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Abstract. Human skin is the body's largest organ that protects
against diverse environmental injuries. However, ultravi-
olet (UV) radiation, which induces a transient increase in the
intracellular level of reactive oxygen species (ROS) and leads to
a variety of injuries and various skin diseases, has deleterious
effects on living organisms. Quercetin is a naturally occurring
compound with strong antioxidant action and can successfully
scavenge free radicals. In the present study, we investigated
the effects and the mechanism of quercetin on UVB-induced
cytotoxicity in keratinocyte (HaCaT) cells. The results of this
study showed that quercetin (20 uM) significantly blocked
UVB irradiation (15 mJ/cm?)-induced intracellular ROS
generation. In addition, the ROS clearing ability of quercetin
prevented cell membrane and mitochondria from ROS attack
and inhibited cell membrane fluidity decrease and mitochon-
drial membrane depolarization. Moreover, the outflow of
cytochrome ¢ and apoptosis were markedly inhibited. These
results suggest that the protective effect of quercetin against
UVB irradiation-induced toxicity is mainly mediated by the
ROS scavenging ability. Thus, quercetin is a potential agent
against UVB irradiation-induced skin damage.

Introduction

The human skin is the most exposed organ of the human
body and protects against diverse environmental injuries.
Meanwhile, human skin is also at risk of continuous and
repetitive environmental damage. Solar ultraviolet (UVA,
UVB and UVC) radiation is a sort of high-energy electromag-
netic radiation that is thought to have xenotoxic effects on all
living organisms. Particularly UVB (280-320 nm), which is
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the main component of solar UV, is incapable of penetrating
deeply into the skin and it only affects the epidermis, the
superficial layer of the skin, which is composed predominantly
of keratinocytes (1). UVB irradiation of the skin can result in
a variety of injuries and leads to various skin diseases (2). It
is reported that UVB irradiation has been shown to induce
a transient increase in the intracellular level of reactive
oxygen species (ROS) in human skin, particularly in kerati-
nocytes (HaCaT) (3-9). These reactive oxygen species (ROS),
including hydroxyl radicals, superoxide radicals, peroxyl
radical and their active precursors namely singlet oxygen,
hydrogen peroxide and ozone (10), attack the cell membrane
and cellular organelles resulting in lipid peroxidation and
organelle damage. UVB irradiation of HaCaT cells results in
a post-irradiation-dependent increase in ROS and subsequent
cell membrane fluidity decrease and mitochondrial membrane
depolarization (1). Plasma membrane fluidity affects a number
of cellular functions, such as carrier-mediated transport, the
properties of certain membrane-bound enzymes and cell
growth. Membrane fluidity decrease has deleterious effects
on cells and triggers apoptosis (11). Mitochondria are both the
major producers and targets of ROS in mammalian cells (12).
UVB-induced ROS can attack mitochondria and result in
mitochondrial structure change and the collapse of mitochon-
drial membrane potential (AYm) of mitochondria and the
subsequent outflow of apoptosis-inducing factors and apop-
tosis. UVB irradiation-induced ROS play an important role in
the occurrence of apoptosis (10) and solar radiation is a crucial
factor that deeply affects this specialized epithelium (13) and
skin diseases.

Thus, reducing intracellular ROS levels may represent
an effective strategy for preventing UVB-induced HaCaT
apoptosis and skin damage. In recent years, naturally occur-
ring compounds, flavonoids, which are abundant in fruits,
vegetables, green tea, and red wine and possess a variety of
biological activities including antioxidant, have gained consid-
erable attention as protective agents against UVB-induced
skin damage via scavenging ROS. Quercetin is one of the
flavonoids derived from numerous fruits and vegetables
with high antioxidant action and provides protection against
UV-induced damage to plants. Studies have reported that
quercetin has diverse pharmacological activities, and the
protective effects of quercetin have been attributed to the inhi-
bition of key signaling enzymes involved in the regulation of



210

cell proliferation, angiogenesis and apoptosis (14). In addition,
quercetin has strong antioxidant activity and can scavenge free
radicals and inhibit lipid peroxidation and metal ion chela-
tion (15-22). Due to the antioxidant properties of quercetin,
we hypothesized that quercetin may provide protection against
ROS attack on the cell membrane and mitochondria and block
lipid peroxidation and release of apoptosis-inducing factors
from mitochondria via ROS clearing activity.

