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A B S T R A C T

Aim: The aim of this study was to investigate the protective effect of chronic intermittent hypobaric hypoxia
(CIHH) against skeletal muscle ischemia-reperfusion (IR) injury and to determine the underlying mechanism.
Main methods: C57BL/6 mice were randomly divided into 3 groups: skeletal muscle IR injury group (IR), CIHH
pretreatment following IR group (IR+CIHH), and sham operation group (Sham). The skeletal muscle IR injury
model was induced by the unilateral application of a tourniquet on a hind limb for 3 h and then releasing it for
24 h. CIHH pretreatment simulating a 5000-m altitude was applied 6 h per day for 28 days. The functional and
morphological performance of IR-injured gastrocnemius muscle was evaluated using contraction force, H&E
staining, and transmission electron microscopy. IR injury-induced CD68+ macrophage infiltration was assessed
by immunofluorescence. TNFα levels in serum and muscle were measured by ELISA and western blotting, re-
spectively. Apoptosis was examined by TUNEL staining and Cleaved Caspase-3 protein expression.
Key findings: Acute IR injury resulted in reduced contraction tension, morphological destruction, macrophage
infiltration, increased TNFα levels, and apoptosis in gastrocnemius muscle. CIHH pretreatment significantly
ameliorated contraction function and morphological performance in IR-injured skeletal muscle. In addition,
CIHH pretreatment resulted in marked decreases in CD68+ macrophage infiltration, TNFα levels, and apoptosis.
Significance: These data demonstrated that CIHH has a protective effect against acute IR injury in skeletal muscle
via inhibition of inflammation and apoptosis.

1. Introduction

Skeletal muscle ischemia-reperfusion (IR) injury is a frequent clin-
ical problem commonly seen in peripheral vascular injury, osteofascial
compartment syndrome, and crush syndrome and leads to limb and
remote multisystem organ dysfunction [1]. However, the mechanisms
and course of skeletal muscle IR injuries are complex and involve
multiple factors. It has been accepted that excessive inflammation re-
sponse and apoptosis during IR causes cellular damage and dysfunction
of skeletal muscle [2,3], and there is accumulating evidence that in-
hibition of the inflammation and apoptosis protects skeletal muscle
from IR injury [4–6]. Although several agents, such as dexamethasone
[7] and lipoxin [8], can effectively alleviate IR-injured skeletal muscle,

new methods are still needed.
Chronic intermittent hypobaric hypoxia (CIHH) is a treatment for

moderate hypoxia that simulates high-altitude conditions interrupted
by normoxia. CIHH has been shown to have multiple beneficial effects
on the body, such as protecting the heart against IR injury [9–12]. Our
previous studies showed that CIHH (simulated atmospheric pressure
equivalent to a 5000-m altitude for 28 days, 6 h daily) protected the
heart against IR-induced damage. The mechanism involved CIHH de-
creasing the activity of beta-adrenoceptor in the right ventricular pa-
pillary muscle [13], enhancing cardiac anti-oxidation [14], strength-
ening the resistance against calcium overload [15], activating ATP-
sensitive potassium channels, and inhibiting mitochondrial perme-
ability transition pores [16], inhibiting endoplasmic reticulum stress
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[17], and improving cardiac energy metabolism [18,19]. We recently
found that in addition to cardiac protection, CIHH ameliorated skeletal
muscle inflammation via inhibiting NFκB in rats with fructose-induced
metabolic syndrome [20].

We therefore hypothesized that CIHH may protect skeletal muscle
against IR injury. The aim of the present study was to determine
whether CIHH would attenuate the structural and functional impair-
ment of skeletal muscle after IR and preliminarily explore the me-
chanism involved.

2. Materials and methods

2.1. Animals

All experiments were performed on 10-week-old C57BL/6 male
mice (body weight 20–30 g). Mice were housed in a room with con-
trolled temperature (21 ± 1 °C) and humidity (50 ± 10%) and a fixed
12 h/12 h light/dark cycle and had free access to water and food.
Animals were used in accordance with the Guide for the Care and Use of
Laboratory Animals [43], and all techniques and procedures were re-
viewed and approved by the Hebei Medical University Institutional
Animal Care and Use Committee.

