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Abstract. Cutaneous ischemia-reperfusion (I/R) injury is one
of the most crucial problems in flap surgery, which affects
the survival of the skin flap and patient prognosis, luteolin, a
plant derived flavonoid, has previously been shown to exert a
variety of beneficial effects for reducing I/R injury in several
organs. The aim of the present study was to evaluate the
anti-inflammatory and anti-oxidative stress effects of luteolin
on cutaneous I/R injury. The in vitro study were performed
using a permanent human immortalized epidermal keratino-
cyte cell line (HaCaT), cells were cultured in the presence of
Iuteolin and were then treated with hydrogen peroxide, the
cell viability, mitochondrial membrane potential and the cell
survival/apoptosis related signaling pathway activation were
assessed to investigate the cytoprotective effects of luteolin.
For in vivo experiments, skin flap I/R injury animal model was
established in Sprague-Dawley rats, by measuring the area of
flap survival, analyzing the expression of pro-inflammatory
cytokine and evaluation of the histological changes in the
skin tissue, the protective effects of luteolin on skin I/R injury
were investigated. The function of protein kinase B (AKT)
and heme oxygenase-1 (HO-1) activation on luteolin medi-
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ated I/R injury protection was assessed by administration
of phosphoinositide-3-kinase/AKT inhibitor LY294002 and
HO-1 inhibitor ZNPP. The results showed that luteolin treat-
ment significantly increased the viability of HaCaT cells upon
exposure to hydrogen peroxide, and the administration of lute-
olin in vivo significantly improved skin flap survival in the I/R
injury rat model. The mechanisms underlying these beneficial
effects included increased phosphoinositide-3-kinase/protein
kinase B activation, improved expression of antioxidant
enzyme, and scavenging the cytotoxic effects of reactive
oxygen species (ROS). Taken together, the results suggested
that luteolin preconditioning yielded significant protection
against cutaneous I/R injury by protecting skin keratinocytes
from ROS-induced damage.

Introduction

Skin flap surgery has been increasingly used in plastic and
reconstructive surgery of a number of skin defects, and flap
necrosis is the least common but most serious problem following
reconstructive flap surgery. Ischemia-reperfusion (I/R) injury
is a leading cause of surgical skin flap compromise and organ
dysfunction. I/R injury occurs when the circulation is abruptly
restored following prolonged ischemia, and the mechanisms
underlying I/R injury are complex. Evidence shows that high
levels of calcium and tissue neutrophil accumulation cause
cellular damage (1), the generation of high level of reactive
oxygen species (ROS) during reperfusion, and the induction
of marked epithelial apoptosis are critical in the pathogenesis
of various types of I/R injury in tissue damage and organ
dysfunction (2). As skin flaps are vulnerable to surgical skin
flap-induced I/R injury, reducing I/R injury in the necrotizing
flaps has long been a clinical challenge.

Luteolin (3'4',5,7-tetrahydroxyflavone) is a naturally occur-
ring polyphenol flavonoid found in several vegetables, fruits,
and tea. It has been reported to exert varied pharmacological
activities, including antioxidant, antimutagenic, anti-inflam-
matory, anti-allergic and antihypertensive activities (3). The
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beneficial effects of luteolin have been reported in various
pathological conditions, including lipopolysaccharide-induced
acute lung injury, endotoxin-induced uveitis (4), intestinal
inflammation (5), acetaminophen-induced hepatotoxicity and
asthma (6,7).

Luteolin has also been found to exert protective effects
during the process of I/R injury; it has been demonstrated to
protect by the alleviation of myocardial, kidney and intestinal
I/R injury in animal models or clinical studies (8-10). However,
whether luteolin can be used for the treatment of the cutaneous
I/R injury in skin flap surgery is of interest and warrants
investigation. Therefore, the present study aimed to evaluate
the anti-ischemic effect of luteolin in skin flap surgery and
investigate its potential mechanism.

