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Abstract: The use of perforator flaps is a common surgical technique in wound repair. However, the area surrounding
the multiterritory perforating flap often becomes necrotic due to ischemia. Hydroxysafflor yellow A (HSYA), a tradi-
tional Chinese medicine extracted from edible safflower, can be used medicinally to promote angiogenesis, inhibit
apoptosis, and alleviate oxidative stress and other biological activities. Here, we investigated the effect of HSYA on
perforator flap survival and its potential mechanism. Our results demonstrate that HSYA significantly improves the
survival area of perforator flaps, increases blood supply, reduces tissue edema, and increases mean vascular den-
sity. HSYA treatment promotes angiogenesis and inhibits oxidative stress, apoptosis, and autophagy in perforator
flaps, suggesting many potential mechanisms for flap survival.
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Introduction

Due to a lack of suitable local tissue, extensive
skin defects caused by severe trauma, burns,
large tumor resection, or ulcers present consid-
erable surgical challenges [1, 2]. Perforator flap
use has become one of the more important sur-
gical methods for repair and reconstruction
because it achieves a good aesthetic effect at
the recipient site and minimizes injury to the
donor area [3]. However, flap necrosis at the
dynamic territory boundary is one of the most
common postoperative complications in perfo-
rator flap transplantation [4-6]. Flap necrosis
is related to an insufficient blood supply [7, 8],
there is a possibility that cell death is also ca-
used by ischemia-reperfusion injury (IRI) [9-11].
Previous reports stated that apoptosis and oxi-
dative stress are the two main mechanisms of
IRI'in flap surgery, ultimately resulting in flap
necrosis [12]. Given these proposed mecha-
nisms, strategies to promote angiogenesis and
reduce oxidative stress and apoptosis are ex-
pected to effectively ameliorate necrosis of
multiterritory perforator flaps.

Autophagy is a homeostatic process that occurs
in all eukaryotic cells [13]. In a dynamic circula-
tory system, autophagy produces new building
blocks and energy for cell renewal and homeo-
stasis [14]. However, inappropriate autophagy
can impair angiogenesis [15]. We previously
showed that inhibition of autophagy can pro-
mote angiogenesis and enhance perforator fl-
ap survival [16]. Moreover, growing evidence
shows that products related to oxidative stress
such as reactive oxygen species (ROS) can pro-
mote apoptosis and necrosis [17] and are
important activators of autophagy [18, 19].
Reducing excessive autophagy during myocar-
dial IRl can inhibit excessive apoptosis [20].
Therefore, inhibition of autophagy may be an
effective strategy for improving perforator flap
survival.

Hydroxysafflor yellow A (HSYA) is the main active
substance extracted from safflower [21] and
has been reported to exert a number of biologi-
cal and pharmacological actions such as pro-
angiogenesis, anti-inflammatory, and antioxida-
tive effects [22, 23]. By promoting angiogene-
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sis, HSYA can improve cardiac dysfunction cau-
sed by ischemia in a mouse model of acute
myocardial infarction [24]. HSYA alleviates sec-
ondary neuronal death by reducing oxidative
stress and inflammation in rats with spinal cord
compression injury [25]. HSYA was also shown
to improve sepsis-induced apoptosis of CD4+T
lymphocytes through anti-apoptotic effects
[26]. Another group reported that HSYA protect-
ed cerebral microvascular endothelial cells
from oxygen glucose deprivation/reoxygenation
by inhibiting autophagy via the class | phos-
phoinositide 3-kinase/Akt/mammalian target
of rapamycin signaling pathway [27]. Despite
these benefits, the effects of HSYA on perfora-
tor flap survival are completely unknown. Based
on the putative mechanism mentioned above,
we hypothesized that HSYA may be an effective
treatment for flap necrosis.

