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INTRODUCTION

Ultraviolet (UV) radiation is a key risk factor that facilitates 
the initiation and development of various skin diseases (Park 
et al., 2013). Solar UV radiation on the earth’s surface consists 
of approximately 90-99% UVA and 1-10% UVB. UVA (320-400 
nm) is a thousand times less capable of causing sunburn than 
UVB (Avila et al., 2014). UVB (280-320 nm), which is largely 
absorbed by the protective ozone layer, penetrates as far as 
the epidermal basal cell layer of the skin, affecting mainly epi-
dermal cells and thereby acting as a potent genotoxic agent 
(Avila et al., 2014). Exposure of the skin to UVB paves the way 
for the generation of reactive oxygen species (ROS) such as 
hydrogen peroxide, superoxide anion, hydroxyl radical, and 
singlet oxygen (Hanson and Clegg, 2002; Lee et al., 2014).

Several lines of evidence show that direct absorption of 
UVB photons or UVB-induced oxidative stress leads to the 
formation of cyclobutane pyrimidine dimers and pyrimidine-
pyrimidone (6-4) photoproducts and the oxidized products, 
including protein carbonyls, lipid hydroperoxides and 8-hy-
droxydeoxyguanosine (Vayalil et al., 2004; Verschooten et al., 

2006). Evi dence accumulated in recent years revealed that 
UVB also affects the level of skin antioxidants, interfering with 
the skin’s ability to protect itself against the reactive nitrogen/
oxygen species (Piao et al., 2013). However, UVB-induced 
oxidative stress is naturally counterbalanced by the specific 
antioxidant system employed by the skin (McArdle et al., 
2002). Unless human skin maintains its intracellular redox bal-
ance, UVB can completely demolish the epidermal defensive 
antioxidant system, which comprises superoxide dismutase 
(SOD), catalase (CAT), heme oxygenase-1 (HO-1), and non-
enzymatic antioxidants (reduced glutathione, ascorbate, and 
ubiquinol) (Yoshihisa et al., 2014).

A recently developed strategy for cytoprotection against 
UVB-induced oxidative stress is to support the endogenous 
antioxidant system of the skin with substances of plant-based 
origin (Silva et al., 2010). Rosmarinic acid (RA) is a water-
soluble hydroxylated compound, naturally found in a veriety 
of medicinally used herbs such as Rosmarinus officinalis, Or
thosiphon stamineus, Orthosiphon diffusus, Artemisia capil-
laris, and Calendula officinalis. RA is characterized by its an-
tioxidant properties with direct free-radical scavenging activity 
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This study was designed to investigate the cytoprotective effect of rosmarinic acid (RA) on ultraviolet B (UVB)-induced oxidative 
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provide substantial cytoprotection against the adverse effects of UVB radiation by modulating cellular antioxidant systems, and 
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(Lee et al., 2008). 
We designed this study to evaluate the potential role of RA 

in UVB-induced skin cell damage. Specifically, we attempted 
to unravel the cytoprotective mechanism of RA against oxida-
tive stress induced by UVB by assessing the status of various 
antioxidant enzymes. 

MATERIALS AND METHODS

Reagents
RA (purity 100%) and CAT antibody were purchased from 

Santa Cruz Biotechnology (Dallas, TX, USA). 1,1-Diphenyl-
2-picrylhydrazyl (DPPH), 2',7'-dichlorodihydrofluorescein di a- 
ce tate (DCF-DA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT), N-acetyl-L-cysteine (NAC), Hoechst 
33342, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), and actin 
antibody were purchased from Sigma-Aldrich Corporation (St. 
Louis, MO, USA). SOD antibody was purchased from Enzo 
Life Sciences (Farmingdale, NY, USA), and HO-1 antibody 
was purchased from Cell Signaling Technology (Danvers, 
MA, USA). All other chemicals and reagents were of analytical 
grade.

