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Abstract: Pressure ulcers (PUs) are a complex and serious clinical problem. Deep tissue injury (DTI) is either the 
outcome or the trigger of deep PUs. However, the cellular and molecular mechanisms that contribute to the patho-
genesis of deep PUs remain unclear. In this study, the degeneration characteristics and increased autophagy and 
apoptosis were observed in deep PU muscle tissues. Muscular proteome of deep PU revealed that a total of 520 pro-
teins were differentially expressed, particularly, JAK2 was down-regulated. Intriguingly, expression of JAK2 in C2C12 
myoblasts exposed to oxygen-glucose deprivation and reoxygenation (OGD/R) insult was also distinctly reduced. Ex 
vivo, we transfected C2C12 myoblasts with lentivirus carrying the JAK2 plasmid and found that JAK2-overexpressed 
myoblasts exhibited a decrease in autophagy and apoptosis after OGD/R treatment, as well as less cell death. 
Finally, Western blot analysis determined that p-JAK2, p-AKT, p-mTOR and p-ERK1/2 levels were significantly el-
evated, accompanied by JAK2 overexpression but without p-STAT3, and inhibition of the AKT and ERK1/2 pathway 
resulted in elevated apoptosis and/or autophagy. These results demonstrated that JAK2 may play an important 
protective role in muscular ischemia and reperfusion injury during DTI development by inhibition of autophagy and 
apoptosis through the AKT and ERK1/2 pathways.
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Introduction

Pressure ulcers (PUs) are a complex and seri-
ous clinical problem, which generally occur 
when soft tissue is subject to mechanical  
deformation by long-term external load over a 
bony prominence. Although they are relatively 
uncommon in healthy subjects, they can result 
from excessive loading and/or sustained immo-
bilization for those with multimorbidity and 
immobility [1]. PUs are a significant problem 
faced by global health care institutions and 
seriously affect patients’ quality of life, morbid-
ity and mortality, as well as healthcare costs  
[2, 3]. Therefore, the prevention and treatment 
of PUs have become increasingly important 
issues in today’s medical field.

It is known that tissue sustaining pressure 
higher than that found in the blood vessels sup-

plying the area for more than 2 h may suffer 
irreversible damage. Sustained deformations of 
the vascularized tissues (e.g., skin and muscle) 
resulting from prolonged compression usually 
leads to localized ischemia and/or subsequent 
unloading reperfusion, hence, a ulceration [4]. 
Although full-thickness PUs may be formed 
through progressive deterioration from the skin 
surface into deep tissue, the development of 
significant pressure-related deep tissue injury 
(DTI) under intact skin is another way in which 
PUs may aggravate [5]. A growing body of evi-
dence suggests that ischemia and reperfusion 
(I/R) injury of deep tissue, especially muscle, 
plays a vital role in the formation and develop-
ment of the overwhelming majority of PUs [5, 6]. 
Clinically, in most cases, the wound has been in 
the severe late stage by the time that the ulcer 
surface layer becomes visible in PUs, which 
makes prognosis problematic and treatment 
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intractable. Therefore, it is of significant clinical 
importance to explore the onset of the cellular 
process and molecular mechanism of DTI in 
deep PUs.

Autophagic cell death and apoptosis are two 
categories subdividing cell death [7]. Autophagy, 
also known as type II cell death, is an important 
natural-regulated mechanism that disassem-
ble unnecessary or dysfunctional components 
in cells, being conducive to maintaining intra-
cellular homeostasis. Studies suggested that 
autophagy is essential to maintain muscle 
mass, and proper autophagic flux is vital for 
both functional skeletal muscle and muscle 
metabolism [8]. Masiero et al. demonstrated 
that inhibition of autophagy resulted in consid-
erable muscle atrophy, decreased force pro-
duction and apoptosis [9]. Even though autoph-
agy is required for cellular survival, excessive 
autophagy can lead to type II programmed cell 
death and contribute to muscle loss in different 
catabolic conditions [10, 11]. Apoptosis is the 
best-described form of programmed cell death, 
which plays an essential role in maintaining the 
fundamental homeostatic balance of cell sur-
vival and dismissal. Additionally, it is an essen-
tial component of most human diseases and, in 
many cases, the underlying cause of pathology. 
An increasing number of studies also implicate 
apoptosis in the catabolic and pathologic pro-
cesses of skeletal muscle after major trauma 
or with denervation, ageing and ischemia [12-
15]. Of note, autophagy and apoptosis are exe-
cuted by specific proteins, and there are intri-
cate interactions between their signaling path-
ways, as they share several genes/proteins 
that are critical for their respective execution. 
Moreover, numerous death stimuli may trigger 
either pathway, sometimes resulting in com-
bined autophagy and apoptosis and, in other 
instances, switching between the two respons-
es in a mutually exclusive manner [16]. And ani-
mal experiment revealed that both apoptotic 
and autophagic cell death signaling contributed 
to the molecular mechanism in the develop-
ment of DTI [17]. 

Proteomics is a well-established approach to 
detect simultaneous protein expression with 
high information content in biological samples. 
Therefore, exploring the proteome of clinical tis-
sue samples is an efficient, straightforward 
strategy for identifying key molecules and path-

ways associated with human diseases. Hence, 
we utilized quantitative, unbiased liquid chro-
matography-tandem mass spectrometry (LC-
MS/MS) to quantify the proteome of muscle 
tissues in deep PU and found that JAK2 was 
down-regulated in PU muscle. JAK2, a member 
of the Janus kinase family of non-receptor cyto-
solic tyrosine kinases, transduces signals from 
ligands and activates downstream signaling 
pathways, especially JAK2/STAT3 [18]. Studies 
suggested that JAK2 plays an important role in 
I/R injury of several organs, such as heart, 
brain and kidney [19-21]. Here, we intended to 
explore whether JAK2 influences autophagy 
and apoptosis in C2C12 myoblasts exposed to 
I/R injury and exerts myoprotection through the 
AKT and ERK1/2 pathway, which may be pro-
posed as a novel molecular target for preven-
tion and therapy of deep PUs. 

