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Abstract. Luteolin (LUT) is a flavone, which is universally
present as a constituent of traditional Chinese herbs, and
certain vegetables and spices, and has been demonstrated to
exhibit potent radical scavenging and cytoprotective proper-
ties. Although LUT has various beneficial effects on health,
the effects of LUT on the protection of skin remain to be fully
elucidated. The present study investigated whether LUT can
protect human skin fibroblasts (HSFs) from ultraviolet (UV) A
irradiation. It was found that, following exposure to different
doses of UVA irradiation, the HSFs exhibited autophagy, as
observed by fluorescence and transmission electron micros-
copy, and reactive oxygen species (ROS) bursts, analyzed by
flow cytometry, to differing degrees. Following incubation with
micromolar concentrations of LUT, ROS production decreased
and autophagy gradually declined. In addition, the expression of
hypoxia-inducible factor-la and the classical autophagy-asso-
ciated proteins, LC3 and Beclin 1 were observed by western
blotting. Western blot analysis showed that the expression
levels of HIF-1a, LC3-1T and Beclin 1 gradually decreased in
the UVA-irradiated HSFs following treatment with LUT. These
data indicated that UVA-induced autophagy was mediated by
ROS, suggesting the possibility of resistance against UV by
certain natural antioxidants, including LUT.

Introduction

Flavonoids, which are polyphenolic compounds, have
been widely investigated for their antioxidant effects (1).
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Flavonoids have two classical antioxidant structural compo-
nents, including a B-ring catechol group, which donates a
hydrogen/electron to stabilize a radical species, and a C2-C3
double bond conjugated with an oxo group at C4, which
binds transition metal ions, including iron and copper (2,3).
Luteolin (LUT), one of the most common flavonoids found
in plants in the form of glycosides, are eventually metabo-
lized by intestinal bacteria, cleaved and glucuronated during
uptake in the gut and metabolism in the organism. As LUT
and a number of its glycosides fulfill these two structural
requirements, it has been suggested that LUT possesses anti-
oxidant properties (4).

A number of signaling events are initiated and driven by
oxidative stress. Hydrogen peroxide (H,0,) and other reac-
tive oxygen species (ROS) lead to oxidative stress, and are
increased by several stimulants, including ultraviolet (UV)
irradiation (5-10), which also decrease levels of anti-oxidant
enzymes (11). These features exist in chronologically aged
human tissues, particularly skin. These two factors increase
ROS production, which leads to alterations in genes, protein
structure and function, finally leading the damage of tissues,
including the skin. During a process of energy transfer,
the superoxide anion, O%, is produced from endogenous
UV-absorbing chromophores (12) into molecular oxygen.
The superoxide dismutase (SOD) catalyzes O* to produce
H,O, which can be converted to the reactive hydroxyl radical,
HOe° (8). These compounds are ROS, which can activate
several downstream proteins.

Human skin is usually exposed to several oxidants, of
which UV is the most common, causing ROS burst. Increasing
levels of harmful oxygen free radicals are implicated in the
pathogenesis of skin carcinoma, the mechanism of skin senes-
cence and other skin diseases (5). The current focus on the
bioactivity of the flavonoids is partly due to the potential health
benefits of the polyphenolic components present within major
dietary constituents. LUT, which is considered to be one of the
most important flavonoids, has been reported to resist against
several extraneous oxidants (2-4), however, its antioxidant
effects against UV remain to be fully elucidated. The present
study aimed to investigate the probability of LUT scavenging
the ROS induced by UVA irradiation in human skin fibroblasts
(HSFs), and to examine the potential mechanism to allow
improved skin protection.
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Materials and methods

Cell culture. HSFs, isolated from the foreskins of children (age,
3-9) following circumcision surgery at the Guangzhou General
Hospital of Guangzhou Military Command (Guangzhou,
China), were routinely cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% newborn
calf serum (Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) with 4 mM glutamine, 100 U/ml penicillin and
100 mg/ml streptomycin, following homogenization of tissue.
The cells were harvested with trypsin when they reached 80%
confluence and were seeded in a 6-well plate at a density of
1x10° cells/well at 37°C. Following incubation for 48 h, the
cultured medium was removed. The successfully cultured
cells were stored in a nitrogen canister. Cells between passages
4-10 were used in the subsequent experiments. The present
study was approved by the ethics committee of the Guangzhou
General Hospital of Guangzhou Military Command.