2.2. Grouping and CIHH pretreatment protocols

A total of 60 mice were randomly divided into three groups ac-
cording to random number table: skeletal muscle IR injury group (IR,
n=20), CIHH pretreatment and skeletal muscle IR injury group
(IR+CIHH, n= 20), and sham operation group (Sham, n=20). IR
and IR+CIHH mice were subjected to 3 h of unilateral hind limb
tourniquet ischemia followed by 24 h of reperfusion. IR+CIHH mice
were exposed to hypobaric hypoxia simulating a 5000m altitude
(PB=404mmHg, Po2=84mmHg) for 28 days, 6 h/day, in a hypo-
baric chamber, after which they were subjected to unilateral hind limb
IR injury.

2.3. Acute hind limb IR injury model

The skeletal muscle IR injury model was constructed according to a
modified version of a previously described method [7]. Briefly, the mice
were anesthetized with isoflurane (4% induction followed by 1 to 1.5%
maintenance) delivered in 100% O2 by a nasal mask. Depth of an-
esthesia was determined by the absence of corneal and hindpaw with-
drawal reflexes. The unilateral hind limb ischemia was induced by
placing an orthodontic rubber band at the left hip joint using a
McGivney hemorrhoidal ligator for 3 h followed by removal of the
rubber band tourniquet for 24 h of reperfusion. Animals were main-
tained under anesthesia during the ischemia period, and the depth of

Fig. 1. Blood perfusion in the hind limbs following tourniquet-induced ischemia-reperfusion. Representative images of blood perfusion in mouse hind limbs obtained
using laser speckle contrast imaging (A). Quantification of perfusion in the ischemic limb before ischemia (B), during ischemia (C), and during reperfusion for 24 h
(D). Data are mean ± SEM, n= 6 in each group, and **P < 0.01.
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anesthesia was monitored. A heating pad was used to maintain body
temperature at 37 °C until the animals woke up. The tourniquet-induced
IR injury was assessed by measuring blood flow to the hind limb.

2.4. Perfusion imaging

Limb perfusion was assessed using a real-time microcirculation
imaging system. In general, mice were anesthetized with isoflurane and
placed on a dark scanning surface. Perfusion of the dorsal surface of
both the right and left hind limbs was measured using a blood perfusion
imager (PeriCam PSI System, Sweden) based on laser speckle contrast
analysis technology. Images were acquired before ischemia, during
ischemia and 24 h after reperfusion. After acquisition, images of the
mouse limbs were analyzed using PIMSoft (PeriCam PSI System). The
value for the left ischemic limb was then normalized to that of the right
(non-ischemic) limb to calculate the % of blood perfusion for each
mouse.

2.5. Evaluation of muscle contractility

Mice were anesthetized by intraperitoneal injection of pentobarbital
sodium (60 μg/g). Then, the left gastrocnemius muscle was rapidly
excised and rinsed in cooled (4 °C) oxygenated Krebs-Henseleit solution.
The muscle was mounted vertically in a 10ml organ bath that was filled
with Krebs-Henseleit solution containing (in mM) NaCl (118.0), KCl
(4.7), MgSO4·7H2O (1.2), CaCl2 (2.5), KH2PO4 (1.2), NaHCO3 (25.0),
and glucose (11.0), pH 7.4 ± 0.05, and maintained at 37 ± 0.5 °C and
bubbled with 95% O2/5% CO2. A water bath was used to control the
temperature of the bath solution. The proximal end of the gastro-
cnemius muscle was fixed, while the distal tendon was attached to a
mechanical force transducer (AD Instruments, Australia). An initial
tension of 1 g was applied to the muscle preparations, which were then
left to equilibrate under these conditions for 60min. The Krebs-
Henseleit solution was changed every 15min. A pair of platinum wire
electrodes was placed longitudinally flanking the muscle, and the

