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Abstract

Our previous study demonstrated that angiogenesis increased during the recovery of heat-denatured endothelial cells.
However, the mechanism is still unclear. This study aimed to investigate the relation of autophagy and angiogenesis
during the recovery of heat-denatured endothelial cells. A rat deep partial-thickness burn model and heat-denatured
human umbilical vein endothelial cells (HUVECs) model (52 °C for 35 s) were used. Autophagy increased significantly in
the dermis and HUVECs in a time-dependent manner after heat denaturation and recovery for 2-5 days. Rapamycin-
mediated autophagy enhanced the pro-angiogenic effect, evidenced by increased proliferation and migration of
HUVECs, and formation of tube-like structures. Autophagy inhibition by 3-Methyladenine (3-MA) abolished the
angiogenesis in heat-denatured HUVECs after recovery for 3-5 days. Moreover, heat denaturation augmented the
phosphorylation of AMP-activated protein kinase (AMPK) but reduced the phosphorylation of Akt and mTOR in
HUVECs. Furthermore, autophagy inhibition by antioxidant NAC, compound C or AMPK siRNA impaired cell
proliferation, migration and tube formation heat-denatured HUVECs. At last, the in vivo experiments also showed that
inhibition of autophagy by bafilomycin A1 could suppress angiogenesis and recovery of heat-denatured dermis.Taken
together, we firstly revealed that autophagy promotes angiogenesis via AMPK/Akt/mTOR signaling during the
recovery of heat-denatured endothelial cells and may provide a potential therapeutic target for the recovery of heat-
denatured dermis.

Introduction surrounding microenvironment. At present, increasing

Denatured dermis was firstly put forward by Huang
et al. in 2001". In deep partial burn wound, denatured
dermis appears cell metabolism disorder, function
impairment and markedly morphological changes. How-
ever, denatured dermis has the ability to restore normal
morphology and function after improving the
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clinical studies found that preservation of denatured
dermis could enhance wound healing and improve the
appearance and function of skin®~*. However, the
underlying molecular mechanism by which denatured
dermis could improve wound healing is still unclear.
Angiogenesis, a crucial process for wound healing, is
involved in several sequential phases, in which sprout for-
mation is initiated after the degradation of surrounding
basement membrane by proteolytic enzymes secreted from
endothelial cells, followed by endothelial cell proliferation
and migration. Finally, the migrating cells form tube-like
structures™®. Our previous studies observed angiogenesis
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increased during the recovery of heat-denatured HUVECs
as evidenced by the increase in endothelial cell proliferation,
migration and tube formation’. However, the mechanisms
of pro-angiogenesis during the recovery of heat-denatured
HUVECs have not been explored clearly.

Autophagy is a dynamic process of subcellular degra-
dation. Under starvation, autophagy is critical for cell
survival. When autophagy occurs, part of the cellular
components is sequestered in autophagosomes and sub-
sequently degraded upon fusion with lysosomes®. How-
ever, autophagy is not merely a stress response to
metabolic perturbations. Autophagy can be induced by a
variety of cellular stressors, such as hypoxia, reactive
oxygen species (ROS), DNA damage, and aggregation of
misfolded proteins’.

Increasing evidence has suggested that autophagy is
involved in the angiogenic behavior of endothelial cells
in vitro'®"" and in vivo'”. However, autophagy seems to
have conflicting roles in angiogenesis. In certain circum-
stances, autophagy induction may also promote endo-
thelial cell death. For example, endostatin, an endogenous
angiogenic inhibitor, can induce autophagy and promote
human endothelial cells death, and these cells are insen-
sitive to caspase inhibitors but suppressed by the autop-
hagy inhibitor 3-methyladenine'®. Interestingly, Chen
et al'*. reported that there is a transition from autophagy-
mediated cell survival to cell death in hypoxia-treated
endothelial cells in a time-dependent manner. However, it
remains unknown whether autophagy in endothelial cells
influences angiogenesis during the recovery of heat-
denatured dermis.

This study aimed to investigate the autophagic activities
during the recovery of denatured dermis and HUVEC:, the
role of autophagy in angiogenesis during the recovery of
heat-denatured dermis, and the potential molecular
mechanisms. We observed that autophagy was increased
significantly during the recovery of heat-denatured dermis
and HUVECs. Autophagy was required for pro-angiogenesis
during the recovery of heat-denatured dermis, and intra-
cellular ROS could regulate AMPK/Akt/mTOR signaling,
enhance autophagy and angiogenesis during the recovery of
heat-denatured dermis. Our study provides the first evi-
dence that heat denaturation contributes to pro-
angiogenesis in dermis through the production of intracel-
lular ROS and upregulation of autophagic activity.