Materials and methods

Reagents and antibodies. Luteolin was purified and provided
by the Key Laboratory of Bioactive Substances and Resources
Utilization of Chinese Herbal Medicine, Ministry of Education
(Beijing, China) and the purity of the product was >98%,
detected by HPLC (UV). The molecular structure is shown in
Fig. 1A. Monoclonal antibodies against protein kinase B (AKT;
no. 4691), phosphor-AKT (Ser473; no. 4060) and horseradish
peroxidase-conjugated anti-mouse or anti Rabbit IgG (nos. 7076
and 7074) were purchased from Cell Signaling Technology,
Inc. (Boston, MA, USA). Monoclonal antibodies against heme
oxygenase-1 (HO-1; no. ab13243), B-cell lymphoma 2 (BCL-2;
no. ab692), BCL-2-associated X protein (BAX; no. ab32503),
activated caspase-3 (no. ab2302) and GAPDH (no. ab9484)
were purchased from Abcam (Cambridge, MA, USA).
Alexa 488-conjugated goat anti-rabbit secondary antibodies
(no. A-11078) were purchased from Thermo Fisher Scientific,
Inc. (Waltham, MA, USA). The Pierce BCA Protein Assay kit
was purchased from Thermo Fisher Scientific, Inc.

Cell culture. Cultured immortalized HaCaT human keratino-
cyte cells were obtained from Nanjing KeyGen Biotech Co.,
Ltd. (Nanjing, China) (11). The cells were grown in DMEM
(Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, Inc.), 100 U/ml
penicillin, and 100 pug/ml streptomycin, cultured at 37°C in 5%
CO,. When 80% confluence was achieved, the HaCaT cells
were treated with hydrogen peroxide (100 M) for 2 h with or
without the pretreatment of indicated concentrations (3, 6, 12,
25 pg/ml) of luteolin for 12 h at 37°C in 5% CO,.

Cell viability and apoptosis assay. Cell viability was assessed
using standard MTS methods. Briefly, the cells were seeded
in triplicate at a density of 1x10° cells/ml in a 96-well plate,
and cell viability assays were performed using the CellTiter 96
Aqueous One Solution Cell Proliferation Assay kit (Promega
Corporation, Madison, WI, USA), the absorbance at 490 nm
was measured using a microplate reader (Biolek Instruments,
Inc., Winooski, VT, USA).

For the apoptosis assays, a fluorescein-conjugated
Annexin V (Annexin V-FITC) staining assay kit (BD
Biosciences, San Jose, CA, USA) was used to quantitatively
assess the level of induced cell apoptosis. Briefly, the cells were
washed with PBS and stained with 5 ul of Annexin V-FITC
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and 5 pl of propidium iodide (PI) in each sample to quantify
the cell number at different stages of cell death. Following
incubation at room temperature in the dark for 15 min, the
percentages of apoptotic cells were quantified as a percentage
of the Annexin V-positive population with a FACSCalibur
flow cytometer (BD Biosciences), and the data were analyzed
with FlowJo Version 7.6.2 software (Tree Star, Inc., Ashland,
OR, USA).

Measurement of mitochondrial membrane potential (MMP).
The MMP values were determined using the dual-emission
potential-sensitive probe 6,6'-tetrachloro-1,1',3,3'-tetraethyl-
imidacarbocyanineiodide (JC-1; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany). Briefly, the cells were seeded in the
camber slides at a density of 5x10° cells/well in 200 ul culture
medium and incubated with 10 gM of JC-1 for 20 min at 37°C
in the dark. The JC-1 was then removed, and the cells were
washed with cold PBS to remove unbound dye. The quantity
of JC-1 retained in the cells was assessed with a laser scanning
confocal microscope system (Olympus Corporation, Tokyo,
Japan).

Western blot analysis. Skin keratinocytes were incubated
for a period of time following hydrogen peroxide exposure,
following which cell lysates were collected by lysis in RIPA
buffer, and the concentration of protein was detected using
a Pierce BCA protein kit purchased from Thermo Fisher
Scientific, Inc. Equal quantities of proteins (20 ug) were
mixed with loading buffer and subjected to electrophoresis
using 10% SDS-polyacrylamide gels. The separated proteins
were transferred onto polyvinylidene fluoride membranes and
non-specific bindings were blocked with 5% (w/v) skim milk
dissolved in tris-buffered saline with Tween. The membranes
were then subjected to immunoblot analysis with the appro-
priate antibodies (1;1,000 dilution for the primary antibodies
for 2 h at room temperature; 1:2,000 dilution for the secondary
antibodies for 1 h at room temperature). The immune-reactive
protein bands were visualized using an enhanced chemilu-
minescence detection system (GE Healthcare Life Sciences,
Chalfont, UK) followed by autoradiography. A G:Box
Bioimaging system (Syngene, Frederick, MD, USA) was used
to assess autoradiographic signals and bands were quanti-
fied using GeneTools Image Analysis Software version 4.3.7
(Syngene).

