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Abstract
Background: Deep burn wounds undergo a dynamic progression in the initial or periburn area after
insults. The zone of stasis has a higher risk of deterioration and is considered a salvageable target for
burn-wound progression. Few studies have explored the role of mitochondrial damage in this process and
potential “built-in” self-defense within the human body.

Methods: A classic “comb” scald rat model was established in this study. Histological and blood-�ow
observation were processed based on hematoxylin-eosin staining and laser analysis. Oxidative and
apoptotic status were analyzed by commercial kits. Transmission electron microscope,
immuno�uorescence staining, and western blot were applied to detect the mitophagy happened in the
zone of stasis and potential regulators. Adenovirus-based gene-silence contributed to determine the role
of HIF-1  as a regulatory mediator. 

Results: We found that burn insults caused typical ischemia and histological deterioration in the zone of
stasis, in parallel with increases in oxidative stress and apoptosis. Mitochondrial damage was also
involved in the aforementioned changes. Furthermore, we detected typical mitophagy in burn wounds,
which was contradictory to the burn-wound conversion. HIF-1  expression was closely related to the level
of mitophagy, while BNIP3 and PARKIN are involved downstream.

Conclusion: We demonstrate that burn-induced mitochondrial impairment contributes to the mobilization
of injurious mechanisms in the zone of stasis and that mitophagy provides a more bene�cial way to
protect against burn-wound progression via the elimination of damaged mitochondria. Our �ndings offer
insights into mitochondrial quality control in burn-wound progression and suggest the novel concept that
HIF-1  may be a potential therapeutic target due to its possible regulatory effects upstream of BNIP3- or
PARKIN-mediated mitophagy.

Background
Deep thermal burns can cause irreversible tissue damage to the integument that can further progress over
3 days[1]. Dynamic conversion, including expansion and deepening, can be observed in the peripheral
zones of initial wounds of partial thickness or full thickness burns from 48 h to 72 h; this is de�ned as
burn wound progression[1-3]. Jackson described three concentric zones (coagulation, stasis and
hyperemia from the center to the outer region) to explain the histopathological changes that occur in
early burn wounds[4]. The intermediate zone, which undergoes stasis characterized by edema and slow
blood �ow, progresses to irrecoverable necrosis without appropriate interventions, and the zone of stasis
is also considered salvageable and provides an opportunity to prevent cutaneous wound conversion after
burn injury[1,2,5]. Efforts to attenuate the early deterioration of initial burn wounds are of great
importance.

The burn-induced ischemic status in the zone of stasis is attributed to multiple pathophysiological
mechanisms, such as edema, vasoconstriction and hypercoagulability[2,5]. A number of studies have
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suggested that ischemia-induced hypoxia plays a role in changing the membrane permeability of cells or
organelles with the help of several cytokines and chemical modulators[6-10]. Ischemia-induced hypoxia is
also able to cause a series of secondary biological activities, such as systemic and local in�ammation,
oxygen free radical burst and increased cell death, all of which are involved in the process of burn wound
progression[2,5,11].

Previous studies has reported burn injury causes a series of organ (like skeletal muscle, heart, liver, lung)
injury/disorder or cellular damage (like neutrophil) in circulation, attributed to dysfunctional
mitochondrial energy metabolism, cellular mitochondrial DNA damage, increased oxidative stress and
mitochondrial apoptosis; there is no special attention focus on the detailed role of mitochondria in the
progress of early burn wound conversion, although mitochondria are suggested to play a role in
mediating burn wound injury[12-17]. Mammalian organisms seem to have developed inner defense
systems to protect them from irreversible injuries and also try to determine the negative effects of
dysfunctional or damaged cells or organelles[18,19]. Recent studies have suggested that selective
autophagy targeting “unhealthy” mitochondria, typically called mitophagy, participates in protecting
against ischemia-induced injuries in the brain, kidney and heart, whereas nonselective autophagy is
detrimental[8,10,20,21]. The effects of mitophagy are related to mitochondrial quality control, cell
survival, and ROS generation[10]. In contrast to the protective bene�ts of increased mitophagy, mitophagy
de�ciency promotes hypoxia-induced organ damage. Furthermore, the process of mitophagy involves
several regulators, such as BNIP3 and PARKIN, which are thought to be in�uenced by hypoxia-mediated
changes in the intracellular or extracellular environment[19,22].

In our previous study, we observed �uctuating changes in autophagy markers in the zone of stasis at the
early stage and a peak at 24 h postburn[23]. However, it was challenging to determine the role of these
changes and the involvement of cellular structure in burn wound progression due to the different types of
pathological damage and injury mechanisms[23]. Later, we detected obvious signs of mitophagy in the
zone of stasis by transmission electron microscopy (shown below), which was a novel �nding. Herein, we
hypothesized that mitophagy plays a role in eliminating damaged mitochondria in the zone of stasis and
further protects against burn wound progression by relieving oxidative stress and apoptosis. In this study,
we aimed to test the abovementioned hypothesis and explore the potential mechanism of regulation
involved in this built-in defense system.

Methods
Experimental animals and the “comb” scald model

Adult male Sprague-Dawley rats weighing approximately (200- 250 g) were purchased from the Shanghai
Slac Laboratory Animal Company (Shanghai, China). Adult male Sprague-Dawley rats (weighing
approximately 200- 250 g) were purchased from the Shanghai Slac Laboratory Animal Company
(Shanghai, China). The present study was performed according to protocols approved by the Committee
on Animal Care and Use of the Second A�liated Hospital Zhejiang University School of Medicine (2019-
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331), and strictly followed the National Institutes of Health Guidelines for the Care and Use of Laboratory
Animals.