Cell culture and UVB irradiation
Human keratinocytes (HaCaT cells) obtained from Amore 

Pacific Company (Yongin, Republic of Korea), were main-
tained at 37°C in an incubator in a humidified atmosphere 
of 5% CO2. The cells were cultured in RPMI 1640 medium 
containing 10% heat-inactivated fetal calf serum, streptomy-
cin (100 μg/ml), and penicillin (100 U/ml). The UVB source 
was a CL-1000M UV Crosslinker (UVP, Upland, CA, USA), 
which was used to deliver an energy spectrum of UVB radia-
tion (280-320 nm; peak intensity, 302 nm), and 30 mJ/cm2 of 
UVB was exposed to cells.

Cell viability
Cells were treated with RA (0.625, 1.25, 2.5, or 5 μM) and 

exposed to UVB radiation 1 h later. They were then incubated 
at 37°C for 48 h. At this time, MTT was added to each well 
to obtain a total reaction volume of 200 μl. After 4 h incuba-
tion, the supernatant was removed by aspiration. The forma-
zan crystals in each well were dissolved in dimethyl sulfoxide 
(DMSO; 150 μl), and the absorbance at 540 nm was mea-
sured on a scanning multi-well spectrophotometer (Carmi-
chael et al., 1987).

DPPH radical detection
RA (0.625, 1.25, 2.5, 5 μM) and 1 mM NAC was added to 

0.1 mM DPPH and mixed well. The mixture was incubated for 
30 min, after which the amount of residual DPPH was deter-
mined by measuring absorbance at 520 nm using a spectro-
photometer.

Intracellular ROS detection
The DCF-DA method was used to detect intracellular ROS 

levels in HaCaT keratinocytes (Rosenkranz et al., 1992). Cells 
were seeded at a density of 1.5×105 cells/well in 24-well cul-
ture plates. Sixteen hours after plating, cells were treated with 
RA (0.625, 1.25, 2.5, 5 μM) or 1 mM NAC. After incubation for 
30 min, cells were exposed to H2O2 (1 mM) and again incu-
bated for 30 min. H2O2-treated cells were treated with DCF-DA 

(25 μM) solution and incubated for another 10 min to detect 
the fluorescence of DCF. Otherwise, cells were incubated with 
RA (2.5 μM) or 1 mM NAC for 1 h and exposed to UVB (30 mJ/
cm2). Following 24 h, cells were further incubated with DCF-
DA solution for 10 min. Fluorescence of DCF was detected 
using a PerkinElmer LS-5B spectrofluorometer (Perkin Elmer, 
Waltham, MA, USA).

Detection of the superoxide anion
The superoxide anion was produced via the xanthine/xan-

thine oxidase system and reacted with a nitrone spin trap, 
DMPO. The DMPO/•OOH adducts were detected using a 
JES-FA electron spin resonance (ESR) spectrometer (JEOL, 
Tokyo, Japan) (Kohno et al., 1994). Briefly, ESR signaling was 
recorded 5 min after 20 μl of xanthine oxidase (0.25 unit/ml) 
was mixed with 20 μl each of xanthine (5 mM), DMPO (1.5 M), 
RA (2.5 μM). The ESR spectrometer parameters were set as 
follows: magnetic field, 336 mT; power, 1.00 mW; frequency, 
9.438 GHz; modulation amplitude, 0.2 mT; gain, 500; scan 
time, 0.5 min; scan width, 10 mT; time constant, 0.03 sec; and 
temperature, 25°C.

Detection of hydroxyl radical
The hydroxyl radical was generated via the Fenton reac-

tion (H2O2+FeSO4) and reacted with DMPO. The resultant 
DMPO/•OH adducts were detected using an ESR spectrom-
eter (Li et al., 2004). The ESR spectrum was recorded 2.5 min 
after a phosphate buffer solution (pH 7.4) was mixed with 0.2 
ml each of DMPO (0.3 M), FeSO4 (10 mM), H2O2 (10 mM), 
and RA (2.5 μM). The ESR spectrometer parameters were as 
follows: magnetic field, 336 mT; power, 1.00 mW; frequency, 
9.438 GHz; modulation amplitude, 0.2 mT; gain, 200; scan 
time, 0.5 min; scan width, 10 mT; time constant, 0.03 sec; and 
temperature, 25°C.