Materials and methods
Experimental reagents

HSYA (C,,H,,0,,; purity 298.05%) was procur-
ed from Med Chem Express (Shanghai, China).
Primary antibodies against vascular endotheli-
al growth factor (VEGF), CD34, heme oxygen-
ase 1 (HO1), Microtubule-associated 1 protein
light chain 3 (LC3), SQSTM1/p62, Bcl-2, and
GAPDH were acquired from Abcam (ab52917,
ab81289, ab68477, ab48394, ab56416, ab-
185002, and ab181602, respectively; Cam-
bridge, UK). Rabbit monoclonal anti-SOD2, anti-
Bax, anti-matrix metalloproteinase-9 (MMP9),
anti-VPS34, and anti-CTSD antibodies were
purchased from Proteintech Group (24127-1,
50599-2, 10375-2, 12452-1, and 21327-1,
respectively; Chicago, IL, USA). Rabbit mono-
clonal anti-endothelial nitric oxide synthase
(eNOS) and anti-cleaved caspase-3 antibodies
were acquired from Cell Signaling Technology
(32027 and 9611; Danvers, MA, USA). The rab-
bit monoclonal anti-cadherin (CDH5) anti-
body was purchased from Boster Biological
Technology (A02632-2; Wuhan, China). Pen-
tobarbital sodium, a hematoxylin and eosin
staining kit, and DAB developer were obtained
from Solarbio Science & Technology (Beijing,
China). Horseradish peroxidase-conjugated im-
munoglobulin G (IgG) secondary antibody was
acquired from Santa Cruz Biotechnology (Da-
llas, TX, USA). 4’,6-Diamidino-2-phenylindole
(DAPI) solution was obtained from Beyotime
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Biotechnology (Jiangsu, China), and fluorescein
isothiocyanate-conjugated 1gG secondary anti-
body was acquired from Boyun Biotechnology
(Nanjing, China). Superoxide dismutase (SOD),
glutathione (GSH), and malondialdehyde (MDA)
assay kits were obtained from Jiancheng Te-
chnology (Nanjing, China). Electrochemilumin-
escence Plus Reagent Kits and bicinchoninic
acid (BCA) Protein Assay Kits were purchased
from Thermo Fisher Scientific (Waltham, MA,
USA).

Animals

A total of 48, healthy, 8-week-old Sprague Da-
wley rats (male, average weight 240-260 g),
from the Experimental Animal Center of
Wenzhou Medical University (License No. SCXK
[Z]] 2005-0019) were individually housed in
standard experimental cages in an environ-
ment-controlled room (temperature 22-25°C,
humidity 60-70%, 12-/12-hour light: dark cycle),
and they were provided with contaminant-free
feed and drinking water. All procedures involv-
ing rats were approved by the Animal Research
Committee of Wenzhou Medical University
(wydw2017-0022) and cared for in accordance
with the Ethical Guidelines on Animal Experi-
mentation of Laboratory Animals of China
National Institutes of Health.

Flap animal model

Rats were intraperitoneally injected with 3%
pentobarbital sodium (60 mg/kg) for anaesthe-
tization [4]. Before surgery, their dorsal fur was
removed with an electric shaver, followed by
hair removal cream. The surgery was performed
under sterile conditions. A deep circumflex iliac
(DCI) artery flap approximately 2.5 x 11 cm?
was created on the right side of each rat dor-
sum, as previously described [6]. In the DCI
artery flap model, there are three vascular ter-
ritories, including the lateral thoracodorsal (TD)
vessel perforator, posterior intercostal (IC) ves-
sel perforator, and DCI vessel perforator (Figure
1). Among these, the DCI vascular territory is
anatomical, the IC vascular territory is a dynam-
ic region, and the TD vascular territory is a
potential region. The flap was elevated beneath
the panniculus carnosus, and the second choke
zone (SCZ) between the IC and TD was identi-
fied by transillumination. Only the DCI perfora-
tor was retained, and the TD and IC perforators
were ligated. The flap was then sewn in situ
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Figure 1. Diagrammatic representation of the vascular territory in the flap model. A. The perforating vessels of the
three vascular territories can be observed after skin flap elevation. B. There were three vascular areas and two
choke zones in the rat dorsal flap, including the deep circumflex iliac vessel (DCI), posterior intercostal vessel (IC)
and lateral thoracodorsal vessel (TD), first choke zone (FCZ) and second choke zone (SCZ). From the DCI to the dis-
tal flap, the three territories are as follows: anatomical, dynamical, and potential. Choke vessels are potential and
caliber-reduced vessels between the two vascular territories in the choke zone.

with 4-0 thread. Strict disinfection was per-
formed before surgery, and aseptic procedures
were observed during surgery.