Materials and Methods
Materials

3-MA, rapamycin, Chloroquine, compound C and
Bafilomycin A1l were purchased from Sigma Aldrich (St.
Louis, MO, USA). DMEM, Opti-MEM, penicillin-strep-
tomycin, antibody against glyceraldehyde—3-phosphate
dehydrogenase (GAPDH), AMPK siRNA, and siRNA
Transfection Reagent were bought from Santa Cruz
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Biotechnology (Santa Cruz, CA). Antibodies against LC3,
p62 and LAMP2 were bought from Abcam (Cambridge,
MA, USA), the antibodies against p-AKT, AKT, AMPK,
p-AMPK, mTOR and p-mTOR were from Cell Signaling
Technology (Danvers, MA, USA), the recombinant active
full-length human Aktl protein (rAktl) was purchased
from Abcam (Cambridge, MA, USA).

Animals

Male Sprague-Dawley rats were from the Animal
Resource Center of Central South University (Changsha,
China), and all animal experiments were performed as per
the Guidelines of Animal Experimentation, Medical Eth-
ics Committee of Xiangya Hospital, Central South Uni-
versity (N0.201402027).

Animal model of deep partial-thickness and in vivo
experiment

A burn model of deep partial-thickness in Sprague-
Dawley rats was performed as described in our previous
study’. Denatured dermis samples were harvested on days
0, 2, 3, and 5 after deep burn. The back skin of rats were
collected for normal control skin samples.In the set of
experiments for bafilomycin Al (Baf 1) and N-acetyl-L-
cysteine (NAC), well-established rats were randomly
assigned into indicated cohorts. Bafilomycin Al (0.3 mg/
kg, once a day), and NAC (200 mg/kg, once a day) were
intraperitoneally injected for 7d. The wound closure
percentage was measured at 3d and 7d after surgery by
the following formula:Wound closure (%) = [(wound area
on day 0O—wound area on indicated day)/wound area on
day 0] x 100. CD31 expression was detected by immu-
nofluorescent analysis at 0d and 5d after surgery.

Cell culture and heat denaturation model

HUVECs were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA) and maintained
in Dulbecco’s Modified Eagle (DMEM) medium supple-
mented with 10% fetal bovine serum. The cells were
cultured at 37 °C in a humidified incubator with 5% CO,.
The cells between 3-10 passages were used in the
experiments. The heat-denatured cell model was estab-
lished as previously described”'*.

Cell proliferation assay, Western blot analysis, Transwell,
and tube formation assay
Cell proliferation assay, Western blot analysis, Trans-
well and tube formation assay were performed as descri-
7,15

bed previously

Immunofluorescent analysis of LC3 puncta and CD31 in
heat-denatured dermis

Heat-denatured dermis was fixed with 10% buffered
formalin and embedded in paraffin. Inmunofluorescence
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staining of LC3B and CD31 was performed on 4 pum-
thickness sections. Images were captured and analyzed
under an Olympus IX71 inverted fluorescent microscope
(Olympus, ON, Canada). Quantitation of the LC3 puncta
was performed by counting 10 high power fields manually
for each sample, and the averaged number was calculated.

Measurement of ROS production

ROS production in HUVECs was evaluated using the
oxidant-sensing 2’,7'-dichlorofluorescein diacetate (DCFH-
DA) (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA). After heat denaturation and recovery for 3 and
5 days, the HUVECs were treated with 20 upM DCFH-DA
for 20 min at 37 °C. To detect intracellular ROS production,
fluorescence was imaged under a Nikon Eclipse TE200
fluorescent microscope. The fluorescence intensity of
DCFH was measured using a spectrophotometer (Leica,
Heidelberg, Germany) at an excitation wavelength of
480 nm and an emission wavelength of 520 nm.

AMPK-siRNA transfection

According to the manufacturer’s instructions, the
HUVECs (80% confluence) were treated with AMPK or
control siRNAs (siRNAs) (human; Santa Cruz Bio-
technology) for 48 h. AMPK protein expression in trans-
fected cells was confirmed by Western blot analysis.

