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Abstract: Keloids are raised, red, hard and irregular tumors that are prone to extend beyond the wound borders.
Surgical excision is not sufficient to eradicate a keloid. Adjuvant therapy with radiation is a recommended treat-
ment that reportedly achieves improved efficacy. However, radiation does not only kill cells in the keloid tissue but
also stimulates their resistance, and intractable cases can display continuous recurrence. Quercetin was initially
extracted from natural products and is used as a dietary supplement. The role of quercetin as an oxidant scavenger
has been highlighted in many studies and has drawn interest to the application of ionizing radiation (IR) sensitiza-
tion. In this study, we first demonstrate that keloid fibroblasts acquire resistance after IR treatment, and this can be
relieved by treatment with quercetin. Further, we showed that hypoxia-inducible factor 1 (HIF-1), a prognostic marker
used in clinical practice after radiation therapy, was associated with stronger radioresistance in keloid fibroblasts,
which was downregulated after quercetin treatment. The inhibition of HIF-1 expression by quercetin was found to
be dependent on the phosphatidylinositol-3-kinase (PI3K)/Akt pathway. Quercetin has been reported to reduce the
phosphorylation of Akt. Taken together, we revealed one mechanism underlying the suppression of radioresistance
by quercetin, which involved the regulation of HIF-1a by the PI3K/Akt pathway. Our study provides a molecular basis
for the application of quercetin in radiation sensitization in the treatment of keloids.
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Introduction of the tissues, an abnormally excessive extra-

cellular matrix, and dysregulation of apoptosis
A keloid is a benign tumor of the derma, which [4-7]. However, there is still a lack of knowledge
is characterized by infiltration into adjacent nor- regarding definitive mechanisms that explain
mal tissues. In people of Asian descent, keloids keloid pathogenesis. Recurrence is an intricate
occur at a frequency of 4%-16% [1], primarily in problem in the treatment of keloids. Berman
young adults. Keloids appear red, hard, tickling, and Bieley et al. comprehensively compared
raised, and irregular and may extend outside the efficacy of different therapies and showed
the area of an injury [2]. Long-existing keloids that combining surgical excision and radiation
can cause necrosis, recurrent hemorrhage, and minimized recurrence; however, some patients
suppuration. Histopathologic sections showed suffered from radioresistance [8, 9]. Therefore,
overabundance of fibroblasts undergoing active it is imperative to develop novel means to in-

mitotic division within keloid tissues, accompa-
nied by dense collagen fibers and an abnormal
increase in myxoid stroma [3]. The etiology of
keloids is reminiscent of tumorigenesis in that Adjuvant therapy has emerged as an effective
it involves characteristics such as dysfunction means to reduce resistance. Quercetin, a flavo-

crease the sensitivity of keloids to radiation,
which would then reduce secondary insults.
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noid that can be extracted from plants such
as vegetables, bark roots, flowers and grains,
has been found to be beneficial to health [10,
11]. Although a natural product, quercetin has
drawn extensive research interest regarding its
pharmacological effects, and a substantial am-
ount of evidence now exists for potential thera-
peutic uses in a variety of conditions, including
allergies, asthma, anti-bacterial activity, and
cancer. Among these, cancer is a condition that
is similar to keloids. Indeed, effective inhibition
of radiation-induced PKC activity, one of the
ways that radioresistance arises in tumor cells,
has been achieved by quercetin treatment [12].
However, the role of quercetin in the treatment
of keloids and the feasibility of its clinical appli-
cation remain elusive.

In this study, we first compared the radioresis-
tance of keloid fibroblasts, the major constitu-
ent cells of keloids, with that of normal fibro-
blasts. Results showed that compared to nor-
mal fibroblasts, keloid fibroblasts exhibited less
severe apoptosis, which was increased by tre-
atment with quercetin. Subsequently, we found
that the expression level of hypoxia-inducible
factor-1 (HIF-1), an indicator of radioresistance,
was correlated with quercetin concentration
and associated with the degree of radioresis-
tance. We further employed a phosphorylation
inhibitor and agonist to examine whether quer-
cetin inhibits HIF-1a through the PI3K/Akt path-
way, which has been highly implicated in tumor-
igenesis, tumor development, and escape from
apoptosis. Quercetin was found to reduce the
protein level of p-Akt, and the Akt phosphoryla-
tion agonist IGF-1 attenuated, but did not com-
pletely block, inhibition by quercetin. This indi-
cates involvement of PI3K/Akt in the suppres-
sion of radioresistance by quercetin and sug-
gests the existence of another potential inhibi-
tory pathway.