Materials and methods 

Samples collection and preservation 

PU muscle tissue samples were obtained from 
surgical specimens of patients with deep PU at 
Xiangya Hospital Central South University, the 
control group is normal muscle tissues from 
patients undergoing amputation or flaps opera-
tion. Clinical information of PU patients is pre-
sented in Supplementary Table 1. All samples 
used in this study were not identified as necrot-
ic tissues by HE staining after operation. Infor- 
med consent was obtained from all patients 
before collection of tissue samples, the study 
was conducted in accordance with the De- 
claration of Helsinki and approved by the Ethics 
Committee of Xiangya Hospital Central South 
University. The samples were collected from 
January 2016 to December 2017, stored imme-
diately into the liquid nitrogen after excision. 

Cell culture and generation of stable cell lines

Mouse C2C12 myoblast cells (#91569) were 
kindly provided by Stem Cell Bank, Chinese 
Academy of Sciences. Cells were cultured in hi- 
gh glucose Dulbecco’s Modified Eagle Medium 
(DMEM, Biological Industries, Beit HaEmek, 
Israel) supplemented with 10% fetal bovine 
serum (FBS, Biological Industries, Beit HaEmek, 
Israel), 100 U/mL penicillin, and 100 µg/mL 
streptomycin (Biological Industries, Beit HaE- 
mek, Israel) at 37°C in a humidified incubator 
in mixture of 5% CO2/95% air.
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The cell transfection experiment was perfor- 
med as previously described [22]. Briefly, lenti-
viral particles for JAK2 (LPP-Mm23982-Lv201) 
and the negative control (LPP-NEG-Lv201) were 
designed and synthesized by GeneCopoeia Inc. 
(Rockville, MD, USA). C2C12 cells stably overex-
pressing JAK2 or NEG-control were generated 
by infecting C2C12 cells with lentivirus carrying 
the EGFP-tagged JAK2 plasmid (JAK2-OE) or a 
negative control plasmid (NEG) at an optimal 
multiplicity of infection (MOI) of 100, followed 
by selection with puromycin (2.5 µg/mL, Sigma 
Aldrich, St. Louis, MO, USA).

HE staining and TUNEL staining

The muscle samples were fixed in 4% para- 
formaldehyde for 24 h and then dehydrated, 
embedded in paraffin, sliced into 5 mm thick 
sections according to routine procedures. The 
sections were then deparaffinized and hydrat-
ed with xylene and gradient ethanol respective-
ly, followed by HE staining under classical pro-
tocol. To detect apoptotic DNA fragmentation, 
terminal deoxynucleotidyl transferase-mediat-
ed dUDP Nick-End Labelling (TUNEL, Roche, 
Indianapolis, IN, USA) staining was performed 
according to the manufacturer’s protocol. The 
muscle tissue sections or fixed C2C12 cell 
slides were incubated with TUNEL reaction mix-
ture in a humidified chamber at 37°C for 1 h. 
Then 4’,6-diamidino-2-phenylindole (DAPI) was 
mounted to visualize nuclei. The sections and 
slides were scanned by Pannoramic 250 Digital 
Slide Scanner (3DHISTECH Ltd., Budapest, 
Hungary). Images were photographed and ana-
lyzed using CaseViewer 2.1 (3DHISTECH Ltd., 
Budapest, Hungary), the percentage of TUNEL-
positive nuclei/total number of nuclei was cal-
culated as the index of apoptosis.

Confocal immunofluorescence

C2C12 myoblast cells on glass coverslips were 
fixed with 4% paraformaldehyde in PBS for 15 
min, permeabilized with 0.5% Triton X for 15 
min, blocked with 5% donkey serum for 1 h  
at 37°C, then incubated overnight at 4°C  
with monoclonal anti-LC3 antibody (1:200, Cell 
Signaling Technology, Beverly, MA, USA). After 
washing with PBS, Alexa Fluor® 594 Affini- 
Pure Donkey Anti-Rabbit IgG (1:400; Jackson 
Immuno Research, West Grove, PA, USA) was 
applied for 2 h at room temperature. DAPI was 
used to visualize nuclei according to the manu-

facturer’s instructions. Images were obtained 
using a Leica TCS SP8 confocal laser scanning 
microscope (Leica, Mannheim, Germany). The 
autophagic activity, shown as LC3 puncta per 
cell, was evaluated using Image-Pro Plus soft-
ware (Media Cybernetics, Silver Spring, MD, 
USA).

Transmission electron microscopy 

A muscle sample with dimensions of 1 mm × 1 
mm × 3 mm was removed, fixed immediately in 
2.5% glutaraldehyde with phosphate buffer for 
2 h, rinsed with phosphoric acid solution and 
fixed in 1% osmium tetroxide for 2 h, dehydrat-
ed, embedded and sliced. The blocks were cut 
carefully into ultrathin (50-nm) sections, coun-
terstained with 3% uranyl acetate and lead 
nitrate, and then imaged with a Hitachi HT7700 
Transmission Electron Microscope (Electron 
Microscope Research Services, Central South 
University, Changsha, China). 

LC-MS/MS analysis

Protein from each muscle tissue sample was 
extracted, the protein concentration was deter-
mined with a BCA Protein Assay Kit (Thermo 
Scientific, Rockford, IL, USA). After being redu- 
ced, alkylated, and proteolysed with trypsin, 
the tryptic-digested peptides were labelled  
with iTRAQ according to the manufacturer’s 
protocol, followed by fractionation with high-pH 
reverse-phase high-performance liquid chro-
matography (HPLC). Subsequently, the tryptic 
and labelled peptides were separated by using 
an EASY-nLC 1000 ultra-performance liquid 
chromatography (UPLC) system and then sub-
jected to an NSI source, followed by tandem 
mass spectrometry (MS/MS) in a Q Exactive™ 
Plus (Thermo Fisher, Rockford, IL, USA) coupled 
online to the UPLC. The data of MS/MS were 
processed using the MaxQuant search engine 
(v.1.5.2.8) and searched against the SwissProt 
Human database (20130 sequences) concate-
nated with the reverse decoy database. A mass 
tolerance of 20 ppm and 0.02 Da were allowed 
for precursor ions in the first search and for 
fragment ions, respectively. FDR was adjusted 
to < 1%. The work was performed at PTM Bio- 
labs Inc. (Project Number: 6622TQ, Hangzhou, 
China). Data are available via ProteomeXchange 
with identifier PXD009512. 
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Bioinformatics analysis