Animal preparation and experimental groups. The animal
experiments were performed in the Experimental Animal
Laboratory of Nanjing University School of Medicine (Nanjing,
China), and approved by the Institutional Animal Care and
Use Committee of Nanjing University. A total of 18 male
8-10 weeks-old Sprague-Dawley rats weighing 220-280 g were
purchased from Research Institute of Model Organisms at
Nanjing University, the rats were housed in separate cages at
25°C and in a 12-h light/dark lighting system. All animals has
free access to food and water. The rats were randomly allocated
into three groups: Mock control group (Ctl), I/R injury group
(I/R), and I/R injury with luteolin treatment group (I/R + Luo).

Development of the ischemic flap rat model. The rats were
anesthetized with an intraperitoneal (i.p.) injection of
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Figure 1. Chemical structure of the luteolin and the surgical procedure.
(A) Cell viability of HaCaT cells were detected using an MTS assay.
(B) Diagram showing the surgical procedure. Briefly, the rat was anesthe-
tized and an island skin flap measuring 3x6 cm over the lower chest and
abdomen was raised; the flaps were transected proximally, leaving the
superficial epigastric vessels as the only connection, and epigastric vessels
close to the femoral artery and vein were occluded with a 2-V microvascular
clamp during the ischemic period. The clamps were removed following 4 h
of ischemia.

ketamine (100 mg/ml) and xylazine (20 mg/ml) at a total dose
of 0.2 ml/100 g of body weight. Abdominal hair was removed
with an electric clipper, and all surgical procedures were
performed under sterile conditions. The borders of the flaps
were outlined on the abdomen using a template measuring
3x6 cm. The flap was raised with the base at the left inferior
epigastric artery, including the skin and the intimately attached
panniculus carnosus, as previously described (11,12). Ischemia
was induced by applying a single microvascular clamp across
the femoral vascular pedicle, and the flap was sutured to the
donor bed using a 4/0 polypropylene suture. Following 4 h
of ischemia, the clamps were removed. The rats in the mock
control group received the flap elevation and vessel dissection
but no ischemic insult. The surgical procedure is shown in
Fig 1B. To assess the functions of phosphoinositide-3-kinase
(PI3K)/AKT and HO-1 in luteolin-mediated tissue protection,
HO-1 inhibitor (ZnPP) or PI3K/AKT inhibitor (LY294002)
was administrated to the rats on day 1 and day 4 post-I/R
injury at doses of 3 and 100 mg/kg body weight (i.p.). The
surviving area of the skin flap was then measured.

Assessment of skin flap survival. Following surgery, all
animals were sacrificed on post-operative day 7. Gross obser-
vation was performed to identify the line of demarcation
between the viable and the necrotic tissue. The dorsum of the
rat in each group was covered with clear paper in anesthesia
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to accurately measure the surviving or necrotic areas of
the flap, and the flap was cut into two sections: Viable and
necrotic. The entire flap and the necrotic and viable regions
were measured using two-dimensional planimetry in a
blinded-manner. The surviving proportions of the flaps were
determined as a percentage of the entire flap area (surviving
flap proportion=viable flap area/total area x100%). Following
assessment, the rats were sacrificed with an overdose of
sodium pentothal.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. The transcriptional expression of inter-
leukin (IL)-1B, tumor necrosis factor (TNF)-a and IL-6 were
detected by RT-qPCR analysis. Total RNA was extracted
from the skin flap tissue on day 1 post-I/R using an RNAeasy
Micro kit (Qiagen GmbH, Hilden, Germany) according to the
manufacturer's protocol. mRNA was reverse transcribed into
cDNA with PrimeScript RT Master mix (Takara Bio, Inc.,
Otsu, Japan). SYBR green qPCR was performed using PCR
Master mix (Thermo Fisher Scientific, Inc.). Each cDNA reac-
tion was prepared from 1 yg RNA, diluted to 100 pl of the
final volume and 1 ul cDNA was subsequently used for each
PCR reaction, and the reaction mixture had a total volume
of 20 ul containing 10 ul PCR Master Mix (2X), 0.5 ul PCR
forward primer (10 mM), 0.5 ul PCR reverse primer (10 mM)
and 8 ul H,0. The PCR conditions were as follows: 95°C for
30 sec for pre-incubation, 95°C for 5 sec and 60°C for 30 sec
for amplification; 95°C for 10 sec and 65°C for 10 sec to
melting curve, and 40°C for 30 sec for cooling. The following
primer pairs were used: IL-1f, 5'-GGAACCCGTGTCTTC
CTAAAG-3' (forward) and 5-CTGACTTGGCAGAGG
ACAAAG-3' (reverse); TNF-a, 5'-CCAACAAGGAGGAGA
AGTTCC-3' (forward) and 5'-CTCTGCTTGGTGGTTTGC
TAC-3' (reverse); IL-6, 5'-GAAAGTCAACTCCATCTGCC-3'
(forward) and 5'-CATAGCACACTACGTTTGCC-3' (reverse);
first measure-actin, 5"~ AACCCTAAGGCCAACCGTGAA
AAG-3' (forward) and 5"-TCATGAGGTAGTCTGTCAGGT-3'
(reverse).