The “comb” scald model was established according to previous reports[23,24]. Speci�cally, a customized
rectangular brass comb (with a transverse area of approximately 20 mm×10 mm) was boiled in 100 °C
water for 5 min and then applied to the shaved skin surface of the dorsum of rats for 20 s after
anesthesia was induced (sodium pentobarbital, Sigma, St. Louis, MO, USA, 50 mg/kg, intraperitoneal), as
shown in Fig. 1a. A row of four bands of full-thickness burns (20 mm×10 mm) was made with three
interspaces of uninjured skin (20 mm×5 mm) to represent the zone of stasis. The burn wound area
occupied approximately 4% of the total body surface area (TBSA). For the sham group, the brass comb
was heated in 25 °C water and applied to the shaved dorsum of rats after anesthesia. During the
operation, the breathing and heart rates of the burned rats were carefully monitored to ensure that all of
the rats were under anesthesia and pain-free and were then allowed to recover from the anesthesia.
Moreover, all rats were housed in individual cages and given 0.25 mg/kg buprenorphine via
subcutaneous injection immediately and every 12 h after the burn injury for analgesia. In terms of pain-
relieving intervention, pain and distress scales were used to assess pain in the burned rats immediately
and every 6 h after recovery from anesthesia and informed medical treatment[25].

Research design and sample collection

Forty-eight animals were randomly assigned to 6 groups: the sham group (n = 8) and �ve burn groups (n
= 8 per group) at different time points. The �ve burn groups were euthanized using an overdose of
sodium pentobarbital 6, 12, 24, 48 or 72 h postburn, whereas the sham group was euthanized 72 h after
pseudo-operation. One band of interspace skin surrounded by 2 mm of burned tissue on each side (20
mm×9 mm) was harvested from each burned rat and stored in 4% paraformaldehyde at 4 °C for
subsequent histological and immuno�uorescence analyses, and the remaining two bands of interspace
skin (without burned tissue; 20 mm×5 mm) from each burned rat were stored at -80 °C for Western blot
assays. The corresponding bands of unburned skin from each rat in the sham group were also collected
as control samples. The general design of this study is shown in Fig. 1b.

Local blood �owgraphy

A PeriCam PSI system (Perimed, Sweden), which is based on laser speckle contrast analysis (LASCA)
technology, was applied to evaluate the local blood �ow changes in the burn wounds. Real-time images
showing tissue blood perfusion were captured with the help of special PIMSoft software.

Histological preparation and pathologic examination

Cutaneous samples were biopsied and �xed in 4% paraformaldehyde, embedded in para�n and
sectioned at a thickness of 3 μm using a rotary microtome (RM2245, Leica, Solms, Germany). After
depara�nization and rehydration, hematoxylin and eosin (HE) staining was performed for histological
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examinations, and the tissue slices were observed and imaged under a microscope (DM2500, Leica,
Solms, Germany). Five visual �elds (200×) from every slice were randomly selected for analysis.

Oxidative stress assessment

Burn wound tissue homogenates were analyzed with a thiobarbituric acid reactive species (TBARS)
assay kit (KGT003–1, KeyGEN, Nanjing, China) to determine the MDA levels, which are expressed as
nmol/mg protein. Tissue glutathione peroxidase (GPx) and superoxide dismutase (SOD) activities in the
zone of stasis were measured separately using commercial assay kits from KeyGEN Biotech (KGT010
and KGT00150, Nanjing, China) according to the manufacturer’s recommended protocol. The results are
expressed as nmol/min/mg protein and U/mg protein. The absorbance values were measured using a
microplate reader (Model 680 Microplate Reader, Bio-Rad, CA, USA).

TUNEL staining

A commercial cell-death detection kit purchased from Roche Diagnostics (Indianapolis, IN, USA) was
used for TUNEL staining according to the manufacturer’s recommended protocol. The processed slices
were observed under a microscope (DM2500, Leica, Solms, Germany), and representative images were
captured. The index of apoptosis was determined and is presented as the percentage of apoptotic cells
among all the cells counted in a double-blind manner. At least three visual �elds per slide and �ve slides
per group were evaluated by two investigators.

Transmission electron microscope-based detection of ultrastructure

Full-thickness skin tissues from the zone of stasis were dissected from the dorsum of sham-treated and
scalded rats for electron microscopy. Brie�y, the skin tissues were cut into pieces, immediately �xed in
2.5% glutaraldehyde in phosphate buffer (0.1 M, pH 7.0) (National CHEM, China) at 4 °C overnight,
post�xed in 1% osmium tetroxide (National CHEM, China) for 1-2 h, and dehydrated in a graded series of
ethanol. Then, the specimens were placed in a 1:1 mixture of absolute acetone (National CHEM, China)
and the �nal Spurr resin mixture (SPI-CHEM, West Chester, PA) for 1 h at room temperature, transferred to
a 1:3 mixture of absolute acetone and the �nal resin mixture for 3 h and �nally moved to a pure �nal
Spurr resin mixture overnight. The prepared specimens were sectioned into 70-nm-thick sections with a
microtome (EM UC7, Leica, Germany). The sections were sequentially stained with uranyl acetate (SPI-
CHEM, West Chester, PA) and alkaline lead citrate (National CHEM, China) for 5 to 10 min, respectively.
The stained tissue sections were examined initially at low magni�cation (1,5000×) to identify
representative structures. The cells in the selected zone were then examined at high magni�cation
(3,0000× or 50,000×) to reveal mitochondria. Brie�y, digital images with scale bars were collected by
TEM. Representative digital images with scale bars, which showed cellular mitochondria undergoing the
process of mitophagy in the zone of stasis, were captured by transmission electron microscopy (H7650,
Hitachi, Japan).