Statistical analysis

All data are presented as mean + SEM. Student’s ¢ test
and one-way analysis of variance were used to analyze
significant differences using SPSS 16.0 software. A value
of P<0.05 represented statistically significant difference.

Results
Autophagy increased during the recovery of heat-
denatured dermis and HUVECs

Immunofluorescent analysis was used to examine the
autophagosome formation, as indicated by the redis-
tribution of LC3 from a diffuse distribution to a puncta
pattern. As shown in Fig. la and b, the formation of
numerous LC3 puncta was observed in a time-dependent
pattern during the recovery of heat-denatured dermis.
More importantly, double-immunostaining of LC3 and
CD31 (an endothelial cell marker) showed that LC3
puncta co-localized with CD31 in endothelial cells
(Fig. 1c).These results suggested autophagosome forma-
tion increased in endithelial cells in denatured dermis. In
addition, the levels of phosphatidylethanolamine-
conjugated LC3 (LC3 II) and p62 were determined by
western-blot. As shown in Fig. 1d, compared to the con-
trol group, the ratio of LC3 II/LC3 I showed a remarkable
increase in a time-dependent pattern during the recovery
of heat-denatured dermis, with the maximum increase (P
<0.01) on the fifth day of recovery after burn. However,
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the expression level of p62 showed a significant decrease
in a time-dependent pattern during the recovery of heat-
denatured dermis, with the maximum decrease (P < 0.01)
on the fifth day of recovery after burn.

HUVECs were treated with high temperature (52 °C for
35s) and recovered for 3 and 5 days, and then the levels of
LC3 II and p62 expression in cell lysates were examined.
As shown in Fig. 2, during the recovery of heat-denatured
HUVECs, the ratio of LC3 II/LC3 I was significantly
increased after recovery for 3 and 5 days (P < 0.01) com-
pared with the controls. While the expression level of p62
was markedly decreased (P < 0.01) during the recovery of
heat-denatured HUVECs:.

Autophagic flux increased during the recovery of heat-
denatured HUVECs

CQ is a lysosomal pH neutralizing agent and can
restrain autophagic flux at a late stage. To detect the
autophagic flux, we examined the levels of LC3 I, p62 and
LAMP?2 in the absence or presence of CQ. We found that
CQ treatment increased LC3 II, p62 and LAMP2
expression in the cells pretreated with high temperature
(52°C for 35s) and recovered for 3 days (Fig. 3). These
results suggest that cellular autophagic flux was promoted
in endothelial cells pre-exposed to high temperature and
recovered for 3 days.

Intracellular ROS production mediates autophagy during
the recovery of heat-denatured HUVECs

Intracellular ROS production is associated with autop-
hagy in HUVECs'®. Here we examined whether intracel-
lular ROS production mediates autophagy during the
recovery of heat-denatured HUVECs. Intracellular ROS
production was measured by the fluorescent probe of
CM-H2DCFDA. As shown in Fig. 4a, intracellular ROS
production was increased in heat-denatured HUVECs
compared to the control cells. When heat-denatured
HUVECs were incubated with 20 pmol/L of N-
acetylcysteine (NAC), a free radical scavenging agent.
We found antioxidant NAC significantly suppressed
intracellular ROS production (Fig. 4b). Furthermore, the
elevated expression of LC3-1I in heat-denatured HUVECs
was markedly reduced in the presence of NAC, while the
reduced expression of p62 in heat-denatured HUVECs
was increased in the presence of NAC (Fig. 4c). These
results suggest that autophagy in heat-denatured
HUVEC: is associated with increased oxidative stress.

Effect of autophagy on cell proliferation during the
recovery of heat-denatured HUVECs

