS levels in skin cells under UV-B-
induced oxidative stress are thought to initiate skin photoaging
by sequentially increasing several types of MMP activities.

Based on previous findings, enhanced ROS levels due to
UV radiation induce the production and secretion of MMPs,
including MMP-1, MMP-2, MMP-3, MMP-9 and/or MMP-13,
in the epidermis and dermis, which contribute to skin damage
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Protective role of ellagic acid

275

and photoaging [36,37]. Skin photoaging is initiated by increased
intracellular ROS levels and/or MMP activities; therefore, the
obstruction of their elevation has been hypothesized to be a
powerful strategy to prevent or attenuate skin photoaging. Several
natural extracts and natural constituents have already been shown
to possess blocking activities in skin cells. For example, Labisia
pumila aqueous extract restores UV-B-suppressed collagen
synthesis of human fibroblasts to normal levels and down-
regulates UV-B-induced MMP-9 expression in keratinocytes [38].
Gynura procumbens ethanol extract diminishes UV-B-induced
MMP-1 expression, MMP-9 activity, and ROS production in
human primary dermal fibroblasts [39]. Sargachromenol, a
plastoquinone purified from Sargassum horneri, down-regulates
UV-B-induced MMP-2 mRNA levels in dermal fibroblasts [40].
In the present work, we demonstrate that EA reduces MMP-2
activity and production significantly enhanced by the increased
intracellular ROS levels in cultured fibroblasts under UV-B-
induced oxidative stress. This EA blocking activity on MMP-
2 elevation may result from its ROS-scavenging activity, which
requires further verification. MMP-2 down-regulation by EA is
partially consistent with the suppressive effect of EA on MMP-2
secretion from human vascular endothelial cells [41].

GSH in living cells plays essential roles in maintaining cellular
redox homeostasis and protecting against oxidative stress and
injury. UV-B radiation-induced GSH depletion in cultured
human fibroblasts mimics the pathogenesis of several cutaneous
disorders, which is possibly implicated in the decreased activity
of y-glutamylcysteine synthetase and diminished cysteine uptake
through the functional inhibition of a cysteine transporter on
the cell membrane [27]. Inactivation of the cysteine transporter
system is proven to be a major contributor to the UV-B-induced
reduction of GSH levels in human epidermal keratinocytes
[27]. When mouse lenses were exposed to UV-B radiation,
simultaneous attenuation in ATP and GSH were observed;
however, their attenuation was prevented by caffeine [42]. In the
aquatic worm tubifex, UV-B radiation induces the production
of singlet oxygen, superoxide anions, and hydroxyl radicals, but
diminishes GSH, DNA, RNA, and protein levels [43]. In the
present work, UV-B irradiation markedly attenuated the total
GSH levels in cultured dermal fibroblasts, which is similar to the
findings observed with other types of cells. EA treatment prior
to UV-B irradiation increased UV-B-attenuated GSH levels in a
concentration-dependent manner in cultured fibroblasts. EA at
the concentrations of 12 and 30 uM increased the total GSH levels
above the levels in non-irradiated cells via a currently unknown
mechanism.

Here, this work suggests that EA restores GSH and SOD
depletion caused by UV-B radiation exposure. Although the
mechanisms of these restoring activities remain unknown,
restoration of antioxidant components such as GSH and SOD
may trigger an event that leads to the attenuation of ROS
enhancement in dermal fibroblasts. This finding suggests a
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possibility that the skin anti-photoaging activities of EA are
based on the activation or induction of antioxidant components
that play a role in ROS attenuation. Nrf2 (nuclear factor-E2-
related factor 2) was previously suggested to play a crucial role in
the protection against UV-B-induced photoaging, based upon
the fact that UV-B-irradiated nrf2” mice exhibited accelerated
photoaging symptoms and decreased cutaneous GSH level [44].
Nrf2 plays a protective role against UV-induced apoptosis in vitro
and acute sunburn reactions in vivo, and prevents photoaging
by maintaining high levels of antioxidants, such as GSH, in
the skin [45]. Dietary EA also plays a protective role against
oxidant-induced endothelial dysfunction and atherosclerosis
partly via Nrf2 activation in mice [46]. This work demonstrates
that EA has an up-regulating activity on the UV-B-reduced
Nrf2 levels in fibroblasts, implying that its defensive properties
against photooxidative stress occur via the mediation of Nrf2.
In a similar way, the antioxidant potential of EA is correlated
with the increased expression of heme oxygenase-1 and SOD
in human keratinocyte cells, which is followed by the down-
regulation of Keapl and the augmented nuclear translocation
and transcriptional activation of Nrf2 with or without UV-A
irradiation [47]. Systemic administration of the apocarotenoid
bixin, a natural food additive consumed worldwide, was also
found to protect skin against solar UV-induced damage through
activation of Nrf2 [48].

In conclusion, the potential skin anti-photoaging activity of
EA was clarified in dermal fibroblasts cells exposed to UV-B
radiation. EA suppresses the UV-B-induced intracellular ROS
levels and proMMP-2 production and secretion and enhances
UV-B-depleted total GSH levels and SOD activity. EA may elicit
its skin anti-photoaging property through the down-regulation
of UV-B-induced MMP-2 via an ROS-dependent mechanism,
which results from the restoration of total GSH and SOD activity
depleted under UV-B irradiation. EA also has an up-regulating
activity on the UV-B-reduced Nrf2 levels, suggesting that its
defensive properties are based upon the mediation of Nrf2.
However, elucidation of precise mechanism(s) on these effects
of EA will require further experimental approaches. EA is a
plausible candidate used as a natural resource for manufacturing
anti-photoaging cosmetics, which may have similar or enhanced
activities with fewer side effects.
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