In the present study, we investigated the protective
effect of quercetin against ROS-induced cell membrane
and mitochondrial damage in UVB-irradiated HaCaT cells.
The results showed that quercetin effectively cleared UVB
irradiation-induced ROS in the HaCaT cells and blocked
ROS-induced lipid peroxidation, mitochondrial membrane
depolarization and subsequent outflow of apoptosis-inducing
factors and apoptosis.

Materials and methods

Materials. Quercetin was purchased from Sigma Aldrich
(St. Louis, MO, USA). 4, 6-Diamidino-2-phenylindole dihy-
drochloride (DAPI) was purchased from Sangon Biotech
(Shanghai, China). DCFH-DA, Dio, JC-1 were purchased from
Beyotime Biotechnology (Shanghai, China). All other chemi-
cals and reagents of the highest quality were commercially
available and used as received. Antibodies against cyto-
chrome ¢, Bcl-2, Bax, caspase-3 and PARP were purchased
from Cell Signaling Technology Inc. (Beverly, MA, USA).

Cell culture and UVB irradiation. Human skin keratinocytes,
HaCaT, were cultured in Dulbecco's modified Eagle's medium
(DMEM; Gibco BRL, Grand Island, NY, USA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS; Biological
Industries Ltd., Israel) at 37°C in 5% CO,. The cells were incu-
bated with or without quercetin for 8 h prior to UVB irradiation.
Then, the cells were washed with phosphate buffered saline (PBS;
pH 7.4) and irradiated using a microprocessor-controlled UV
Crosslinker (XL-1000; Spectrolinker™, Westbury, NY, USA).
The irradiation intensity was monitored by a UVB radiometer
(Beijing Normal University, China). Immediately after UVB
irradiation, the cells were returned to the incubator and incu-
bated with drug-free media for the indicated times.

Assessment of cell viability. The cell viability was determined
using MTT assay. The cells were seeded in 96-well plates at a
concentration of 5,000 cells/ml. The cells underwent pretreat-
ments with quercetin mixed with dimethyl sulfoxide (DMSO)
at various concentrations. Before irradiation, the cells were
incubated for 18 h and then, after irradiation, the cells were
incubated for the indicated times. Following this, 20 ul MTT
(2 mg/ml) was added, and the cells were incubated for another
4 h. Finally, 200 ul DMSO was added to dissolve the crystals,
and the plates were read immediately on a plate reader at a test
wavelength of 490 nm.

Measurement of intracellular ROS levels. Cells grown on
coverslips in 6-well plates were exposed to the indicated treat-
ments. Quercetin was applied, and the incubation time after
irradiation was 24 h. Cells were incubated with DCFH-DA
according to the instructions and immediately examined by
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confocal laser scanning microscopy (Olympus FV1000-IX81,
Tokyo, Japan) using an argon laser with a 488-nm excitation
band. The laser intensity, pinhole diameter and photomultiplier
settings were kept constant for every experiment. For quantita-
tive analysis, the ROS levels were examined using a Partec
PAS III flow cytometer (Partec, Munster, Germany).

Fluorescence recovery after photobleaching (FRAP). FRAP
analysis was performed as previously described (23-25).
Briefly, after incubation with quercetin for 8 h, the cells were
irradiated with UVB (15 mJ/cm?). Twelve hours after irradia-
tion, the cells were incubated with the Dio probe according to
the protocol, and photobleaching was immediately conducted
by confocal laser scanning microscopy (FV1000-I1X81;
Olympus, Tokyo, Japan) (with excitation band 488 nm, absorp-
tion band 530 nm, bleaching band 405 nm, power 91%, time
1 sec).
R (recovery) = (F1 - FO)/(F2 - FO) x 100%
D (diffusion coefficients) = Bw?/4t,,;

where F2 is the fluorescence intensity after the recovery, F1
is the the fluorescence intensity before the photobleaching,
FO is the fluorescence intensity immediately after the photo-
bleaching, {§ is the conversion factor,  is the radius of the
bleached area and t,,, is the half time (t,,) of recovery into the
bleached region.