To examine the effect of enhanced autophagy on
endothelial cell proliferation, HUVECs were pre-exposed
to high temperature and recovered for 3 or 5 days, then
treated with 5mM of 3-MA to inhibit autophagy. We
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Fig. 1 Detection of autophagy during the recovery of heat-denatured dermis. a Representative images for the immunofluorescence staining of
LC3 (red) and DAPI (blue) during the recovery of heat-denatured dermis (400x). Red dots (white arrows) showed LC3 puncta in dermis. b Percentage
of LC3 puncta-positive cells in heat-denatured dermis was calculated and analyzed (*P < 0.05 vs. Ctrl group; **P < 0.01 vs. Ctrl group, n =6). The
percentage was calculated based on the values in five random fields of each slide under the microscope. ¢ Representative images for the
immunofluorescence staining of LC3 (red) and CD31 (green) after recovery for 5d of heat-denatured dermis (400x). Arrows indicate the co-
localization of LC3 and CD31. d Representative blot of LC3 I/Il and p62 during the recovery of heat-denatured dermis. e The relative ratio of protein
expression was calculated and analyzed (*P < 0.05 vs. Ctrl group; **P < 0.01 vs. Ctrl group, n=4)
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observed that 3-MA inhibited LC3-II conversion and p62
degradation during the recovery (3 or 5 days) of heat-
denatured HUVECs (Fig. 5a). To further determine
whether autophagy is associated with cell proliferation
during the recovery of heat-denatured HUVECs, HUVECs
were pre-exposed to high temperature and recovered for 2
or 3 days, then treated with rapamycin (200 nM) to induce
autophagy. Rapamycin treatment promoted LC3-II con-
version and p62 degradation in heat-treated HUVECs
(Fig. 5b). We further analyzed the effect of 3-MA and
rapamycin on the proliferation of HUVECs after heat
treatment and recovery. As shown in Fig. 5c and d, both
total cell number counting and MTT assay showed there
was significant increase in cell proliferation after heat
treatment and recovery for 3 days, and 3-MA treatment
significantly inhibited the proliferation of HUVECs after
heat treatment and recovery for 5 days, while rapamycin
treatment significantly stimulated HUVEC proliferation
(P<0.05) after heat treatment and recovery for 3 days.
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Effect of autophagy on the migration of heat-denatured
HUVECs

Our previous study found that endothelial cell migration is
increased during the recovery of heat-treated HUVECs’. To
determine the effect of autophagy on endothelial cell migra-
tion, HUVECs were pre-exposed to high temperature and
recovered for 5 days, then incubated with 3-MA for 12 h. Cell
migration was assessed by the transwell migration assay. As
shown in Fig. 6a, 3-MA treatment significantly attenuated the
average number of migrated HUVECs per HPF from 73 to 32
(Fig. 6b). To further examine whether increased autophagy
promotes HUVEC migration during the recovery of heat-
denatured HUVECs, HUVECs were pre-exposed to high
temperature and recovered for 3 days, then treated with
rapamycin (200nM) to induce autophagy. As shown in
Fig. 6¢ and d, rapamycin treatment significantly increased the
average number of migrated HUVECs per HPF from 62 to
85. These results suggested that autophagy enhanced the
migration of heat-denatured HUVECs.
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Fig. 2 The expression of LC3 I/l and p62 was detected by
western-blot during the recovery of heat-denatured HUVEC. a
Representative blot of LC3 I/l and P62 in heat-denatured HUVEC after
recovery for 3 or 5day. b The relative ratio of protein expression was
calculated and analyzed (*P < 0.01 vs. Ctrl group; **P < 0.01 vs. Ctrl
group, n=4)

Effect of autophagy on the formation of tube-like
structures of heat-denatured HUVECs

After heat treatment and recovery for 5 days, HUVECs
were incubated with 3-MA for 12 h, and then seeded on
basement membrane matrix (Matrigel; BD Bioscience). As
shown in Fig. 7a and b, tube-like structures appeared on
Matrigel after 24 h of culture, and 3-MA treatment sig-
nificantly attenuated microvessel tube formation and the
number of branching points. On the contrary, treatment
with rapamycin significantly increased microvessel tube
formation and the number of branching points in
HUVECs pre-exposed to high temperature and recovery
for 3 days (Fig. 7c, d). Our observations suggest that
autophagy increase can effectively increase the ability of
HUVECs to form stable tube-like structures in vitro
during the recovery of heat-denatured HUVECs.