Materials and methods

Source of keloid fibroblasts

The keloid fibroblasts used in this study were
sampled from the disposed skin keloid tissues
of five patients who received surgery in the
plastic surgery department of Peking Union
Medical College Hospital, and the normal fibro-
blasts were derived from normal skin tissues of
non-keloid patients. None of the patients had
been administrated any therapy prior to sam-
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pling or complicating disease that affects
wound healing. All keloid tissue specimens
were examined and confirmed pathologically,
and the full-thickness biopsy specimens were
used in subsequent experiments. The keloid
fibroblasts from different patients were used as
biological replicates. Normal fibroblasts were
sampled from surgically excised normal skin
from nonkeloid people. Written, informed con-
sent of all patients was obtained and this study
was approved by the Ethics Committee of the
hospital.

Cell culture and treatment

Tissues were obtained from central parts of
each keloid lesion, dissected into small pieces
(<1 mm in diameter), and cultured in DMEM
supplemented with 10% FBS, in a 5% CO,
humidified atmosphere at 37°C. The edges of
the explanted tissues at 8-10 days post-prima-
ry culture were passaged, and the cells har-
vested from the center of the keloid colonies in
passages 3-6 were used for subsequent exper-
iments. Cells were divided into the normal fibro-
blast group (Norm) and the keloid fibroblast
group (KLD). For radiation treatment, cells were
cultured in DMEM supplemented with FBS and
were subjected to radiation at 15 Gray, 20 Gray
and 25 Gray for 24 or 48 hrs. Each treatment
had 5 replicates. For quercetin treatment, dif-
ferent quantities of quercetin were added to
DMEM supplemented with FBS to obtain a final
concentration of 20 ymol/I, 40 umol/I and 80
umol/Il. The time period that cells were cultur-
ed in the modified mediums depended on the
experiment.

Apoptosis assessment by flow cytometry

Flow cytometry using annexin V and propidium
iodide (Pl) was used to measure apoptosis in
fibroblasts. Fibroblasts were plated in 6-well
plates at a density of 5x10* cell/cm?. After 24
or 48 hours of exposure to ionizing radiation
or treatment with quercetin for 24 hrs, 100 pL
of cells were suspended in 1x Annexin-binding
buffer and incubated with 5 uL fluorescein iso-
thiocyanate (FITC), annexin V, and 5 pL PI (Invi-
trogen, US) for 15 min at room temperature in
darkness. After adding 400 uL of annexin-bind-
ing buffer to each replicate, viability and apop-
tosis were analyzed by flow cytometry at 530
nm and >575 nm, respectively (BD Bioscience).
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Western blotting

Total proteins were extracted from cells using
RIPA buffer. Equivalent quantities of total pro-
tein were then subjected to 10% sodium do-
decyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and then transferred to nitro-
cellulose membranes. Blocking was done us-
ing 5% skimmed milk and 0.1% Tween 20 re-
solved in PBS (pH 7.4). Membranes were then
incubated with primary antibodies for 60 min
at 37°C. The following antibodies were used:
mouse-anti-human HIF-1a (1:250, Abcam), p-
Akt (1:1000, Abcam), Akt (1:1000, Abcam), and
B-actin (1:1000, Abcam). Horseradish peroxida-
se (HRP) conjugated secondary antibody (dilut-
ed in 0.01 M PBS) was added, followed by 4
washes using 0.01 M PBS. An enhanced chemi-
luminescence solution was used to visualize
antigens, and Image J software was employed
to assess the signal intensities.

Quantitative RT-PCR

Total RNA was extracted using Trizol reagent.
Revert Aid M-MulV Reverse Transcriptase was
used to synthesize cDNA which served as a
template for PCR. The primers used were:
B-actin forward: 5-GAGACCTTCAACACCCCAG-
CC-3’; B-actin reverse: 5-AATGTCACGCACGAT-
TTCCC-3’; HIF-1a forward: 5-ACAAGTCACCAC-
AGGACAG-3’; HIF-1a: 5'-AGGGAGAAAATCAAGT-
CG-3". SYBR mix (Roche Applied Science) was
added to the PCR mixture as per the manufac-
turer’s instructions. Each sample contained 3
replicates.