Protein carbonyl formation
Cells were treated with RA at a concentration of 2.5 μM for 

24 h. One hour later, cells were exposed to UVB and incubat-
ed at 37°C for another 24 h. The extent of protein carbonyl for-
mation was determined using an OxiselectTM protein carbonyl 
ELISA kit from Cell Biolabs (San Diego, CA, USA).

Single-cell gel electrophoresis (comet assay)
The degree of oxidative DNA damage was assessed by 

comet assay (Singh, 2000). A cell suspension was mixed 
with 70 μl of 1% low-melting agarose (LMA) at 37°C, and the 
mixture was spread onto a fully frosted microscopic slide pre-
coated with 200 μl of 1% normal melting agarose (NMA). After 
solidification of the agarose, the slide was covered with an-
other 170 μl of 0.5% LMA, and then immersed in lysis solution 
(2.5 M NaCl, 100 mM Na-EDTA, 10 mM Tris, 1% Triton X-100, 
and 10% DMSO, pH 10) for 1 h at 4°C. The slides were subse-
quently placed in a gel electrophoresis apparatus containing 
300 mM NaOH and 10 mM Na-EDTA (pH 10) and incubated 
for 30 min to allow for DNA unwinding and the expression of 
alkali-labile damage. An electrical field (300 mA, 25 V) was 
then applied for 30 min at 25°C to draw the negatively charged 
DNA towards the anode. The slides were washed three times 
for 10 min at 25°C in neutralizing buffer (0.4 M Tris, pH 7.5), 
and then washed once for 10 min at 25°C in 100% ethanol. 
Then, the slides were stained with 80 μl of 10 μg/ml ethidium 
bromide and observed using a fluorescence microscope and 
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image analyzer (Kinetic Imaging, Komet 5.5, UK). Tail length 
and percentage of total fluorescence in the comet tails were 
recorded for 50 cells per slide.

Lipid peroxidation assay
Lipid peroxidation was assayed by colorimetric determi-

nation of the levels of 8-isoprostane, a stable end product of 
lipid peroxidation, in medium from HaCaT cells (Beauchamp 
et al., 2002). A commercial enzyme immune assay (Cayman 
Chemical, Ann Arbor, MI, USA) was employed to detect 8-iso-
prostane. Lipid peroxidation was also assessed using DPPP 
as a probe (Okimoto et al., 2000). DPPP reacts with lipid hy-
droperoxides to generate a fluorescent product, DPPP oxide, 
thereby providing an indication of membrane damage. Cells 
were treated with 2.5 μM of RA for 1 h, followed by exposure 
to UVB (30 mJ/cm2). Twenty-four hours later, cells were in-
cubated with 20 μM DPPP for 30 min in the dark. Images of 
DPPP fluorescence were captured on a Zeiss Axiovert 200 
inverted microscope at an excitation wavelength of 351 nm 
and an emission wavelength of 380 nm.

Nuclear staining with Hoechst 33342
Cells were treated with 2.5 μM RA and exposed to 30 mJ/

cm2 UVB radiation 1 h later. After incubation for an additional 
24 h at 37°C, 1 μl of the DNA-specific fluorescent dye Hoechst 
33342 (stock, 15 mM) was added to each well of the 6-well 
plate. The plate was then incubated for 10 min at 37°C. The 
degree of nuclear condensation in the stained cells was de-
termined by visualization with a fluorescence microscope 
equipped with a CoolSNAP-Pro color digital camera.