Fig. 2. CIHH strengthens contractile force in skeletal
muscle after ischemia-reperfusion. Representative
tracing of the single contraction assay induced via
electrical field stimulation in an isolated gastro-
cnemius muscle (A). The maximum developed ten-
sion (B), the maximal rate of tension development
(C), and the maximal rate of relaxation (D) in a
single contraction. Representative tracing of the te-
tanic contraction in an isolated gastrocnemius
muscle (E). The maximum developed tension (F), the
maximal rate of tension development (G), and the
maximal rate of relaxation (H) in tetanic contraction.
Data are mean ± SEM, n=6 in each group,
*P < 0.05, and **P < 0.01.
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contraction was induced via electrical field stimulation. The maximum
force of single contraction was achieved by a square pulse with the
following parameters: 5 V, 1 Hz, and 1ms duration. The maximum force
of tetanic contraction was achieved by a square pulse with following
parameters: 5 V, 120 Hz, and 1ms duration, for 30 cycles. The data
were acquired and analyzed with LabChart 7 software (AD
Instruments). The muscle contraction efficacy was assessed using
maximum developed force (Forcemax) and maximal rates of tension
development and relaxation (± dT/dtmax).

2.6. Histological examination

The histological protocol has been described previously [21].
Briefly, the collected gastrocnemius muscle tissues were immerged in
4% paraformaldehyde for 48 h and then dehydrated in an ethanol step
gradient. After they were embedded in wax, the tissues were sectioned
at a 5 μm thickness using a microtome (Leica Microsystems, Germany),
stained with hematoxylin-eosin (H&E), and imaged using a light mi-
croscope (Leica Microsystems). The degree of muscle damage was
scored by a blinded pathologist according to previously published
methods based on caliber variation, cytoplasmic fragmentation, and
inflammatory cell infiltration. Each criterion was graded from 0 points
for normal findings to 2 points for very distinctive findings [22].

2.7. Transmission electron microscopic examination

The gastrocnemius muscle samples were cut into cubes with a vo-
lume of 1mm3 and fixed in 4% glutaraldehyde for 1 h. After they were
rinsed with 1M phosphoric acid solution, the samples were fixed in 1%
osmium tetroxide and dehydrated in a graded alcohol series. Then, the
samples were embedded in epoxy resin and cut with an ultramicrotome
(Leica Microsystems). After they were stained with uranyl acetate and
lead citrate, the sections were viewed under a transmission electron
microscope (S7500 Hitachi, Japan).

2.8. Determination of TNFα level in serum

Mice were anesthetized by intraperitoneal injection of pentobarbital
sodium (60 μg/g). After the eyeball was removed, blood samples were
collected from the eye socket. The collected blood samples were

centrifuged at 3500 rpm for 10min to obtain the serum. The tumor
necrosis factor α (TNFα) concentration in serum was determined using
a mouse ELISA kit (ABclonal Technology, USA).

2.9. Immunohistochemistry for CD68

The paraffin-embedded muscle blocks were cut into 5-μm-thick
sections with a microtome (Leica Microsystems). They were mounted
onto the gelatin-coated slides and allowed to dry overnight, and the
sections were then deparaffinized, rehydrated, and subjected to antigen
retrieval using a microwave. First, nonspecific antibody binding sites
were blocked with 2% bovine serum albumin (BSA) and 0.3% Triton X-
100 for 30min at room temperature, followed by incubation with the
primary antibody, rabbit polyclonal anti-CD68 (1:100; Servicebio,
China), in 2% BSA overnight at 4 °C in a humidifying chamber. The
sections were then incubated with the secondary antibody, goat anti-
rabbit Cy3 (1:300, Servicebio), at room temperature for 1 h in the dark.
Finally, after they were incubated with DAPI (Servicebio), the sections
were mounted with Vectashield Antifade Mounting Medium (Vector
Laboratories, USA) and photographed with a fluorescence microscope
(DM6000B Leica Microsystems). The positive-stained cells were
counted at 400× magnification in six random fields per section.

