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Curcumin promotes the survival of ischemic
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Abstract: Random skin flaps have been widely applied in reconstructive and plastic surgery; however, necrosis usu-
ally happens due to insufficient blood supply in the ischemic area of flaps. Curcumin (CUR) is a primary bioactive
compound of turmeric (Curcuma longa, L.), which has been proven to be effective on anticancer, decreasing oxida-
tive stress and apoptosis through activating autophagy, and promoting angiogenesis in ischemic tissue. Therefore,
the potential therapeutic effect of CUR on promoting survival of ischemic random skin flaps and its underlying
mechanism associated with autophagy were investigated. After establishment of dorsal random skin flaps, sixty
mice were randomly divided into three groups: Control, CUR or CUR+3-methyladenine (3-MA, an autophagy inhibi-
tor). The results showed that CUR increased the viability area and blood flow as well as relieved the edema of skin
flaps through promoting angiogenesis, decreasing oxidative stress, and inhibiting apoptosis of the ischemic area.
Further study confirmed that CUR activated autophagy in the random skin flaps, and 3-MA effectively reversed the
effect on viability, neovascularization, oxidative stress and apoptosis, suggesting autophagy played a vital role in
these CUR’s protective effect on random skin flaps. Moreover, this CUR-induced autophagy should be mediated
through downregulating the PI3K/AKT/mTOR signaling pathway. Together with secondary response of increased an-
giogenesis, reduced oxidative stress and apoptosis, CUR effectively improved survival of random skin flaps in vivo.
To sum up, our research showed the great potential of CUR using as a promising flap protective therapy for random
skin flap survival and regeneration.
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Introduction for avoiding necrosis and enhancing the surviv-
al of the flaps. Besides, even after neovascular-
ization, the restoration and reperfusion of blood
supply may also cause ischemia-reperfusion
injury (IRI) in ischemic part of skin flaps [7],
resulting in the burst of reactive oxygen species
(ROS), destruction of cellular redox homeosta-

Random skin flaps have been well applied in
burn and plastic surgery for their flexibility and
simplicity to heal the cutaneous defects [1, 2].
Unlike perforator flaps, random skin flaps sur-
vive by their own blood supply through the sub-

cutaneous plexus [3]. However, random flaps
usually suffer ischemic and hypoxic injury
because of the shortage of axial vessels at dis-
tal parts and their dependence on different
microvascular plexuses to meet their metabolic
needs [4]. Due to insufficient blood supply,
necrosis usually happens, especially at the dis-
tal ends of the random skin flaps, resulting in
secondary surgery and delayed healing [5, 6].
Thus, it is necessary to promote angiogenesis

sis and severe cell apoptosis [8, 9], ultimately
the necrosis of random skin flaps. Consequen-
tly, a series of strategies including the inhibition
of apoptosis, attenuation of oxidative stress
and promotion of angiogenesis have been
developed to improve the viability of random
skin flaps [10, 11].

Autophagy is a vital intracellular degradation
process for regulating cell signaling, maintain-
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ing cellular homeostasis, and promoting cell
survival [12]. The induction of autophagy can
inhibit the ROS production via the PI3K/AKT/
mTOR signaling pathway [13]. Autophagy also
promoted angiogenesis in a rat model of deep
partial-thickness burns via AMPK/AKT/mTOR
signaling [14]. Besides, it has been proven that
autophagy attenuated liver IRl [15] and lipo-
polysaccharide caused apoptosis in murine
podocytes [16]. Therefore, these studies sug-
gested that activating autophagy can promote
angiogenesis, reduce apoptosis and oxidative
stress, together may benefit the survival of skin
flaps.