DNA fragmentation
Cells were treated with RA (2.5 μM) for 24 h. One hour later, 

the cells were exposed to UVB and incubated at 37°C for an-
other 24 h. Cellular DNA fragmentation was assessed by ana-
lyzing cytoplasmic histone-associated DNA fragments using a 
kit from Roche Diagnostics (Portland, OR, USA).

Western blot analysis
Harvested cells were lysed by incubation on ice for 10 min 

in 160 μl of lysis buffer containing 120 mM NaCl, 40 mM Tris 
(pH 8), and 0.1% NP 40. The resultant cell lysates were cen-
trifuged at 13,000×g for 5 min. Supernatants were collected, 
and protein concentrations were determined. Aliquots (each 
containing 5 μg of protein) were boiled for 5 min and elec-
trophoresed on 12% SDS-polyacrylamide gels. Protein blots 
of the gels were transferred onto nitrocellulose membranes. 
Membranes were incubated with an appropriate primary anti-
body (Cu/Zn SOD, CAT, HO-1, and Nrf2) and further incubat-
ed with secondary immunoglobulin G-horseradish peroxidase 
conjugates. Protein bands were visualized by developing the 
blots using an enhanced chemiluminescence Western blotting 
detection kit (Amersham, Buckinghamshire, UK) and exposing 
the membranes to X-ray film.

SOD activity assay
Cells were seeded in a culture dish at a concentration of 

1×105 cells/ml; 16 h after plating, the cells were treated with 
2.5 μM RA. One hour later, cells were exposed to UVB and 
incubated at 37°C for an additional 24 h. The cells were then 
washed with cold PBS and harvested by scraping. The har-
vested cells were suspended in 10 mM phosphate buffer (pH 

7.5) and then lysed on ice by sonicating twice for 15 sec. Triton 
X-100 (1%) was added to the lysates and incubated for 10 min 
on ice. The lysates were clarified by centrifugation at 5,000×g 
for 10 min at 4°C to remove cellular debris. The protein con-
tent of the supernatant was determined using the Bradford 
method. Total SOD activity was evaluated by measuring the 
level of inhibition of epinephrine auto-oxidation (Misra and 
Fridovich, 1972), as follows. Fifty micrograms of protein was 
added to 500 mM phosphate buffer (pH 10.2) and 1 mM epi-
nephrine. Epinephrine rapidly undergoes auto-oxidation at pH 
10 to produce adrenochrome, a pink-colored product, which 
was assayed at 480 nm using a UV/vis spectrophotometer in 
the kinetic mode. SOD inhibits the auto-oxidation of epineph-
rine. The rate of inhibition was monitored at 480 nm, and the 
amount of enzyme required to produce 50% inhibition was 
defined as 1 unit of enzyme activity. Total SOD activity was 
expressed as units/mg protein.

CAT activity assay 
Fifty milligrams of protein was added to 50 mM phosphate 

buffer (pH 7.0) containing 100 mM H2O2, and the mixture was 
subsequently incubated for 2 min at 37°C. Absorbance at 240 
nm was monitored for 5 min; the change in absorbance is pro-
portional to the breakdown of H2O2 (Carrillo et al., 1991). CAT 
activity was expressed as units/mg protein.

HO-1 activity assay 
Cells were homogenized in 0.5 ml of ice-cold 0.25 M su-

crose solution containing 50 mM potassium phosphate buffer 
(pH 7.4). Homogenates were centrifuged at 200×g for 10 min. 
Supernatants were centrifuged at 9,000×g for 20 min, and fur-
ther centrifuged at 105,000×g for 60 min. The pellet was then 
resuspended in 50 mM potassium phosphate buffer (pH 7.4), 
and the amount of protein was determined by the Bradford 
method. A reaction mixture (200 μl) containing 0.2 mM of the 
substrate hemin, 500 μg/ml of cell lysate, 0.5 mg/ml of rat liver 
cytosol as a source of biliverdin reductase, 0.2 mM MgCl2, 2 
mM glucose-6-phosphate, 1 U/ml glucose-6-phosphate dehy-
drogenase, 1 mM NADPH, and 50 mM potassium phosphate 
buffer (pH 7.4) was incubated at 37°C for 2 h. The reaction 
was stopped with 0.6 ml of chloroform; after extraction, the 
chloroform layer was measured spectrophotometrically. Biliru-
bin formation was calculated from the difference in absorption 
between 464 and 530 nm (Kutty and Maines, 1982).