2.10. TUNEL assay

Apoptosis was detected using the terminal transferase-mediated
deoxyuridine triphosphate-biotin nick end labeling (TUNEL) technique
according to the manufacturer's instructions (Roche, USA). After they
were deparaffinized and treated with 0.1% Triton X-100 for permea-
bilization for 20min at room temperature, the paraffin sections were
incubated with TUNEL reaction solution at 37 °C for 60min. Then, the
sections were rinsed with PBS three times for 5min each and incubated
with DAPI (Servicebio) at 37 °C for 10min. After they were rinsed and
covered, the sections were photographed using a laser scanning con-
focal microscope (FV1200 Olympus, Japan) and analyzed with Images-
Pro Plus 6.0 software (Media Cybernetics Inc., USA). The apoptosis
index, defined as the number of apoptotic cells/total number of cells
counted, was used to determine the extent of skeletal muscle apoptosis.
Six random fields at 400× magnification were selected per section.

Fig. 3. Effect of CIHH on the morphology of skeletal muscle after ischemia-reperfusion. Representative photomicrographs of skeletal muscle tissue following H&E
staining (A), scale bar= 30 μm. Quantification of histological damage scores determined by H&E staining (B). Ultrastructure of skeletal muscle analyzed by
transmission electron microscopy (C), scale bar= 0.5 μm. Data are mean ± SEM, n= 5 in each group, *P < 0.05, and **P < 0.01.
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2.11. Western blotting analysis

Western blotting analysis was performed as described previously
[23]. The muscle tissues were homogenized in a lysis buffer, and pro-
tein concentrations were determined by the bicinchoninic acid (BCA)
protein assay (TIANGEN, China). Protein samples (50 μg) were sepa-
rated by SDS-PAGE, transferred to a PVDF membrane (Millipore Cor-
poration, USA), and blocked for 1 h with 5% (w/v) non-fat milk in Tris-
buffered saline, followed by incubation with the primary antibodies
anti-Cleaved Caspase-3 (1:500, Abcam, USA), anti-TNFα (1:1000,
Abcam), anti-NFκB p65 (1:1000, Abcam), anti-TLR4 (1:500, Abcam),
and anti-SIRT1 (1:1000, Abcam) overnight at 4 °C. The same membrane

was stripped and re-blotted with anti-GAPDH (1:5000, HuaBio, China)
for normalization. Blots were developed by the chemiluminescent
method. The protein blots were quantified by densitometry using Im-
ageJ software (NIH, USA), and the values were normalized to those of
GAPDH.

2.12. Data analyses

Statistical analysis was performed with Prism version 7 (GraphPad
Software Inc., USA). Values are presented as mean ± SEM. Data were
assessed using one-way ANOVA followed by Tukey's tests for multiple
comparisons. A value of P < 0.05 was considered statistically

Fig. 4. CIHH mitigates inflammation in ischemia-reperfusion-injured muscle. The infiltration of CD68-positive macrophages (denoted by white arrows) was de-
termined by immunofluorescence staining in injured muscle sections (A). CD68 was labeled red in the cytoplasm, and DAPI was labeled blue in the nucleus; scale
bar= 30 μm. Quantification of CD68-positive cells in skeletal muscle at 24 h after IR (B). TNFα concentration in the systemic circulation (C) and protein expression in
locally injured skeletal muscle (D). Data are mean ± SEM, n=3–5 in each group, *P < 0.05, and **P < 0.01. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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significant.

3. Results

3.1. Evaluation of the tourniquet-induced IR model

The establishment of the tourniquet-induced hind limb ischemia-
reperfusion injury model was verified by measuring hind limb blood
flow before ischemia, during ischemia, and during reperfusion for 24 h.
Blood flow images are presented in Fig. 1A. There was no difference in
perfusion between the left and right hind limbs of the mice before
ischemia in all three groups (P > 0.05, Fig. 1B). After placing the
tourniquet, the blood flow in the IR and IR+CIHH groups dropped to
about 8.8% and 9.1%, respectively (Fig. 1C), and no difference was
found between the two groups (P > 0.05). After reperfusion for 24 h,
the blood flow in the IR and IR+CIHH groups returned to baseline
(Fig. 1D), and no difference was found between the two groups
(P > 0.05). In the Sham group, there were no significant changes in
blood flow before ischemia, during ischemia, and during reperfusion for
24 h (Fig. 1).