Curcumin (CUR), the major yellow pigment
derived from turmeric, is a highly pleiotropic
molecule with antioxidant and antiinflammato-
ry biological effects [17, 18]. Relevant clinical
work has clarified the role of CUR in a variety of
diseases, including cardiovascular disease,
diabetes, and cancer [19, 20]. It was reported
that CUR can protect patients against diabetic
cardiomyopathy through modulating interac-
tions between autophagy and apoptosis [12].
Meanwhile, CUR can effectively reduce the
myocardial IRl through activating the pro-sur-
vival kinases including PI3K/Akt pathway [21],
and inhibit cell apoptosis and oxidative stress
in ameliorating osteoarthritis progression [22].
Although CUR has been shown to inhibit angio-
genesis in tumor, interestingly, recent study
also reported that CUR promoted neo-angio-
genesis in ischemic tissue such as the cutane-
ous wounds and gastric ulcers [23-25].
However, whether CUR can activate autophagy
and promote the survival of the ischemic ran-
dom skin flaps remains unknown.

Therefore, in this study, it is hypothesized that
CUR can promote the survival of random skin
flaps through activating autophagy and the fol-
lowing secondary response including angiogen-
esis, anti-oxidative stress, and anti-apoptosis.
The therapeutic effect of CUR was evaluated by
investigating its function on the flap survival
associated with autophagy and the following
response on angiogenesis, oxidative stress,
and apoptosis in the random skin flaps.

Materials and methods
Materials and chemicals

CUR (C,.H, O, purity 299%) was provided by

21 2076’

MedChemExpress (Shanghai, China). 3-methyl-
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adenine (3-MA), dimethylsulphoxide (DMSO)
and pentobarbital sodium were acquired from
Sigma-Aldrich (St. Louis, USA). Primary antibod-
ies against AKT, p-AKT, PI3K, p-PI3K, mTOR,
p-mTOR were obtained from Cell Signaling
Technologies (product numbers 4691, 4060,
4228, 4257, 2983, 5536; Beverly, MA, USA).
The antibodies specific for GAPDH, VEGF,
SOD1, VPS34, MMP9, CTSD, HO1, CAPS3 were
purchased from Proteintech Group (product
numbers 60004-1, 66828-1, 10269-1, 12452-
1, 10375-2, 213271, 107011 and 19677-1;
Chicago, IL, USA). The antibodies specific for
LC-3, SQSTM1/p62 were purchased from
Abcam (ab48394, ab56416; Cambridge, UK).
Goat anti-Mouse 1gG Secondary Antibody [HRP
(Horseradish Peroxidase)] was acquired from
Santa Cruz Biotechnology (Dallas, USA).
Antifading Mounting Medium with DAPI solu-
tion, H&E Staining Kit and DAB developer were
provided by Solarbio life Science (Beijing,
China). Fluorescein isothiocyanate (FITC)-
conjugated IgG secondary antibody and the
BCA Kit were purchased from Beyotime
Biotechnology (Jiangsu, China). The Electroche-
miluminescence (ECL) Plus Reagent Kit was
obtained from PerkinElmer Life Sciences
(Waltham, USA).

Random skin flap model and CUR administra-
tion

Sixty healthy C57BL/6 mice (male, 20-25 g)
were obtained from Experimental Animal
Facility of Wenzhou Medical University and the
animal experiments including operation, treat-
ment, and postoperative care were approved
by the Animal Care and Use Committee. All
mice were individually kept in a standard ex-
perimental cage with free access to food and
water at 25°C. Sixty mice were randomly divid-
ed into the Control, CUR, and CUR+3-MA
groups (n = 20 per group). Before operation,
1% pentobarbital sodium (50 mgkg?) was
injected into mice for anesthetization. The back
of each mouse was shaved and sterilized with
75% ethanol and iodophor solution, and a full-
thickness random skin flap (1.5 cm x 4.5 cm)
was created. Then, the bilateral sacral arteries
providing blood supply of the flap were excised.
The flap area was equally divided into the proxi-
mal (area I), intermediate (area ll), and distal
(area lll) parts.