Immuno�uorescence staining
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Prepared slices were washed in PBS for 10 min and then boiled in 0.01 mmol citrate buffer (pH = 6) for
10 min for antigen retrieval. After incubation with hydrogen peroxide for 10 min, 5% bovine serum
albumin (BSA) was applied as the blocking solution for 20 min at room temperature. Without being
washed, the sections were incubated with an anti-CC3 (1:200; #9664, Cell Signaling Technology, MA,
USA), anti-p-Bad (1:200; sc-12969-R, Santa Cruz, CA, USA), anti-LC3 II (1:200; #4060, Cell Signaling
Technology, MA, USA) or anti-TOMM20 (1:200; sc-12969-R, Santa Cruz, CA, USA) antibody overnight at 4
°C. After being rinsed with PBS, the sections were incubated with Alexa 488 (1:50; Abcam, China)- or Cy3
(1:50; BA1032, Boster, Wuhan, China)-labeled goat anti-rabbit secondary antibodies for 2 h at 37 °C in the
dark. The sections were rinsed and then mounted with Vectashield mounting medium with DAPI (Vector
Laboratories, Burlingame, CA, USA). All slices were observed and photographed under a �uorescence
microscope (DM5500B, Leica, Solms, Germany).

Quantitative real‐time PCR (qRT‐PCR) detection

The expression level of HIF-1  in the zone of stasis was analysed via qRT-PCR. Brie�y, total RNA was
isolated from tissues with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and RNase-Free DNase I
(Qiagen, Duesseldorf, Germany). The SuperScript First- Strand Synthesis System for reverse transcription
PCR (Invitrogen, Carlsbad, CA, USA) was applied to synthesise cDNAs, and RNA and cDNA concentrations
and purities were measured via BIO-RAD spectrophotometry (SmartSpecTM Plus, BIO-RAD, CA, USA). The
primers were designed using Primer Premier 6.0 software, as a forward primer 5’-
CGTGCCCCTACTATGTCGCTTT-3’ and a reverse primer 5’-GTCTTCTGCTCCATTCCATCCTGT-3’ and were
synthesised by Shanghai Biological Engineering Co., Ltd. (Shanghai, China). PCR ampli�cations were
conducted using the Power SYBR® Master Mix (Invitrogen, Carlsbad, CA, USA) in an iQTM 5 Real-time
PCR system (BIO-RAD, CA, USA). Expression levels were assessed relative to that of GAPDH, as an
internal standard, and the primer detail is shown as forward 5’-GAAGGTCGGTGTGAACGGATTTG-3’ and
reverse 5’-CATGTAGACCATGTAGTTGAGG TCA-3’. Relative quanti�cation of the target gene expression
level was conducted using the 2−∆∆Ct method.

Western blot analysis

Skin samples were collected, frozen in an ultra-low freezer and cut into pieces, which were lysed with RIPA
lysis buffer (AR0105, Boster, Wuhan, China) for 1 h on ice. The lysates were mixed with loading buffer
and centrifuged at 14,000 x g for 10 min, and the protein samples were subjected to SDS-PAGE and then
transferred onto nitrocellulose membranes via electrophoresis. In addition, aliquots of the samples were
used to determine the protein concentration of each sample using a bicinchoninic acid (BCA) kit
(KGPBCA, KeyGEN, Nanjing, China). Subsequently, the membranes were incubated in blocking buffer for 2
h and incubated overnight at 4 °C with the following primary antibodies: anti-cleaved caspase 3 (1:1000;
#9664, Cell Signaling Technology, MA, USA), anti-cleaved caspase 9 (1:1000; #9507, Cell Signaling
Technology, MA, USA), anti-p-Bad (1:2000; ab129192, Abcam, Cambridge, UK), anti-Bad (1:2000; ab62465,
Abcam, Cambridge, UK), anti-Cytochrome C (1:1000, ab13575, Abcam, Cambridge, UK), anti-TOMM20
(1:500; ab56783, Abcam, Cambridge, UK), anti- SQSTM1 (1:200; ab56416, Abcam, Cambridge, UK ), anti-
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LC3II (1:1000; #4108, Cell Signaling Technology, MA, USA), anti-PARKIN (1:1000; ab179812, Abcam,
Cambridge, UK), anti-BNIP3 (1:1000; ab109362, Abcam, Cambridge, UK), anti-BNIP3L (1:1000; ab109414,
Abcam, Cambridge, UK), anti-FUNDC1 (1:200; ab173226, Abcam, Cambridge, UK), and anti-HIF-1
(1:10000; ab179483, Abcam, Cambridge, UK). GAPDH (1:10000; ab181602, Abcam, Cambridge, UK) was
used as a control on the same membranes. After the application of secondary antibodies, the bands were
detected with West Dura Extended Duration Substrate (Pierce, USA), and exposed X-ray �lms (Kodak,
USA) were analyzed using Bandscan 5.0 software based on comparisons with GAPDH bands.

Adenovirus delivery

Under sodium pentobarbital anesthesia (50 mg/kg, intraperitoneal), mCherry-labeled adenoviruses (Advs,
designed, produced and identi�ed by Bioomin Technology Corp., Ltd., Shanghai, China), including Ad-
negative control (NC) and Ad-shHIF-1 , were injected subcutaneously into selected locations on the
shaved dorsum of rats (nine locations) (Fig. 6A). Subsequent experiments were performed a minimum of
72 h after infection to allow su�cient time for gene silencing, and the effects of the adenoviruses were
evaluated by a Bio-Real in vivo imaging system (IVIS spectrum, Perkin Elmer, MA, USA).

Statistical analysis

The data are presented as the means ± standard deviations (SDs). GraphPad Prism version 7 (San Diego,
CA, USA) was used for the statistical analyses. Multiple comparisons were performed via one-way
analysis of variance (ANOVA) followed by Bonferroni post hoc tests. Unpaired t-tests were used for
comparisons between two groups. P-values less than 0.05 were considered statistically signi�cant.