Group assignment and drug administration

Forty-eight rats were randomly divided into con-
trol (n = 24) and HSYA (n = 24) groups. The
HSYA group received HSYA dissolved in saline
intraperitoneally at a dose of 20 mg/kg/day
one a day after surgery until euthanasia [28].
The control group received equivalent normal
saline daily. On postoperative day 7 (POD7), all
rats were euthanized, and tissue samples were
collected for analysis.

General evaluation of flap survival

Flap viability was assessed on POD7. A high-
definition picture of the perforator flap was
taken with a digital camera, and its appear-
ance, color and texture were noted. Crusted,
hardened, and dried regions were considered
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necrotic areas. The survival area of the flap was
measured with Image-Pro Plus v6.0 software
(Media Cybernetics, Rockville, MD, USA). Flap
viability was calculated with the following equa-
tion: (%) = (survival area of the flap/total area of
the flap) x 100%.

Assessment of tissue edema

Tissue edema is an important factor leading to
flap necrosis and is thus an important index for
its evaluation [29]. Tissue edema is reflected
by flap water content. On POD7, the flap tissue
was weighed, dehydrated at 50°C and weighed
until the weight was stable for at least 2 days.
The percentage of water content was measured
as ([wet weight - dry weight]/wet weight) x
100%.

Laser doppler blood flow (LDBF) measurement

Flap blood supply was evaluated by LDBF imag-
ing on POD7 [30]. Six rats in each group were
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scanned with a laser Doppler machine (Moor
Instruments, Axminster, UK) in a warm, quiet
environment under anesthesia. LDBF signal
markers (green, yellow, and red, from weak to
strong) were used to show vascular flow and
blood supply; skin with no blood supply was
indicated in blue. Flap blood flow was quanti-
fied with Moor LDI Review software (ver. 6.1;
Moor Instruments). The blood supply area was
calculated as: LDBF signal area (green, yellow,
and red). Each rat was assessed three times,
and the mean value was used for analyses.

Hematoxylin and eosin (H&E) staining

The animals were sacrificed on POD7, and tis-
sue samples were collected from the flap SCZ
(1 x 1 cm) in 6 animals in each group. The sam-
ples were fixed in 4% paraformaldehyde for 24
hours and embedded in paraffin. The embed-
ded tissue was fixed on a microtome and cut
into 5-um-thick slices, which were subsequent-
ly stained with an H&E staining kit. We manu-
ally counted the number of microvessels per
unit area (/mm?2) under an optical microscope
(x 200 magnification, Olympus, Tokyo, Japan)
to calculate the microvessel density (MVD). Six
random fields were used from three random
sections of each tissue sample for counting.

Immunohistochemistry (IHC)

Sections from the flap SCZ in each group (n = 6)
were deparaffinized with xylene and rehydrated
in a graded ethanol series. After washing,
endogenous peroxidase activities were blocked
with 3% H,0,, and antigen retrieval was carried
out in 10.2 mM sodium citrate buffer for 20
min at 95°C. After blocking with 10% normal
goat serum for 30 min, the sections were incu-
bated with antibodies against CD34 (1:100),
VEGF (1:200), CDH5 (1:100), cleaved cas-
pase-3 (1:100), SOD (1:100), and p62 (1:100)
overnight at 4°C. Finally, the sections were
incubated with horseradish peroxidase-labeled
goat anti-rabbit antibody and counterstained
with hematoxylin. The sections were imaged at
x 200 magpnification with a DP2-BSW image-
acquisition system (Olympus). Integral absor-
bance quantitation with Image-Pro Plus v6.0
software as performed to compare CD34-
positive blood vessels and protein expression
levels. Six random fields were counted from
three random sections of each tissue sample.
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Immunofluorescence staining