In this study, fold-change ≥ 2.0 with P < 0.05 
was considered the standard of differential 
expression. Gene Ontology (GO) annotation of 
the proteome was derived from the UniProt-
GOA database (http://www.ebi.ac.uk/GOA/) 
and used for screening of autophagy- and 
apoptosis-related proteins from identified pro-
teins based on biological process and molecu-
lar function. Then, the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) databases (http://
www.genome.jp/kegg/) were applied to anno-
tate the pathways of those proteins. Ultimately, 
aiming to evaluate the interactive relationships 
among the autophagic and apoptotic proteins, 
those identified proteins were inputted into  
the STRING database (http://string.embl.de/) 
to obtain the protein-protein interaction (PPI) 
network. A confidence score ≥ 0.7 (high confi-
dence) was chosen as the cut-off criterion.

Western blot analysis

In brief, total protein was extracted from skele-
tal muscle or C2C12 cells using protein extrac-

tion reagents. The protein concentrations were 
determined using a BCA kit (Thermo Scientific, 
Rockford, IL, USA). Tissue proteins were sepa-
rated by electrophoresis on TGX Stain-Free™ 
FastCast™ Acrylamide Kit (Bio-Rad, Hercules, 
CA, USA) while cell proteins on SDS-PAGE, then 
transferred to polyvinylidene fluoride (PVDF) 
membranes. After blocking with 5% bovine se- 
rum albumin, membranes were incubated with 
primary antibodies (shown in Supplementary 
Table 2) overnight at 4°C, followed by second-
ary antibody for 2 h. The protein bands were 
visualized with Chemi Doc™ Imaging System 
(Bio-Rad, Hercules, CA, USA). Relative expres-
sion levels were analyzed using Image J soft-
ware (National Institutes of Health, Bethesda, 
MD, USA) and were normalized to total protein 
or β-actin.

Oxygen-glucose deprivation and reoxygenation 
(OGD/R) experiment

OGD/R experiment was applied as an in vitro 
model of I/R injury. The experiment was per-
formed with minor modifications, as previously 
described by Hsu et al. [23]. Briefly, mouse 

Figure 1. Histopathology of muscle tissue cells by HE staining and transmission electron microscopy. HE staining 
of normal muscle tissues showed an angular shape and tightly arranged myofibers with peripheral nuclei (A), while 
pressure ulcer (PU) muscle tissues demonstrated the morphological characteristics of degeneration, including atro-
phied or fractured myofibers with a round shape, increased endomysium distance between the fibers, accumulated 
nuclear aggregation in the interstitial space (as demonstrated by the black thick arrow) and presence of central-
ized myonuclei (as demonstrated by the black thin arrow); insets are higher magnification (B). However, the ultra-
structure of the normal tissue indicated clear internal fine structure and orderly tight arrangement of sarcomeres 
(C), while PU muscle cells revealed loosely arranged, lysed and discontinued sarcomeres (as demonstrated by the 
white rectangle in D), swollen denatured mitochondria (as demonstrated by the white thick arrow in E), as well as 
chromatin margination (F). The scale was shown in corresponding picture.
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Figure 2. Elevations in autophagy and apoptosis in deep PU muscle tissue compared with normal muscle. A. Rep-
resentative immunoblot images and relative quantification of P62, Beclin1, ATG5 and LC3, collectively as an index 
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C2C12 myoblast cells were cultured in 6-well 
plates for 36 h at a density of 1 × 106 cells/
well. To induce the OGD/R insult, the standard 
culture media were replaced with deoxygenat-
ed glucose-free and serum-free DMEM at pH 
7.4, then the cells were transferred into a hy- 
poxic chamber (Don Whitley Scientific DG250, 
Shipley, UK) containing a mixture of 5% CO2, 
10% H2 and 85% N2 at 37°C for 6 h. OGD was 
terminated by replacing the deoxygenated glu-
cose-free and serum-free DMEM with standard 
medium and then returning the cells to normox-
ic culture conditions (37°C, 5% CO2) for 2 h. 
Control cells were treated with standard media 
and cultured in normal conditions (37°C, 5% 
CO2). At the end of the OGD/R treatment, cells 
were harvested immediately for TUNEL staining 
and Western blotting. To inhibit PI3K/AKT and 
ERK1/2 pathways, 10 μM LY294002 and 10 
μM U0126 (Sigma-Aldrich, St Louis, MO, USA) 
were added to the medium 30 min before each 
experiment correspondingly [24, 25].

Cell viability assay

Cell survival was determined using Cell Coun- 
ting Kit-8 (CCK8, 7 Sea, Shanghai China). Brief- 
ly, C2C12 cells were cultured in a 96-well plate 
at a density of 5 × 103 cells/well. After 24 h, the 
cells were exposed to OGD for 6 h and reperfu-
sion for 2-8 h, then treated with 10 µL CCK-8 
solution each well, incubated for 4h at 37°C. 
Absorbance at 450 nm was measured using an 
infinite M200 PRO microplate reader (Tecan 
Group Ltd., Männedorf, Switzerland). Percent 
viability (%) = absorbance of OGD-treated gro- 
up/absorbance of control group). The experi-
ment was repeated for 3 times.

Statistical analyses

Data were presented as the means ± standard 
deviation (SD). Statistical significance was de- 
termined by one-way ANOVA analysis followed 
by LSD for multiple comparisons and unpaired 
Student’s t test for comparison between two 

groups. Statistical analyses were performed 
using GraphPad Prism software version 6 
(GraphPad Software Inc., San Diego, CA, USA). 
P < 0.05 was considered statistically signifi- 
cant. 