CUR was dissolved in a 2% DMSQ/corn oil solu-
tion and 3-MA was dissolved in phosphate buff-
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ered saline (PBS) to achieve a concentration of
5 mg/ml and 3 mg/ml before use, respectively.
After surgery, each mouse in CUR group got
intraperitoneal injection of CUR (20 mg/kg per
day) until the mice were sacrificed. The dosage
was determined by a preliminary experiment
based on the dosage of curcumin in different
animal models in the literature [26, 27]. Every
time before CUR administration, the CUR+3-
MA group received 3-MA (15 mg-kg? per day)
i.p. injection 30 min before CUR [28]. Control
mice were injected with an equivalent dose of
DMSO/corn oil solution (vehicle control). All
mice were sacrificed with pentobarbital sodium
injection after 7 days and flap tissues were
harvested.

Macroscopic evaluation of flap survival

The gross healing progress of the skin flaps
were evaluated after the surgery. At day 7 post-
operation, images of skin flaps were taken to
evaluate their macroscopic development and
viability by Image-Pro Plus 6.0 software. The
percentage of survival area was determined by
the following calculation: the survival area x
100%/total area.

Tissue edema measurement

After 7 days of operation, flap edema was mea-
sured and calculated by the water content of
random flap according to previous studies [29].
Briefly, after mice were euthanized, six samples
were collected from each group, followed by
weight measurement, and dehydration. All
specimens were weighed daily until no weight
change can be found in more than two days.
The percentage of water content can be calcu-
lated as follows: (W -W)/W  x 100%, whereas
W, and W, represent for the final and initial
weight, respectively.

Laser doppler blood flow (LDBF) analysis

Microvascular network reconstruction in the
random skin flap was assessed by LDBF imag-
ing. At day 7 post-operation, all treated mice
were anesthetized, and skin flaps were
scanned under a laser doppler instrument
(MoorLDI-2, Moor Instruments Limited, UK)
with the following parameters: 633 nm wave-
length, 29 cm distance and scan time of 8 min
at (25+5)°C. MoorLDIl Review software was
used to quantify the results and blood flow
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intensity was recorded as flux with perfusion
unit (PU).

H&E staining

At day 7, six samples (1.5 x 1.5 cm) from flap
area |l were acquired in each group for histo-
pathologic analysis. Samples were embedded
in paraffin for section after fixing with 4% para-
formaldehyde for at least 1 day. The 5-uym tis-
sue sections were then obtained and used to
perform H&E staining according to the proto-
col. Images were acquired using a microscope
(Olympus Corp., Japan). Six randomly selected
fields (200 x) from each slide were used to
assess the microvessels regeneration that can
be evaluated by the mean vessel density. Other
histological changes including granulation for-
mation and tissue swelling were also analyzed
from the images.

Immunohistochemistry

Before performing immunohistochemistry
(IHC), tissue sections were deparaffinized in
xylene, followed by rehydration treatment in
graded ethanol solutions. Then the endoge-
nous peroxidase activity was inhibited by 3%
H,0,. After washing, sections underwent anti-
gen retrieval in sodium citrate buffer (10.2 mM,
20 min, 95°C), and were blocked with 10%
bovine serum albumin (BSA) solution for 10
min. The primary antibody of CD34 (1:100),
VEGF (1:200), cadherin5 (1:200), SOD1
(1:150), or CTSD (1:150) was incubated with
slides at 4°C overnight, further treated with
HRP-conjugated secondary antibody (1:1000)
at room temperature (RT) for 2 h. Immunorea-
ctivity was visualized by staining with a DAB
detection kit and counterstained with hema-
toxylin. Images from at least six random fields
were taken using a microscope (Olympus Corp.,
Japan) for further analysis.

Immunofluorescence staining

The embedded tissue samples were deparaf-
finized, rehydrated and heat-induced antigen
retrieval as above described. After washing,
samples were permeabilized by 0.1% Triton
X-100 solution for 30 min and blocked in 10%
BSA for 1 h. Specimens were incubated with
primary antibody against LC3II (1:200) for 2 h
at RT, then treated with the anti-rabbit second-
ary antibody and DAPI staining. Slides were
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observed and images were obtained under an
Olympus microscope for further analysis.