Results
Burn insult causes typical hemodynamic and histopathological changes in the zone of stasis and related
zones of burn wounds with time.

After burn, the space between two coagulation zones showed a tendency to deteriorate and merge over
time (Fig. 2a, upper row). Simultaneous laser detection showed typical reduction of blood �ow in the
zones closest to the direct thermal injury after insult, while the all three interval zones (ROI 2 , 3, 4),
representing the zones of stasis, exhibited low blood �ow 6 h and 12 h postburn (6 h ROI 2: 161  68 PU,
ROI 3: 188  70 PU, ROI 4: 109  52 PU; 12 h ROI 2: 164  61 PU, ROI 3: 184 70 PU, ROI 4: 95  45 PU ),
compared to the perfusion of the group post burn immediately (ROI 2: 222  87 PU, ROI 3: 217  54 PU,
ROI 4: 91 43 PU), and then gradually improved stasis from 24 h to 72 h postburn (ROI 2: 232-305  89-98
PU, ROI 3: 260-295  63-96 PU, ROI 4: 129-200  48-67 PU); the uninjuried region showed a relatively
stable perfusion with a value of around 140 PU in all time (Fig. 2a lower row and 2b). In terms of
pathological changes, hematoxylin and eosin (HE) staining was used to observe representative
characteristics of burn wounds, such as thinning of the epidermis, epithelial nuclei elongation, swelling of
the dermis with alterations in collagen, and in�ammatory cell in�ltration, and all of the abovementioned
changes became more obvious over time after burn (Fig. 2c).
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Burn injury induces a time-dependent increase in oxidative stress and apoptosis in the zone of stasis

A lipid peroxidation indicator (MDA) and endogenous antioxidant enzymes (glutathione peroxidase (GPx)
and superoxide dismutase (SOD)) were detected to assess oxidative stress in the zone of stasis.
Speci�cally, 6 h postburn, the MDA level showed a signi�cant increase, while similar changes were also
observed in the 12 h and 24 h postburn groups (Fig. 3a). The elevated MDA level was obviously
decreased in the 48 h postburn group compared to the other groups except the 72 h postburn group (Fig.
3a). The MDA level increased slightly 72 h postburn, but there was no signi�cant difference between the
48 h and 72 h postburn group (Fig. 3a). In terms of GPx, all burn groups showed signi�cant differences
compared to the sham group, and the activity of GPx decreased gradually after burn injury (Fig. 3a).
Although SOD activity in the burn wound displayed no obvious changes 6 h postburn, signi�cant
decreases were observed from 12 h to 72 h after burn (Fig. 3a). The lowest activity of SOD was detected
48 h postburn (Fig. 3a).

TUNEL staining was performed, and apoptotic cells in the stasis zone, which were visualized as brown-
labeled nuclei, were observed in all burn groups. Apoptotic cells were subsequently counter to determine
the apoptosis index (representing the percentage (%) of apoptotic cells), which increased obviously from
5.3 1.2 (6 h) to 12 1.8 (72 h) after burn compared to 1.3 0.5 in the sham group (Fig. 3b). Apoptosis
peaked 48 h and 72 h postburn (Fig. 3b).

The caspase cascade contributes to the stress-induced mitochondrial response and cleaves downstream
cellular targets, ultimately inducing apoptosis. The activating caspase Caspase 9 and the effector
caspase Caspase 3 play important roles in the mitochondrial apoptotic pathway. Immuno�uorescence
staining revealed that burn insult induced a gradual increase in the distribution of cleaved caspase 3
(CC3, active status), which presented as lime green-labeled structures, in the wound over time (Fig. 3c,
left). A similar tendency was also found by immunoblotting for CC3.The signi�cant upregulation was
observed since 6 h postburn and continued until 72 h postburn compared to that in the sham group (Fig.
3c, right). The expression levels in the 12 h and 24 h postburn groups were not different, while peak
expression was found in both the 48 h and 72 h postburn groups. The expression of upstream cleaved
caspase 9 (CC9), like that of CC3, was observed to increase at different time-points after burn injury (Fig.
3c right). The expression of CC9 was signi�cantly upregulated from 12 h postburn until 72 h postburn
(Fig. 3c), while only a slight increase appeared in the 6 h postburn group. CC9 expression increased more
than twice as much in the 12 h and 24 h burn groups as in the sham group, while CC9 expression in both
the 48 h and 72 h burn groups increased by more than threefold (Fig. 3c right).

Burn insult induces mitochondrial damage and the activation of the mitochondria-related apoptosis
pathway in the zone of stasis

In response to external stress, mitochondrial stress pathways are aroused, following membrane potential
change and even structural instability. After burn, the distribution of violet-labeled phosphorylated Bad-
positive cells (merged) increased obviously in the zone of stasis with time (Fig. 4a). Immunoblotting also
veri�ed the gradual increase in the phosphorylation of Bad at different times after burn, and the peak
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could be detected both 48 h and 72 h postburn (Fig. 4b). The release of cytochrome C (Cyto C) was
detected based on the level of cytosolic Cyto C, which suggested an augmentation of Cyto C beginning 6
h postburn (Fig. 4b). The level of Cyto C in the cutaneous cytoplasm increased threefold 12 h postburn,
nearly fourfold 24 h and sixfold 48 h postburn compared to that in the sham group, while it peaked 72 h
after burn injury (Fig. 4b). Further detection of mitochondrial(mt) DNA, measured as the mt-Atp6:Rpl13
ratio, an indicator of the relative amounts of mitochondria, decreased signi�cantly beginning 6 h
postburn (Fig. 4c). The lowest mt-Atp6:Rpl13 ratio was found 12 h after burn, and then the decrease
reversed gradually from 24 h to 72 h; at these time points, the ratios were still remarkably lower than that
of the sham group (Fig. 4c). Combined with the aforementioned burn-induced apoptosis, these changes
related to Bad phosphorylation, Cyto C release and mt-DNA provided a clue regarding mitochondrial
damage. The subsequent mobilization of the mitochondria-related apoptotic pathway was also
considered meaningful for the regulation of apoptosis in the stasis zone.