Results

Muscle tissue histopathological analysis

According to the morphology of muscle tissues 
by HE staining, normal muscle generally showed 
an angular shape, uniform peripheral nuclei, 
and close arrangement of myofibers (Figure 
1A), while pathohistological characteristics, 
including atrophied or fractured myofibers with 
a rounded shape, increased endomysium dis-
tance between the fibers, accumulated nuclei 
aggregation in the interstitial space and cen-
tralized myo-nuclei, were demonstrated in PU 
muscle (Figure 1B). Compared with normal 
muscle with a clear internal fine structure and 
an orderly, tight arrangement of sarcomeres 
(Figure 1C), the ultra-structure of PU muscle 
showed loosely arranged, lysed and discontin-
ued sarcomeres (Figure 1D). In addition, mito-
chondrial swelling and vacuolar degeneration, 
which are usually induced by endoplasmic retic-
ulum stress (ERS), were obvious (Figure 1E). 
Chromatin margination, which suggests muscle 
cell apoptosis, was also observed (Figure 1F).

Autophagic and apoptotic changes in deep PU 
muscle tissues

Western blot analysis of autophagic and apop-
totic marker proteins between PU muscle and 
normal muscle was performed, as along with 
TUNEL staining used for identifying apoptotic 
muscle-associated nuclei. The results showed 
that Beclin1 and ATG5, autophagic factors that 
are important for induction and formation of  
a pre-autophagosome structure, along with 
LC3II, were found to be significantly increased 
in PU muscle, whereas P62, a substrate drives 

of autophagy level. B. Representative immunoblot images and relative quantification of Bcl-2, Bax, Caspase 3 and 
cleaved Caspase 3, collectively as an index of apoptosis level. TGX Stain-Free™ FastCast™ Acrylamide Gel was per-
formed to assess the total amount of protein expression, which was used for normalization. C. Transmission electron 
micrographs of autophagosomes in normal and PU muscle samples. Insets are higher magnification. White thick ar-
rows and black thin arrows indicate autophagosomes and myofilament, respectively. D. Up panel: photomicrographs 
of TUNEL staining for normal and PU muscles, white thin arrows show TUNEL-positive nuclei; Down panel: quantita-
tive analysis of the number of apoptotic cells, shown as TUNEL index. The scale was shown in corresponding picture, 
(n = 5-8; Means ± SD; *P < 0.05, **P < 0.01).
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both LC3 and ubiquitinated proteins to degra-
dation during autophagy, was enormously 
decreased in PU muscle (Figure 2A). These 
results were consistent with the findings of 
transmission electron microscopy, in which an 
increase in double membrane structures con-
taining cytoplasm or intracellular organelles 
(i.e., the autophagosomes) was observed in PU 
muscle compared with normal muscle (Figure 

2C). Furthermore, the apoptotic factor caspase 
3 and cleaved caspase 3 and the pro-apoptotic 
protein Bax were increased in PU muscle, while 
the anti-apoptotic protein Bcl-2 was decreased 
(Figure 2B). Additionally, the number of TUNEL-
positive muscle cells and the index of apopto-
sis were significantly elevated in PU muscle tis-
sues relative to normal muscle (Figure 2D). 
Altogether, the results above indicated that 

Figure 3. The protein expression profile of deep PU muscle and western blot validation. A. Heat map exhibiting a part 
of the significantly differentially expressed proteins in PU muscle compared with normal muscle. Peptide levels were 
from the proteomics analysis, P < 0.05 and fold change ≥ 2 were the cut-off (in order of P value). B. The protein-
protein interaction network of autophagy- and apoptosis-associated proteins obtained from the STRING database 
with a confidence score of ≥ 0.7 containing 54 nodes and 146 edges, with pathway analysis of those proteins. C. 
Representative immunoblot images and relative quantification of JAK2 for PU muscles and normal muscles. TGX 
Stain-Free™ FastCast™ Acrylamide Gel was performed to assess the total amount of protein expression, which was 
used for normalization (n = 5-8; Means ± SD; **P < 0.01).
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both autophagy and apoptosis were augment-
ed in deep PU muscle.

Proteomics and bioinformatics analysis 

To explore the proteome in deep PU muscle, the 
total proteins of deep PU muscle and normal 
muscle were extracted for iTRAQ LC-MS/MS 
analysis. Hierarchical clustering analysis was 
applied accordingly to all detected proteins and 
those differentially expressed proteins (Figure 
3A). Among the 2558 detected proteins, 427 
and 93 proteins were up-regulated and down-
regulated in deep PU muscle, respectively. Con- 
sidering that significant alteration of autopha- 
gy and apoptosis in deep PU muscle tissues, 
therefore, the autophagy- and apoptosis-asso-
ciated proteins based on muscular proteomics 
were identified for pathway analysis, along with 
protein-protein interaction network construc-
tion. The result suggested that those proteins 
were involved in a number of pathways, such as 
phagosome, MAPK, and the PI3K/AKT signal-
ing pathway. Furthermore, some proteins had 
more than one interaction with each other, 
such as JAK2, AKT, and Cathepsin B (Figure 
3B). JAK2, the upstream kinase activating the 
canonical JAK2/STAT3 pathway and noncanoni-
cal MAPK and PI3K/AKT pathways, plays an 

important role in I/R injury of several organs 
and tissues. Consequently, immunoblotting 
confirmed that JAK2 distinctly down-regulated 
in deep PU muscle tissues (Figure 3C). Given 
the poor understanding of its role in develop-
ment of deep PUs and its multiple interaction 
with other autophagy- and apoptosis-associat-
ed proteins and involvement in multiple signal-
ing pathways (Figure 3B), we further explored 
the role of JAK2 in muscular I/R injury. 