Reagents and antibodies. LUT, glutamine, penicillin,
streptomycin, trypsin, formaldehyde, glutaraldehyde, OsO,,
uranyl acetate, lead, SDS, doxorubicin (DOX), rhoda-
minel23 [for the detection of mitochondrial membrane
potential (MMP)] and dichlorodihydrofluorescein diacetate
(DCFH-DA) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). 3-(4,5-dimethylthyl-thiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) was purchased from
Promega Corporation (Madison, WI, USA), and DAPI and
radioimmunoprecipitation lysis buffer were purchased from
Beyotime Institute of Biotechnology (Haimen, China). LUT
and DOX were dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich). LUT concentrations of 5, 20 and 40 uM
were used in the experiments. Unless otherwise specified in
the figure legends, values are expressed as concentrations in
uM. Beclin 1 and LC3 antibodies were obtained from Cell
Signaling Technologies, Inc. (Danvers, MA, USA). Primary
antibodies against GAPDH, (-actin and hypoxia-inducible
factor (HIF)-la, and the secondary horseradish-peroxi-
dase-labeled antibodies, were also purchased from Beyotime
Institute of Biotechnology.

Irradiation procedure. When the cells reached 80% conflu-
ency, they were irradiated under a Solar UV Simulator
(Oriel® Sol-UV-4; Newport Corporation, Irvine, CA, USA).
The radiation intensity was measured using a UVX digital
radiometer (Ultra-Violet Products, Inc., Uplands, CA, USA)
equipped with a UV X-310 sensor. The HSFs were irradiated by
320-400 nm UVA in single or repetitive 7.2 J/cm? low doses.
The medium was removed and the cells were washed twice
with phosphate-buffered saline (PBS) prior to UV irradiation.
The cells were covered with a thin film of PBS during UV
exposure, and remained in culture in the maintenance medium
following irradiation for 10 min repeated 3 times. A control
group of cells were treated in a similar manner, however, these
cells were exposed to normal room lighting. All cells were
incubated at 37°C and 5% CO,.

Cell viability assessment. To measure cell viability, the MTT
method was used (13). Prior to adding the MTT working solu-
tion (5 mg/ml), the cells were seeded in 96-well plates at a
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density of 5x10° cells per well overnight, and treated with LUT
and UVA, as indicated. Subsequently, the cells were incubated
in a CO, incubator for 4 h. The medium was then replaced
with 150 1 DMSO (Sigma-Aldrich) to completely dissolve
the formazan crystals. The absorbance of each well was then
measured using a plate reader (iMark; Bio-Rad Laboratories,
Inc., Hercules, CA, USA) at a test wavelength of 570 nm. Cell
viability was calculated using the following equation: Cell
viability = absorbance of experiment samples / absorbance of
control) x 100%.

Apoptosis assay. Apoptosis was determined using an
Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) staining procedure. In brief, following treatment
with UV irradiation and incubation with LUT, the cells were
collected and washed twice with ice-cold PBS, followed by
incubation with Annexin V-FITC and PI. Fluorescence was
measured using a BD FACSCalibur flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA) with an excitation
wavelength of 480 nm through a FL-1 filter (530 nm) and a
FL-2 filter (585 nm).

Cellular ROS measurement. The dichloro-dihydro-fluorescein
diacetate (DCFH-DA) fluorescent dye (14) was used for
ROS analysis. In brief, following treatment with UVA with
or without LUT, the cells were collected and incubated with
10 uM DCFH-DA at 37°C for 30 min. Finally, the cells were
washed three times with PBS, and the fluorescence was
measured using a flow cytometer through an FL-1 filter with
an excitation wavelength of 480 nm.

Analysis of autophagy. Monodansylcadaverine (MDC) has
been used as a tracer for autophagic vacuoles previously (15).
In the present study, 1x10°/ml cells were seeded on coverslips
overnight, and then exposed to UVA with or without LUT, as
described above, and rinsed with PBS. The cells were then
stained with 50 pM MDC at 37°C for 1 h and examined using
a flow cytometer.

Cell morphology assessment. Autophagic vascular
organelles (AVOs) were examined by staining the treated
cells with MDC (Sigma-Aldrich) (15) for 30 min at 37°C.
Following washing of the cells with PBS, 4% formaldehyde
was added to fix the cells for 30 min. The cells were observed
under a Nikon Intensilight fluorescence microscope (Nikon
Corporation, Tokyo, Japan) following washing with PBS
three times. To observe nuclear morphology, the cells were
incubated with DAPI for 10 min following fixation with
4% formaldehyde for 30 min and washing with PBS. The
cells were then observed under a fluorescence microscope
following washing with PBS three times.