Measurement of intracellular malondialdehyde (MDA)
level. Cells were seeded in 6-well plates at a concentration
of 1x107 cells/ml. After the cells had undergone the indicated
treatments, quercetin was applied, and the incubation time
after irradiation was 24 h. The MDA levels were estimated
using the commercially available colorimetric MDA-586
assay kit from Beyotime Biotechnology. The absorbance was
determined using a microplate reader (ELX808; Bio-Tek
Instruments, Inc., Winooski, VT, USA) at a wavelength of
586 nm. The protein content was measured using a BCA assay
kit from Beyotime Biotechnology.

Detection of mitochondrial membrane depolarization. Cells
were seeded into 6-well plates until reaching 80% conflu-
ency. Quercetin was applied, and the incubation time after
irradiation was 24 h. Cells were stained with JC-1 according
to the manufacturer's protocol and were immediately exam-
ined by confocal laser scanning microscopy (FV1000-1X81;
Olympus). The laser intensity, pinhole diameter and photomul-
tiplier settings were kept constant for every experiment. For
quantitative analysis, the A¥m was examined using a Partec
PAS III flow cytometer (Partec).

Immunocytochemical staining. Cells were seeded in a 12-well
plate with a cover glass and incubated at 37°C with 5% CO,
overnight. Quercetin was added to the medium and incubated
for 8 h. Then the cells were washed and irradiated with the indi-
cated irradiation intensity. Twenty-four hours after irradiation,
the cells were fixed, permeabilized and the immunofluores-
cence staining with anti-Tom antibody was performed.

Immunoblotting. Immunoblot analysis was performed as
previously described (26). Briefly, the cell lysates were resolved
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Figure 1. Protective effect of quercetin on cell viability following UVB
irradiation. (A) Chemical structure of quercetin (3,3'4',5,7-pentahydroxyl-
flavone). (B) After treatment with increasing doses of UVB irradiation for
12, 24 and 48 h, the effect of UVB on cell viability was determined using
the MTT assay. (C) After preincubation with quercetin at the concentrations
of 20 or 10 uM for 8 h, the cells were irradiated with UVB at the dose of
15 mJ/cm?. Cell viability was determined 24 h post-irradiation. The data
represent the means + SD of three independent experiments. “P<0.05 and
P<0.001.

on 12% SDS-PAGE and analyzed by immunoblotting using
cytochrome c, Bcl-2, Bax, caspase-3 and PARP antibodies,
followed by enhanced chemiluminescence (ECL) detection
(Thermo Scientific).

Statistical methodology. The data are presented as
mean + SE. Significant differences between two groups were
analyzed with the Student's t-test. One-way analysis of vari-
ance (ANOVA) was applied to analyze differences in data
of biochemical parameters among the experimental groups,
followed by Dunnett's test for pair-wise multiple comparisons.
P<0.05 was considered to indicate a statistically significant
difference.

Results and Discussion

Quercetin increases the viability of UVB-treated HaCaT
cells. Quercetin is known to possess antioxidant properties
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due to the o-hydroxy structure in the B ring, the 2-3 double
bond in conjugation with the 4-oxo function in the C-ring
and the 3- and 5-OH groups with the 4-oxo function in the
A and Crings (Fig. 1A) (27).Itis reported that quercetin reduces
cell death in cutaneous tissue-associated cell types (28). Thus,
we investigated the protective effect of quercetin against UVB
irradiation-induced damage in HaCaT cells. The cell viability
(% of the control) in the UVB-irradiated HaCaT cells was
evaluated by MTT assay. UVB irradiation caused cell death
in a time and dose-dependent manner (Fig. 1B). Pretreatment
with quercetin significantly increased cell viability 24 h
post-irradiation at the dose of 15 mJ/cm? (Fig. 1C). This
demonstrated that quercetin could rescue HaCaT cells from
UVB irradiation-induced cell injury. As UVB radiation is
known to have deleterious effects on cells via ROS (29,30),
we hypothesized that one of the possible mechanisms for
the protective effect of quercetin could be attributed to ROS
scavenging capacity.