Autophagic and apoptotic response is induced 
by OGD/R in C2C12 myoblast cells

First, we verified whether experimentally indu- 
ced oxygen-glucose deprivation and reoxygen-
ation (OGD/R) insult occurred in C2C12 myo-
blast cells. The cell viability assay result show- 
ed cells treated with hypoxia 6 h and reoxy- 
genation 2 h (H6R2) suffered the worst insult 
(Supplementary Figure 1). Next, the expression 
of autophagic and apoptotic marker proteins  
in myoblasts exposed to OGD/R was detected 
by immunoblotting. As shown in Figure 4, the 
expression of LC3II and the ratios of Bax/Bcl-2 
and cleaved caspase 3/caspase 3 were incre- 
ased after OGD/R insult, while intracellular p62 
was depleted, suggesting that both autophagy 
and apoptosis were elevated during OGD/R 

Figure 4. Autophagic and apoptotic response induced by OGD/R in mouse C2C12 myoblast cells. Representative 
immunoblot images and relative quantification of JAK2, P62, Caspase 3, CHOP, Bcl-2, Bax, cleaved Caspase 3, LC3 
and β-actin in C2C12 myoblasts treated with normoxia (control group) and OGD/R. Quantification expressed as fold 
induction over control group (assumed as 1), data were determined by densitometric analysis from at least 3 inde-
pendent experiments after normalization by β-actin (Means ± SD; **P < 0.01 versus control group). 
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Figure 5. JAK2 overexpression inhibits OGD/R-induced autophagy and apoptosis in C2C12 myoblasts. C2C12 myo-
blast cells were transfected with lentivirus carrying JAK2 plasmid (JAK2-OE) or a negative control plasmid (NEG), 
exposed to normoxia (control group) or OGD/R. A. Light microscope photographs of C2C12 myoblast cells (JAK2-
OE and/or NEG) exposed to normoxia (control group) or OGD/R, the scale was shown in corresponding picture. B. 
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insult. In addition, C/EBP-Homologous Protein 
(CHOP), known to be an ERS marker, was sig-
nificantly increased (Figure 4). As ERS is an 

important pathological mechanism of I/R inju-
ry, this result also implied that we have suc-
cessfully built the I/R insult model in vitro. 

Representative immunoblot images and relative quantification of JAK2; C. Representative immunoblot images and 
relative quantification of P62 and LC3, collectively an index of autophagy flux; D. Representative immunoblot images 
of Caspase 3, Bcl-2, Bax, cleaved Caspase 3 and relative quantification of Bax/Bcl-2 ratio and cleaved Caspase 
3/Caspase 3 ratio, collectively an index of apoptosis level. Quantification expressed as fold induction over control 
group (assumed as 1), data were determined by densitometric analysis from at least 3 independent experiments 
after normalization by β-actin (Means ± SD; *P < 0.05, **P < 0.01 versus control group; #P < 0.05, ##P < 0.01 versus 
NEG+OGD/R group).

Figure 6. Immunofluorescence analysis of LC3 expression and TUNEL staining. The cells were transfected with 
EGFP-tagged lentivirus carrying JAK2 plasmid (JAK2-OE) or a negative control plasmid (NEG). A. Representative 
immunofluorescent photographs of LC3 expression in C2C12 myoblasts after normoxia (control group) or OGD/R 
treatment, and quantitative analysis was conducted to count the number of LC3-positive puncta per cell. B. Repre-
sentative photomicrographs of TUNEL-stained C2C12 myoblast cells after normoxia (control group) or OGD/R treat-
ment, and quantitative analysis of the number of apoptotic cells was shown as TUNEL index for different groups. 
The data were derived from three independent experiments (Means ± SD; **P < 0.01 versus control group; ##P < 
0.01 versus NEG+OGD/R group).
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Figure 7. Representative protein expression of the JAK2/STAT3, AKT/mTOR, and ERK1/2 pathways. Western blot 
analysis of the total protein fraction from C2C12 myoblasts transfected with lentivirus carrying JAK2 plasmid 
(JAK2-OE) or a negative control plasmid (NEG), with normoxia (control group) or OGD/R treatment. The inhibitors 
LY294002 (10 μM) and U0126 (10 μM) were added to the medium 30 min before each experiment. (A) Representa-
tive immunoblot images of phosphorylated JAK2, total and phosphorylated STAT3; (B) Representative immunoblot 
images of total and phosphorylated mTOR, total and phosphorylated AKT; (C) Representative immunoblot images of 
total and phosphorylated ERK1/2; (D) Representative immunoblot images of LC3 and cleaved Caspase 3. Relative 
quantification of p-JAK2 and the ratios of p-STAT3/STAT3 (E), the ratio of p-mTOR/mTOR (F), the ratio of p-AKT/AKT 
(G), the ratio of p-ERK(1/2)/ERK(1/2) (H), and LC3 II and cleaved Caspase 3 (I), determined by densitometric analy-
sis. Values were expressed as the means ± SD for three independent experiments. *P < 0.05, **P < 0.01 versus 
control group; #P < 0.05, ##P < 0.01 versus NEG+OGD/R group; aP < 0.05, aaP < 0.01 versus JAK2-OE+OGD/R group.
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Figure 8. JAK2 overexpression alleviates C2C12 myoblasts I/R injury through the AKT and ERK1/2 pathway. As 
JAK2 is overexpressed in C2C12 myoblasts cells, the same extracellular stimuli will activate more JAK2, leading to 
its phosphorylation. Phosphorylated JAK2 can activate PI3K and Ras but without STAT3, resulting in activation of 
the AKT and ERK1/2 signaling pathway, which further activates mTOR and promotes Bcl-2, Bcl-XL and CREB up-
regulation and caspase 9 down-regulation, contributing to inhibition of autophagy and apoptosis and thus making 
JAK2 perform an important protective role in I/R injury. (Bad: Bcl-xL/Bcl-2-associated death promoter; CREB: cAMP 
regulatory-binding protein; Bcl-2: B-cell lymphoma-2; Bcl-XL: B-cell lymphoma-extra large). 
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JAK2 overexpression inhibits OGD/R-induced 
autophagy and apoptosis and promotes myo-
protection of C2C12 myoblasts exposed to 
OGD/R 