Skin flap sections (n = 6) were deparaffinized
and rehydrated in a graded ethanol series and
incubated in 10% normal goat serum contain-
ing 0.3% Triton X-100 at room temperature for
30 min. After blocking, sections were incubated
overnight with primary antibody LC3B (1:100)
at 4°C, followed by incubation with tetramethyl-
rhodamine-labeled goat anti-rabbit 1gG anti-
body (1:100, Bioworld Technology, Nanjing,
China) at room temperature for 1 hour. An anti-
fluorescence quenching agent was added after
DAPI staining for 2 min. Six random fields were
used from three random sections of each tis-
sue sample.

Western blot analysis

On PODY7, skin samples (n = 6) from the SCZ
were collected and stored at -80°C before
western blotting. Six samples in each group
were processed by extracting proteins with
radioimmunoprecipitation lysis buffer. The ex-
tracts were quantified with BCA assays. Skin
samples containing 60 pg of protein were sepa-
rated on 12% (w/v) gels and transferred onto
polyvinylidene fluoride membranes. After block-
ing with 5% skimmed milk for 2 hours at room
temperature, the membranes were incubated
with the following appropriate primary antibod-
ies at 4°C overnight: cadherin 5 (1:1,000),
MMP9 (1:1,000), VEGF (1:1,000), eNOS (1:
1000), HO1 (1:1,000), SOD (1:1,000), cleaved
caspase-3 (1:1,000), Bcl-2 (1:1,000), Bax (1:
1,000), VPS34 (1:1,000), p62 (1:1000), Beclinl
(1:1,000), CTSD (1:1,000), LC3B (1:500) and
GAPDH (1:1,000). Membranes were then incu-
bated at room temperature for 2 hours with a
goat anti-rabbit secondary antibody. Immuno-
reactive signals were quantified using Image
Lab 3.0 software (Bio-Rad, Hercules, CA, USA).

SOD activity, MDA content, and GSH level

SOD activity, MDA content and GSH levels were
measured to assess oxidative stress status in
the flap using testing kits (Jiancheng Technology,
Nanjing, China). On POD7, specimens (n = 6)
from the SCZ were obtained, weighed, homog-
enized, and diluted to 10% (v/v) in saline. SOD
activity was evaluated following the xanthine
oxidase method, MDA was measured via reac-
tion with thiobarbituric acid at 95°C, and GSH
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level was quantified with the 5,5-dithiobis
method [31].

TUNEL staining

TdT-mediated dUTP nick-end labeling (TUNEL)
was used to detect nuclear DNA breakage in
the process of apoptosis. Staining was per-
formed according to the instructions of the in
situ cell death detection kit (F. Hoffmann-La
Roche Ltd., Basel, Switzerland). Three random
micro-fields of paraffin-embedded sections (n
= ©6) were observed at 200 x magnification wi-
th a DP2-BSW image-acquisition system (Oly-
mpus).

Statistical analyses

All data are expressed as mean + standard
deviation (SD). Statistical analysis was per-
formed using SPSS software version 22.0 (IBM
Corp., Armonk, NY, USA) with independent-sam-
ple ttests. P < 0.05 indicates statistical
significance.