The relative expression of target genes was determined
to B-actin and was calculated using the 2224 method. The
relative mRNA expression was quantified as described previ-
ously (13).

Assessment of oxidative stress status. The oxidative stress
status of the flaps was assessed by measuring the superoxide
dismutase (SOD) activity and the content of myeloperoxidase
(MPO) and malondialdehyde (MDA) in the skin flap tissue.
Tissue samples (1x1 cm) were separated from the central
area of the surgical flaps in each group; these samples were
weighed, homogenized, and diluted to 10% (v/v) in an ice bath.
The homogenate was then centrifuged at 600 x g for 15 min
at 4°C and the supernatant solution was collected. The activity
of SOD and the levels of MPO and MDA in the homogenate
were then determined using a commercial kit following the
protocol suggested by the manufacturer (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

Immunofluorescent staining. Tissue specimens were
embedded in paraffin following fixation in 10% formalin.
The sections (4-6 um) were deparaffinized in xylene and
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Figure 2. Luteolin preconditioning decreases the cytotoxic effect of hydrogen peroxide in HaCaT keratinocyte cells. (A) Cell viability of HaCaT cells detected
using a MTT assay in the presence of hydrogen peroxide and luteolin pretreatment; (B) Percentage of apoptotic cells was assessed by FACS with Annexin-V
and PI staining. (C) Mitochondrial membrane potential assay was performed using 6,6'-tetrachloro-1,1',3,3'-tetracthylimidacarbocyanineiodide staining
(magnification, x100). Results are expressed as the mean + standard deviation ("P<0.05, “"P<0.01 compared with the H,O,-treated group). Ctl, control; Luo,

luteolin; PI, propidium iodide.

hydrated with ethanol. The sections were incubated with
1% bovine serum albumin (Sigma-Aldrich; Merck KGaA)
in PBS/Tween to block unspecific binding of the antibodies.
Following overnight incubation at 4°C, the sections were
incubated with primary antibodies (1:500 for P-AKT, HO-1
and active Caspase-3) for 2 h followed by the secondary anti-
bodies (1:1,000) for 30 min in a dark room at 25°C. Nuclei
were stained using DAPI solution (Molecular Probes, Thermo
Fisher Scientific, Inc.). Fluorescent images were captured
and visualized using an Olympus fluorescence microscope
(Olympus Corporation).

Statistical analysis. Statistical analyses were performed using
GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA,
USA). One-way analysis of variance or Student's t-test was
used to test for significant difference. P<0.05 was considered
to indicate a statistically significant difference.