Immunocytochemistry
Cells plated on coverslips were fixed with 4% paraformal-

dehyde for 30 min and permeabilized with 0.1% Triton X-100 
in PBS for 5 min. Cells were treated with blocking medium 
(3% bovine serum albumin in PBS) for 1 h and incubated with 
Nrf2 antibody diluted in blocking medium for 2 h. Immuno-
reacted primary Nrf2 antibody was detected by a 1:500 di-
lution of FITC-conjugated secondary antibody (Jackson Im-
munoResearch Laboratories, West Grove, PA, USA) for 1 h. 
After washing with PBS, stained cells were mounted onto mi-
croscope slides in mounting medium with DAPI (Vector, Burl-
ingame, CA, USA). Images were collected using the LSM 510 
program on a Zeiss confocal microscope.

Statistical analysis
All measurements were performed in triplicate, and all val-

ues are expressed as means ± standard error. The results 
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were subjected to an analysis of variance (ANOVA) using 
Tukey’s test to analyze differences between means. In all 
cases, p<0.05 was considered to be statistically significant.

RESULTS

RA scavenges free radicals including ROS
Cell viability was approximately >95% at all concentrations 

of RA used up to 2.5 μM; thus no cytotoxicity was observed 
(Fig. 1A). RA was tested for its DPPH radical scavenging ac-
tivity at various concentrations (0.625, 1.25, 2.5, and 5 μM). 
DPPH radicals were scavenged in a dose-dependent manner; 
the well-known antioxidant NAC (1 mM) was used as the posi-
tive control (Fig. 1B). Subsequently, we measured intracellular 
ROS scavenging activity by treating cells with H2O2 (Fig. 1C). 
In H2O2-treated cells, 2.5 μM RA scavenged 60% of intracel-
lular ROS compared to 77% of intracellular ROS scavenging 
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Fig. 1. RA scavenges ROS. (A) HaCaT cells were treated with RA (0, 0.625, 1.25, 2.5, or 5 μM) for 20 h. Cell viability was measured in an 
MTT assay. (B) Scavenging levels of the DPPH radical were measured spectrophotometrically at 520 nm. NAC (1 mM) served as the posi-
tive control. *Significantly different from the control group (p<0.05). (C) The ability of RA to scavenge intracellular ROS generated by H2O2 
was measured by DCF-DA assay. *Significantly different from control cells (p<0.05). (D) The ability of RA to scavenge superoxide anion was 
evaluated using the xanthine/xanthine oxidase system. *Significantly different from control (p<0.05); #significantly different from superoxide 
anion (p<0.05). (E) Ability to scavenge hydroxyl radical was estimated using the Fenton reaction (FeSO4+H2O2 system). *Significantly differ-
ent from control (p<0.05); #significantly different from hydroxyl radical (p<0.05). (F) The ability of RA to scavenge intracellular ROS generat-
ed by UVB was evaluated in a DCF-DA assay. *Significantly different from control (p<0.05); #significantly different from UVB-irradiated group 
(p<0.05).



79

Fernando et al.   Photoprotective Effect of Rosmarinic Acid 

www.biomolther.org

effect in NAC. Based on these results, we chose 2.5 μM as the 
RA concentration in all subsequent experiments. 