Intriguingly, consistent with our previous series 
of experiments, significantly low expression of 
JAK2 was detected in the OGD/R experiment 
(Figures 4 and 5B). Reasoning that JAK2 may 
play a crucial role during I/R injury in muscle 
cells, we transfected C2C12 cells with lentivi-
rus carrying EGFP-tagged JAK2 plasmid (JAK2-
OE), which negated the down-regulation in JA- 
K2 expression in the OGD/R experiment (Figure 
5B, Supplementary Figure 2). The findings of 
light microscopy showed that the highest num-
bers of floating and aggregating C2C12 myo-
blasts, usually means cell death, were observed 
in the NEG group exposed to OGD/R, while cell 
death in JAK2-OE group was relatively less 
(Figure 5A). As shown in Figure 5C and 5D, 
decreases in LC3II and the ratios of Bax/Bcl-2 
and cleaved caspase 3/caspase 3 and an 
increase in p62 were evident in JAK2-OE group 
compared with the NEG group during OGD/R 
insult. LC3, once autophagy is activated, will 
localize into dot cytoplasmic structures (i.e., the 
autophagic vesicles). The confocal immunofluo-
rescence analysis of LC3 expression indicated 
that relatively less accumulation of LC3 puncta 
was found in the JAK2-OE group than in the 
NEG group after OGD/R treatment, while a dif-
fuse cytoplasmic distribution was observed in 
the normoxia treatment (Figure 6A). Additionally, 
in consonance with findings of light microscopy, 
the TUNEL assays confirmed that apoptotic 
myoblasts decreased in the JAK2-OE group 
compared with the NEG group after OGD/R 
treatment (Figure 6B). These results illustrated 
that JAK2 mediated the protective effect during 
muscular I/R injury by inhibition of autophagy 
and apoptosis in vitro.

AKT and ERK1/2, but irrespective of STAT3, 
pathways are involved in JAK2 overexpression-
mediated autophagy and apoptosis inhibition 

To dissect the JAK2 overexpression-associated 
signaling pathways involved in OGD/R-induced 
autophagy and apoptosis, the levels of expres-
sion and activation of some key proteins in the 
JAK2/STAT3, AKT and ERK1/2 pathways were 
analysed. The rationale for investigating AKT 
and ERK1/2 pathways is that JAK2 may provide 

upstream initiation of those two signaling path-
ways. As shown in Figure 7A and 7E, immunob-
lot analysis indicated that p-JAK2 was signifi-
cantly elevated in the JAK2-OE group compared 
with the NEG group. Surprisingly, the ratio of 
p-STAT3/STAT3 was reduced compared with 
the normal group and without significant differ-
ence between the NEG and JAK2-OE groups 
during OGD/R insult. Instead, the ratios of 
p-AKT/AKT and p-mTOR/mTOR were all elevat-
ed in the JAK2-OE group, suggesting activation 
of the AKT pathway (Figure 7B, 7F and 7G). In 
addition, strong activation of ERK1/2 was also 
found in the JAK2-OE group (Figure 7C and 7H). 
These results showed an agreement with the 
pathway analysis based on proteomic data of 
PU muscle tissues. Furthermore, addition with 
PI3K/AKT inhibitor LY294002 and ERK 1/2 
inhibitor U0126 during OGD/R experiment 
attenuated JAK2 mediated myoprotection, as 
indicated by a significant increase in cleaved 
caspase 3 and/or LC3II protein levels respec-
tively (Figure 7D and 7I). Thus, these results 
revealed that the myoprotective effects against 
I/R injury conferred by JAK2 may be mediated 
by the AKT and ERK1/2 pathway rather than 
STAT3 pathway.

Discussion

Deep PUs, necessarily involving DTI, usually 
arise in subcutaneous muscle layers adjacent 
to bony prominences owing to sustained unre-
lieved loading. Unfortunately, DTI is difficult to 
identify at an early stage and rapidly deterio-
rates to stage III or IV deep PUs, i.e., DTI can be 
a trigger of deep PUs. However, the molecular 
and cellular mechanisms accounting for the 
pathogenesis of DTI formation and deteriora-
tion remain unclear. Here, the present study 
showed that both autophagy and apoptosis 
were distinctly increased in deep PU muscle tis-
sues. We then utilized LC-MS/MS analysis to 
systematically detect the protein expression 
profile in deep PU muscle tissues for the first 
time, which identified that JAK2 expression was 
distinctly decreased. Previous studies showed 
that deletion of JAK2 resulted in reduced quies-
cence and increased apoptosis in LSK cells, as 
well as impaired autophagy completion and 
podocyte function in mice [26, 27]. Moreover, it 
also plays a critical role in myocardial and cere-
bral I/R injury, but little is known about its role 
in skeletal muscle injury. In this study, JAK2 
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was overexpressed in C2C12 myoblasts fol-
lowed by OGD/R insult for mimicking muscular 
I/R injury. The results illustrated that JAK2 over-
expression efficiently inhibited OGD/R-induced 
autophagy and apoptosis and promoted myo-
protection in myoblasts. Moreover, the AKT and 
ERK1/2 pathways were found to be involved in 
this process. It should be noted that the reason 
why JAK2 decreased in muscle tissue of deep 
PUs and C2C12 myoblasts exposed to OGD/R 
is not clear, and the mechanism warrants fur-
ther research. In addition, we concentrated on 
elaborating the protective role of JAK2 just 
from its protein expression level. Thus, it is best 
to conduct additional experiments to explore 
more precise and meaningful roles of JAK2, in 
which activators may be applied. However, as 
far as we know, there is no specific JAK2 activa-
tor at present. Despite this, our study can clear-
ly indicate that JAK2 plays an important protec-
tive role in deep PU development.