Immunohistochemistry

Tissues were fixed in 10% formaldehyde solu-
tion, and then rehydrated by gradually decreas-
ing the concentration of ethanol followed by
immersion in EDTA (pH 8.0) at 270°C to recover
the antigens. Repair of peroxidase was done by
adding 50 pl of 3% H,0,. Goat serum was used
to block uninteresting epitopes. After removal
of serum, the specimens were incubated with
the mouse anti human HIF-1a monoclonal anti-
body (1:100), followed by 3 washes with PBS.
Horseradish peroxidase labelled goat anti-
mouse antibody was added and the mixture
was incubated for 30 min at room temperat-
ure. Newly prepared DAB was added to visual-
ize antigens.
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SiRNA transfection

siRNA for HIF-1a was purchased from Santa
Cruz (Santa Cruz, CA, USA), and negative con-
trol siRNAs were purchased from QIAGEN. Cells
were transfected with HIF-1a siRNAs or nega-
tive control siRNAs (QIAGEN) using the Lipo-
fectamine 2000 Transfection Reagent once
the cells grew to 70-90% confluence. Two days
after incubation at 37°C, cells were harvested
for subsequent assays.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde in PBS
for 15 min at room temperature and then per-
meated with 0.5% Triton at 4°C for 10 min.
After blocking with 2% BSA at 37°C for 30 min,
the primary mouse anti-human HIF-1a antibody
was diluted in 3% BSA and then added to the
plate. After incubation overnight, the second-
ary antibody (1:100) was added and incuba-
tion was performed in the darkness for 1 hr.
Hochest33342 was diluted at 1:800 with PBS
and added to the cells. Samples were visual-
ized under a fluorescence microscope.

Statistical analysis

Each biological replicate had three technical
replicates which were used to calculate the
average value of each parameter. Data are
reported as mean * SD. Student’s t test was
used to test the significance of differences,
and P<0.05 was considered statistically signi-
ficant.

Results

Keloid fibroblasts are more resistant to ioniz-
ing radiation than normal fibroblasts

We treated keloid fibroblasts and normal fibro-
blasts with different doses of ionizing radiation
(IR). After 24 hours, we observed no significant
difference in the percentage of necrosis betw-
een normal fibroblasts and keloid fibroblasts
(Figure 1A, 1C). The percentage of apoptotic
cells in the normal group showed no significant
difference among different doses (P>0.05). In
the keloid group, 20 Gray induced the lowest
amount apoptosis, and this was lower than the
parallel contrast in the normal group (P<0.05),
suggesting that keloid fibroblasts possess re-
sistance to ionizing radiation. Because the nor-
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Figure 1. Keloid fibroblasts have stronger resistance at 24 hrs and 48 hrs post-IR treatment. The y-axis indicates
propidium iodide (PI) staining, and the x-axis shows Annexin V-FITC staining. The upper left quadrant represents
necrosis, the upper right shows late apoptosis, and the lower right shows early apoptosis. A. Annexin V flow cytom-
etry analysis at 24 hrs post-IR treatment. B. Annexin V flow cytometry analysis at 48 hrs post-IR treatment. C. The
percentage of necrosis and apoptosis at 24 hrs post-IR treatment. No significant difference in the percentage of ne-
crosis was observed between normal fibroblasts and keloid fibroblasts. D. The percentage of necrosis and apoptosis
at 24 hrs post-IR treatment. At different doses, the keloid group exhibited a consistently lower degree of apoptosis
suggesting keloid maintained resistance to radiation. (*, P<0.05; **, P<0.01).
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Figure 2. Quercetin increased apoptosis in IR treated keloid fibroblasts. A. Flow cytometry analysis of keloid fibroblasts treated with different concentrations of quer-
cetin and IR. B. Flow cytometry analysis of keloid fibroblasts treated with quercetin alone. C. Histogram representing the percentage of necrosis and apoptosis in
both experiments. At 24 h post-radiation, the degree of apoptosis increased in a dose-dependent manner, and the radiation-treated group showed a higher degree
of apoptosis than the parallel untreated contrast group. (*, P<0.05; **, P<0.01).
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mal and the keloid groups exhibited the large-
st difference under 20 Gray, we chose 20 Gray
as an optimal radiation dose in subsequent
experiments.