Next, we performed ESR spectrometry to measure the su-
peroxide anion and hydroxyl radical scavenging ability of RA 
via direct quenching of reactive molecules. In the xanthine/ 
xanthine oxidase system, DMPO/•OOH yielded a signal value 
of 3,502 compared to the 1,517 value of control group, where-
as RA decreased the signal value to 2,695 value (Fig. 1D). 
Correspondingly, in the FeSO4+H2O2 system (Fe2++H2O2 → 
Fe3++•OH+OH-), hydroxyl radical caused elevated signal val-
ues compared to control cells; however, RA could significantly 
scavenge these elevated levels of hydroxyl radicals (Fig. 1E). 
In addition, RA exerted considerable scavenging ability to-
wards ROS generated by UVB (Fig. 1F).

RA attenuates UVB-induced macromolecular damage in 
HaCaT cells

Intracellular ROS, one of the most destructive products of 
UVB radiation on the skin, causes damage to cellular macro-
molecules such as protein, mitochondrial and nuclear DNA, 
and lipid (Perez-Sanchez et al., 2014). Under oxidative stress, 
carbonyl (CO) groups (aldehyde and ketones) are formed on 
the side chains of proteins; hence, these chemically stable 
compounds can be used as biomarkers for oxidative stress 
(Dean et al., 1997). Upon UVB irradiation, protein carbonyl 
content increased significantly relative to control cells, yet RA 
significantly prevented the UVB-induced protein carbonyl for-
mation in a significant manner (Fig. 2A).

Accumulating evidence shows that UVB radiation induces 
a range of DNA damage including single-strand, and double-
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Fig. 2. RA protects HaCaT cells against UVB-induced oxidative protein, DNA, and lipid damage. Cells were treated with 2.5 μM RA for 1 
h, and then exposed to UVB radiation. (A) Level of carbonyl formation, a marker of protein oxidation was assessed. *Significant difference 
from control cells (p<0.05); #significant difference from UVB-irradiated cells (p<0.05). (B) Comet assay was used to assess DNA damage. 
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strand breaks (Horiguchi et al., 2001). Damaged cellular DNA 
can be separated from intact DNA in an electrophoretic field, 
yielding the classic comet tail. In comparison with controls, 
cells exposed to UVB irradiation exhibited significantly elon-
gated nuclear tails and elevated percentages of DNA in the 
tails (Fig. 2B). However, pre-treatment with RA decreased the 
tail length of UVB-irradiated cells.

ROS induce secretion of 8-isoprostane in HaCaT cells, 
and the amount of 8-isoprostane in the conditioned medium 
can be used as a specific index of cellular lipid peroxidation 
(Beauchamp et al., 2002). As demonstrated by Fig. 2C, the 
concentration of 8-isoprostane was significantly increased in 
UVB-treated cells, but pre-treatment of cells with RA reversed 
this increase. In addition, we determined the level of cellular 
lipid peroxidation by the fluorescence intensity of DPPP oxide, 
which is formed by the reaction of DPPP with hydroperoxide 
(Okimoto et al., 2000). The fluorescence intensity of UVB-
exposed cells was markedly increased relative to controls. 
Conversely, RA could significantly decrease DPPP intensity 
(Fig. 2D), consistent with the results obtained from the 8-iso-

prostane measurement.

RA suppresses UVB-induced apoptosis
We then exposed human HaCaT keratinocytes to either RA 

alone, UVB alone, or pre-treatment with RA, followed by UVB 
exposure. MTT assay was used to evaluate the effect of treat-
ments on cell viability. The results showed that UVB exposure 
caused a significant reduction in cell viability (Fig. 3A). When 
cells were pre-incubated with 2.5 μM RA, the loss of cell vi-
ability induced by UVB was significantly reduced. RA alone 
had no noticeable effect on cell viability. Similar results were 
observed after treatment with NAC following UVB exposure, 
relative to treatment with UVB alone.