Mitophagy is detected in burn wounds in the early stage after injury and shows a �uctuation with time

Typical mitophagy was detected by transmission electron microscope (TEM) beginning 6 h after burning
in the stasis zone; deformed and damaged mitochondria encircled by forming autophagosomes were
observed (Fig. 5a). We observed the coexpression of LC3 II with the outer mitochondrial membrane
marker TOMM 20 by immuno�uorescence detection, which was used as an indicator of selective
mitophagy in the wound tissue (Fig. 5b). Moreover, immunoblot analysis revealed a downregulation of
TOMM20 expression with time, although a signi�cant increase was detected in the 72 h postburn group
compared to the 48 h postburn group. SQSTM1, as a bridge between polyubiquitinated cargo and
autophagosomes, usually interacts with an autophagy modi�er of the microtubule-associated protein 1
light chain 3 (MAP1 LC3/LC3) family. In this study, we detected that SQSTM1 protein expression showed
a downregulation within 12 h postburn, but a gradual increase with time appeared since 24 h and peaked
48 h and 72 h after burn. Meanwhile, the ratio of LC3 II to LC3 I increased signi�cantly from 6 h to 24 h in
the zone of stasis and then decreased beginning 48 h postburn. The 48 h postburn groups and the sham
group showed similar LC3 II ratios, while the ratio of the 72 h group was obviously downregulated
compared to those of other groups. The ratio of LC3 II to LC3 I peaked at 6 h postburn, and there were
signi�cant decreases 12 h and 24 h after burn; however, no difference was found between the 12 h and
24 h postburn groups (Fig. 5c). All of the above results indicated that mitophagy occurred beginning 6 h
postburn and that it was more obvious in the earlier period after burn (6 to 24 h).

Both BNIP3 and PARKIN are involved in the regulation of mitophagy in burn wounds, while HIF-1  acts
upstream

To explore potential participants in the regulation of mitophagy in the zone of stasis, we detected
previously reported regulators, such as PINK1/PARKIN, BNIP3, BNIP3L, and FUNDC1, by immunoblotting
(Fig. 6a). PARKIN showed a signi�cant upregulation beginning 6 h postburn and increased gradually until
24 h, and then its expression showed a decrease since 48 h postburn. We also observed a remarkable
increase in PINK1 and BNIP3 expression, which presented a gradual decrease after peaking 6 h postburn.
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A signi�cant upregulation of BNIP3L was found in all groups expect the 24 h group, and the lowest levels
of expression were observed in the 72 h postburn group, which exhibited signi�cantly different levels
compared to the other four groups. Although the protein level of FUNDC1 in the zone of stasis was
obviously increased at all selected time points after burn, there was a signi�cant difference between the
levels of the 48 h group and the other four groups.

Further investigation by real-time PCR and western blotting showed that both the transcription and
expression of HIF-1  increased signi�cantly beginning 6 h after burn and peaked at 12 or 24 h, following
the various ischemic/hypoxic conditions in burn wounds (Fig. 6B). Subsequently, a slight change in HIF-
1  upregulation was observed at 24 h, although the level was still higher than that observed at 6 h (Fig.
6b). Nevertheless, the levels of HIF-1  at 48 h and 72 h were obviously lower than those at 12 h or 24 h
postburn, which were similar to those at 6 h but still higher than those in the sham group (Fig. 6b).

Compared with mitophagy markers, BNIP3 and PINK1 seemed to be related to the regulation of
mitophagy due to their autologous protein expression. The reported mediating role of HIF-1  assisted in
establishing a link between HIF-1  and BNIP3, which was also able to in�uence PARKIN through PINK1.
However, the delayed peak in the expression of PARKIN indicated another role independent of
BNIP3/PINK1, suggesting a closer relationship with HIF-1 .

HIF-1  silencing impairs BNIP3 and PARKIN-mediated mitophagy and aggravates mitochondria-related
apoptosis in the zone of stasis

