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Abstract: Background: Ischemic tolerance is an endogenous protective mechanism in organs or tissues undergoing
one or more short-term sublethal ischemias. Intermittent hypobaric hypoxia preconditioning (IHHP) can induce toler-
ance and thus protect brain tissues from cerebral ischemic injury (CIR). The current study evaluated the neuropro-
tective effect of IHHP. Methods: The established xenograft model was divided into the ischemia/reperfusion (I/R),
IHHP, IHHP+I/R, and sham groups. Transmission electron microscopy was used to observe alterations in neuron
ultrastructure. Neuron damage was detected using Nissl staining. Western blot and gRT-PCR were used to evaluate
the relative expression of genes and proteins related to apoptosis. Immunohistochemistry was used to determine
the expression of proteins involved in the processes of neuroprotection and repair. Results: Our results indicated
that the damage to the neurons, organelles, and axons was significantly less following ischemia/reperfusion and
intermittent hypobaric hypoxia reconditioning treatment than that in the ischemia/reperfusion group. Compared to
the ischemia/reperfusion group, significant downregulation of pro-apoptotic gene/protein expressions along with
upregulation of anti-apoptotic and nerve regeneration gene/protein expressions in the IHHP+I/R group were ob-
served. Conclusion: IHHP can significantly reduce ischemia/reperfusion injury in rat brain nerves and promote
nerve repair.
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Introduction

Stroke is a complex disease with symptoms of
cerebral ischemia and hemorrhagic injury in-
duced by transient or permanent cerebrovas-
cular occlusion. It leads to neuronal death or
behavioral deficits. Ischemic stroke is a com-
mon serious life-threatening medical problem
among adults [1]. The high morbidity, disability,
and mortality rates induced by ischemic stroke
seriously affect the quality of the patient’s life
and impose a heavy burden on society and the
patients’ families. Unfortunately, current thera-
pies have only a very limited chance of provid-
ing a good clinical outcome. Therefore, it is nec-
essary to explore better treatment strategies.

Ischemic tolerance is a strategy developed to
provide short-term mild ischemic stimulation or
drug treatment to brain tissues in advance to
attenuate neuronal damage induced by isch-
emic injury. In the past several years, research
on preconditioning (also known as induction of
tolerance) has led to promising clinical out-
comes in patients with acute brain injury [2].
Previous studies report that cerebral ischemic
preconditioning induces cerebral ischemic tol-
erance. For example, hydrogen inhalation can
decrease neurological damage following cere-
bral ischemia/reperfusion in mice [3]. The Gua-
lou Guizhi decoction could promote nerve func-
tion and neurogenesis after focal cerebral is-
chemia-reperfusion [4], while ceftriaxone pre-
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treatment can protect neurons against cere-
bral ischemia-reperfusion injury [5], and 12/
15-lipoxygenase metabolites of arachidonic
acid play a neuroprotective role in cerebral
ischemic injury (CIR) through the activation of
peroxisome proliferator-activated receptor sub-
type y [6]. Previous studies also found that dis-
tal limb ischemic regulation can reduce cere-
bral ischemic infarct size by enhancing colla-
teral circulation [7]. Intermittent hypobaric hy-
poxia preconditioning (IHHP) is often used to
treat or prevent a variety of cardiovascular and
cerebrovascular diseases. Intermittent low-pre-
ssure hypoxia preconditioning has a protecti-
ve effect in CIR by inhibiting the overexpression
of nitric oxide synthase (NOS) and nitric oxide
(NO) [8]. Intermittent hypoxia induces accumu-
lation of Na+ in myocardial cells, subsequently
suppressing Na+/H+ exchange-mediated acid
extrusion [9], and activating reactive oxygen
species and the gasotransmitter in the carotid
artery [10]. It also improves renal vascular hy-
pertension by upregulating NOS expression in
the nucleus tractus solitarii [11]. Based on our
previous research [12], this study evaluated the
neuroprotective effect of IHHP in our cerebral
ischemia/reperfusion rat model.