Western blotting

At day 7, flap samples from the intermediate
(area ll) were harvested and kept at -80°C for
Western blotting. Briefly, tissue sample was
extracted by lysis buffer, then protein concen-
tration was detected by a BCA Kit. The extract-
ed protein (60 ug) was separated by SDS/
PAGE using 12% or 8% polyacrylamide gel.
After being elctrotransferred to a PVDF mem-
brane, proteins were blocked by 5% nonfat
powdered milk, incubated with primary anti-
body overnight at 4°C, and then treated with
the HRP-conjugated IgG secondary antibody for
2 h at RT. For detection, the membranes were
treated with an electrochemiluminescence
reagent and bands were then visualized using a
ChemiDoc XRS System. Finally, the density of
protein band was quantified by an Image Lab
3.0 software (Bio-Rad, USA).

Statistical analysis

The data of at least three individual experi-
ments were expressed as mean + standard
deviation (SD). Comparison between two
groups was analyzed by the independent-sam-
ple t-test using GraphPad Prism 7.0. Statistical
significance was set at *P < 0.05, **P < 0.01
and ***P < 0.001 versus the indicated group.

Results

CUR ameliorated the survival of random skin
flaps

After establishment of random skin flaps in
mice, all the distal parts of flaps became pale
and swollen. The necrosis expanded to the
pedicle of the flaps at the early days and then
gradually subsided until the postoperative day
7. The area | of both groups survived, while tis-
sue of area Ill became dark, dry, stiff and
spread to area |l (Figure 1A). Compared with
Control, the flap survival rate in CUR group
was significantly improved ((44.36+4.50)% vs
(73.17£7.78)%, respectively; Figure 1B). To
evaluate the tissue edema, the inner part of
the flap was collected. It can be clearly seen
that the distal part in Control group showed sig-
nificantly higher extent of edema with more
apparent venous blood stasis than CUR group
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((56.3844.24)% vs (38.89+3.42)%, respective-
ly; Figure 1C and 1D). The microvascular net-
work reconstruction in random skin flaps
was then visualized by LDBF. As described in
Figure 1E, 1F, the blood flow intensity in CUR
group ((209.40+38.41) PU) was significantly
stronger than Control group ((340.3145.64)
PU). The blood vessels reconstruction was
also evaluated by H&E staining. Compared
with control ((19.98+3.62)/mm?), the vessel
density of area Il exhibited in Figure 1G, 1H
was significantly enhanced by the CUR treat-
ment ((61.00+5.20)/mm?). Furthermore, CD34
immunostaining results showed that more pos-
itive-stained microvessels can be found in CUR
group than Control, with (30.58+4.16)/mm?
and (86.84+4.67)/mm?, respectively (Figure 1l,
1J).

CUR promoted neovascularization in ischemic
area of flaps

Angiogenesis is a critical factor for determining
the random skin flaps’ survival. As described
above, CUR promoted the microvascular net-
work reconstruction in random skin flaps. Here,
the angiogenic markers’ level of the flaps at
day 7 were assessed by IHC and western blot-
ting. As exhibited in Figure 2A, 2B, positive
VEGF expression was higher in CUR group than
Control. Similarly, the expression of Cadherin5
was also increased by CUR treatment (Figure
2C, 2D). Furthermore, the levels of neovascu-
larization related proteins of the ischemic flaps,
including MMP9, VEGF and Cadherinb, were
also detected (Figure 2E-H). Compared with
Control, all the three proteins were significantly
increased by CUR treatment. These results sug-
gested that CUR benefited angiogenesis and
promoted neovascularization in the random
skin flaps.