After 48 hours, the normal and keloid groups
showed no significant difference in the percent-
age of necrosis. However, at different doses,
the keloid group exhibited a consistently lower
degree of apoptosis suggesting keloid main-
tained resistance to radiation (Figure 1B, 1D).
The percentage of apoptosis was not dose-
dependent since under 20 Gray, both groups
showed the lowest degree of apoptosis while
under 15 Gray, apoptosis was higher. Compar-
ed with 24 hours post-radiation, we observed
some degree of apoptosis recovery at 48 hours
post-radiation. Therefore, we reasoned that 24
hours is a proper time point to examine apopto-
sis and detect radioresistance.

Quercetin sensitized keloid fibroblasts to ioniz-
ing radiation in a dose-dependent manner

Keloid fibroblasts were treated with 0, 20, 40,
and 80 umol/L quercetin with and without ion-
izing radiation treatment. As expected, there
was no significant difference in the degree of
necrosis between the different doses. At 24 h
post-radiation, the degree of apoptosis increa-
sed in a dose-dependent manner, and the radi-
ation-treated group showed a higher degree
of apoptosis than the parallel untreated con-
trast group. This indicates that a combination
of quercetin and radiation may be conducive to
the removal of keloid after excision. After treat-
ment with 80 umol/L, both groups demonstrat-
ed the largest percentage of apoptosis. It is
obvious that the degree of apoptosis between
cells with and without radiation treatment dif-
fered to the largest extent at 40 umol/L querce-
tin. At this level, the quercetin treated cells sh-
owed a 3-fold increase in sensitization to radia-
tion compared to the untreated cells (Ra+40
Qu vs. Ra+0 Qu; 69.7% vs. 17.6%) (Figure 2).

Quercetin treatment reduced HIF-1a expres-
sion in keloid fibroblasts

lonizing radiation can lead to chemical and bio-
logical changes in living cells. The reactive che-
mical species generated from the radiolysis of
water may cause damage to nucleic acids, pro-
teins, and lipids. In contrast, the anti-oxidant
mechanisms that cells have evolved can pro-
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tect cells from oxidant hazards. Previous stud-
ies have shown that hypoxic conditions confer
radioresistance to cells [13, 14]. Moreover,
patients with tumors exposed to a highly hypox-
ic environment have a significantly poorer out-
come. As a critical regulator of the cellular res-
ponse to hypoxia, hypoxia inducible factor 1
(HIF-1) has been shown to play a role in tumor
radioresistance [15, 16]. Therefore, we per-
formed western blotting and RT-PCR to exam-
ine whether HIF-1 expression at the protein and
MRNA level is correlated with radioresistance
in keloid fibroblasts. HIF-1a protein expression
in the western blot of normal fibroblasts was so
minimal that it could not be detected (Figure
3A). To facilitate quantification of the protein
level of HIF-1a, we employed Image J software
to standardize the blots (Figure 3C). All keloid
fibroblasts showed diverse amounts of HIF-1a
protein expression, approximately 10 times
more than normal fibroblasts. In particular,
keloid fibroblasts treated with 20 Gray IR dis-
played a 20% increase in HIF-1a compared to
non-IR treated cells, suggesting that IR may
promote the expression of HIF-1a.

Figure 3E demonstrates the distribution of HIF-
1 in keloid tissues, which is indicated by bro-
wn dots, as visualized by immunohistochemis-
try. HIF-1ac was present in the area surrounding
the nucleus, and abundant in basal cells, some
stratum cells, and keloid fibroblasts of the cori-
um layer. The immunofluorescence staining
also confirmed these findings (Figure 3D). At
the mRNA level, the combination treatment of
40 pmol/L quercetin and 20 Gray IR increased
the transcription of HIF-1a by 50-fold (Figure
3B). Together, these findings suggest the in-
volvement of HIF-1a in the radioresistance of
keloid fibroblasts.