Neuroglobin (Ngb) is a kind of oxygen-carrying
globulin, which is mainly expressed in nerve
tissues. Ngb works as an oxygen carrier and re-
mover of NO and oxygen-free radicals in cells.
Some previous studies have found that Ngb
can protect neurons from hypoxic damage [13-
16]. Globin is mainly expressed in the brain
following hypoxia or cerebral ischemia injury,
and it plays a defense role in neuronal system
insults [17, 18]. Currently, neuroprotection th-
erapy in brain injury patients remains a major
challenge due to either ineffective drug treat-
ment or unexpected side effects. Therapies
based on the brain’s endogenous mechanis-
ms that allow it to protect itself from harmful
stimuli and damage are therefore widely stud-
ied. c-Fos is an immediate early gene, which
can reflect the activation of neurons and is th-
us widely used to evaluate neuronal morpho-
logic and functional alterations. The expression
of c-Fos can be increased by a variety of physi-
ological and pathological stimulations in the
central nervous system [19]. Growth associat-
ed protein-43 (GAP-43) is a membrane phos-
phoprotein, which is involved in nerve develop-
ment, axon regeneration, and synaptic recon-
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struction. It can mediate axon extension, ch-
ange cell morphology, and play an important
role in nerve function [20]. Our current study
evaluated the neuroprotective effect of IHHP
on the CIR model by observing nerve ultrastruc-
ture, and determining the expressions of Ngb,
c-Fos, GAP-43, and apoptosis-related genes.

Materials and methods
Ethical statement

The study protocol was reviewed and approv-
ed by the Institutional Animal Care and Use
Committee of Qinghai University, China. This
study was conducted strictly in accordance
with the recommendations and guidelines for
laboratory animal care and use in the National
Institutes of Health, China.

Experimental animals

Adult male Sprague-Dawley (SD) rats (weight:
280-300 g; Charles River Animal Center, China)
were raised in cages at 23 + 1.0°C and ran-
domly divided into four groups: Sham, IHHP,
I/R, IHHP+I/R.

Sham group: Only the bilateral vertebral arter-
ies of the animals were clip-occluded for 2 days
followed by bilateral common carotid artery
exposure without blockage.

IHHP group: The rats were housed in a hypoxic
environment for 4 days. For the next 4 days,
the bilateral vertebral arteries of the rats were
occluded once a day. On day 5, permanent bi-
lateral vertebral artery occlusion was perfor-
med. After 2 days, the bilateral common caro-
tid arteries were isolated without blockage.

I/R group: The bilateral vertebral arteries were
clip-occluded for 2 days. The bilateral common
carotid arteries were then blocked for 8 min
and resumed blood reperfusion.

IHHP+I/R group: The rats were exposed to a
hypoxic environment once a day for 4 consecu-
tive days. The bilateral vertebral arteries were
occluded on day 5 for 2 days. The I/R proce-
dure was then performed.

Intermittent low-pressure hypoxia precondi-
tioning: Based on the weight, the rats were
housed in a sealed 2500 mL glass bottle mix-
ture with hypoxic fresh air and anhydrous sodi-
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um (to absorb water and carbon dioxide). A
decompressor was connected to adjust the
pressure to 70.66-70.93 kp. IHHP was condu-
cted once daily for 4 consecutive days and
stopped immediately when dyspnea occurred
in the rat.

Cerebral ischemia/reperfusion model: The rats
were anesthetized with 10% chloral hydrate at
an intraperitoneal dosage of 0.3 mL/kg. The
common carotid, external carotid, and pterygo-
palatine arteries were identified. The 0.5 mm
head of a 0.26 mm nylon monofilament sutu-
re was coated with paraffin and marked at a
length of 20 mm. All insertions were proce-
ssed through the incision of the left common
carotid artery. The pterygopalatine artery was
temporarily ligated to prevent accidental inser-
tion. Depending on the weight, the length of the
suture was about 18-20 mm from the bifur-
cation of the common carotid artery. The skin
was sutured, and the nylon suture was fixed to
it. The left middle cerebral artery was occluded
for 2 h, and then, the suture was carefully with-
drawn to allow reperfusion. The sham opera-
tion control experienced the same procedure
as the experimental group, but the insertion of
a nylon suture was excluded. The body temper-
ature of each rat was maintained at 37 + 0.5°C
throughout the procedure. The successful mo-
del showed the paralyzed right limb, loss of
standing ability, and one side turning when lift-
ing the tail.