Fluorescence-labeled adenoviruses (Advs) were used to inhibit the regulation of HIF-1  in burn wounds. In
vivo imaging indicated the effectiveness of local mCherry-labeled Adv transfection in the cutaneous
tissue of rats (Fig. 7a). Immunoblotting further demonstrated the de�ciency in HIF-1  in the zone of stasis
of Adv-HIF-1  shRNA-injected rats, while Adv-negative control (NC) shRNA showed no effect on the
expression of HIF-1  Fig. 7b . We observed that the expression of the mitophagy markers TOMM20 and
SQSTM1 increased signi�cantly after the administration of Adv-HIF-1  shRNA, while the ratio of LC3II to
LC3I decreased remarkably (Fig. 7c). Ad-NC shRNA showed no or a relatively slight effect on the
expression of TOMM20, SQSTM1 and LC3II. On the other hand, in the burn groups, 24 h after burn, the
downregulation of TOMM20 and SQSTM1 was reversed by Adv-HIF-1  shRNA, while LC3II ratio showed a
dramatic decrease (Fig. 7c). Furthermore, the investigation of mitochondria-related apoptosis showed
that HIF-1  silencing helped to increase Cyto C release in both the sham and burn groups and CC3
expression in the sham group, suggesting increased apoptosis in the zone of stasis (Fig. 7d). However,
Adv-NC shRNA downregulated Cyto C release and CC3 expression signi�cantly in the burn groups,
whereas it increased Cyto C release signi�cantly and showed no effect on CC3 expression in the sham
groups (Fig. 7d). Finally, we investigated the potential effect of HIF-1  on the mitophagy regulators BNIP3
and PARKIN. Protein blotting revealed that silencing induced by Adv-based HIF-1 silence resulted in
signi�cant downregulation of BNIP3 and PARKIN in both the sham and burn groups, while Adv-NC shRNA
only decreased the expression of BNIP3 and PARKIN in the burn groups (Fig. 7e).
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Discussion
Throughout the past decades, multiple efforts have been made to attenuate and prevent thermal injury
and secondary local or systemic injuries after burn; however, ideal prognosis has not accompanied the
huge economic costs. Emergency treatment for early burn wound progression provides the opportunity to
relive the detrimental effects of traumatic thermal injury and improve outcomes[2,26]. Current knowledge
suggests that the ischemic/hypoxic condition of stasis, caused by hypoperfusion, microthrombus
formation or blood stasis, contributes to a series of downstream activities, such as ROS burst, cell death,
and in�ammation[2]. Although impaired mitochondria are regarded as an important source of excessive
ROS and regulators of apoptosis in several ischemic organs and although mitophagy is a classical
process that eliminates the effects of mitochondria, the role of mitochondrial in the development and
protection of burn wounds is still unclear[9,19]. In the present study, we �rst investigated the potential
protective effect of mitophagy against burn wound progression as a built-in defense mechanism. The
results indicated the following: 1) mitochondrial damage occurs in the zone of stasis over the �rst 72
hours following ischemic/hypoxic injury postburn, which is accompanied by a gradually progressive
deterioration of the burn wound; 2) impaired mitochondria contribute to decreased oxidative
phosphorylation and disability of energy production, resulting in increased oxidative stress in the zone of
stasis, as well as activated mitochondria-related apoptosis; and 3) mitophagy occurs within the �rst 3
days after burn and is great potential to stabilize mitochondrial to reduce burn wound conversion by
targeting damaged mitochondria, while HIF-1  and BNIP3 and PARKIN seems to work as an upstream
regulatory pathway. Hence, the present �ndings provide further evidence that con�rm our notion that
mitophagy protects against burn wound progression and shed light on HIF-1  as a potential target for
burn wound therapy.

Except for during direct thermal insult, secondary pathophysiologic processes begin in the early stage
after burn[1,27-32]. Ischemia and low-�ow status can be easily observed in the local organs or systemic
circulation of burned patients and animal models, suggesting the existence of hypoxia[5,30,32,33]. In
burn wounds, we observed obvious ischemia/hypoperfusion in the stasis zone by laser-speckle detection;
these observations corresponded to typical pathological changes in cutaneous tissue and were
consistent with previous reports[34,35]. Interestingly, we found that extreme ischemia did not initially
accompany the severest tissue injury in the intermediate zones, whereas further deterioration seemed to
occur when blood �ow slightly improved (but hypoperfusion state was still present) at a later point (48 or
72 h). All these results indicate that there is an intermediate in the communication between blood
�ow/oxygen supply and the machineries of burn injury. As crucial organelles that sense oxygen in
mammalian cells, mitochondria are the most sensitive of ischemic/hypoxic injury[9,36]. In
ischemic/hypoxic injury, an insu�cient oxygen supply causes mitochondrial swelling, the loss of the
mitochondrial membrane potential and disorders in ATP production, which lead to the perturbation of
mitochondrial homeostasis and quality[9,10]. Moreover, impaired mitochondria ultimately lead to
excessive ROS generation and the activation of mitochondria-mediated apoptosis following the
dysregulation of the electron transport chain and molecular pathways[9,10]. Our previous studies
demonstrated that antioxidants can attenuate burn wound progression by decreasing oxidative stress
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and activating the mitochondria-mediated apoptotic pathway[37,38]. In the present study, we investigated
time-dependent changes in oxidative stress and apoptosis in the zone of stasis over a period of 72 h
postburn. Ischemic/hypoxic injury-induced ROS production by mitochondria has been reported to
overwhelm the inner antioxidant capacities of cells and eventually cause mitochondrial lipid peroxidation,
the disruption of calcium ion homeostasis and even cellular DNA damage[9]. The difference was that
MDA peaked within 24 h postburn and that the lowest levels of antioxidative enzyme activities were
observed in the late stage, which indicated that mitochondrial ROS may play a role besides oxidative
damage in burn wound progression. On the other hand, we also found further evidence to support the
existence of mitochondrial damage and related apoptosis. The gradual increase in caspase activation in
the zone of stasis was accompanied by increased phosphorylation of Bad (an important member of the
Bcl-2 family) and release of Cyto C, both of which strongly suggested the role of mitochondria in the
control of burn-induced apoptosis and the decreased ratio of mtDNA.