CUR attenuated oxidative stress in ischemic
area of flaps

To confirm whether CUR affected oxidative
stress level in flaps, the SOD1 level was evalu-
ate by immunochemical staining. The results in
Figure 3A, 3B showed that CUR treatment sig-
nificantly upregulated SOD1 expression, which
can defense against the oxidative stress in
area Il and help the survival of the flaps.
Additionally, compared with control, remarkably
higher levels of SOD1, eNOS and HO1 in CUR
group were observed through western blotting,
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Figure 1. CUR promoted the survival and reduced edema of random skin flaps. A. Representative images of flaps
treated with corn oil (Control) and CUR at day 7 (scale bar: 1.0 cm); B. The percentage of survival area at day 7; C.
Representative images of the inner surface showing necrosis, edema and vascular network of the flaps (scale bar:
1.0 cm); D. The percentage of tissue water content in each group; E. LDBF photographs of subcutaneous vascular
flow and blood supply in Control and CUR groups (scale bar: 1.0 cm); F. Quantitative data of blood flow signal inten-
sity; G. Representative H&E staining images in each group (x 200, scale bar: 50 pym); H. Quantitative data of mean
vessel density in the flaps (/mm?); . Representative CD34 immunostaining images in each group (x 200, scale bar:
50 um); J. Quantitative data of the density of CD34 positive stained blood vessels (/mm?). Data are mean + SD, *P
< 0.05 and **P < 0.01 vs Control (n = 6 per group).
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Figure 2. CUR benefited neovascularization of the flaps. A, C. Representative IHC images for VEGF and Cadherin5
expressions in Control and CUR groups at day 7 (x 200, scale bar, 50 um); B, D. Relative mean density of VEGF and
Cadherinb positive stained tissue; E-H. Western blotting results of MMP9, VEGF and Cadherin5 in Control and CUR
groups. Data were expressed as means + SD, *P < 0.05 and **P < 0.01 vs Control (n = 6 per group).

indicating that oxidative stress was inhibited in
the flaps by the CUR treatment (Figure 3C-F).

CUR inhibited apoptosis in ischemic area of
flaps

The expression of apoptosis-related proteins of
flaps, including CYC, Bax, and CASP3, were
evaluated by western blotting. In comparation
with Control, CUR group showed significantly
lower levels of CYC, Bax, and CASP3 in the skin
flaps (Figure 3G-J), which indicated that CUR
treatment can inhibit the apoptosis process in
vivo and further promote the survival of ran-
dom skin flaps.

CUR facilitated autophagy through PIBK/AKT/
mTOR pathway in random skin flaps

Autophagy indicators including LC3, CTSD,
Beclinl, VPS34 and p62 in the skin flaps were
also detected by immunostaining or western
blotting. The positive staining of autophago-
somes’ marker of LC3 in flap area Il from CUR
group was remarkably higher than Control
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(Figure 4A, 4B). Compared with control, CTSD
level was also effectively elevated by the CUR
treatment (Figure 4C, 4D). Furthermore, west-
ern blotting analysis confirmed that significant-
ly increased protein expression of Beclinl,
LC3Il, VPS34 and CTSD and lower expression
of p62 were found in CUR group when com-
pared with Control (Figure 4E, 4F, 4H), suggest-
ing autophagy was activated by CUR treat-
ment. Moreover, the role of PI3K/AKT/mTOR
signaling in CUR associated autophagy was
investigated. Compared with Control, the re-
sults in Figure 4G, 4l showed that CUR signifi-
cantly down-regulated the levels of p-mTOR,
p-PI3K, p-AKT. These results indicated that
CUR activated autophagy in random skin flaps,
which could be modulated by the PI3K/AKT/
mTOR signaling pathway.

Inhibition of autophagy reversed the protective
effect of CUR on skin flaps

The autophagy inhibitor 3-MA was applied to

investigate the function of autophagy activated
by CUR on the survival of flaps. Compared with

Am J Transl Res 2021;13(3):1337-1351
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Figure 3. CUR attenuated oxidative stress and apoptosis of the flaps. A. Representative IHC images for SOD expres-
sion in the ischemic flaps of Control and CUR groups at day 7 (x 200, scale bar, 50 um); B. Relative mean density of
SOD positive stained tissue; C-F. Western blotting results of SOD1, eNOS and HO in the flaps; G-J. Western blotting
results of CYC, Bax and CASP3 expression in Control and CUR groups. Data were expressed as means + SD, *P <
0.05, **P < 0.01 and ***P < 0.001 vs Control (n = 6 per group).