Results
HSYA enhances perforator flap viability

Flap morphology was observed on POD7. The
boundary between the viable and necrotic
areas was obvious, and the color of the necrot-
ic area was darker, accompanied by scabbing,
hardening, and dryness (Figure 2A). Quan-
titative analysis showed that the average per-
centage of survival area in the HSYA group was
significantly higher than that in the control
group (90.75 + 3.02% and 76.92 + 4.02%,
respectively; P = 0.001; Figure 2B). After mea-
surement, the percentage of tissue water con-
tent in the HSYA group was significantly lower
than that in the control group (32.03% + 1.70
and 37.57% + 3.27%, respectively; P = 0.038;
Figure 2C). LDBF showed increased blood flow
signal intensity in the HSYA group compared to
the control group (Figure 2D). There was a sig-
nificant difference in blood flow signal intensity
between the HSYA and control groups (346.9 +
39.51 PU and 254.4 + 41.57 PU, respectively,
P = 0.004, Figure 2E). H&E staining revealed
that the HSYA group flaps had more microves-
sels than the control group (Figure 2F). The
MVDs were calculated to quantify angiogene-
sis. The number of microvessels generated in
the HSYA group (27.40 + 3.39/mm?) was higher
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than that in the control group (19.02 + 3.83/
mm?; P = 0.007; Figure 2G). Finally, vascular
endothelial cells were labeled for CD34. The
number of CD34-positive vessels in the HSYA
group was significantly higher than that in the
control group (27.19 + 3.08/mm? and 19.33 *
3.67/mm?2, P = 0.003; Figure 2G, 2I).

HSYA promotes angiogenesis in perforator
flaps

VEGF and CDH5 expression levels in perforator
flaps were analyzed by IHC to quantify angio-
genesis capacity. VEGF and CDH5 were ex-
pressed mainly in the blood vessels and stro-
mal cells in the SCZ of all perforator flaps
(Figure 3A, 3C). Quantification analysis showed
that compared with control, HSYA treatment
significantly promoted VEGF expression (P =
0.002; Figure 3B). Similarly, CDH5 expression
was much higher in the HSYA group (P = 0.005;
Figure 3D). Expression levels of CDH5, MMP9,
and VEGF in the flap were analyzed by western
blotting (Figure 3E). All three proteins were
expressed at higher levels in the HSYA group
compared to the control group (P = 0.024,
0.026, and 0.018, respectively; Figure 3F-H).

HSYA attenuated oxidative stress in perforator
flaps

SOD expression was detected by IHC to assess
oxidative stress in the SCZ of perforator flaps.
As shown in Figure 4A, SOD levels in the vascu-
lar and stromal cells of the HSYA group were
higher than those in the control group. This was
found to be significant by measuring the inte-
gral absorbance of SOD (P = 0.01; Figure 4B).
Levels of eNOS, HO1, and SOD in the flap were
also analyzed by western blotting. (Figure 4C),
and all three were higher in the HSYA group
compared to the control group (P = 0.008,
0.034, and 0.004, respectively; Figure 4D-F).
SOD activity in the HSYA group was higher than
that in the control group (63.41 + 3.56, 43.94
+ 5.48 U/mg protein, respectively; P = 0.005;
Figure 4G). The average MDA content in the
HSYA group was 40.49 + 5.52 nmol/mg pro-
tein, which was significantly lower than that in
the control group (58.29 + 7.44, P = 0.008;
Figure 4H). The level of GSH in the HSYA group
(2.61 + 0.22 nmol/mg protein) was significantly
higher than that in the control group (1.61 +
0.25 nmol/mg protein; P = 0.036; Figure 41).
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Figure 2. HSYA enhanced perforator flap viability, reduced tissue edema, and promoted flap angiogenesis. A. Digital
photographs of flap survival in the control and HSYA groups were taken on POD7 (scale bar, 1.0 cm). B. The percent-
ages of survival areas in the control and HSYA groups were quantified and analyzed. C. Histogram of percentage of
tissue water content in each group. D. LDBF imaging of flaps in each group on POD7 to show the blood supply. Color
palette shows different colors represent different signal intensity. The stronger the signal intensity, the greater the
blood flow. E. Histogram of flap blood flow signal intensity. F. H&E staining showed the blood vessels in the SCZ of
flaps in the control and HSYA groups (original magnification 200 x; scale, 50 um). G. The MVD in each group were
quantified, analyzed, and plotted as a histogram (/mm?2). H. IHC for CD34 showed the blood vessels of the SCZ of
flaps in the control and HSYA groups (original magnification 200 x; scale bar, 50 um). I. Histogram of the percentage
of CD34-positive vessels in each group. Data are expressed as mean + SD, n = 6 per group. *P < 0.05 and **P <
0.01 vs. control.
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Figure 3. HSYA promotes angiogenesis in perforator flaps. On POD7, IHC was used to detect VEGF and CDH5 expres-
sion in the SCZs of flaps. Western blotting was used to detect the expression of CDH5, MMP9, and VEGF. A. IHC for
VEGF expression in the SCZ of flaps (original magnification, 200 x; scale, 50 ym). B. The optical density values of
VEGF were quantified and analyzed. C. IHC for CDH5 expression in the SCZ of flaps (original magnification, 200 x;
scale, 50 um). D. The optical density values of CDH5 were quantified and analyzed. E. The expressions of CDH5,
MMP9, and VEGF protein in the SCZ of flaps of the control and HSYA groups were evaluated by western blotting. The
gels were run under the same experimental conditions, and cropped blots are shown. The original image is in Figure
S1A. F-H. Optical density values of CDH5, MMP9, and VEGF were quantified and analyzed. Data are expressed as