To our knowledge, organisms on earth have developed meticulous built-in mechanisms to perceive
environmental changes and respond to diverse insults. Recently, selective autophagy, including
aggrephagy, mitophagy and cilia, has aroused researchers’ interests because of its ability to degrade
speci�c cellular targets and its potential to maximize clinical bene�ts[39]. Ischemia/hypoxia have been
reported to selectively activate mitophagy to decrease the abnormal accumulation of impaired
mitochondria for both mitochondrial quantity and quality control[19,22]. Zhang et al. described the
protective effect of ischemia/hypoxia-induced mitophagy against worsening I/R heart injury through the
regulation of mitochondrial quality/quantity and platelet activation[21]. Tang et al. suggested the
bene�cial effect of PINK1/PARKIN and BNIP3-mediated mitophagy in protecting kidneys from I/R injury
by attenuating tubular apoptosis, in�ammatory in�ltration, and increased ROS production[8,40].
Furthermore, mitophagy is thought to mediate the protective effect of ischemic preconditioning in kidneys
by targeting a series of biological events, including damaged mitochondrial clearance, mitophagosome
formation, and mitochondrial depolarization[41]. In addition, crucial roles for mitophagy in affording
neuroprotection against IR cerebral injury and alleviating metabolic dysfunction have also been reported
[20,42-44]. Under tumor-related hypoxic conditions, the activation of mitophagy is involved in assisting
tumor cell survival and promoting cancer, while BNIP3- or BNIP3L-mediated mitophagy may act as a
suppressor of tumorigenesis and metastasis in breast cancer or xenograft conditions[45-47]. In the
present study, the detection of TOMM20 and SQSTM1 in the outer mitochondrial membrane provided a
way to assess the level of mitophagy with the general autophagy marker LC3 II. We found dramatically
increased mitophagy accompanied by a lower severity of burn injury and slightly increased apoptosis in
the zone of stasis within the �rst 24 h postburn, whereas weakened mitophagy activation was observed
with more severe tissue damage and remarkable activation of apoptosis. Moreover, ROS level was
constantly signi�cantly increased within 72 h postburn; however, a higher level of oxidative stress in the
burn wound within 24 h postburn seemed to be linked with greater activation of mitophagy.
Ischemia/hypoxia-induced excessive accumulation of ROS can promote cellular autophagy via some
regulatory pathways following increased oxidative stress and mitochondrial dysfunction under diverse
pathological conditions[22,47]. In turn, selective autophagy, especially mitophagy, is able to lower
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oxidative stress by eliminating damaged mitochondria and decreasing secondary ROS release[19]. The
abovementioned interaction seems to be an appropriate explanation for the analogous tendencies of
oxidative stress and mitophagy, which further indicates the dual effects of ROS in burn wound
progression in inducing molecular signals and causing direct damage.

Oxygen sensation and adaption are essential for multiple physiological processes and diseases[48].
Previous researchers, who were awarded the Nobel Prize in 2019, explored and described the detailed
molecular machinery involved in the process of oxygen availability on the levels of oxygen[48-52]. As a
crucial player, HIF-1  exhibits signi�cant regulatory effects under hypoxic conditions in various diseases
or ischemic injuries[53]. Speci�cally, a low oxygen level enhances HIF-1  stabilization via oxygen-
dependent hydroxylation[54]. Xing et al. reported HIF-1  upregulation in the healing region of burn
wounds (similar to the location of the stasis zone) beginning 48 h after burn and peaking on day 3 after
burn, as is observed under hypoxic conditions[55]. These �ndings support the importance of HIF-1  in
promoting angiogenesis and vasculogenesis in burn wound repair[55]. In response to hypoxia, mitophagy
mediated by both receptors (BNIP3, BNIP3L, and FUNDC1) and kinases (PINK/PARKIN) can be activated
via both transcriptional and posttranslational modi�cations, while existing evidence suggests that BNIP3
and BNIP3L are linked to the regulation of HIF-1 [22]. Presently, we investigated the time-related
expression of potential regulators on mitophagy in the zone of stasis and found that the expression of
BNIP3, which is remarkably increased from 6 h to 24 h and restored partly from 24 h to 72 h, corresponds
to changes in mitophagy within 72 h after injury; this suggests a valuable regulatory role of BNIP3 in
mitophagy in burn wounds. Based on the Drosophila model, Zhang et al. suggested that hypoxia-induced
BNIP3 upregulation can protect PINK1 from proteolytic cleavage and promote PINK1/PARKIN-mediated
mitophagy, which indicates upstream regulation of PINK1 and even PARKIN by BNIP3[56]. In the present
study, we observed an autologous change in BNIP3 and PINK1 expression after burn, which indicates that
PINK1/PARKIN may be induced by BNIP3 to in�uence mitophagy. The �uctuation in HIF-1  levels (�rst
increased and then decreased) provides further evidence of the role of a HIF-1 /BNIP3/PINK1/PARKIN
cascade in the regulation of mitophagy; however, the changes in BNIP3 and PINK1 were not completely
consistent with the changes in the expression of PARKIN, and the delayed peak in PARKIN was more
consistent with a downstream target of HIF-1 . Some researchers have suggested a role for PARKIN in
cell division independent of PINK1[57]. In our recent work, we also found some clues regarding the
epigenetic regulation of HIF-1  on PARKIN (unpublished). Therefore, we are not able to completely
exclude the potential effect of PARKIN on mitophagy independent of BNIP3 and PINK1. On the other
hand, BNIP3L and FUNDC1 showed signi�cant upregulation at all time points, but these tendencies did
not explain the higher incidence of mitophagy at the earlier stage (within 24 h) after burn. To demonstrate
the possible regulatory link between HIF-1  and BNIP3 or PARKIN, we applied adenovirus-based gene
silencing to eliminate the effect of burn-induced HIF-1  upregulation in the zone of stasis 24 h postburn.
The selected time point (24 h) showed typical increased mitophagy prior to a secondary decrease
accompanied by a relatively lower level of apoptosis, which was considered an ideal opportunity for
protective interference. The results veri�ed that silencing HIF-1  led to a decrease in local mitophagy in
the sham and burn groups and increased activation of the downstream mitochondrial apoptotic pathway,
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while both BNIP3 and PARKIN were signi�cantly downregulated after shHIF-1  administration. These
�ndings suggest the important role of HIF-1  in regulating tissue mitophagy in early burn wound
progression through the involvement of some downstream mediators, such as BNIP3 and PARKIN.