CUR group, the survival rate significantly
decreased in the CUR+3-MA group ((70.89+
4.89)% and (42.28+4.17)%, respectively;
Figure 5A, 5B). Meanwhile, 3-MA treatment
worsened flap edema and subcutaneous
venous blood congestion (Figure 5C), resulting
in an obviously higher water content than CUR
group (Figure 5D). Moreover, the density of
subcutaneous blood vessels as well as the
blood flow was also decreased by the 3-MA co-
administration. The results of H&E staining in
Figure 5G, 5H revealed that the vessel density
of area Il in CUR+3MA group was statistically
lower than CUR group. The CD34 immunofluo-
rescence staining results confirmed that the
number of vessels was effectively reduced by
the 3-MA treatment when compared with CUR
group (Figure 51, 5J). These above results sug-
gested that CUR activated autophagy played a
vital part in protecting the viability of the ran-
dom flaps.
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Suppression of autophagy reversed the proan-
giogenic, anti-oxidative stress and anti-apopto-
sis effect of CUR on skin flaps

To further demonstrate the function of autoph-
agy on the skin flaps survival, the effect of
3-MA combined CUR administration on the
angiogenesis, oxidative stress and apoptosis of
the random skin flaps were explored. The
results of Figure 6A, 6B showed that signifi-
cant lower ratio of LC3 positive stained cells
can be found in CUR+3-MA group than CUR
group. In addition, the protein levels of Beclinl,
LC3Il, VPS34, CTSD and p62 were effectively
reversed by the 3-MA treatment (Figure 6C-E).
Meanwhile, compared with CUR group, 3-MA
treatment significantly downregulated the lev-
els of angiogenic proteins including MMP9,
VEGF and Cadherin5 (Figure 6F, 6l). The levels
of protective proteins against oxidative stress
including SOD1, eNOS and HO1 were also

Am J Transl Res 2021;13(3):1337-1351
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Figure 4. CUR facilitated autophagy and may be medicated by the PI3K/AKT/mTOR pathway in random skin flaps. A,
B. Immunostaining results of LC3 showing the autophagosomes (green) in the skin flaps at day 7 (scale bar: 10 um);
C, D. IHC results of CTSD expression in Control and CUR groups (x 200, scale bar: 50 uym); E, F, H. Western blotting
results of apoptosis related proteins including LC3, Beclinl, VPS34, CTSD and p62 in two groups; G, I. Western blot-
ting analysis of AKT, p-AKT, PI3K, p-PI3K, mTOR, p-mTOR in two groups. Data were expressed as means + SD, *P <
0.05 and **P < 0.01 vs Control (n = 6 per group).

decreased (Figure 6G, 6J), whereas higher suggested that CUR can activate autophagy in
expression of CYC, Bax, CASP3 was observed in ischemic skin flaps, resulting in faster angio-
CUR+3-MA group (Figure 6H, 6K). These data genesis, lower oxidative stress level and
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CUR on skin flaps. A, B. Immunostaining results of LC3 showing the autophagosomes (green) in CUR and CUR+3-
MA groups at day 7 (scale bar: 10 ym); C-E. Western blotting results of autophagy related proteins including LC3,
Beclinl, VPS34, CTSD and p62 in the two groups; F, I. Western blotting results of angiogenic proteins including
MMP9, VEGF and Cadherin5; G, J. Western blotting results of oxidative stress related proteins including SOD1,
eNOS and HO1; H, K. Western blotting results of apoptosis related proteins including CYC, Bax, and CASP3. Data
were expressed as means + SD, *P < 0.05 and **P < 0.01 vs Control (n = 6 per group).

reduced apoptosis, together promote the sur-
vival of random skin flaps.