Knockdown of HIF-1o promotes apoptosis of
keloid fibroblasts exposed to IR

We detected elevated expression of HIF-1«x in
IR-treated keloid fibroblasts, and quercetin was
found to reduce HIF-1a, suggesting that quer-
cetin may function by targeting HIF-1a. To ad-
dress this, we knocked down HIF-1a in keloid
fibroblasts and treated them with IR. The kno-
ckdown efficiency was confirmed by western
blotting (Figure 4A). Corresponding percentag-
es of apoptosis and necrosis were measured

Am J Transl Res 2018;10(12):4223-4234
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by flow cytometry. The HIF-1a deficient cells 24 h and 48 h post IR (Figure 4B, 4C), which
showed a substantially higher degree of apop- implies that HIF-1a may be implicated in induc-
tosis than their non-deficient counterparts at ing apoptosis under IR.
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The PI3K/Akt pathway is involved in the quer-
cetin-induced decrease of HIF-1a in IR-treated
keloid fibroblasts

Previous studies reported that the phosphati-
dylinositol 3-kinase (PI3-kinase)/Akt signaling
pathway is involved in the regulation of HIF-1a
[17, 18]. We sought to further examine the do-
wnregulation of HIF-1a by quercetin during IR
treatment and the involvement of the PI3K sig-
naling pathway. We treated the cells with quer-
cetin, LY294002 (10 ymol/L), or IGF-1 (30 ng/
mL), alone or in combination. LY294002 inhib-
ited the phosphorylation of Akt, which can be
seen in the blot as the weaker band compared
to the blank control (Figure 5A). Of note, treat-
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ment with quercetin alone also resulted in a
similar phenomenon, indicating that quercetin
may also be an inhibitor of the PI3K/Akt path-
way. Furthermore, HIF-1a expression decreased
along with protein level of p-Aktin the LY294002
and quercetin treated groups, and IGF-1 was
able to attenuate suppression of HIF-1a (Figure
5B, 5C). Taken together, we surmised that quer-
cetin inhibits HIF-1a expression via the PI3K/
Akt pathway.

Discussion

Histologically, keloids are a class of benign
tumor composed of irregular fibroblasts and
accumulation of extracellular matrix proteins,

Am J Transl Res 2018;10(12):4223-4234
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groups, and IGF-1 was able to at-
tenuate suppression of HIF-1a.
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tumor cells, which constitutes
another pitfall of this treat-
ment [23]. In the present
study, we observed that ne-
crosis increased in normal
cells with increasing IR doses,
while this was not observed
in the keloid tissues. In addi-
tion, apoptosis decreased as
the treatment continued, de-
monstrating that keloid tis-
sues acquired radioresistan-
ce after IR treatment.

Radioresistance remains an
intractable clinical problem
that leads to poor outcomes
in cancer patients. Radiore-
sistance induces survival sig-
naling pathways to sustain
cell viability and antagonize
anti-oncogenic pathways [24-
26]. Multiple research reports
have unveiled a number of
signaling pathways that con-
tribute to IR resistance. Ori-
ginally, cells activate these
pathways to escape or re-
move hazards in an attempt
to adapt to the extracellular
environment, which becomes
oncogenic when augmented.
Among them, the hypoxia
pathway is one of the most

IGF-1 Foe b o
LY294002 ) L . +
Quercetin - -t % +

such as collagen, annexin, proteoglycan, and
elastin, which confer oncogenic properties to
the inflexible scars [19]. Apoptosis is the major
mechanism by which keloid tumors regress
[20, 21]. Currently, excision followed by radia-
tion therapy has been reported as an effect-
ive treatment. Radiation is a useful therapy to
treat topical tumors as a single modality and is
highly cost-efficient [22]. lonizing radiation (IR),
which can penetrate through tissues, is the
most commonly employed type of radiation.
lons resulting from the fissure produced by IR
are the major components that kill or cause
severe damage to living cells. IR causes diverse
forms of cell death, including necrosis, apopto-
sis, autophagy, senescence, and mitotic catas-
trophe. However, IR exposure not only causes
cell death but also induces resistance in the
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extensively studied pathways
due to its intimate associa-
tion with ionizing conditions
[27-29]. For the past few de-
cades, a plethora of studies has been dedicat-
ed to developing radiosensitizers for specific
tumors. Chemotherapeutic agents have been
utilized as an adjuvant for radiation therapy,
which has achieved superior outcomes com-
pared to using radiation alone. Yamawaki et al.
reported that adjuvant therapy after excision
and radiation could force keloids into remiss-
ion [30]. Here, we demonstrated that quercetin
sensitized keloid fibroblasts to IR treatment,
and the effect was associated with the expres-
sion of HIF-1a, a critical component of the ra-
dioresistance-related hypoxia pathway.