Experimental reagents

RIPA lysate (Beyotime, lJiangsu, China); BCA
protein concentration determination kit (Beyo-
time, Jiangsu, China); Enhanced chemilumines-
cence reagent (Beyotime, Jiangsu, China); Pri-
meScript™ RT reagent Kit with gDNA Eraser
(Takara, Japan); PVDF membrane (Merck Mi-
llipore, United States); SDS-PAGE gel reagent
box (Beyotime, Jiangsu, China); rabbit anti- mo-
use GAP-43 polyclonal antibody (Abcam, Chi-
na); rabbit anti- mouse C-fos polyclonal anti-
body (Abcam, China); rabbit anti-mouse Ngb
polyclonal antibody (Academy of Military Me-
dical Sciences, China); rabbit anti-mouse of
Bcl-2, Caspase-3, BAX, and Caspase-9 poly-
clonal antibody (Wuhan Boster biotechnology
Co., Ltd., China); HRP-labeled goat anti-rabbit
secondary antibodies (Abcam, China); Trizol (Ta-
kara, Japan); SYBR Premix Ex TaqTM Il (Takara,
Japan).
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Transmission electron microscopy

The experimental animal models in each group
were anesthetized by intraperitoneal injection
of 10% chloral hydrate based on the weight,
and then given transcardial perfusion fixation.
Cortical tissue of 1 mm size was removed and
immediately fixed in 4% glutaraldehyde for 2 h
followed by fixing in 1% perosmic acid for 1 h.
The slides were dehydrated with acetone and
embedded within Epon812. After localization
analysis in semi-thin sections, the slides were
prepared to ultrathin sections, stained with ura-
nyl acetate-lead citrate, and observed with a
transmission electron microscope.

Nissl staining

The frozen slices were fixed with 4% parafor-
maldehyde for 20 min and then washed 3 times
with distilled water, followed by Nissl staining
(Beyotime, C0117) for 10 min, and washing
twice with 70% ethanol. The morphological al-
terations of the Nissl bodies were observed
under the microscope.

Western blotting

The cells were treated with 200 yL protein
lysate (containing 1 mmol/L PMSF) and placed
on ice for 20 min followed by 12000 r/min cen-
trifugation at 4°C for 15 min. The supernatant
was collected. After measuring the proteins,
their concentrations were adjusted to the sa-
me value with BCA. A total of 20 pg of protein
sample was loaded in 12% SDS-PAGE gel and
then electrophoretically (90 V, 60 min) trans-
ferred onto membranes. The membranes were
blocked in 5% skim milk at room temperature
for 1 h and then incubated with primary anti-
body (dilution at 1:1500) at 4°C overnight fol-
lowed by washing three times for 10 min each
with TBST. The membranes were then incu-
bated with the secondary antibody (dilution at
1:8000) at room temperature for 1 h and wa-
shed thrice with TBST for 10 min each. The re-
lative expressions of the proteins were obser-
ved and analyzed using ImageJ software.