Discussion

Necrosis in distal area is a common complica-
tion of flap transplantation in clinic. Although
many surgical approaches and drug studies
have been conducted to prevent these adverse
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outcomes, it remains a challenge in the recon-
structive and plastic surgery field [1]. As an
natural polyphenol herb, CUR has attracted
enormous research attention over the past ten
years, which shows multiple biological activi-
ties including inhibiting oxidative stress and
cell apoptosis, protecting the microcirculation
and promoting autophagy [12, 21, 22]. The
data in this study displayed that CUR elevated
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the survival of random skin flaps through pro-
moting angiogenesis, inhibiting oxidative stress
and apoptosis in mice, which should be medi-
ated by increasing the autophagy process
through regulating the PI3K/AKT/mTOR path-
way.

Angiogenesis is one of the determining factors
for the survival of transplanted skin flaps as
blood vessels provide the necessary nutrients
and oxygen for the tissue [30]. Recent studies
showed that curcumin, as a potent blocker of
NF-kB activation, could link with proliferation,
invasion, and angiogenesis as well as suppres-
sion of apoptosis intumor [31, 32]. Interestingly,
as for wound healing, topical use of curcumin
improved impaired cutaneous wound healing
through enhancement of angiogenesis via
increased expression of VEGF, transforming
growth factor B1 (TGF-B1), and hypoxia-induc-
ible growth factor 1a (HIF-1la) [33, 34].
Moreover, Previous study showed that CUR
loaded hydrogel significantly accelerated
wound healing by augmenting the VEGF expres-
sion in a full-thickness skin defect model [35],
and CUR can also heal gastric ulcers by stimu-
lating angiogenesis via VEGF and MMP-2 medi-
ated signaling [25]. In our study, the effect of
CUR on angiogenesis was also evaluated, and
results showed CUR improved the blood vessel
density in flaps (Figure 1G, 1l). Furthermore,
compared with control, blood flow in the skin
flaps was also higher in CUR group. The
increased surviving area and improved vascu-
lar network distribution suggested that CUR is
a potent promoter for skin flap viability.
Meanwhile, the effect of CUR on modulating
angiogenic proteins including VEGF, MMP9 and
Cadherinb was tested. Here, the results showed
that with CUR treatment, the expression of
these three proteins were all increased in the
ischemic flaps (Figure 2). VEGF is a well-known
promoter for angiogenesis that can stimulate
the mobilization, proliferation and migration of
endothelial cells and finally promote blood ves-
sels formation [36, 37]. MMP9 can contribute
to the angiogenic process via migrating endo-
thelial cell and releasing of sequestered angio-
genic factors [38], while Cadherin5 could pro-
mote the formation and maturation of neovas-
cularization process [39]. Therefore, based on
the above analysis, it can be concluded that
CUR promoted the angiogenesis and neovascu-
larization process by upregulating the expres-
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sion of VEGF, MMP9 and cadherinb, ultimately
benefit survival of random skin flaps.

Under condition of partial or total necrosis of
the flaps, mitigating oxidative stress and cell
apoptosis are key determinants of tissue sur-
vival [40]. During ischemic reperfusion such as
in the situation of random skin flaps, high con-
centration or long-time exposure of ROS will
damage the cellular molecules including DNA,
proteins and lipids, eventually leading to cell
necrosis and apoptosis [41]. Antioxidant
enzymes, in particularly the superoxide dis-
mutases (SOD), compose the ubiquitous anti-
oxidant defenses against oxidative injury that
occurs in various conditions [42]. HO1 and
eNOS are important protective genes that can
significantly attenuate the damage of ischemic
and oxidative stress conditions [43]. In this
study, compared with Control, CUR treatment
effectively increased the expression of HO1
and eNOS as well as the SOD1 in the ischemic
skin flaps (Figure 3C). Therefore, these results
showed that CUR is a potent protector against
oxidative stress and further promote random
skin flaps’ survival.