Quercetin is abundant in broccoli, berries, ap-
ples, and onions and is frequently reported as
an antioxidant. Previous studies showed that
quercetin exerts protective effects in reperfu-
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sion ischemic tissue damage by scavenging
free radicals [31, 32]. Because the HIF-1a path-
way is usually activated in response to low oxy-
gen levels, the link between quercetin and HIF-
1a with hypoxia-related radioresistance does
not seem intuitive. However, it has been report-
ed that low oxygen tension is not related to HIF-
1a both in vivo and in vitro [33]. Rather, reoxy-
genation markedly increased the expression of
HIF-1a [34, 35]. The oxidative stress generated
through release of oxygen from deceased cells
leads to the activation of HIF-1a, and removal
of oxidants by quercetin can abolish reoxygen-
ation, thereby decreasing accumulation of HIF-
1a. In the present study, we observed that
keloid fibroblasts contain more HIF-1a than
normal fibroblasts, which is in accordance with
previous findings showing that mast cells may
increase the expression of HIF-1a in keloid
fibroblasts in vitro during hypoxia. The accumu-
lation of HIF-1a decreased in a dose-dependent
manner, where a higher dose of quercetin was
related to lower protein levels of HIF-1o. HIF-1a
ablation substantially equalized apoptosis. Ta-
ken together, we deem that quercetin sensi-
tized keloid cells to IR via targeting HIF-1c.
Quercetin as a sensitizer of anticancer thera-
pies has been suggested elsewhere [36], while
we initially reported this property of quercetin
in IR-treated keloid fibroblasts in relation with
HIF-1a downregulation.

Accumulation of HIF-1a promotes its binding
with HIF-1B to form active dimers, which were
identified as transcriptional factors of over
100 genes implicated in cellular proliferation,
apoptosis, and angiogenesis [33, 37]. The links
among proliferation, apoptosis, angiogenesis,
hypoxia, and radioresistance are well estab-
lished. The PI3K/Akt pathway is highly involved
in these biological processes and has been
documented as an oncogenic pathway [38-40].
Nguyen et al. revealed that quercetin treatment
stalled the human lung adenocarcinoma cell
line A549 at GO/G1, which then entered apop-
tosis [41, 42]. The apoptosis induced by quer-
cetin acts through inhibition of PI3K/Akt and
the apoptotic inhibitor Bcl-2, as well as via acti-
vation of proapoptotic Bax and caspase-2/-3/-7.
In the present study, we employed LY294002
to abrogate the phosphorylation of Akt, which
inhibited the PI3K/Akt pathway. Quercetin ex-
erted an inhibitory effect on both Akt phosph-
orylation and HIF-1a accumulation, which sug-
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gests that the PI3K/Akt pathway might be impli-
cated in the suppression of HIF-1a by querce-
tin. When treated with IGF-1, an agonist of Akt
phosphorylation, the inhibition of quercetin on
HIF-1a was attenuated but did not recover com-
pletely, suggesting it as an alternative regulator
of HIF-1a in addition to p-Akt. Since PI3K/Akt
was affected by quercetin, the sensitizing effect
might arise from the promotion of apoptosis
resulting from HIF-1a downregulation, as well
as diminished proliferation via blockage of the
PI3K/Akt pathway, which warrants further com-
prehensive investigation.

In conclusion, this study revealed that stronger
radioresistance of keloid fibroblasts, character-
ized by aggravated apoptosis, is associated
with HIF-1a downregulation, which can be achi-
eved by quercetin treatment. The promotion of
apoptosis by quercetin is PI3K/Akt-dependent,
which implies potential inhibition of cell prolif-
eration by quercetin in keloid fibroblasts. These
findings provide potent experimental support
for quercetin as an adjuvant therapy after exci-
sion and radiation treatment of keloid fibro-
blasts.
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