Results
Luteolin treatment protects human skin keratinocytes from

hydrogen peroxide-induced cytotoxicity. Prior to investi-
gating the protective properties of luteolin against hydrogen
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Figure 3. Effect of luteolin on hydrogen peroxide-induced keratinocyte apop-
tosis. The protein levels of markers of apoptosis, BAX, caspase 3 and BCL-2,
were evaluated using a western blot assay. The HaCaT cells were exposed to
100 M of hydrogen peroxide in the presence or absence of increased con-
centration of luteolin. +, 3 ug/ml; ++, 6 pug/ml; +++, 12 ug/ml; AKT, protein
kinase B; P-AKT, phosphorylated AKT; HO-1, heme oxygenase-1; BCL-2,
B-cell lymphoma 2; BAX, BCL-2-assocated X protein; I/R, Luo, luteolin.
“P<0.05, vs H,0, treatment.

peroxide-induced cell death, the cytotoxic effects of hydrogen
peroxide were first examined in the HaCaT cells. The MTT
assay indicated that the treatments with various doses of
hydrogen peroxide resulted in cytotoxic effects, and cell
viability was significantly decreased at a concentration of
100 uM. Therefore, 100 #M of hydrogen peroxide was selected
as the optimum concentration for the subsequent in vitro
assay. To measure the protective effect of luteolin, the HaCaT
cells were sham-exposed or received treatment with various
doses of luteolin. MTT assays revealed that the hydrogen
peroxide-induced reduction of cell viability was effectively
prevented by pretreatment with luteolin (Fig. 2A).

To further evaluate the effect of luteolin on hydrogen
peroxide-induced apoptosis, the HaCaT cells were stained
with Annexin V and PI, and cell apoptosis was measured by
FACS, as shown in Fig. 2B. Cells with a high expression of
Annexin V and not expressing PI were considered early apop-
totic cells, whereas cells with a high expression of Annexin V
and expressing PI were classified as late apoptotic cells. The
results showed that HaCaT cells exposed to hydrogen peroxide
treatment had a high level of cell apoptosis, and treatment of
these cells with luteolin significantly reduced cell apoptosis;
the percentage of apoptotic cells was 12.06+2.32% (luteolin
treatment group), vs. 18.37£1.92% (untreated group). This
suggested that luteolin may inhibit hydrogen peroxide-induced
keratinocyte apoptosis.
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A change in MMP was examined as mitochondria are major
sites of oxidative phosphorylation and ROS production,and they
are involved in the initiation of apoptosis through membrane
permeabilization (14). As shown in Fig. 2C, compared with the
control group, the hydrogen peroxide-treated cells exhibited a
loss of MMP; increased fluorescence intensity was observed
in the hydrogen peroxide-treated HaCaT cells following JC-1
dye staining, indicative of mitochondrial depolarization.
However, pretreatment with luteolin significantly inhibited the
loss of MMP in the hydrogen peroxide-treated cells. Altered
cell morphology was also observed in response to hydrogen
peroxide treatment, however, the cell morphology was main-
tained and the overall cell shape was maintained following
treatment with increased dosed of luteolin, indicating the
protective effect of luteolin against hydrogen peroxide-induced
cell death.

Luteolin inhibits hydrogen peroxide-induced keratinocyte
apoptosis through the PI3K/AKT pathway. To assess the
mechanism by which luteolin treatment can protect against
hydrogen peroxide-induced keratinocyte apoptosis, the present
study investigated whether luteolin pretreatment was associ-
ated with varied intracellular signaling pathway activation. As
shown in Fig. 3, treatment of the keratinocytes with hydrogen
peroxide resulted in a significant inhibition of PI3K/AKT
pathway activation, which indicated the inhibition of cell
growth and differentiation. Consistent with this observation,
there was increased expression of BAX and decreased expres-
sion of BCL-2, and the BCL-2/BAX ratio were decreased,
which suggested that these cells underwent apoptosis once
exposed to hydrogen peroxide treatment.

Luteolin pretreatment not only significantly restored the
cell viability, but also decreased the apoptotic rate, upregu-
lated the expression of BCL-2, downregulated the expression
of BAX and increased the BCL-2/BAX ratio. In addition,
luteolin pretreatment increased the phosphorylation of AKT
in a dose-dependent manner, as the PI3K/AKT pathway is
one of the most important intracellular survival signaling
pathways. This result suggested the protective effect of
luteolin in I/R injury may be associated with PI3K/AKT
pathway activation.