Quercetin reduces UVB irradiation-induced intracel-
lular ROS levels. To investigate whether quercetin reduces
UVB-induced ROS generation, a fluorescence assay using
DCFH-DA was performed. DCFH-DA is hydrolyzed by
intracellular esterase and is converted to nonfluorescent
DCFH, which is oxidized to highly fluorescent DCF in the
presence of ROS (10,31). The fluorescence intensity is a
measurement of intracellular ROS activity. The qualitative
assessment of the cellular level of ROS was conducted by
confocal laser scanning microscopy. UVB irradiation of
15 mJ/cm? significantly increased green fluorescence inten-
sity (Fig. 2A). When the cells were pretreated with quercetin,
the DCF fluorescence intensity was clearly reduced and the
group treated with 20 yM quercetin had a weaker fluores-
cence than the 10 yM quercetin-treated group. Fig. 2B shows
the quantitative analysis of the cellular ROS levels and the
bar graph in Fig. 2C displays the fluorescence intensity of the
flow cytometric results. The results demonstrated that UVB
irradiation caused intracellular ROS generation and quercetin
effectively reduced the intracellular ROS generated by UVB
irradiation. Furthermore, N-acetyl-cysteine (NAC), an effec-
tive ROS clearing agent, effectively scavenged UVB-induced
ROS in the HaCaT cells (Fig. 3A and B).

Quercetin prevents cells from ROS-induced membrane
fluidity decrease and lipid peroxidation. UVB irradia-
tion-induced ROS may attack the cell membrane and result
in lipid peroxidation and cell membrane fluidity decrease.
As quercetin effectively reduced UVB irradiation-induced
ROS generation, we hypothesized that quercetin prevents
cells from ROS-induced membrane fluidity decrease and
lipid peroxidation. FRAP is a technique that monitors the
diffusion of fluorescent molecules into a region in which
fluorophores have been irreversibly photobleached by a high
intensity laser pulse. A fluorescent probe (Dio) was used to
stain the cell membrane, and the membrane fluidity was
detected via lateral diffusion by monitoring the recovery of
fluorescence into a region following a single photobleaching
event. The fluorescence intensity before the photobleaching,
the fluorescence intensity immediately after photobleaching
and the fluorescence intensity after the recovery, respectively
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Figure 2. Effect of quercetin on intracellular ROS clearing in cultured HaCaT cells. HaCaT cells were pretreated with 10 or 20 M quercetin for 8 h.
Twenty-four hours post-irradiation, the intracellular ROS levels were determined using the fluorogenic probe DCFH-DA. (A) The intracellular ROS levels
were qualitatively determined via confocal laser scanning microscopy. Scale bars, 10 gm. (B) The intracellular ROS levels were quantitatively determined
via flow cytometry. (a) No probe loaded; (b) probe loaded and no UVB treatment; (c) probe loaded and UVB treatment; (d) probe loaded, UVB treatment,
and quercetin pretreatment. (C) The relative intensity of DCF fluorescence is shown in the bar graph. The data represent the means + SD of three independent
experiments. "P<0.05, “P<0.01.
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Figure 3. N-acetyl-cysteine (NAC) effectively scavenges UVB-induced ROS and inhibits cell death. HaCaT cells were pretreated with 5 mM NAC for 8 h.
Twenty-four hours post-irradiation, the intracellular ROS levels were determined using the fluorogenic probe DCFH-DA. (A) The intracellular ROS levels
were quantitatively determined via flow cytometry. (a) No probe loaded; (b) probe loaded and no UVB treatment; (c) probe loaded and UVB treatment;
(d) probe loaded, UVB treated and NAC pretreatment. (B) The relative intensity of DCF fluorescence is shown in the bar graph. (C) The protein expression of
caspase-3 and PARP. The data represent the means + SD of three independent experiments. ““P<0.01.
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Figure 4. Effect of quercetin on cell membrane fluidity change and lipid peroxidation in the cultured HaCaT cells. HaCaT cells were pretreated with 10 or
20 uM quercetin for 8 h. Twenty-four hours post-irradiation, fluorescence recovery after photobleaching (FRAP) analysis was performed and the MDA levels
were estimated. (A) Images before photobleaching, after photobleaching and after the recovery, respectively. The white circle indicates the photobleached
region of the cell membrane. (B) The fluorescence intensity of the photobleached region in the differently treated cells. (a) No UVB treatment and no quercetin
pretreatment; (b) UVB treatment and no quercetin pretreatment; (c) UVB treatment and 20 M quercetin pretreatment; (d) UVB treatment and 10 ym quercetin
pretreatment. (C) Recovery (R). (D) Effective diffusion coefficient (D). (E) Intracellular MDA levels. The data represent the means + SD of three independent

experiments. "P<0.05, “P<0.01.