mean = SD, n = 6 per group. *P < 0.05 and **P < 0.01 vs. control.

HSYA reduces apoptosis in perforator flaps

The number of TUNEL-positive cells in the con-
trol group was higher than that in the HSYA
treatment group (Figure 5A, 5B). IHC was con-
ducted to cleaved caspase-3 in the dermal
layer of the SCZ of each group. The levels of
cleaved caspase-3 in vessels and stromal cells
were lower in the HSYA group compared to the
control group (Figure 5C), and the integral
absorbance was also lower (P < 0.001; Figure
5D). Western blotting was performed to detect
Bcl-2, Bax, and cleaved caspase-3 expression
in flaps (Figure 5E). The results showed that
Bax and cleaved caspase-3 were decreased
and the anti-apoptotic protein Bcl-2 was in-
creased in the HSYA group compared with the
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control group (P = 0.004, 0.012, and 0.009,
respectively; Figure 5F, 5H).

HSYA inhibited autophagy in perforator flaps

Immunofluorescence staining for LC3Il was
performed to assess autophagosomes in cells
in the SCZ of flaps. We labeled autophago-
somes with LC3Il antibody (red), and the nuclei
were labeled with DAPI (blue) in the dermis of
flaps (Figure 6A). Compared with control, the
HSYA group exhibited lower numbers of LC3II-
positive cells (Figure 6B). IHC for CTSD was
conducted to detect the level of autophagic
substrate in the SCZ of each group. As shown in
Figure 6C, a lower level of CTSD was observed
in the HSYA group compared to control. The
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and cropped blots are shown. The original image is in Figure S1B. D-F. Optical density values of eNOS, HO1, and SOD
were quantified and analyzed. G-I. Histograms of SOD activity, MDA content, and GSH level were analyzed with the
xanthine oxidase method, 5,5’-dithiobis method, and modified TBA test, respectively. Data are expressed as mean
+ SD, n = 6 per group. *P < 0.05 and **P < 0.01 vs. control.

integral absorbance of CTSD in the HSYA group strated its efficacy in treating a variety of dis-
was significantly lower than that in the control eases [21, 24, 32, 33]. Large-area skin defects
group (P = 0.003; Figure 6D). Beclinl, Vps34, often need to be repaired with multi-territory
and LC3Il/I are autophagy-related proteins; perforator flaps [34, 35], but necrosis often
CTSD is a marker of autolysosomes; and p62 is limits the scope of flap resection [34, 35]. The
an autophagic substrate protein. Western blot- causes of necrosis are inadequate blood sup-
ting was also performed to detect the expres- ply and IRI [36-38]. In this study, HSYA signifi-
sion levels of these proteins (Figure 6E, 6F). cantly increased the survival of multi-territory
The results showed that the optical density val- perforator flaps by promoting angiogenesis and
ues of Beclinl, LC3Il, CTSD, and Vps34 were inhibiting oxidative stress, apoptosis, and
significantly lower in the HSYA group than in the excessive autophagy. These findings indicate
control group (P = 0.004, 0.037, 0.014, and that HSYA may have potential as a clinical agent
0.008, respectively), whereas a higher level of to improve multi-territory perforator flap sur-
p62 was detected in the HSYA group (P = 0.020; vival.
Figure 6G).