Luteolin treatment protects against skin damage during the
process of I/R. From the observations in vitro, it was hypoth-
esized that luteolin may have a protective effect in I/R injury
during skin flap surgery. To evaluate this hypothesis, the
present study successfully established a cutaneous I/R injury
rat model. To assess the effect of luteolin on I/R injury in the
skin flap model, the surviving areas of the flaps were measured
7 days following surgery. It was observed that the I/R injury
group exhibited smaller surviving flap areas compared with
the mock control groups. The rats that received luteolin
pretreatment had larger surviving flap areas than those in the
I/R injury group at 7 days following surgery (Fig. 4A).

It was also observed that luteolin treatment suppressed the
mRNA levels of pro-inflammatory cytokines and chemokines.
The expression of pro-inflammatory cytokines in the biop-
sied skin samples were examined using an RT-qPCR assay.
As shown in Fig. 4B, the expression levels of TNF-a, IL-6
and IL-1p were significantly decreased in the luteolin-treated
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Figure 4. Luteolin administrations ameliorates I/R injury-induced skin tissue damage by inhibition of acute inflammation and oxidative stress levels.
(A) Pro-survival effects of luteolin on I/R-injured skin tissue in rats undergoing skin flap surgery; flap survival area was significantly improved in rats
subjected to I/R injury with luteolin treatment. (B) Relative expression of pro-inflammatory cytokines in the skin tissue biopsy was detected by reverse
transcription-quantitative polymerase chain reaction analysis. (C) I/R-injured skin tissues were stained with hematoxylin and eosin and the histopathologic
changes were visualized under a light microscope at different magnifications (x40 and x100). (D) Effect of luteolin administration on I/R-induced oxidative
damage in skin tissue; the relevant biomarkers were assessed using commercial kits. Values are expressed as the mean + standard deviation (n=8). "P<0.05,
vs. Ctl. I/R, ischemia-reperfusion; Luo, luteolin; IL, interleukin; TNF-a, tumor necrosis factor; Ctl, control; MPO, myeloperoxidase; MDA, malondialdehyde;

SOD, superoxide dismutase.

groups compared with those in the I/R injury groups. The
histopathological examination indicated that the severity of
tissue injury in the luteolin pretreatment groups was markedly
reduced; there was less inflammatory cell infiltration and the
damaged skin area was significantly decreased (Fig. 4C).

To assess the I/R injury induced oxidative stress damage,
the levels of MPO, MDA, and SOD were examined in the
surgical flaps. There was increased production of MPO and
MDA in the ischemia group compared with the control group,
and luteolin treatment significantly decreased the expression
of these enzymes. The decreased expression of SOD following
I/R injury was recovered in response to luteolin treatment.
These results indicated the oxidative stress scavenging effects
of luteolin (Fig. 4D).

Protective effect of luteolin on I/R-induced skin damage is
partly mediated through activation of the PI3K/AKT pathway.
Using immunofluorescent staining (Fig. SA and B), it was
observed that there was increased activation of caspase-3
protein in the ischemia group compared with the control group
and the luteolin treatment group. Luteolin treatment reduced
the level of cell apoptosis induced by I/R injury, as the protein
expression of activated caspase-3 was significantly reduced.
The levels of phospho-AKT and antioxidant enzyme HO-1
were significantly increase in response to luteolin treatment,
indicating that these two molecules may be involved in the
protective function of luteolin.

To determine whether luteolin-induced skin protection
was mediated by the PI3K/AKT pathway, the PI3K inhibitor
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Figure 5. Protective effect of luteolin against I/R injury is mediated via the
PI3K/AKT pathway. Immunofluresence staining of the skin tissue sections
isolated (A) 1 day and (B) 7 days post-I/R injury. (C) Flap survival area in rats
subjected to I/R injury and luteolin treatment were reduced in the rats that
received intraperitoneal injection of PI3K/AKT inhibitor LY294002, but not
by HO-1 inhibitor ZnPP. "P<0.05, vs. Ctl. I/R, ischemia-reperfusion; PI3K,
phosphoinositide-3-kinase; AKT, protein kinase B; HO-1, heme oxygenase-1;
Luo, luteolin; LY, LY294002; CTL, control.