3.2. CIHH ameliorated muscle contraction in IR gastrocnemius muscles

Isolated gastrocnemius muscle contraction was triggered via elec-
trical field stimulation. For a single contraction (Fig. 2A), the muscle
contraction tension in the tourniquet-induced IR group was sig-
nificantly lower than that in the Sham group (4.3 ± 0.5 g vs.
8.8 ± 0.8 g, P < 0.01, Fig. 2B). CIHH treatment improved muscle
contraction tension in IR-injured gastrocnemius muscles (P < 0.05,
Fig. 2B). Corresponding to the changes in contraction tension, the
maximal rates of tension development and relaxation (± dT/dtmax) of
gastrocnemius muscles in the IR group were lower than those in the
Sham group (P < 0.01, Fig. 2C–D), and the±dT/dtmax in the
IR+CIHH group was significantly higher than that in the IR group
(P < 0.05, Fig. 2C–D). The changes in tetanic contraction (Fig. 2E)
were similar to those in the single contraction. The tetanic contraction
tension and ± dT/dtmax in the IR group were significantly lower than
those in the Sham group (P < 0.05–0.01, Fig. 2F–H), and CIHH sig-
nificantly improved the tetanic contraction tension and ± dT/dtmax in
IR-injured gastrocnemius muscle (P < 0.05–0.01, Fig. 2F–H). These
results indicated that CIHH improved IR-induced muscle contraction
dysfunction.

Fig. 5. CIHH extenuates apoptosis in ischemia-reperfusion-injured muscle. Representative images of apoptotic DNA breaks determined by TUNEL staining (A).
TUNEL-positive nuclei were stained by immunofluorescent (green), and DAPI (blue) staining was used to label the nuclei; scale bar= 30 μm. The apoptotic index was
analyzed using the numbers of TUNEL-positive nuclei relative to the total number of nuclei (B). The apoptosis marker Cleaved Caspase-3 was assessed by western
blotting (C). Data are mean ± SEM, n=3–5 in each group, *P < 0.05, and **P < 0.01. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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3.3. CIHH mitigated morphological injury in IR gastrocnemius muscles

The morphological injury of gastrocnemius muscles after IR was
assessed by H&E staining and transmission electron microscopy. Optical
microscopy evaluation revealed muscle cell swelling, sarcoplasm dis-
solution, and neutrophil infiltration in the IR group but not in the Sham
group (Fig. 3A). CIHH significantly reduced muscle fiber injury after IR,
with less sarcoplasm dissolution and neutrophil infiltration (Fig. 3A).
Consequently, histological damage scores increased significantly in the
IR group compared to those in the Sham group (P < 0.01, Fig. 3B), and
CIHH decreased the histological damage scores in the muscular tissue
following IR injury (P < 0.05, Fig. 3B). Electron microscopy evalua-
tion revealed that myofibrils were arranged neatly in the Sham group,
mitochondria and sarcoplasmic reticulum were clearly visible, and the
mitochondrial membrane was relatively intact (Fig. 3C). In the IR
group, myofibrils were disrupted and severely damaged, and mi-
tochondria and the sarcoplasmic reticulum were swollen and dissolved
(Fig. 3C). The ultrastructural performance assessed using electron mi-
croscopy in the IR+CIHH group was better than that in the IR group
(Fig. 3C), which indicated that CIHH attenuated the morphological
injury in IR gastrocnemius muscles.