The AMPK/Akt/mTOR signaling pathway was required for
autophagy and angiogenesis during the recovery of heat-
denatured HUVECs

It has been reported that AMPK signaling plays an
important role in the regulation of cellular autophagy,
especially during the autophagosome elongation stage'” >,
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Fig. 3 Autophagic flux increased during the recovery of heat-
denatured HUVECs. HUVECs were pre-treated with heat
denaturation (52 °C, 355) and recovered for 3 days, then exposed to
chloroquine (CQ) (20 umol/L) for 4 h. The levels of LC3, p62 and
LAMP2 were examined by Western-blot. a Representative Western
blot image. b Densitometry quantification of LC3 II/LC3 |, P62 and
LAMP2 normalized to GAPDH expression. The data are the mean +
SEM of three independent experiments. *P < 0.05 vs. Ctrl group; **P <
0.05 vs. Ctrl group; *P < 0.05 vs. Heat 3d group

Here we investigated whether AMPK signaling is involved
in cellular autophagy during the recovery of heat-
denatured HUVECs. Compared with the control group,
p-AMPK expression was markedly enhanced, while the
levels of p-Akt and p-mTOR were significantly reduced
(Fig. 8a) during the recovery of heat-denatured HUVECs:.
After heat treatment and recovery for 3 days, HUVECs
were then incubated with 20 pmol/L NAC. We observed
NAC restored the phosphorylation state of AMPK, Akt
and mTOR (Fig. 8b). Moreover, as shown in Fig. 8d,
inhibition of AMPK by compound C significantly
decreased LC3-I/II expression and increased p62 expres-
sion. Transfection of AMPK siRNA reduced AMPK
expression by 70% and significantly changed the expres-
sion of p-AMPK, p-Akt, p-mTOR and autophagy-
associated proteins (P <0.05) (Fig. 8c, d). In addition,
recombinant active human Aktl full length protein (rAkt)
was used to activate the Akt pathway, we found that rAkt
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Fig. 4 Autophagy is induced by intracellular ROS production during the recovery of heat-denatured HUVECs. a The intracellular ROS level
was measured by DCFH (green fluorescence). The mean fluorescence intensity was calculated based on the data from at least five different
experiments. (*P < 0.01 vs. Ctrl group, n = 5). B, HUVECs were pre-treated with heat denaturation (52 °C, 35 s) and recovered for 3 or 5 days, and then
incubated with 20 umol/L N-acetylcysteine (NAC). (*P < 0.01 vs. Ctrl group, n = 5; *P < 0.01 vs. PBS-treated group, n = 5). ¢ NAC inhibited autophagy
during the recovery of heat-denatured HUVECs. The expression of LC3 and p62 was examined by Western-blot. The relative ratio of protein
expression was analyzed. (*P < 0.01 vs. Ctrl group, n=15; P <001 vs. PBS-treated group, n=5)
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increased significantly the Akt phosphorylation, and
inhibited autophagy in heat-denatured HUVECs. Fur-
therly, we tested whether NAC, compound C, AMPK
siRNA and rAkt influenced the angiogenesis in heat-
treated HUVECs. As shown in Fig. 8f, g, NAC, compound
C, AMPK siRNA and rAkt treatment significantly
decreased the number of migrated cells per HPF and the
number of branching points (P < 0.05).

Autophagy is required for angiogenesis and recovery of
denatured dermis in rats

Having shown that autophagy is required for the pro-
liferation, migration, and formation of tube-like structures
of heat-denatured HUVECs in vitro, we hypothesized that
autophagy is essential for angiogenesis during the recov-
ery of heat-denatured dermis. To test this hypothesis, we
carried out a study with bafilomycin Al in rats. As shown
in Fig. 9a, the wounds injected intraperitoneally with
bafilomycin Al (Baf 1) showed significantly (P < 0.05)
lower percentage of wound closure in comparison to the
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negative control ones, at the 7th day post-injury. Immu-
nostaining with CD31 showed that bafilomycin Al
treatment decreased CD31 expression compared with
DMSO treatment (P < 0.05) (Fig. 9b). These data indicate
that autophagy is required for angiogenesis and wound
closure in vivo.