Quantitative real-time polymerase chain reac-
tion

The TRIzol reagent was used to isolate total
RNA. The RNA concentration was evaluated
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Table 1. Primer sequences

Gene Forward primer (5’'—3’) Reverse primer (5'—3’) Base length (bp)
GAPDH AGGGCTACTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA 206

Bax CTGGAAGATGGCTCTGTCTG GAGCACGACGAGGACAATAAC 188
Caspase-3 ATGATATTCCCCCCACTT CAAAACCATAATCCCAGA 178

by a spectrophotometer (A260/280). Reverse Results

transcription was performed using a reverse
transcription kit (TAKARA). cDNA was obtained
as a template to amplify the target genes and
the internal reference GAPDH gene (see Table
1 for the primer sequence list). Each reaction
was repeated thrice. The following reaction
conditions were maintained: pre-denaturation,
95°C for 10 min; and thermal cycle (45 cycl-
es), 95°C for 12 s, 60°C for 35 s, and 72°C
for 30 s. The amplification and the dissolution
were checked to confirm the validation of the
amplification. The relative expression levels of
the genes were calculated by using 222°T me-
thod. AACT = (average CT of the target gene
in the test samples - average CT of the re-
ference gene in the test samples) - (average
CT of the target gene in the control samples -
average CT of the reference gene in the control
samples).

Immunohistochemistry (IHC)

Briefly, the dissected dorsal root ganglion tis-
sues were fixed in 4% paraformaldehyde at 4°C
for 6 h, put into 30% sucrose at 4°C overnight,
and embedded in a paraffin block. The tissue
blocks were then cut into slides and deparaf-
finized for IHC according to the IHC kit protocol.
The relative protein expressions of Ngb, c-Fos,
and GAP-43 were observed under an inverted
microscope.

Statistical analysis

The statistical analyses were conducted with
SPSS21.0. Analysis of variance was chosen
to compare the differences among multiple
groups. Pairwise comparison between two gr-
oups was analyzed using the least significant
difference t test. Dunnett’s test was perform-
ed when the variance of two groups was not
equal. P < 0.05 was considered significant. All
data are shown as mean % standard deviation
(mean + SD).
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Effects of IHHP on ultrastructure changes of
cells in the four groups

As shown in Figure 1, the transmission elec-
tron microscope showed the intact nuclei, ab-
undant organelles, smooth endoplasmic reti-
culum, tubular-shaped mitochondria, complete
membranes, and undamaged axon structures
in the glial cells and neurons from the Sham
and IHHP groups. In contrast, all of these nor-
mal structures were heavily destroyed in the
glial cells and neurons from the I/R group, rep-
resenting as unclear or incomplete cell boun-
daries and damaged or dissolved organelles.
Moreover, the number of mitochondria was sig-
nificantly less, while a large number of auto-
phagolysosomes and autophagosomes were
observed. It was found that less damage oc-
curred in the nucleus and cell body. Restor-
ed normal organelles and mitochondria as we-
Il as decreased autophagolysosomes were ap-
parent in cells from the IHHP+I/R group.

Changes in Nissl bodies and apoptosis-related
genes in the four groups

As shown in Figure 2A, Nissl bodies were
stained purple blue and nuclei were stained
pale blue in the Sham group. Intense staining
was obvious in cells with intact morphology in
the IHHP group. However, poor Nissl staining
was accompanied with significantly reduced
pyramidal cells in the ischemia/reperfusion gr-
oup. The Nissl staining was moderate follow-
ing IHHP and cerebral ischemia/reperfusion
compared to that in the Sham and IHHP gr-
oups. The arrangement of the pyramidal cells
and cell morphology were significantly improved
following IHHP and cerebral ischemia/reperfu-
sion compared to that only underwent the is-
chemia/reperfusion treatment. As shown in
Figure 2B, no significant difference in neuron
density was observed between the Sham and
IHHP groups (P > 0.05). However, ischemia/
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Figure 1. Changes in neural ultrastructures using transmission electron microscopy following IHHP and cerebral
ischemia/reperfusion. The red arrows indicate mitochondria, axon, gliocyte and neuron, respectively. In Sham and
Intermittent hypobaric hypoxia preconditioning (IHHP) groups, glial cells and neurons were intact, organelles were
rich and complete, and mitochondria and axons were structurally intact. In the ischemia/reperfusion (I/R) group,
the structures of glial cells and neurons were severely damaged, and the number of mitochondria was significantly

reduced. The damage of organelles and mitochondria was decreased in the IHHP+I/R group.

reperfusion significantly reduced the density of
the surviving neurons (P < 0.05). As expected,
this density was restored following IHHP tre-
atment.