Balance the apoptosis level is vital for promot-
ing the survival of ischemic skin flaps. Upon
apoptotic stimuli, Bax is activated in the outer
mitochondrial membrane (MOM) and oligomer-
ized to mediate its permeability, leading to
mitochondrial swelling [44]. Then CYC is
released from the mitochondria into the inter-
membrane and activates caspase-3 through a
cascade reaction [45], which is a crossing point
of two apoptotic pathways and last step of cell
death initiation [46]. Previous study has report-
ed that CUR inhibited apoptosis through acti-
vating PI3K/Akt/FoxO1l pathway [47]. In this
study, the levels of apoptosis related proteins
including CYC, Bax, and CASP3 in ischemic
area of random skin flaps were significantly
reduced by the CUR treatment (Figure 3G), sug-
gesting that CUR effectively inhibited the apop-
tosis in random skin flaps and can benefit sur-
vival of the flaps.

Autophagy is a natural subcellular self-degra-
dative process that is critical for mammalian
cell survival [48]. Through degradation of the
accumulated proteins and molecules and recy-
cling damaged organelles [49], autophagy
showed a positive effect on preventing tissue
damage. Activating PI3K/Akt autophagy path-
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way also positively regulated angiogenesis pro-
cess in EPCs [50]. It was reported that CUR
activated autophagy and protected against dia-
betic cardiomyopathy [22]. Thus, the role of
autophagy in random skin flaps’ survival was
evaluated. Once autophagy initiated, the
expression of autophagosomal proteins of
LC3Il, Beclinl, VPS34 and lysosomal related
proteins of CTSD increased, while the au-
tophagosomal substrate protein p62 expres-
sion that reflects autophagy flux declined
(Figure 4A-F) [51, 52]. In our present work,
increased expression of LC3ll, Beclinl, VPS34
and CTSD but a lower level of p62 were detect-
ed in CUR group (Figure 4G), which indicated
that autophagic flux was promoted by CUR
treatment. Previous studies mainly focused on
CUR’s anti-cancer function through inhibiting
PI3K/Akt/mTOR signaling pathway [53, 54].
The present work clearly showed that CUR
inhibited the PI3K/Akt/mTOR pathway in the
random skin flaps (Figure 4G), together with the
change of autophagy markers, it suggested
that CUR may facilitate autophagy through
PISK/AKT/mTOR pathway in random skin flaps.

Autophagy generally has a housekeeping func-
tion; however, excessive autophagy activity
may trigger cell death due to excessive con-
sumption of critical cellular components [55].
To confirm the role of CUR-induced autophagy
in the survival of random skin flaps, 3-MA, a
class Il PI3K inhibitor, was administered
together with CUR. Our study demonstrated
that the CUR-mediated enhancement of flaps
survival was reversed by the 3-MA administra-
tion. The 3-MA treatment worsened the edema
and reduced blood vessel density in skin flaps
(Figure 5C, 5G). Moreover, the expression of
angiogenic proteins (VEGF, MMP9 and
Cadherinb) was also decreased, which indicat-
ed that CUR promoted angiogenesis in random
skin flaps through stimulating autophagy.
Meanwhile, the upregulated levels of apoptosis
markers (Bax, CYC, CASP3) but decreased
expression of oxidative stress indicators (SOD,
HO-1, eNOS) were also detected in the CUR+3-
MA group, indicating that the anti-apoptosis
and anti-oxidant stress function of CUR was
also achieved by inducing autophagy in the
flaps. With the 3-MA treatment, the levels of
autophagy indicators (LC3lIl, Beclinl, VPS34,
CTSD and p62) was also reversed. Together
with the promoted angiogenesis, anti-oxidative
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stress and anti-apoptosis effect that may be
the secondary response following autophagy, it
can be confirmed that autophagy may play a
critical part in promoting random skin flaps’
survival.

In summary, the present study found that the
CUR treatment can enhance the survival of ran-
dom skin flaps through promoting the neovas-
cularization, reducing oxidative stress and sup-
pressing apoptosis process, which should be
modulated through activating autophagy via
PI3BK/AKT/mTOR signaling pathway. The pres-
ent work provided a potent and efficient thera-
py for the survival of random skin flaps.
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