For transmission electron microscopy, the cells were fixed
with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4),
followed by 1% OsO,. Following dehydration, thin sections
(70 nm) were stained with uranyl acetate and lead for observa-
tion under an electron microscope (JSM-6010LA; JEOL, Ltd.,
Tokyo, Japan) (16).

Western blot analysis. At a density of 1x107 cells/ml, the
cells were treated with either 10 ul 5% DMSO, LUT alone
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Figure 1. Morphological changes of HSFs under repetitive doses of UVA. HSFs at the forth passage were cultured in a 6-well plate until 80% confluent,
and then irradiated with repetitive doses of UVA. Following UVA irradiation, HSFs and dose-dependent cell death were observed under a light microscope

(magnification, x20). HSFs, human skin fibroblasts; UVA, ultraviolet A.

(0, 5,20 and 40 uM), 10 ml DOX alone, or with a combina-
tion of LUT and DOX at 37°C for 48 h, and were harvested
at indicated time points. Following a lysis procedure, the
lysates were centrifuged at 12,000 g for 15 min at 4°C.
Bicinchoninic acid protein assay reagent (Beyotime Institute
of Biotechnology) was used to quantify the protein concen-
trations of the supernatants. The protein (50 mg) from each
sample were separated by 30% SDS-PAGE and transferred
to a polyvinylidene fluoride membrane. The membrane was
blocked with 5% non-fat milk and incubated with primary
antibodies (dilution, 1:1,000) at room temperature for 2 h,
then washed 3 times for 5 min prior to incubation with
secondary antibodies at room temperature for 1 h. The bands
were detected using a ChemiDoc Touch imaging system
(Bio-Rad Laboratories, Inc.).

Statistical analysis. The data are expressed as the mean + stan-
dard deviation and were analyzed using Student's #-test
(two-tailed) and SPSS 22.0 (IBM SPSS, Armonk, NY, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

LUT decreases UVA-induced cell death in HSFs. Previous
studies have indicated that LUT has potential protective
effects against exogenous oxidants in various cell types,
however, these protective effects have not been investigated
in HSFs exposed to UV irradiation (6,9,12). To investigate the
protective effects of LUT in human skin, the present study first
investigated the resistance of cells to cell death induced by
UVA irradiation (Fig. 1), following treatment of the cells with
LUT at concentrations ranging between 0 and 40 yM.

The results of the MTT analysis showed the toxic effects
of UVA towards the cells alone and following treatment with
LUT. As shown in Fig. 2A and B, UVA irradiation induced
HSF death in a dose-dependent manner. As shown in Fig. 2C,
the HSFs exposed to UVA irradiation accompanied by incuba-
tion with LUT did not exhibit significant cell death, compared

with the HSFs treated with UVA alone. These results indicated
that LUT protected the HSFs from UVA-induced death.

LUT induces resistance to UVA-induced autophagy of HSFs.
To observe the morphology of the HSFs following UVA irra-
diation and LUT incubation, a light microscope (Fig. 1) and
fluorescence microscope were used to visualize the cells.

Autophagy, also termed non-apoptotic programmed cell
death (type II programmed cell death), involves a series of
biochemical steps, through which eukaryotic cell death is
induced through self degradation of their own cytoplasm and
organelles (17). To determine whether LUT treatment decreases
UVA-induced HSF autophagy, the cells were observed under
a fluorescence microscope to detect AVO formation following
staining with MDC. Punctuation of MDC-positive cells were
observed when treated with 5 yM LUT, compared with 40 yM
LUT, as shown in Fig. 3A. As shown in Fig. 3B, following
treatment with the higher concentration of 40 uM LUT, AVO
formation decreased. The formation of AVOs decreased
sharply following 24 h of treatment with the combination of
LUT. To further demonstrate the induction of autophagy, elec-
tron microscopy was performed, which is the Gold Standard
method for confirmation of autophagy. It was found that, in
all treatments, incubation with higher concentrations of LUT
exhibited fewer AVOs (Fig. 3B). Almost no cell death was
observed in the untreated cells (Fig. 3C).