Conclusion
In summary, the present study provides valuable clues to con�rm that mitophagy has great potential to
prevent early burn wound progression by eliminating impaired mitochondria and its secondary
detrimental effects, such as oxidative damage and apoptosis, in the zone of stasis. As a part of the self-
defense system in mammals, enhanced mitophagy is suggested as a novel strategy for early burn wound
therapy, while HIF-1  serves as a crucial liaison between local hypoxia and mitophagy through
downstream BNIP3 and PARKIN. Although a network of mitophagy in burn wound progression is
suggested by our study, as shown in Fig. 8, further investigations are still needed to clarify the detailed
mechanism by which HIF-1  regulated certain mitophagy regulators in burn wounds, as well as the
potential effect of mitophagy on tissue in�ammation.
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HIF-1 hypoxia inducible factor-1

GAPDH glyceraldehyde-3-phosphate dehydrogenase

mt-Atp6 mitochondrially encoded ATP synthase 6

Rpl13 ribosomal protein L13

mtDNA mitochondrial DNA

TOMM20 translocase of outer mitochondrial mem- brane 20 homolog (yeast)

SQSTM1 sequestosome 1

BNIP3L BCL2/adenovirus E1B interacting protein 3-like

Adv adenovirus

DAPI 4′,6-Diamidino-2-phenylindole dihydrochloride

PINK1 PTEN induced putative kinase 1

ROS reactive oxygen species

BNIP3 BCL2 interacting protein 3

TUNEL terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling

shRNA short hairpin RNA

MDA malondialdehyde

GPx glutathione peroxidase

SOD superoxide dismutase

CC3 cleaved caspase 3

CC9 cleaved caspase 9

Cyto C cytochrome c

TEM transmission electron microscope

MAP1 LC3/LC3 microtubule-associated protein 1 light chain 3

FUNDC1 FUN14 domain containing 1

NC negative control

Bad Bcl-2-associated death promoter

p-Bad phosphorylated Bcl-2-associated death promoter

Bcl-2 B-cell lymphoma-2
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Figure 1

Animal model and Study design. a The customized rectangular brass comb (Left) and a representative
photography of “comb” scald model (Right); b Schematic diagram of experimental design and animal
grouping.
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Figure 2

Blood-�ow and pathologic changes in the zone of stasis with time after burn injury. a General observation
(Upper) and Laser Dopler detection of blood-�ow in burn-wounds(Lower); b Assessment on the local
perfusion of uninjuried region (ROI 1) and the zones of stasis (ROI 2, 3, 4) after burn; c Representative HE-
stained slices present the special histological changes in the different time groups. A dotted line marks
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the progression boundary, while the initial burn regions are labelled with asterisks, presenting obvious
hyalinization. *p < 0.05 versus the POI group. Scale bars = 200 μm, n = 8 per group.

Figure 3

Assessment of oxidative stress and apoptosis in burn-wounds. a Time-related changes of indicators of
oxidative stress; b Apoptosis index assessment based on TUNEL staining; c Immuno�uorescence
staining shows the distribution of CC3, and western blot detects the expression of CC9 and CC3. Scale
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bars = 100 μm. The results are expressed as the means ± SDs. *p < 0.05 and **p < 0.01 versus the sham
group; #p < 0.05, ##p < 0.01, and nsp > 0.05. n = 6 per group. CC3, cleaved caspase 3; CC9, cleaved
caspase 9.

Figure 4

Impaired mitochondria cause activation of mitochondria-related apoptotic pathway. a
Immuno�uorescence staining of p-Bad; b Western blot analysis of p-Bad/Bad and cytosolic Cytochrome
C (Cyto C); c The time change of relative mitochondrial DNA (mtDNA) level is detected by real-time PCR,
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which is presented as the mt-Atp6 (mitochondria-encoded DNA) versus Rpl13 (nucleus-encoded DNA)
ratio in cells of the zone of stasis. Scale bars = 100 μm. The results are expressed as the means ± SDs. *p
< 0.05 and **p < 0.01 versus the sham group; #p < 0.05, ##p < 0.01, and nsp > 0.05. n = 6 per group.

Figure 5

Detection of mitophagy in the zone of stasis post-burn. a Ultrastructural investigation of mitophagy via
Transmission Electron Microscope; b Immuno�uorescence dual staining of LC3 II and TOMM20 for
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marking the location of mitophagy in the selected time-windows; c Western blot results of TOMM20,
SQSTM1/P62, LC3 II. Scale bars = 2 or 1, 0.5 μm for TEM. Scale bars = 100 μm for immuno�uorescence
staining. The results are expressed as the means ± SDs. *p < 0.05 and **p < 0.01 versus the sham group;
#p < 0.05, ##p < 0.01, and nsp > 0.05. n = 6 per group.

Figure 6
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Potential regulators involved in mitophagy of burn-wounds. a Protein expression of mitophagy regulators
based on western blot. b Western blot and real-time PCR detection of HIF-1 . The results are expressed as
the means ± SDs. *p < 0.05 and **p < 0.01 versus the sham group; #p < 0.05, ##p < 0.01, and nsp > 0.05.
n = 6 per group.

Figure 7
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Adenovirus-based HIF-1  silence causes an inhibition of mitophagy and increase of apoptosis in the zone
of stasis, and both BNIP3 and PARKIN works downstream of HIF-1 . a Biological in vivo imaging 3 days
after adenovirus application; b The expression changes of HIF-1  after adenovirus application; c The
changes of mitophagy indicators by western blot under HIF-1  silence; d The changes of activation of
mitochondrial apoptotic pathway after HIF-1  silence; e Western blot results of BNIP3 and PARKIN in the
zone of stasis following shHIF-1  introduction. The results are expressed as the means ± SDs. #p < 0.05,
##p < 0.01, and nsp > 0.05. n = 6 per group.

Figure 8

Schematic diagram of the role of mitophagy in burn-wound progression.