Autophagy and apoptosis are the necessary 
cellular processes orchestrated by intricate 
and interrelated networks. Although there are 
obvious differences between autophagy and 
apoptosis, many studies show that there is an 
ambiguous relationship between them. In most 
cases, it is well known that induction of autoph-
agy can inhibit apoptosis and then protect the 
cells, and vice versa [28]. In contrast, autopha-
gy is considered essential for the occurrence of 
apoptosis [29, 30]. In addition, some research-
ers suggest that autophagy and apoptosis can 
be converted to each other and exert synerget-
ic effects [16, 31]. The results of this study, 
conforming to the report of Tam et al. [17], 
showed that autophagy and apoptosis were 
enormously elevated in deep PU muscle, imply-
ing they might play synergistic roles in the 
pathogenesis of DTI. However, by using an ani-
mal PU model, Teng et al. found that there were 
opposing responses of apoptosis and autopha- 
gy to moderate compression of skeletal mus- 
cle [32], and as they elaborated, inhibition of 
autophagy in the compressed muscles may be 
attributed to the elevation of Bcl-2, which can 
function as an anti-autophagic factor through 
disruption of the autophagic function of Beclin1. 

Recent studies have illustrated that I/R injury 
has been regarded as the major contributing 
determinant in the occurrence of PUs [6]. On 
one hand, I/R injury can lead to an increase in 
intracellular autophagosomes/autophagy lyso-

somes [33], which can amplify apoptotic cas-
cades, resulting in the promotion of apoptosis 
through regulating the “crosstalk” proteins 
(e.g., Beclin1, Bcl-2) interacting with apoptosis, 
and promote cell death, resulting in an aggra-
vation of tissue damage by causing intracellu- 
lar damage and bioenergetic dysfunction. On 
the other hand, I/R injury can cause oxidative 
stress, Ca2+ overload and an inflammatory re- 
sponse, resulting in ERS, which then induces 
the activation of the cell apoptosis pathway  
and causes irreversible tissue injury. In addi-
tion, a mounting number of studies have indi-
cated that ERS is a potent inducer of autophagy 
in organisms from yeast to mammals [34]. 
Moreover, studies have shown that ERS-
dependent autophagic cell death involved in 
muscle fibre damage in skeletal muscle diseas-
es [35], which agrees with our result showing 
that autophagosomes and autophagic markers 
such as Beclin1, ATG5 and LC3II were signifi- 
cantly augmented in deep PU muscle.

Subsequently, we identified 520 differentially 
expressed proteins using proteomics, which 
permits simultaneous unbiased quantitative 
profiling of massive proteins from biological 
samples, aiming to explore key molecules and 
pathways associated with the development of 
deep PUs. Consequently, autophagy- and apop-
tosis-related proteins were highly enriched, 
some interacting with each other, and were 
implicated in a variety of pathways, such as the 
MAPK and PI3K/AKT signaling pathways. The 
present study showed that JAK2, which is ubiq-
uitously expressed and plays an important role 
in cellular survival [26], was significantly down-
regulated in deep PU muscle. Given the poor 
understanding of its role in development of DTI 
in deep PUs, we further targeted JAK2 for in 
vitro I/R experimentation to test the hypothesis 
that JAK2 plays an important role during mus-
cular I/R injury. 

The OGD/R experiment is a generally accepted 
and adopted model to simulate I/R injury in 
vivo. Intriguingly, the expression of JAK2 was 
also decreased significantly following OGD/R 
insult in C2C12 myoblasts, accompanied by an 
elevation in autophagy and apoptosis. Previous 
studies also indicated that OGD/R injury could 
induce autophagy and apoptosis evidently [36, 
37]. In the present study, we found that the 
expression of CHOP was significantly increased 
during OGD/R insult, and the aberrant increase 
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in CHOP has been proven to be associated with 
ERS, which contributes to apoptosis induction 
and autophagy activation in the process of 
I/R injury [38, 39]. However, the roles of auto- 
phagy in I/R injury are highly controversial. 
The crosstalk between autophagy and apop-
tosis may account for the dual roles of autoph-
agy in various pathophysiological conditions. 
Autophagy may contribute to I/R damage via 
direct autophagic cell death or indirect switch-
ing of cell injury to apoptosis. The latter may 
result from increased cathepsins (e.g., Cathep- 
sin B) accompanied by activation of autopha-
gy, which plays a vital role in the caspase fam-
ily activation and the subsequent apoptosis 
[39]. On the other hand, autophagy may func-
tion as a protective process during I/R injury, 
and inhibition of autophagy exacerbates inju-
ry induced by I/R. 

In consonance with previous studies furnish-
ing compelling evidence for an important pro-
tective role of JAK2, the present study verified 
that JAK2 promoted myoprotection against 
I/R injury, as evidenced by decreased apopto-
sis index and lower cell death ex vivo. In our 
experiments, JAK2 overexpression inhibited 
OGD/R-induced autophagy indicated by de- 
creases in LC3II protein level and accumula-
tion of LC3 puncta and an increase in p62. 
Note that current technologies to estimate 
autophagy flux are generally confined to multi-
ple static measurements; autophagy activa-
tors and inhibitors (e.g., SAHA, 3-MA and Bafi- 
lomycin A1) should be additionally used to 
better distinguish autophagy flux, as well as 
further elaborate the relationship between 
autophagy and apoptosis during I/R injury. 
Previous studies have elucidated that activa-
tion of autophagy induces and aggravates cell 
death, while inhibition of autophagy can ame-
liorate cell death during I/R injury [11, 17, 36, 
40], our data confirmed that the myo-protec-
tive role mediated by JAK2 was attributed to 
its suppression of autophagy and apoptosis 
in response to I/R injury. That said, depending 
on the environmental stressors, autophagy 
may play the distinct roles during different 
phases of I/R injury, and even the opposite [39, 
41]. Our results support the overall hypothesis 
that both autophagy and apoptosis contribute 
to muscle damage resulting from I/R injury dur-
ing the development of deep PUs, neverthe-
less, many more precise studies are required  
to further assess the roles of JAK2 in different 
phases of I/R injury.