Both clinical practice and basic research
Discussion showed that flap blood flow gradually decreas-

es from the pedicle to the distal end, which may
HSYA is an active ingredient extracted from saf- be the cause of necrosis [39, 40]. Some groups
flower [28]. Many recent studies have demon- reported that increasing angiogenesis can
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Figure 5. HSYA reduces apoptosis in perforator flaps. On POD7, apoptosis was evaluated with TUNEL kits. IHC for
cleaved caspase-3 was used to assess apoptosis in the SCZ of flaps. Western blotting was used to measure Bcl-2,
Bax, and cleaved caspase-3. A. TUNEL assays were performed to evaluate apoptosis in the SCZ of flaps. B. Apoptotic
cell quantification. C. IHC for cleaved caspase-3 expression in the SCZ of flaps (original magnification, 200 x; scale,
50 um). D. The optical density values of cleaved caspase-3 were quantified and analyzed in each group. E. Protein
levels of Bcl-2, Bax, and cleaved caspase-3 protein in the SCZ of flaps were evaluated by western blotting. The gels
were run under the same experimental conditions, and cropped blots are shown. The original image is in Figure S1C.
F-H. Optical density values of Bcl-2, Bax, and cleaved caspase-3 were quantified and analyzed. Data are expressed
as mean = SD, n = 6 per group. *P < 0.05 and **P < 0.01 vs. control.

improve perforator flap survival [41, 42]. HSYA endothelial cells [46]. We observed increases
can significantly promote human umbilical vein in the levels of CDH5, MMP9 and VEGF in the
endothelial cell neovascularization and kerati- flaps of the HSYA group, and IHC confirmed that
nocyte migration [43]. Similarly, our results HSYA upregulated VEGF and CDH5 expression
showed that HSYA markedly increased micro- inthe dermal layer of ischemicflaps. Collectively,
vessels in the SCZ of flaps, and blood perfusion our results indicate that HSYA enhances angio-
on LDBF also improved. VEGF is the most genesis in perforator flaps.

important angiogenic factor known at present;

it promotes neovascularization by stimulating During the postoperative reperfusion period,
endothelial cell proliferation and migration angiogenesis and blood flow bring oxygen but
[44]. MMP9 stimulates the release of VEGF and also produce ROS [47], which can cause vascu-
promotes angiogenesis [45]. As a major adhe- lar endothelial injury and vasoconstriction, as
sion protein in blood vessels, CDH5 is specifi- demonstrated in animal studies [48, 49]. High
cally expressed in the adhesion junctions of ROS levels can lead to protein denaturation,
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Figure 6. HSYA inhibited autophagy in perforator flaps. The level of autophagy in the SCZ of flaps was evaluated by
IF for LC3II; IHC for CTSD; and western blotting for Beclind, LC3Il, CTSD, VPS34, and p62. A. Autophagosomes (red,
LC3Il) in cells in the SCZ of flaps; nuclei counterstained with DAPI (blue) (scale bar, 20 um). B. Histogram of the
percentages of LC3lI-positive cells. C. IHC for CTSD expression in the SCZ of flaps in each group (original magnifica-
tion, 200 x; scale, 50 um). D. The optical density values of CTSD were quantified and analyzed. E, F. Protein levels
of Beclinl, LC3Il, CTSD, VPS34, and p62 in the SCZ of flaps were evaluated by western blotting. The gels were run
under the same experimental conditions, and cropped blots are shown. The original image is in Figure S1D. G. Opti-
cal density values of Beclinl, LC3Il, CTSD, VPS34, and p62 were quantified and analyzed. Data are expressed as
mean + SD, n = 6 per group. *P < 0.05 and **P < 0.01 vs. control.

lipid peroxidation of the cell membrane, and creased the expressions of eNOS, HO1, and
DNA damage [50, 51], as well as high levels of SOD in the SCZ. The evidence indicates that
MDA [52]. SOD and GSH are antioxidants, and HSYA can improve perforator flap survival by
decreases in their activity can directly induce inhibiting oxidative stress.