LUT impairs the production of ROS induced by UVA irra-
diation in HSFs. Cell redox status changes between the
equilibration of ROS and GSH. In addition, MMP disruption
and cell apoptosis are always associated with the generation of
intracellular ROS and depletion of GSH (18,19). Therefore, the
present study examined the levels of ROS in HSFs treated with
UVA irradiation, with and without incubation with LUT. The
ROS levels were examined by DCFH-DA. The rapid genera-
tion of ROS, which was between 1.89- and 1.30-fold faster,
compared with the control, was detected following UVA
treatment, as shown in Fig. 4. Incubation with LUT decreased
UVA-induced ROS production in the HSFs following treatment
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Figure 2. LUT decreases HSF apoptosis induced by UVA. The HSFs were assigned into two groups, and were irradiated with repetitive doses of UVA (0 J,
7.2,14.4,28.8,57.6 and 115.2 J/cm?, respectively). One group of HSFs was irradiated with UVA alone, the other group was irradiated with UVA and incubated
with 5 uM LUT. (A) 3-(4,5-dimethylthyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide analyses of the apoptosis in the two groups. Data are expressed as the
mean = standard deviation ("P<0.05). (B and C) Annexin V-FITC/PI staining for the detection of apoptosis. The X-axis denotes Annexin V-FITC; the Y-axis
denotes DNA content by PI. The apoptosis of HSFs were elevated gradually with the increasing doses of UVA while 5 uM LUT resisted HSFs apoptosis
induced by UVA. The experiment was repeated three times, with representative results presented. HSFs, human skin fibroblasts; PI, propidium iodide; FITC,

fluorescein isothiocyanate; UVA, ultraviolet A; LUT, luteolin.

with 40 uM LUT, compared with the cells exposed to UVA
alone. These results indicated that LUT assisted in impairing
the UVA-induced increase in ROS levels in the HSFs.

Antioxidants protect HSFs from UVA cytotoxicity. The present
study used two ROS scavengers, N-acetyl-cysteine (NAC), a
well-known antioxidant and glutathione (GSH) precursor, and
catalase (CAT; an H,0,-scavenging enzyme), to verify the linkage
between ROS generation and cell toxicity in UVA-induced HSF
cell death. Changes in MMP and cell toxicity were determined
following exposure of the HSFs to UVA irradiation and incuba-
tion with either 1 mM NAC or 2,000 U/ml CAT for 30 min.
As shown in Fig. 5A, the loss of MMP was inhibited by NAC
and CAT, and the cells were protected from UVA cytotoxicity.
Hoechst staining and a trypan blue exclusion assay indicated that
NAC and CAT markedly reduced UVA-induced cell apoptosis.
These results suggested that cell apoptosis was associated with
ROS accumulation, followed by MMP disruption. As shown in
Fig. 5B, LUT had the same effect as NAC and CAT, indicating

that LUT exerted antioxidant effects against UVA irradiation in
the HSFs.

Expression of HIF-1a significantly decreases following UVA
irradiation in HSFs incubated with LUT. Several cellular activi-
ties, including glycolysis, apoptosis, angiogenesis, metastasis and
migration, are regulated by HIF-1, which is particularly sensitive
to oxygen levels in the cell microenvironment (17,20-22).
Beclin 1 induces autophagy and inhibits tumorigenesis (22).
To examine the expression of beclin 1 in the LUT-treated
HSFs following UVA irradiation, western blot analysis
was performed on the cell lysates. As expected, decreased
expression levels of beclin 1 were detected following UVA
exposure with LUT incubation (Fig. 6A), compared with the
cells exposed to UVA alone. The present study also analyzed
LC3, an autophagic marker, which is essential in the expansion
of autophagosomes (23,24). As shown in Fig. 6B, incubation
with LUT in the UVA-irradiated HSFs led to a decrease in
the conversion of LC3 from LC3-I, a soluble, cytoplasmic
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Figure 3. LUT decreases UVA-induced autophagy in HSFs. Four groups of HSFs were incubated with 0, 5, 20 and 40 uM LUT, respectively. These groups of
HSFs were irradiated with 57.6 J/em? UVA. (A) Following treatment, the cells were stained with MDC and observed using fluorescence microscopy to detect
the presence of MDC puncta. (B) Electron micrographs of HSFs following treatment with LUT and irradiation with 57.6 J/cm? UVA. Phosphate-buffered saline
was used in treatment as a bank control. Magnification, x200. (C) Annexin V-FITC and PI staining for apoptosis. The X-axis denotes Annexin V-FITC; the
Y-axis denotes DNA content by PI. The experiment was repeated three times and the results are representative of the three independent experiments. HSFs,
human skin fibroblasts; PI, propidium iodide; FITC, fluorescein isothiocyanate; UVA, ultraviolet A; LUT, luteolin.
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Figure 4. LUT decreases UVA-induced ROS in HSFs. The HSFs were incubated with different doses of LUT (0, 5, 20 and 40 xM LUT, respectively) at
a concentration of 1x10° cells/ml, and then exposed to 57.6 J/cm?* UVA. Following three washes in PBS, the cells were incubated at 37°C for 30 min with
10 uM DCFH-DA in PBS. The fluorescence was measured using flow cytometry (excitation wavelengths, 488 nm; emission wavelengths, 525 nm). The
analysis was repeated three times, and the results are representative of the three. Each bar represents the mean =+ standard deviation of three experiments
("P<0.05, vs. dimethyl sulfoxide control). HSFs, human skin fibroblasts; UVA, ultraviolet A; LUT, luteolin; ROS, reactive oxygen species; DCFH-DA, dichlo-
rodihydrofluorescein diacetate; PBS, phosphate-buffered saline.