Furthermore, the expressions of the apoptosis-
related genes were assessed in all the groups.
As shown in Figure 2C-E, the relative expres-
sions of Bax, caspase-3, and caspase-9 in both
the protein and mRNA levels displayed no sig-
nificant difference between the Sham and IH-
HP groups (P > 0.05). These expressions were
elevated in both the I/R and IHHP+I/R groups
compared to the Sham and IHHP groups (P <
0.05). However, cells from the IHHP+I/R gr-
oup demonstrated downregulated expressions
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compared to those from the I/R group (P <
0.05). Similarly, no statistical difference in Bcl-
2 expression was found between the Sham and
IHHP groups (P > 0.05). The transcription level
was significantly reduced in both the I/R and
the IHHP+I/R groups (P < 0.05). The anti-apop-
tosis ability was stronger following IHHP and
cerebral ischemia/reperfusion compared to th-
at of the cells that underwent only the isch-
emia/reperfusion treatment (P < 0.05).

Relative expressions of Ngb, c-Fos, and GAP-
43 in the four groups

As shown in Figure 3A-F, the cells in both the
IHHP and the IHHP+I/R groups displayed higher

Int J Clin Exp Pathol 2020;13(11):2860-2869
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sion treatment compared to those of the cells
that underwent only the ischemia/reperfusion
treatment (P < 0.05).
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Figure 2. Alleviation of cerebral ischemia/reperfusion
injury in rats with intermittent low-pressure hypoxic pre-
conditioning. A. Nissl staining was used to investigate
the protective effect of low-pressure hypoxic precondi-
tioning on cerebral ischemia/reperfusion on rat neu-
rons. B. Neuronal density. C, D. The relative expression of
Bax, caspase-3, caspase-9, and Bcl-2 were determined
by WB. E. The relative expression of Bax, caspase-3, cas-
pase-9, and Bcl-2 were detected by PCR. (*P < 0.05, **P
< 0.01 vs. Sham group; *P < 0.05, #P < 0.01 vs. Isch-
emia/reperfusion group).

Discussion

Ischemic brain injury involves pathological ev-
ents [21, 22]. Our results showed that the num-
ber of glial cells, neurons, and synapses re-
duced following ischemia/reperfusion treat-
ment compared to those in the sham group.
Moreover, the neuronal cell and organelle mor-
phologies were severely damaged and accom-
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Figure 3. Influence of intermittent hypoxic preconditioning on expression of neuroprotection-related factors. A, B. Relative expression of Ngb, mainly expressed in
the perikaryon, cytoplasm, and mitochondria. C, D. Relative expression of c-fos, mainly expressed in the nucleus. E, F. Relative expression of GAP-43 in the major
cellular organelles. (*P < 0.05, **P < 0.01 vs. Sham group; *P < 0.05, #P < 0.01 vs. Ischemia/reperfusion group).
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panied with considerable dissolution of enzy-
me bodies and autophagosomes. However, the
number of neurons, synapses, and glial cells in
the intermittent hypobaric hypoxia preconditi-
oning and ischemia/reperfusion treated group
were not significantly decreased, and the cell
morphology was not damaged. These results
indicate that IHHP can protect rat brain ce-
rebral ischemia/reperfusion-induced neuronal
apoptosis and alleviate microstructural dam-
age. The number of mitochondria in the isch-
emia/reperfusion group was significantly de-
creased, and the cell structures were broken,
expanded, and deformed. However, the numb-
er and cell structure of the mitochondria were
normal following IHHP treatment, which indi-
cated that impaired mitochondrial function
contributes to the occurrence of ischemic-in-
duced brain injury [23]. Furthermore, the re-
sults revealed that the expressions of pro-
apoptotic factors (Bax, procaspase-3, and pro-
caspase-9) increased, while that of the anti-
apoptotic factor BCL-2 decreased. However, th-
ese expressions exhibited the opposite trend
following IHHP treatment, indicating that IHHP
can inhibit the apoptosis of nerve cells and
promote cell proliferation. All of the observed
results provide evidence that intermittent low-
pressure hypoxia pretreatment may maintain
the integrity of mitochondria by inhibiting neu-
ronal apoptosis caused by ischemic hypoxia in-
jury. Studies have found that inhibiting the NF-
KB signaling pathway can alleviate the nerve
damage caused by cerebral ischemia/reper-
fusion [24]. Regulator of calcineurin 1 (RCAN1)
inhibits the NF-kB signaling pathway to redu-
ce nerve cell apoptosis, thereby exerting ne-
uroprotective effects [25]. However, the role of
RCAN1 in the mechanism of intermittent hypo-
baric hypoxia preconditioning in inhibiting neu-
ronal apoptosis caused by ischemia and hypox-
ia injury, is still unclear.