Because intracellular ROS production mediates autop-
hagy during the recovery of heat-denatured HUVECs
(Fig. 4), it was important to determine whether these
effects could be detected in vivo. As shown in Fig. 9¢, at
the 7th day post-injury, the wounds treated with NAC
showed markedly (P <0.05) lower percentage of wound
closure in comparison to the negative control ones.
Immunostaining with CD31 also showed that NAC
treatment decreased CD31 expression compared with
PBS treatment (P < 0.05) (Fig. 9¢). These data indicate that
intracellular ROS production is also required for angio-
genesis and recovery of heat-denatured dermis in vivo.
Moreover, consistent with the in vitro data, NAC treat-
ment inhibited autophagy in vivo, i.e.,the expression level
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Fig. 5 The effect of autophagy on the proliferation during the recovery of heat-denatured HUVECs. a The expression of LC3 and p62 in
HUVECs pre-treated with heat and recovered for 3 or 5 days, and then incubated with 3-MA (5 mM). The relative ratio of protein expression was
analyzed. (P < 0.01 vs. Heat 3d group, n =4; P < 0.01 vs. Heat 5d group, n = 4). b The expression of LC3 and p62 in HUVECs pre-treated with heat
denaturation and recovered for 2 or 3 days, and then incubated with rapamycin. The relative ratio of protein expression was analyzed. (*P < 0.01 vs.
Heat 2d group, n =4; "P < 0.01 vs. Heat 3d group, n =4). ¢ Cells were trypsinized and counted after pre-treated with heat and recovered for 3 days,
and then incubated with 3-MA (5 mM) or rapamycin (200 nM) for 12 h. D, MTT assay was performed. (*P < 0.05 vs. Ctrl group, n = 6)

of LC3II decreased and the expression of P62 increased in
heat-denatured dermis. And also, NAC treatment sup-
pressed significantly AMPK phosphorylation, increased
Akt and mTOR phosphorylation, indicating that the
angiogenesis inhibition mediated by NAC is associated
with suppression of autophagy and regulation of AMPK/
Akt/mTOR signaling.
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Discussion

Vascular endothelial cells are a kind of cells in the
denatured dermis and play important roles in the recovery
of heat-denatured dermis. Our previous study found that
heat-denatured HUVECs exhibited a strong pro-
angiogenic potential during the recovery’. In this study,
we found that heat denaturation could activate autophagy
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Fig. 6 Effect of autophagy on the migration during the recovery of heat-denatured HUVECs. HUVECs pre-exposed to high temperature (52 °C,
355) and recovered for 3 or 5 days were treated with 3-MA or rapamycin, and then were used for transwell migration assay. a The representative
micrographs of migrated cells treated with 3-MA or not after exposure to high temperature (52 °C, 35 s) and recovery for 5 days. b The representative
micrographs of migrated cells treated with rapamycin or not after exposure to high temperature (52 °C, 35 s) and recovery for 3 days. ¢ The number
of migrated cells per high-power field (HPF) after 3-MA treatment. (*P < 0.05 vs. Ctrl group, #P < 0.01 vs. Heat and recover for 5d group, n=6).d The
number of the migrated cells per high-power field (HPF) after rapamycin treatment. (*P < 0.05 vs. Ctrl group, *P <001 vs. Heat and recover for 5d
group, N =16)

in HUVECs in vitro and in heat-denatured dermis in vivo.  denatured dermis. First, we demonstrated cellular
Furthermore, autophagy induced by heat denaturation autophagy was augmented during the recovery of heat-
promoted angiogenesis during the recovery of heat- denatured dermis and heat-denatured HUVECs, which is
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representative micrographs of tube formation of HUVECs treated with 3-MA or not after exposure to high temperature (52 °C, 35 s) and recovery for
5 days. b The representative micrographs of tube formation of cells treated with rapamycin or not after exposure to high temperature (52 °C, 355)
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Fig. 8 AMPK/Akt/mTOR signaling is required for autophagy and angiogenesis during the recovery of heat-denatured HUVECs. a HUVECs
were treated with high temperature (52°C, 355) and recovered for 3 or 5 days. A representative Western-blot image is shown (Top), and
quantification of protein expression of p-AMPK, p-Akt, and p-mTOR was analyzed (Bottom). b HUVECs were pre-treated with high temperature (52 °C,
355) and recovered for 3 days (3d) and then treated with NAC or Compound C. A representative Western-blot image is shown (Top), and
quantification of protein expression of p-AMPK, p-Akt, and p-mTOR was analyzed (Bottom). ¢ HUVECs were transfected with AMPK siRNA (siAMPK) or
negative siRNA (NS) using Lipofectamine 2000. A representative Western-blot image is shown (Top), and quantification of protein expression of p-
AMPK and AMPK was analyzed (Bottom). d HUVECs were pre-treated with high temperature (52 °C, 35 s) and then treated with Compoud C (C.C) or
transfected with AMPK siRNA. The protein expression of LC3 I/l and p62 was examined by Western-blot. A representative Western-blot image is
shown (Top), and quantification of protein expression of LC3 and P62 was analyzed (Bottom). e HUVECs were pre-treated with heat (52 °C, 35s) and
then treated with rAkt1 (500 ng/ml),the expression of p-Akt, LC3 and p62 was examined by Western-blot. f and g HUVECs were pre-treated with high
temperature (52 °C, 35s) and then treated with Compoud C (C. C) or transfected with AMPK siRNA. Cell migration (f) and tube formation (g) of heat-
treated HUVECs were analyzed. The data are the mean + SEM of at least four independent experiments. *P < 0.05, vs. Ctrl; "P < 0.05 vs. heat and