Ultimately, as previous studies reported that 
JAK2/STAT3 is a powerful survival signalling 
pathway in many systems and that activation of 
this pathway protects cardiomyocytes against 
apoptosis in vitro and in vivo [42, 43], the 
molecular pathways involved in our OGD/R 
model were dissected (Figure 8). In the current 
study, since JAK2 was overexpressed, i.e., the 
substrate increased, the same extracellular 
and intracellular stimuli (e.g., cytokines, oxida-
tive stress [44]) activated more JAK2. Surpris- 
ingly, the phosphorylated STAT3 remained ba- 
sically unchanged while the phosphorylation 
level of JAK2 ascended, and instead, phospho-
rylated AKT, mTOR and ERK1/2 increased. 
Akada et al. found that activation of AKT and 
ERK1/2 was markedly reduced in JAK2-defici- 
ent LSK cells [26], conversely, our data showed 
that the AKT/mTOR and ERK1/2 pathways 
could be activated directly by phosphorylated 
JAK2. It is well known that activation of mTOR 
inhibits autophagy by suppression of autopha- 
gosome formation and autophagy initiation, 
and increases in Bcl-2 also restrain autophagy 
by binding to Beclin-1. Mounting studies have 
indicated that both AKT and ERK1/2 pathways 
participated in apoptosis inhibition and protec-
tion against myocardial and cerebral I/R injury 
[45, 46]. Actually, AKT and ERK1/2, considered 
survival factors, exert anti-apoptotic effects 
through phosphorylating a number of apopto-
sis regulatory molecules such as cAMP regula-
tory-binding protein (CREB) and Bcl-xL/Bcl-2-
associated death promoter (BAD). The broad 
scope of AKT and ERK1/2 places them at the 
centre of multiple critical steps, giving them an 
important protective role to perform in various 
organs suffering I/R injury. 

In summary, our results demonstrated that 
both autophagy and apoptosis are involved in 
muscle damage of deep PUs, and JAK2 may 
exerts protective effects against muscular I/R 
injury through suppression of autophagy and 
apoptosis. Thus, it is a reasonable speculate 
that JAK2 may be a potential therapeutic ave-
nue for deep PUs. Of note, mechanism of down-
regulation of JAK2 in deep PU muscle warrants 
further research.
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Supplementary Table 1. Clinical characteristics of patients with deep PU

Gender Age BMI# 
(Kg/m2) Etiology/Past Disease Multi-

morbidity
Ulceration 
Duration

Ulceration  
Position

Ulceration 
Size (cm2)

Wound 
Infection

Hemoglo-
bin (g/L)

M 18 19.3 Paraplegia No 5 m Sacrococcygeal 10 × 18 Yes 83

M 29 20.8 Traumatic Brain Injury No 3 m Sacrococcygeal 6 × 8 Yes 93

M 68 27.5 Postoperative Wound Infection Yes 1 m Sacrococcygeal 12 × 10 Yes 109

F 19 21.3 Multiple Trauma Yes 1 m Sacrococcygeal 6 × 7 Yes 97

F 29 23.7 Syringomyelia No 12 m Ischial tuberosity 5 × 5 Yes 90

M 74 27.5 Paraplegia No 3 m Sacrococcygeal 11 × 10 Yes 98

M 43 23.3 Paraplegia No 6 m Ischial tuberosity 11 × 10 Yes 134

M 26 39.2 Severe Acute Pancreatitis Yes 3 m Sacrococcygeal 7 × 8 Yes 97

F 39 22.1 Paraplegia No 3 m Sacrococcygeal 8 × 8 Yes 101

M 40 25.6 Paraplegia No 8 m Greater trochanter 10 × 8 Yes 145

M 32 22.3 Paraplegia Yes 10 m Ischial tuberosity 6 × 5 Yes 68
#: Body Mass Index.

Supplementary Table 2. Primary antibodies used in this study
Cat. No. Antibody Source Manufacturer Town & State Country Dilution
3230 JAK2 Rabbit CST Beverly, MA USA 1:1000
4406 p-JAK2 (Tyr1007) Rabbit CST Beverly, MA USA 1:1000
4904 STAT3 Rabbit CST Beverly, MA USA 1:2000
9145 p-STAT3 (Tyr705) Rabbit CST Beverly, MA USA 1:2000
4691 AKT (pan) Rabbit CST Beverly, MA USA 1:1000
4060 p-AKT (Ser473) Rabbit CST Beverly, MA USA 1:2000
4695 ERK1/2 Rabbit CST Beverly, MA USA 1:1000
4370 p-ERK1/2(Thr202/Tyr204) Rabbit CST Beverly, MA USA 1:2000
2983 mTOR Rabbit CST Beverly, MA USA 1:1000
5536 p-mTOR (Ser2448) Rabbit CST Beverly, MA USA 1:1000
2895 CHOP Mouse CST Beverly, MA USA 1:1000
9662 Caspase-3 Rabbit CST Beverly, MA USA 1:1000
2870 Bcl-2 Rabbit CST Beverly, MA USA 1:1000
50599-2-Ig Bax Rabbit ProteinTech Chicago, IL USA 1:2000
9661 Cleaved Caspase-3 Rabbit CST Beverly, MA USA 1:1000
3495 Beclin-1 Rabbit CST Beverly, MA USA 1:1000
5114 SQSTM1/P62 Rabbit CST Beverly, MA USA 1:1000
12994 ATG5 Rabbit CST Beverly, MA USA 1:1000
2775 LC3B Rabbit CST Beverly, MA USA 1:1000
4970 β-Actin Rabbit CST Beverly, MA USA 1:1000
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Supplementary Figure 1. Cell viability assay of C2C12 myoblasts exposed to OGD with different time periods of 
reoxygenation.

Supplementary Figure 2. Validation of JAK2 overexpression in C2C12 myoblast cells. A. Immunoblot images of JAK2 
and β-actin in C2C12 myoblasts, which were transfected with lentivirus carrying a negative control (NEG) plasmid 
and JAK2 plasmid after 72 h (72 h) or selection with puromycin (Stable). B. Relative quantification of JAK2 after 
normalization by β-actin, the data were derived from three independent experiments (Means ± SD; **P < 0.01 
versus Control; ##P < 0.01 versus NEG). C. Light microscope photographs of C2C12 myoblast cells. D. Fluorescent 
photographs of EGFP expression in JAK2-overexpressed C2C12 myoblast cells.