Nissl bodies are large basophilic clumps and
granules in the cell body or dendrites of neu-
rons. They can function as structural proteins
and enzymes in the synthesis of renewed or-
ganelles, neurotransmitters, and neuromodula-
tors of peptides. Nissl bodies are particularly
abundant in functional neurons [26, 27]. This
study found that the staining color of the Nissl
bodies from the IHHP and IHHP+I/R groups
was more intense compared to those from the
ischemia/reperfusion group. The result dem-
onstrates that the nerve damage in the isch-
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emia/reperfusion group was more serious, ca-
using a decrease in the amount of Nissl bodi-
es, their disintegration, or even their disappe-
arance. However, the IHHP treatment increas-
ed the neuron survival rate and motivated vig-
orous metabolic function, leading to the accu-
mulation and activities of the Nissl bodies in
the cells following I/R injury.

Furthermore, the results demonstrated signifi-
cantly downregulated expression of the Ngb
protein following ischemia/reperfusion treat-
ment compared to that in the IHHP and IHHP+
I/R groups. Ngb plays an important role in ad-
aptive protection in cerebral ischemia and hy-
poxia [28], which can elevate oxygen distribu-
tion to the nerve cells and upgrade their sur-
vival rate and functioning. Moreover, the results
of this study showed a significantly decreased
expression of the c-Fos protein in the ische-
mia/reperfusion group. However, this expres-
sion was up-regulated in the IHHP+I/R group.
Evaluation of c-Fos immunoreactivity is a com-
mon method to detect the histologic location of
neuron activity [29]. The upregulated expres-
sion of this protein in neurons represents en-
hanced neuron activation [30]. Therefore, the
results revealed that IHHP enhanced the activ-
ity of neurons by promoting c-Fos expression.
Our next experiment also showed that the ex-
pression of GAP-43 protein was significantly
down-regulated in the ischemia/reperfusion gr-
oup, but it was up-regulated following IHHP
treatment. GAP-43 is an intrinsic determinant
of synaptic plasticity and is maintained at high
levels during the neuronal development and
regeneration processes [31]. This result sug-
gests that IHHP might promote nerve repair by
upregulating GAP-43 expression. Together, the-
se results illustrate that IHHP might improve
neuronal regeneration and repair ability, and
subsequently prevent neuronal death from is-
chemia/reperfusion injury in rats.

In summary, our current study demonstrated
a remarkable neuroprotective effect of IHHP on
I/R injury by promoting neuronal regeneration
and repair ability. Moreover, IHHP stimulated
axonal regeneration to protect neurons against
I/R injury.

Conclusion

IHHP can improve neurological regeneration
and repair ability, and subsequently attenuate

Int J Clin Exp Pathol 2020;13(11):2860-2869
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the neurological deficit induced by cerebral is-
chemia reperfusion. The current study gives
theoretical evidence for the future application
of IHHP in clinical practice.
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