LY294002 (14) was used. The inhibition of AKT activity
markedly reduced the luteolin-induced protection and inhibi-
tion of apoptosis in skin I/R injury (Fig. 5C). These results
suggested that luteolin inhibited apoptosis and improved skin
flap survival at least partly through the PI3K/AKT pathway
in skin flap surgery. By contrast, using the HO-1 inhibitor
ZnPP (15), no significant change in luteolin-induced protec-
tion was observed; the surviving flap areas and neutrophil
infiltration levels were similar to those in the luteolin treatment
groups, suggesting that HO-1 may not be a crucial molecule in
regulation of skin damage during the I/R injury caused by skin
flap surgery.

Discussion

During skin flap surgery, the skin tissue is lifted from a donor
site and moved to a recipient site with an intact blood supply,
and I/R injury is the main factor reducing the survival rate of
flaps following grafting (15). I/R injury refers to the tissue and
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microvasculature injury that is observed despite the restora-
tion of blood flow following an initial ischemic insult, often
affecting free flaps. The mechanisms of I/R injury include
hypoxia, inflammation and oxidative damage, characterized
by microvascular vasoconstriction, ROS release, oxidant/anti-
oxidant imbalance and neutrophil adhesion/infiltration (16).

Flavonoids are a group of natural products currently
receiving attention for their anti-reactive stress and
anti-inflammatory effects. Several studies have reported that
certain flavonoids, including kaempferol and quercetin, exert
antioxidant effects and can also inhibit tissue damage (17).
Luteolin is a common flavonoid that exists in several types
of plants including fruits, vegetables, and medicinal herbs; it
has antioxidant, anti-inflammatory, antitumor or other physi-
ological beneficial effects. Studies have demonstrated that
luteolin may exert protective effects in I/R injury in various
pathological conditions, including myocardial and cerebral
I/R injury (18,19). In our previous study, it was shown that
luteolin protected HUVECSs from TNF-a-induced oxidative
stress and inflammation (20). In the present study, an in vivo
animal model was used to investigate the protective effect
of luteolin against cutaneous I/R injury during the process
of skin flap surgery. It was found that luteolin pretreatment
conferred a skin protective effect, as evidenced by improve-
ment following I/R injury and reduced skin keratinocyte
apoptosis. Of note, PI3K/AKT signaling was shown to
be key in this process. The findings indicate that luteolin
protected against skin tissue damage in rats that underwent
skin flap surgery.

There are diverse mechanisms of cell death, including
necrosis, apoptosis, mitotic catastrophe and pyroptosis (21).
Apoptosis is an active form of cell death that is initiated
by a variety of stimuli, including ROS (22). Several studies
have established that I/R injury can induce cell apoptosis,
resulting in the deregulation of associated functions (23-25).
ROS-induced cell apoptosis has been shown to be one of the
important pathological features of cutaneous I/R injury.

To understand the cytotoxic protective effect of luteolin in
I/R injury, the present study first measure the protective effect
of luteolin using the illustrative human keratinocyte HaCaT
cell line as an in vitro skin model, as skin keratinocytes are the
predominant cell type in the epidermis, constituting 90% of
the cells found in the outermost layer of the skin (26). During
skin I/R injury, ROS-induced skin keratinocyte apoptosis
has been considered to be the major pathological cause for
the tissue damage (27). In the present study, by analyzing the
hydrogen peroxide-induced skin HaCaT cell apoptosis, the
results showed that luteolin pretreatment significantly inhib-
ited the hydrogen peroxide-induced apoptosis, indicating the
anti-apoptotic property of luteolin.

To further delineate the mechanism, the present study also
measured the expression of apoptosis regulatory components.
Apoptosis is mediated by two evolutionarily conserved path-
ways: Intrinsic and extrinsic cell death pathways, which are
respectively represented by the Bcl-2 family and the caspase
family. The Bcl-2 family proteins, consisting of death antago-
nists (Bcl-2) and agonists (Bax), are crucial in the regulation
of ROS-induced cell death (28). It has been found that, during
ischemia and particularly when combined with reperfusion,
Bax protein is triggered and translocated into the outer
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mitochondrial membrane, resulting in elevated Bax levels and
areduced Bcl-2/Bax ratio (29). It is well known that this ratio is
involved in MMP. The downregulation of the Bcl-2/Bax ratio
indicates that mitochondria-dependent pathways are involved
in hydrogen peroxide-induced apoptosis (30). It has been
shown that the overexpression of Bcl-2 decreases cell apop-
tosis in multiple types of I/R injury (31). In the present study,
it was detected that luteolin pretreatment significantly elevated
the expression of BCL-2 and decreased the expression of
BAX, which corresponded to the increased BCL-2/BAX ratio.
Therefore changes in the ratio of pro-apoptotic to anti-apop-
totic proteins may contribute to the observed anti-apoptotic
mode of action of luteolin.