Then we assessed the effect of RA against UVB radia-
tion-induced apoptosis in human keratinocytes. Control cells 
and cells treated with RA alone contained mostly intact nu-
clei, whereas UVB-irradiated cells contained large numbers 
of apoptotic bodies, which indicate the occurrence of pro-
grammed cell death. The number of apoptotic bodies was dra-
matically reduced in UVB-irradiated cells pre-treated with RA 
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Fig. 3. RA attenuates cells from UVB-induced apoptosis. (A) Cells were pre-treated with 2.5 μM RA or 1 mM NAC, and then exposed to 
UVB radiation (30 mJ/cm2). Cell viability was measured in an MTT assay. *Significant difference relative to control cells (p<0.05); #significant 
difference relative to UVB-irradiated cells (p<0.05). (B) Apoptotic bodies (arrows) were observed by fluorescence microscopy in cells stained 
with Hoechst 33342 and quantitated. *Significantly different from control (p<0.05); #significantly different from UVB-irradiated cells (p<0.05). 
(C) DNA fragmentation was analyzed using an enzyme-linked immunosorbent assay kit. *Significantly different from control cells (p<0.05); 
#significantly different from UVB-irradiated cells (p<0.05).
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(Fig. 3B). These results were consistent with those obtained 
in cells pre-treated with 1 mM NAC, a well-known antioxidant 
that can reduce oxidative stress. In addition, UVB irradiation 
induced DNA fragmentation in human keratinocytes; however, 
treatment of the cells with RA suppressed DNA fragmentation, 
thereby preventing activation of apoptosis (Fig. 3C).

Effect of RA on the antioxidant system
We next investigated the defensive role of RA in regard to 

antioxidant systems. First, we conducted Western blot analy-
ses to monitor the expression of antioxidant enzyme proteins. 
As shown in Fig. 4A, RA increased the protein expression of 
Cu/Zn SOD, CAT, and HO-1. UVB irradiation decreased the 
expression of these proteins; however, treatment with RA re-
versed this effect relative to UVB-treated cells. In addition, to 
determine whether the free-radical scavenging activity of RA 
was related to the cellular antioxidant systems, we assessed 
the activities of SOD, CAT, and HO-1. In UVB-irradiated cells, 
the activities of SOD, and CAT, showed comparatively low-
er superoxide anion and hydrogen peroxide inhibition than 
control cells (Fig. 4B, C). At the same time, UVB-irradiated 
cells were characterized by significantly lower level of HO-1 
enzyme activity. However, pre-treatment with RA remarkably 
increased it in UVB-irradiated cells (Fig. 4D). Nrf2 is a main                
transcription factor that regulates SOD, CAT, and HO-1 gene 
expression. UVB-irradiated cells were significantly lower level 
of Nrf2 expression and translocation into nucleus, however, 
RA attenuated it (Fig. 4E, F). 

DISCUSSION

Solar UV radiation is a potent environmental risk factor for 
non-melanoma skin cancer and accounts for several other 
harmful responses, including erythema, immunosuppression, 
edema, sunburn, hyperplasia, hyperpigmentation, and pre-
mature aging (Song and Gao, 2014). Keratinocytes are the 
predominant type of cell in the basal layer of the skin. UVB 
acts primarily on the epidermal basal cell layer, where it is 
absorbed by chromopores such as DNA, RNA, proteins, and 
melanin (Hojo et al., 1999; Mittal et al., 2003). This study dem-
onstrated that RA can protect HaCaT keratinocytes against 
ROS, either generated by H2O2 or UVB exposure, providing 
convincing evidence that RA could play an important role in 
ROS scavenging.