are shown in Fig. 4A. The fluorescence intensity curves
represent the membrane fluidity of the cells (Fig. 4B). UVB
irradiation significantly reduced cell membrane fluidity, and
pretreatment with quercetin at the concentration of 20 uM
markedly rescued cell membrane fluidity. The concentration
of 20 uM resulted in a more effective protective effect than the
concentration of 10 yM. Fig. 4C and D show the recovery (R)
and effective diffusion coefficient (D) of the cell membrane

which suggested that quercetin had an obvious protective
effect against ROS-induced cell membrane fluidity decrease.
Then, we further detected the lipid peroxidation of the
cell membrane, which is the most common consequence of
oxidative stress. MDA is a common indicator with which
to determine the degree of lipid peroxidation. It is the final
product of lipid peroxidation and is toxic to cells and the
cell membrane (10,32). Fig. 4E shows that UVB exposure
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Figure 5. Effect of quercetin on mitochondrial membrane depolarization. HaCaT cells were pretreated with 10 or 20 #M quercetin for 8 h. The mitochondrial
membrane potential was monitored by staining with the fluorescent dye JC-1 at 24 h post-irradiation. Red fluorescence represents the mitochondrial aggregated
form of JC-1 due to a high AWm, whereas green fluorescence indicates the monomeric form of JC-1 due to low AWm. (A) AWm was qualitatively determined
via confocal laser scanning microscopy. Scale bars, 10 ym. (B) AWm was quantitatively determined via flow cytometry. (a) No JC-1 loaded; (b) JC-1 loaded
and no UVB treatment; (c) JC-1 loaded and UVB treatment; (d) JC-1 loaded, UVB treatment and quercetin pretreatment. (C) The relative A¥m is shown in the
bar graph. The data represent the means + SD of three independent experiments. ““P<0.001.

induced an apparent increase in MDA and pretreatment with
quercetin clearly inhibited the increase. The highest protec-
tive effect of quercetin was obtained at the concentration of
20 uM. The results suggest that quercetin effectively prevents
cells from ROS-induced membrane fluidity decrease and
lipid peroxidation.

Quercetin protects cells from mitochondrial damage. UVB
irradiation induces a transient increase in the intracellular level
of ROS, and the increased levels of ROS can attack the cell
membrane and organelles, such as the mitochondria. Quercetin
effectively prevented cells from ROS-induced cell membrane
damage. Then, we investigated whether quercetin had a protec-
tive effect on preventing ROS-induced mitochondrial damage.

The integrity of AWm was assessed using JC-1 fluorescence
staining and visualized via fluorescence microscopy. The red
fluorescence decreased and the green fluorescence corre-
spondingly increased after the UVB irradiation, indicating the
disruption of A¥Ym and mitochondrial dysfunction (Fig. 5A).
Pretreatment with quercetin markedly rescued mitochondrial
membrane depolarization. Fig. 5B shows the quantitative
analysis of AWm and the bar graph in Fig. 5C displays the
values of the flow cytometric results.

We further assessed the potential effect of ROS on
mitochondrial morphology and the effect of quercetin on
mitochondrial morphologic change. Tom20 was used to
identify mitochondrial morphology in each cell. Cells were
classified into three groups. Cells classified as having tubular
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Figure 6. Effect of quercetin on mitochondrial morphological change. HaCaT cells were pretreated with 10 or 20 uM quercetin for 8 h. Twenty-four hours
post-irradiation, the mitochondrial morphology was observed by immunocytochemical staining. (A) Images of mitochondrial morphological change. Scale
bars, 10 ym. (B) The percentage of cells with different mitochondrial morphology. Mitochondrial morphology was classified as fragmented, tubular, or inter-
mediate. (C) The protein expression of cytochrome ¢ in mitochondrial damaged cells. The data represent the means + SD of three independent experiments.