ROS accumulation and lead to oxidative dam-

age [53]. eNOS regulates vascular function and Increasing evidence suggests that apoptosis
antioxidant activity [54]. HO-1 is an antioxidant can be induced during reperfusion [57, 58], and
enzyme that can reduce oxygen free radicals ROS cause DNA and mitochondrial damage,
[55]. HSYA was shown to increase SOD activity further promoting apoptosis [59]. Previous
and GSH levels and decrease MDA levels in studies have shown that HSYA can reduce renal
rats with traumatic brain injury [56]. In this cell apoptosis and morphological changes in
study, HSYA exerted the same effects in skin renal tissue [60]. In this study, we measured
flaps. In addition, treatment with HSYA in- the expression of the anti-apoptotic factor Bcl-
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2, the pro-apoptotic factor Bax, and cleaved
caspase-3 as indicators of the level of apopto-
sis [60, 61]. Our results showed increased Bcl2
level after HSYA treatment, and decreases in
Bax and cleaved caspase-3. These results indi-
cate that HSYA can reduce apoptosis in perfo-
rator flaps.

Autophagy can be activated by stimulating a
variety of physiological and pathological factors
to promote cell survival or death [62, 63].
Although autophagy can maintain tissue
homeostasis [64], excessive autophagy dam-
ages cytoplasm components and organelles
and hampers cell function [65]. We previously
reported a significant difference in the level of
autophagy-associated proteins before and
after surgery in the SCZ and concluded that
inhibition of autophagy promoted perforator
flap survival [16]. Similarly, monotropein can
accelerate wound healing by inhibiting oxida-
tive stress-induced autophagy [66]. Interes-
tingly, we found that HSYA also attenuated
autophagy as indicated by the levels of the
autophagy-related proteins Beclinl, LC3ll,
Vps34, autolysin-associated protein CTSD, and
autophagy substrate protein p62. Immunofluo-
rescence showed that LC3Il and CTSD were
lower in the HSYA group. In addition, Beclind,
LC3Il, CTSD, and VPS34 expression were down-
regulated, indicating an increase in the number
of autophagosomes in flaps. The p62 level was
higher than that in the control group, indicating
reduced autophagy flux in the HSYA group.
Collectively, these findings suggest that HSYA
inhibited autophagy in perforator flaps.

Autophagy is a double-edged sword. On one
hand, moderate autophagy triggered by mild to
moderate hypoxia/ischemia has a protective
effect and seems to prevent apoptosis [67]. On
the other hand, high levels of autophagy caused
by severe hypoxia or IRl may lead to self-diges-
tion and eventually cell death [68]. Our previ-
ous study showed that autophagy inhibitors
3-methyladenine increases perforator flap sur-
vival [16]. Others reported that high glucose
levels can upregulate autophagy and impair
angiogenesis [15]. In addition, excessive auto-
phagy can increase tissue injury, apoptosis,
and ROS levels [69-71]. This is consistent with
our findings that inhibition of autophagy is
accompanied by decreased oxidative stress
and apoptosis. Therefore, we suggest that
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HSYA may inhibit oxidative stress and apopto-
sis by inhibiting autophagy in perforator flaps.

The molecular mechanisms by which HSYA pro-
motes angiogenesis, reduces oxidative stress
and apoptosis, and inhibits autophagy are still
unclear. Further research is needed to under-
stand these pathways and assess the clinical
possibility of HSYA treatment following perfora-
tor flap transplantation.

HSYA promoted angiogenesis and suppressed
oxidative stress and apoptosis. Autophagy was
also inhibited in this process, which may be
another potential mechanism for flap survival.
In conclusion, HSYA contributed to a significant
increase in perforator flap viability.
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Figure S1. Original western blot images for each western blot in the study. A. The original gel images for Figure 3E. B.
The original gel images for Figure 4C. C. The original gel images for Figure 5E. D. The original gel images for Figure

5E, 5F.