recovery 3d; 5P <005 vs. negative siRNA (NS)

dependent on intracellular ROS production. Second,
inhibition of autophagy suppresses cell proliferation,
migration and formation of tube-like structure induced by
heat treatment (52 °C for 35s) in vitro. Third, autophagy
was required for pro-angiogenesis during the recovery of
heat-denatured dermis in vivo; 4) intracellular ROS could
regulate AMPK/Akt/mTOR signaling, enhance autophagy
and angiogenesis during the recovery of heat-denatured
dermis. These data indicate that autophagy is activated,
and plays a pro-angiogenic role during the recovery of
heat-denatured dermis and its mechanism is probably
dependent on production of ROS and regulation of
AMPK/Akt/mTOR signaling.

Autophagy is critical for cell surviva and also
autophagy is a dynamic flux that includes the initiation,
formation, maturation and degradation of autophago-
somes>>. As we all known, the conversion of cytosolic LC3
(LC3-I) to the autophagic vesicle-associated form (LC3-1I)
through the conjugation of phosphatidylethanolamine is
essential for induction of cellular autophagy®. p62 is
another biomarker to evaluate the autophagic activity.
When autophagic flux occurs, p62 is degraded. Thus,
Both LC3-II increase and p62 levels decrease is indicatives
of autophagic activity’®. Our results showed that the
amount of puncta was increased during the recovery of

21
17,
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heat-denatured dermis, LC3 puncta co-localized with
CD31 in endothelial cells, and the ratio of LC3-II /LC3-I
was increased and p62 was decreased during the recovery
of heat-denatured dermis and heat-treated HUVECs. CQ
treatment, restraining autophagic flux, resulted in
increased LC3 II and p62 expression in the heat-treated
HUVECs. These data suggest cellular autophagy flux is
augmented during the recovery of heat-denatured dermis
and heat-treated HUVECs.

What is the role of cellular autophagy in angiogenesis?
Some studies have shown that cellular autophagy may
inhibit the angiogenesis in endothelial cells®”. On the
contrary, increasing evidence suggests that cellular
autophagy can enhance angiogenesis in endothelial
cells***’, Our studies found that cellular autophagy could
be induced during the recovery of heat-denatured dermis
and heat-denatured HUVECs. Both immunofluorescence
analysis and Western-blot results confirmed LC3 II
accumulation and p62 decrease and autophagic flux
inhibition in the presence of CQ. Moreover, cellular
autophagy may promote angiogenesis, as pharmacological
inhibition of autophagy by 3-MA significantly impaired
cell proliferation, migration and tube formation in
HUVECs, while pharmacological induction of autophagy
by rapamycin significantly promotes angiogenesis after
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Fig. 9 Autophagy is required for angiogenesis and recovery of denatured dermis in vivo. a Rate of wound closure in wounds under different
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in heat-denatured dermis at 0d, 5d after heat injury (100x). The integrated optical density (I0OD) of CD31 immunostaining was analyzed with Image-
Pro® Plus software. *P < 0.01 vs. Heat + DMSO, n = 5. ¢ Rate of wound closure in wounds under different treatments is shown.*P<0.01 vs. Heat + PBS,
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heat treatment and recovery. Furtherly, bafilomycin Al (a
autophagy inhibitor) was found to inhibit the angiogenesis
and recovery of heat-denatured dermis in vivo. Thus
cellular autophagy might help wound healing of deep
partial burn wound by increasing angiogenesis.

ROS, known as key signaling molecules, are essential
for endothelial cell proliferation and migration and can
regulate angiogenesis®®. Recently, ROS are reported to
be important in mediating cellular autophagy®’. In this
study, we observed that heat treatment and recovery
could significantly induce intracellular ROS production,
while inhibition of ROS production by NAC decreased
autophagy in HUVECs. Moreover, NAC treatment
suppressed  significantly AMPK phosphorylation,
increased Akt and mTOR phosphorylation, inhibited
autophagy and angiogenesis during the recovery of heat-
denatured dermis in vivo. These data suggest that the
autophagy and angiogenesis during the recovery of heat-
denatured dermis are associated with intracellular ROS
production.