“P<0.01.

mitochondria contained almost entirely mitochondria with a
length/width (axis) ratio >10. Cells classified as having frag-
mented mitochondria contained mitochondria with an axis ratio
<3, and cells classified as having intermediate mitochondria
contained both tubular and fragmented mitochondria (10,33).
Fig. 6A represents the morphology of the mitochondria in the
differently treated cells. UVB irradiation interrupted tubular
mitochondria and increased the numbers of fragmented mito-
chondria. Pretreatment with quercetin blocked ROS-induced
mitochondrial fragmentation. Fig. 6B shows the numbers of
cells with different mitochondrial morphology. The results
suggest that quercetin protected cells from ROS-induced mito-
chondrial morphological change. Then, we further investigated
whether the mitochondrial fragmentation accompanied the

outflow of apoptosis-inducing factors, such as cytochrome c.
Fig. 6C shows that the release of cytochrome c occurred in the
mitochondrial fragmented cells.

Quercetin blocks the release of cytochrome c¢ and inhibits
apoptosis in the UVB-irradiated cells. UVB irradiation
increases intracellular ROS levels and the increased ROS
results in mitochondrial membrane depolarization, mitochon-
drial morphological change and the outflow of cytochrome ¢
from the mitochondria. The release of cytochrome c into the
cytosol can subsequently activates the caspase cascade that
results in apoptosis. Thus, we examined the effect of quercetin
on cytochrome c release. Quercetin markedly inhibited the
outflow of cytochrome ¢ from the mitochondria (Fig. 7A). Next,
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Figure 7. Quercetin blocks mitochondrial-dependent apoptosis. HaCaT cells were pretreated with 10 or 20 uM quercetin for 8 h. Twenty-four hours post-irra-
diation, protein expression was determined by western blot analysis: (A) cytochrome ¢, (B) Bcl-2 and Bax, (C) caspase-3 and (D) PARP. Quantitative analysis
of proteins was conducted. The data represent the means + SD of three independent experiments. “P<0.05, “P<0.01.
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we examined the effect of quercetin on the expression of Bcl-2
family proteins, which play an important role in the regula-
tion of mitochondrial permeability, in the UVB-irradiated
HaCaT cells. Western blot analysis revealed that pretreatment
with quercetin increased the level of Bcl-2 and decreased the
level of Bax in the UVB-irradiated HaCaT cells. Therefore,
the ratio of Bax to Bcl-2 was increased (Fig. 7B). The caspase
family is believed to play a central role in mediating various
apoptotic responses. To confirm the induction of the apoptotic
pathway, we examined the activation of caspase-3 and PARP.
Pretreatment with quercetin induced a significant increase
in caspase-3 after UVB irradiation (Fig. 7C and D). PARP,
which is a substrate of caspase-3, was cleaved in the quer-
cetin-pretreated cells in response to UVB irradiation. These
findings suggest that quercetin protects cells against UVB
irradiation-induced cell death via the mitochondrial-mediated
apoptotic pathway.

In conclusion, the present study demonstrated that quercetin
can effectively scavenge intracellular ROS, and preincubation
with quercetin blocked ROS attack on the cell membrane
and mitochondria after UVB exposure. The decrease in cell
membrane fluidity was inhibited by quercetin. The integrity
of AWm was rescued and the mitochondrial morphology
was protected. Moreover, the release of cytochrome ¢ was
prevented and an elevation in the Bcl-2/Bax ratio was
observed. These data indicate that quercetin prevented the cell
membrane and mitochondria from ROS-induced damage and
blocked the mitochondrial-dependent apoptotic pathway. The
ROS clearing ability of quercetin provides protection against
UVB irradiation-induced apoptosis of HaCaT cells (Fig. 8).
In addition, ROS clearing agent NAC effectively inhibited
UVB-induced apoptosis (Fig. 3C) and further proved that
the protective effect of quercetin on UVB-induced cell death
was associated with ROS clearing ability. These findings
suggest that quercetin exerts beneficial effects against UVB
irradiation-induced skin photo-damage.
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