3.4. CIHH relieved inflammation in IR gastrocnemius muscles

We measured macrophages and TNFα to evaluate the acute skeletal
muscle IR-induced inflammation response. At 24 h after IR injury, a
small number of macrophages migrated into the injured skeletal
muscle, and these stained positively with an anti-CD68 antibody
(Fig. 4A). The cell number of CD68+ macrophages in the IR group was
higher than that in the Sham group (5.2 ± 0.9 vs. 0.4 ± 0.2,
P < 0.01, Fig. 4B). After CIHH pretreatment, the CD68-positive cells in
the IR+CIHH group decreased compared to that in the IR group
(P < 0.05, Fig. 4B). Likewise, the serum concentration and gastro-
cnemius muscle protein expression of TNFα significantly increased in
IR-injured gastrocnemius muscle (P < 0.01, Fig. 4C & D). After CIHH
pretreatment in the IR+CIHH group, IR-induced overexpression of

TNFα in serum and gastrocnemius muscle markedly decreased
(P < 0.05, Fig. 4C & D). The results indicated that CIHH attenuated the
IR-induced inflammatory response.

3.5. CIHH attenuated excess apoptosis in IR skeletal muscles

TUNEL staining was used to evaluate the effect of CIHH on IR-in-
duced apoptosis of skeletal muscle cells (Fig. 5A). As expected, IR injury
markedly increased the apoptotic index in the IR group compared to
that in the Sham group (21.0 ± 3.2% to 1.8 ± 0.7%, P < 0.01,
Fig. 5B). After CIHH treatment, the rate of TUNEL-positive cells was
significantly lower in the IR+CIHH group than in the IR group
(P < 0.01, Fig. 5B). We also examined the apoptosis marker Cleaved
Caspase-3. IR injury greatly increased the protein expression of Cleaved
Caspase-3 (P < 0.01, Fig. 5C), and CIHH reversed this tendency
(P < 0.05, Fig. 5C). These results suggested that CIHH can also de-
crease the level of apoptosis in skeletal muscle cells after IR injury.

3.6. Molecular mechanism by which CIHH attenuated skeletal muscle IR
injury

To explore the molecular mechanism by which CIHH attenuated
skeletal muscle IR-induced inflammation and apoptosis, the protein
expression of silent information regulator 1 (SIRT1), Toll-like receptor 4
(TLR4), and NFκB p65 in IR-injured gastrocnemius muscle was detected
by western blotting (Fig. 6A). The results revealed that after 3 h of
ischemia and 24 h of reperfusion, SIRT1 protein expression significantly
decreased in IR-injured muscle (P < 0.01, Fig. 6B), whereas in the
CIHH pretreatment group, SIRT1 markedly increased (P < 0.05,
Fig. 6B). Conversely, TLR4 and NFκB increased in IR-injured muscle
compared to levels in the Sham group (P < 0.01, Fig. 6C & D). After
CIHH pretreatment, the overexpression of TLR4 and NFκB markedly
decreased (P < 0.05, Fig. 6C & D).

Fig. 6. Effect of CIHH on SIRT1, TLR4, and NFκB protein expression in ischemia-reperfusion muscle. Representative images of western blots (A) showing relative
protein expression of SIRT1 (B), TLR4 (C), and NFκB p65(D) in gastrocnemius muscle. Data are mean ± SEM, n= 3 in each group, *P < 0.05, and **P < 0.01.
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4. Discussion

In the present study, we prepared a mouse model of skeletal muscle
IR injury using 3 h of ischemia and 24 h of reperfusion. In this model, IR
caused functional and morphological damage to skeletal muscles. CIHH
pretreatment significantly attenuated the IR-induced functional and
morphologic damage, inflammatory response, and apoptosis in gastro-
cnemius muscles.

The hypoperfusion following IR injury has been described as the no-
reflow phenomenon, which plays an important role in skeletal muscle
IR injury. Many mechanisms are involved to the development of the no-
reflow phenomenon such as interstitial edema formation and micro-
vascular spasm [24]. Bonheur et al. found that the no-reflow appeared
after 3 h but not 1 h of ischemia [25], which indicated that the severity
of the no-reflow phenomenon depends on the duration of ischemia.
Previous studies reported that after 3 h of ischemia, the perfusion re-
covered to about 30–40% of the baseline level [25,26] after 4 h of re-
perfusion and recovered to about 80–90% of the baseline level [27]
after 24 h of reperfusion, indicating that after ischemia, the perfusion
rate gradually recovered over time. In present study, after 3 h of
ischemia and 24 h of reperfusion, the perfusion recovered to about 90%
of the baseline level, which was consistent with the previous report
[27]. Moreover, we also found that CIHH relieved the edema and in-
flammation but failed to improve the perfusion in IR-injured muscle.
We speculate that this contradiction may be related to the observation
time point and other factors, such as vasospasm and thrombus.