Caspase-3 are cysteine proteases are central in the execu-
tion of the apoptotic program. Caspase-3 interacts with
caspase-8 and caspase-9, therefore, caspase-3 is activated in
the apoptotic cell by extrinsic (death ligand) and intrinsic
(mitochondrial) pathways (32). In the present study, marked
Caspase-3 activation was observed in the healing skin tissue
following skin flap surgery, indicating that ROS-induced apop-
tosis contributed to the I/R injury-induced tissue damage, The
anti-apoptotic action of luteolin alleviated the tissue damage
during the cutaneous I/R injury, and the in vitro experiments
support this conclusion.

Cutaneous I/R injuries also cause the development
of inflammatory responses (33). In the present study, the
increased expression of pro-inflammatory cytokines IL-1p
and TNF-a suggested the induced acute inflammation upon
cutaneous I/R injury. It was noted that luteolin treatment
attenuated the acute inflammation by decreasing the expres-
sion of these pro-inflammatory cytokines, suggesting that the
anti-inflammatory properties of luteolin may accelerate the
wound healing process. Neutrophil infiltration is characteristic
of acute inflammation, which has been suggested to aggravate
the reperfusion injury induced by leukocyte activation, and
the expression of adhesion molecules contributed by ROS.
In the present study, the increased expression of MPO, MDA
and inflammatory factors in the injured skin tissue during
cutaneous I/R injury were significantly ameliorated, and
the decreased release of ROS and increased production of
antioxidant enzymes SOD and HO-1 upon luteolin treatment
support the anti-inflammatory and ROS scavenging function
of luteolin.

The PI3K/AKT pathway is one of the well-documented
pathways involved in protection against oxidative stress and
is critical in promoting wound healing (34). The activation
of PI3K/AKT has been shown to have a beneficial effect on
multiple types of I/R injury, including the gut, liver, heart and
cerebral regions (35-39). The phosphorylation of AKT has
been shown to suppress apoptosis and promote cell survival
in I/R injury (40). AKT regulates cell survival by phosphory-
lating different substrates that directly or indirectly regulate
apoptosis. It has been found that the phosphorylation of AKT
prevents cytochrome c release by inhibiting the interaction
of BCL-2 family apoptotic proteins, including BCL-extra
large, with other apoptosis regulating molecules, including
BCL-2-associated death promoter; AKT also phosphorylates
caspase-9 on Ser196, which inhibits its proteolytic activity viaa
conformation change (41). Previous studies have demonstrated
that activation of the PI3K/AKT signaling pathway improved
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wound healing in human and animal models; the increased
PI3K/AKT activation during the wound healing process was
time course-dependent, and was mainly observed in the early
period during wound healing (21,42). In the present study, it
was found that luteolin pretreatment significantly upregulated
the protein phosphorylation of PI3K and AKT. The increased
activation of the PI3K/AKT signaling pathway in the luteolin
treatment group, which occurred mainly on Day 1 rather than
Day 7, suggested that activation of the PI3K/AKT pathway
was an early event for tissue regeneration. Therefore, the
protective effect of luteolin was due, at least in part, to its
ability to upregulate the activation of the PI3K/AKT signaling
pathway.

To understand whether the protective effects of luteolin
were mediated via the PI3K/AKT pathway, the rats received
pretreatment with PI3K/AKT inhibitors during the in vivo
administration of luteolin. The results showed that, in the
presence of LY294002, the cytoprotective activity of lute-
olin was significantly reduced, suggesting the involvement
of the PI3K/AKT pathway in the regulation of cutaneous
I/R injury.

In conclusion, the present study demonstrated that luteolin
pretreatment attenuated cutaneous I/R injury by scavenging
of extracellular ROS and regulating apoptosis. Therefore, the
administration of luteolin may represent a promising thera-
peutic strategy for the treatment of ROS-related cutaneous I/R
injury and improve skin flap survival.
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