UVB radiation is engaged in a critical role in apoptosis of 
human keratinocytes (Veratti et al., 2011). Therefore, we fo-
cused our experiments on determining the biophysical mech-
anism by which RA protects human keratinocytes against 
UVB-induced apoptosis. Due to similarities in structure and 
absorbance spectrum profiles between polyphenolic com-
pounds and organic UV filters, polyphenols might be effec-
tive in photo-protection (Vostalova et al., 2010). RA was ab-
sorbed efficiently within the UVB range (280-320 nm) (data 
not shown). Therefore, it is reasonable to speculate that part 
of the cytoprotective effect of RA is due to direct absorption 
and scattering of UVB radiation. Moreover, treatment with RA 
prior to UVB irradiation significantly increased the viability of 
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Fig. 4. RA enhances antioxidant systems decreased by UVB radiation. HaCaT cells were treated with 2.5 μM RA for 1 h, and then exposed 
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Nrf2. (F) Confocal imaging using FITC-conjugated secondary antibody staining indicates the location of Nrf2 (green) by Nrf2 antibody, DAPI 
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HaCaT cells. At the same time, pre-treatment with RA was 
followed by a significant reduction in DNA fragmentation and 
impaired formation of apoptotic bodies, highlighting the cyto-
protective efficacy of RA against UVB-provoked apoptosis.

Many biological events, including physiological and non-
physiological processes, trigger the generation of ROS (An-
dreyev et al., 2005; Balaban et al., 2005). These ROS, if gen-
erated in excess and not eliminated in a timely manner, can 
cause extensive oxidative damage to all types of biological 
macromolecules, including DNA, RNA, lipid, and protein. The 
cellular response induced by DNA damage is crucial for cell 
maintenance and cell fate (Jackson and Bartek, 2009). Our 
data show that RA attenuates UVB-induced macromolecular 
damage in human keratinocytes, and thus exerts potent thera-
peutic and chemopreventive effects related to UVB-induced 
carcinogenic processes.

Enzymatic and non-enzymatic antioxidants present in hu-
man skin prevent the adverse effects and alteration induced 
by levels of toxic exogenous/endogenous ROS. In this study, 

we revealed the cytoprotective mechanism of RA against 
oxidative stress induced by UVB by assessing the status of 
various antioxidant enzymes including SOD, CAT, and HO-1. 
SOD dismutates toxic superoxide into the less reactive H2O2, 
representing the first line of defense against free radicals. In 
this study, we found that protein level of cytosolic Cu/Zn SOD 
was significantly reduced in UVB-treated cells, leading to a 
corresponding decrease in SOD activity, whereas pre-incu-
bation with RA (2.5 μM) recovered both SOD protein expres-
sion and activity. CAT, another prominent antioxidant protein, 
catalyzes the decomposition of H2O2 to water. HO-1 protects 
against a wide array of harmful stimuli, such as UV radiation, 
lipopolysaccharide, hyperoxia, and heme-induced damage 
(Motterlini et al., 2000; Fujii et al., 2003). Protein expression 
and enzyme activity of SOD, CAT and HO-1 were markedly re-
duced in UVB-treated cells. Meanwhile, pre-treatment with RA 
rescued SOD, CAT and HO-1 protein expression and enzyme 
activity suppressed by UVB radiation. 

The transcription factor nuclear factor (erythroid-derived 2)-
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like 2 (Nrf2) is referred to as the master regulator of the anti-
oxidant response, modulating the expression of many antioxi-
dant enzymes (Hybertson et al., 2011). Accumulation of Nrf2 
in the nucleus permits its binding to the antioxidant-response 
element or electrophile-response element in the regulatory 
sequences of its target genes (Tkachev et al., 2011). The 
present data shows that RA treatment recovered the protein 
expression levels of Nrf2 decreased by UVB exposure, and 
resulted in the translocation of Nrf2 protein from the cytosol 
into the nucleus. These results indicate that RA may protect 
cellular environments from free-radical damage and thereby, 
enhance the cellular antioxidant defense system.

To summarize, the cytoprotective activity of RA against 
UVB radiation may be associated with elimination of ROS, 
which attenuates oxidative damage to cellular components 
and induction of apoptosis. Therefore, RA could be used as a 
therapeutic reagent to safeguard the skin from the deleterious 
effects of UVB irradiation. These findings may provide an ex-
perimental platform for further studies aimed at examining the 
bioavailability and photo-protective activity of RA, in vitro and 
in vivo, and determining their underlying mechanisms. 
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