form, to LC3-1I, a membrane-bound, autophagosome-asso-  Discussion

ciated form. These results provided further evidence for the

increased reduction of autophagy by LUT treatment in the  The antioxidant effect of LUT is due to several mechanisms.
UVA-irradiated HSFs. Firstly, the specific structure of LUT enables it to act as a
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Figure 5. Effects of exogenous application of NAC and CAT on UVA-induced ROS generation, GSH depletion, MMP disruption and cell viability in HSFs.
(A) Changes in ROS, GSH and MMP were examined using flow cytometric analysis. (B) Cell death rate was determined using a trypan blue exclusion
assay. Control, cells treated with solvent as control; UVA, cells treated with 57.6 J/cm?> UVA; CAT+UVA, cells treated with 57.6 J/cm* UVA following
incubation with 2,000 U/ml CAT for 30 min; NAC+UVA, cells treated with 57.6 J/cm? UVA following incubation with 1 mM NAC for 30 min. The data
are expressed as the mean + standard deviation of three independent experiments; "P<0.05, vs. cells treated with 57.6 J/cm?> UVA alone. HSFs, human
skin fibroblasts; UVA, ultraviolet A; LUT, luteolin; ROS, reactive oxygen species; NAC, N-acetyl-cysteine; CAT, catalase; GSH, glutathione; MMP;
mitochondrial membrane potential.
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Figure 6. Effects of LUT on the expression levels of beclin 1, LC3 and HIF-1a in UVA-irradiated HSFs. HSFs incubated with different concentrations of
LUT (0, 5, 20 and 40 uM, respectively) were treated with 57.6 J/cm? UVA. The cytosolic fractions were measured using western blot analysis to determine
the expression levels of beclinl, LC3 and HIF-1la. The experiment was repeated three times and the blots shown are representative of the three independent
experiments. HSFs, human skin fibroblasts; UVA, ultraviolet A; LUT, luteolin; HIF-1a, hypoxia-inducible factor-1a.

ROS scavenger (23). Secondly, ROS-generating oxidases, that mitochondria are the primary site for ROS generation,
including xanthine oxidase activity, can be inhibited by LUT  however, whether LUT affects ROS generation in this manner in
through suppressing O%-formation (25). It is already known  mammalian cells remains to be elucidated (26). Thirdly, intra-
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cellular antioxidant enzymes, including superoxide dismutase,
glutathione-S-transferase, glutathione reductase and CAT may
be protected or enhanced by LUT (27-29). Finally, LUT impairs
the oxidation of several cellular components, possibly by inhib-
iting the activity of the corresponding enzymes.

Previous studies have indicated that various cell types
show varying degrees of sensitivity to flavonoids (23-29).
Verschooten et al (30) demonstrated that LUT decreases the
damage induced by UVB-irradiation in normal human kera-
tinocytes, whereas no photoprotective effects are observed in
malignant keratinocytes.

The present study found that LUT exerted a protective effect
on HSFs damaged by UVA. LUT was suggested to scavenge
UVA-induced ROS in the HSFs. Of note, the UVA-irradiated
HSFs endured substantial changes in autophagy when incu-
bated with LUT, and these changes were due to decreases in
the levels of ROS.

HIF-la is an important transcriptional factor induced by
numerous oxidants. In the present study, HIF-la was down-
regulated in the LUT-treated UVA-irradiated HSFs. It was
concluded that there are specific proteins downstream of
HIF-1a, which induced autophagy. This indicated the associa-
tion of HIF-1a with autophagy. Once the expression of HIF-1a
decreased, autophagy declines. LUT, acting as a potent ROS
scavenger, markedly impaired the production of HIF-la
induced by UVA. These results indicated that LUT decreased
the UVA-induced autophagy of the HSFs by scavenging ROS.
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