Official journal of the Cell Death Differentiation Association

ROS can induce autophagy through multiple signaling
pathways including the AMP-activated protein kinase
(AMPK) and mammalian target of rapamycin (mTOR).
AMPK has a crucial role in mediating autophagy in
endothelial cells in response to metabolic stress or treat-
ments with natural cytoprotective Compound530’31.
AMPK is a positive regulator of autophagy and suppresses
the Akt/mTOR pathway'”*’. Here we observed up-
regulated p-AMPK expression and down-regulated p-
Akt and p-mTOR levels during the recovery of heat-
denatured HUVECs. These results suggest that AMPK
signaling pathway is involved in the regulation of autop-
hagy during the recovery of heat-denatured HUVECs. In
addition, our studies found that inhibition of intracellular
ROS production by antioxidant NAC decreased autop-
hagy, and ROS influenced the AMPK/Akt/mTOR sig-
naling pathway. To further verify whether the activation
of AMPK signaling was related to heat-induced autop-
hagy, AMPK signaling pathway was significantly sup-
pressed by compound C and AMPK siRNA treatment, as
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evidenced by down-regulated p-AMPK level and up-
regulated p-mTOR level. Moreover, the increase of LC3-1I
/LC3-I and p62 decrease were dramatically inhibited fol-
lowing compound C and AMPK siRNA treatments. Fur-
therly, inhibition of AMPK activity, AMPK expression
knockdown, and rAkt also inhibited angiogenesis. These
results suggest that intracellular ROS production and
AMPK/Akt/mTOR signaling pathway may be involved in
autophagy and angiogenesis during the recovery of heat
denatured dermis.

The Akt/mTOR signaling pathway is a well-known
pathway involved in the regulation of autophagy. Akt reg-
ulates autophagy mainly through the modulation of mTOR
activity, which is an evolutionarily conserved protein kinase.
Recent studies suggested that attenuated Akt-mTOR sig-
naling pathway can result in autophagy in Spodoptera litura
cultured cell line (SL—1 cell)**. Bevacizumab could sup-
press Akt-mTOR signaling pathway to induce high level of
autophagy in glioblastoma cells®®, Furthermore, Akt/mTOR
signal pathway could influence the autophagy and angio-
genesis in aortic endothelial cells'®. Bilobalide B could
inhibit autophagy and promote angiogenesis by activating
Akt pathway following ischemia/reperfusion injury to the
brain®*In this study, we demonstrated that Akt-mTOR
signaling pathway was inhibited during the recovery of
heat-denatured HUVECs (Fig. 8a). Activation the Akt
pathway by recombinant active human Aktl full length
protein (rAkt) could inhibit autophagy and then influenced
the angiogenesis induced by autophagy in heat-denatured
HUVEC:s (Fig. 8f, g). These results suggest that inhibition of
Akt/mTOR pathway increased the autophagy and then
promoted the autophagy-induced angiogenesis during the
recovery of heat denatured dermis.

Additionally, there are two limitations of our study. The
first one is that only HUVECs were used as our model of
endothelial cells. Because of different environment, endo-
thelial cells from different tissues probably exhibit some
variations in cell growth and morphology®”. So further
studies are required to understand the role of autophagy in
angiogenesis and its potential molecular mechanisms. The
second limitation is that additional pharmacological tools
and siRNAs should be used in the future studies to study
their side effects. By the way, 3-MA is a widely used as
inhibitor of vesicular protein sorting 34 in autophagy™.
However, it was reported that 3-MA can also inhibit PI3K
activity at high concentrations®. To limit these nonspecific
effects, we used low concentration (5 pM) in this study.

In conclusion, our study demonstrated that cellular
autophagy can promote angiogenesis during the recovery
(3 and 5 days) in heat-denatured endothelial cells through
increasing intracellular ROS production and activation of
AMPK/Akt/mTOR signaling pathway. Inhibition of
autophagy by an autophagy inhibitor bafilomycin Al
hindered the angiogenesis and recovery of heat-denatured
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dermis in vivo. Together, these data uncover new funda-
mental molecular mechanisms underlying autophagy and
therapeutic angiogenesis and provide a novel treatment
strategy for deep partial burn wound.
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