Although the mechanisms are complicated, accumulating lines of
evidence suggest that inflammation plays a crucial role in the patho-
genesis of skeletal muscle IR injury [4,28]. After IR injury, in-
flammatory cells infiltrate and promote the release of various in-
flammatory cytokines. The first inflammatory cells that arrive at the site
of injury are neutrophils, which are eventually replaced by monocytes
and then transformed into macrophages over 24–48 h [29]. In the
present study, after 3 h of ischemia and 24 h of reperfusion, only a small
number of CD68+ macrophages migrated into the injured muscle, and
the levels of TNFα, mainly produced by macrophages, increased in
blood and local damaged skeletal muscle. After CIHH pretreatment, the
number of CD68+ macrophages and amount of TNFα markedly de-
creased. This indicated that IR induced severe systemic and local in-
flammatory responses, which were relieved by CIHH. Toll-like receptors
(TLRs) are recognized as one of the main contributors to injury-induced
inflammation. TLRs are activated by endogenous molecules released
from damaged ischemic tissues, trigger downstream signaling cascades
such as NFκB, and result in the release of various proinflammatory
cytokines such as IL-1 and TNFα [30]. Moreover, a TLR4 mutant was
found to reduce inflammation in hind limb IR injury [31]. To further
explore the mechanism by which CIHH alleviated the inflammatory
response in IR muscle, TLR4 and NFκB were examined. The results
indicated that CIHH protected against IR-induced increases in TLR4 and
NFκB levels, indicating the possible mechanism by which CIHH relieved
IR-induced skeletal muscle inflammation.

Increasing lines of evidence show that exacerbated apoptosis par-
ticipates in the damage of skeletal muscle IR [3,32]; however, the sig-
naling pathways involved remain largely unknown. In the present
study, apoptosis was evaluated by TUNEL staining, one of the most
frequently used methods to evaluate apoptosis in tissue sections. We
also examined a representative apoptosis marker, Cleaved Caspase-3,
by western blotting, and the results were consistent with the TUNEL
staining results. We found that IR muscle exhibited increased apoptosis
and that CIHH significantly decreased the apoptosis. The SIRT1 sig-
naling pathway has been shown to be associated with apoptosis during
skeletal muscle IR injury [33]. To further explore the mechanism by
which CIHH suppresses apoptosis in IR muscle, SIRT1 expression in
skeletal muscle was analyzed. Our data showed a protective effect of
CIHH against the apoptosis in skeletal muscle IR, partly through the
activation of the SIRT1 signaling pathway.

To date, various beneficial effects of CIHH have been reported by
different research groups [12,34,35]. For example, CIHH has been de-
monstrated to have preventive and therapeutic effects on several pa-
thologic models, such as those for renal vascular hypertension [36],
diabetes [23], cerebral ischemia [37], seizures [38], and aplastic an-
emia [39]. It was also reported that intermittent hypobaric hypoxia can
be used to improve the aerobic capacity of athletes as a sport training
method [40], treat patients with hypertension [41], and treat children
with bronchial asthma [42]. Thus, we hypothesize that CIHH represents
a non-pharmacological therapy to prevent or protect against lifestyle-
related diseases in humans.

5. Conclusion

In summary, IR resulted in functional and morphological impair-
ments in mouse skeletal muscles. Pretreatment with CIHH protected the
skeletal muscle against acute IR injuries by inhibiting inflammation and
apoptosis. Our results suggest that CIHH may represent a novel and
efficacious treatment for IR-injured muscle tissue.
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