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Abstract
Purpose: To explore the underlying mechanisms of xenon (Xe) protect against spinal cord
ischemia/reperfusion injury (SCIRI).

Materials and methods: A SCIRI rat model was induced by abdominal artery occlusion for 85 min and
reperfusion. Xe postconditioning (50% Xe) was administered 1 h after 1 h of reperfusion. At reperfusion
time points (2, 4, 6, and 24 h), rats were treated with spinal cord scans by MRI to assess the time of peak
spinal cord injury after SCIRI. Subsequently, endoplasmic reticulum (ER) stress inhibitor sodium 4-
phenylbutyrate (4-PBA) was administered by daily intraperitoneal injection (50 mg/kg) for 5 days before
SCIRI. At 4 hours after reperfusion, motor function, immuno�uorescence staining, hematoxylin and eosin
(HE) staining, Nissl staining, TUNEL staining, real-time reverse transcription polymerase chain (RT-PCR)
reaction, and Western blot analyses were performed to investigate the protective effects of Xe against
SCIRI.

Results: In the rat I/R model, spinal cord edema peaked at reperfusion 4 h. SCIRI activated ER stress,
which was located in neurons. Xe postconditioning remarkably alleviated hind limb motor function,
reduced neuronal apoptosis rate, increased the number of normal neurons, inhibited the expression of ER
stress related protein in spinal cord. Furthermore, administration of the ER stress inhibitor 4-PBA strongly
decreased ER stress-induced apoptosis following SCIRI.

Conclusions: Xe postconditioning inhibits ER stress activation, which contributes to alleviate SCIRI by
suppressing neuronal apoptosis.

Introduction
Spinal cord ischemia/reperfusion injury (SCIRI) is the secondary damage of primary spinal cord injury,
which is the most devastating complication in clinical thoracoabdominal aneurysm repair[1, 2]. Due to
segmental blood supply and relatively poor collateral circulation, the spinal cord is prone to IRI. SCIRI can
induce neural dysfunction, paralysis and paraplegia, eventually causing adverse effects to the patients
both mentally and physically[3, 4]. Unfortunately, although considerable therapeutic interventions have
been proposed to alleviate the damage of neurological function after SCIRI, the overall effect is limited[5].
In SCIRI, nerve cells are vulnerable to ischemic injury due to their high demand for energy, and the
damage of nerve cells is an important reason for their slow recovery of patients. Moreover, neuronal
damage is associated with lower limb motor dysfunction, and it is challenging to repair nerve function
after SCIRI[6, 7]. Neuronal apoptosis has a crucial effect on the loss of behavioral and sensory function
of SCIRI[8]. Therefore, it is crucial to explore the speci�c molecular pathway mediating apoptosis in order
to design an effective therapy for SCIRI.

In recent years, increasing literature has reported that endoplasmic reticulum (ER) stress is involved in the
occurrence of SCIRI[9]. Glucose-regulated protein 78/immunoglobulin heavy chain-binding protein
(GRP78/BIP) is a marker protein of ER stress. Under physiological conditions, GRP78 combines with three
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ER transmembrane proteins, protein kinase R-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1),
and activating transcription factor 6 (ATF6), in an inactive state[10]. The downstream protein of ER stress,
C/EBP homologous protein (CHOP), is an apoptotic transcription factor that is induced in response to ER
stress[11]. CHOP can lead to the cell apoptosis by activating caspase-3, which is a regulator of caspase-
dependent apoptosis[12]. Accumulated evidence also shows that CHOP is a critical mediator responsible
for ER stress-induced apoptosis[13]. Mild SCIRI may lead to induction of the unfolded protein response
(UPR) in the ER. However, persistent ER stress activates the ER stress-related apoptosis pathway, which
ultimately aggravates SCIRI[14].

Xenon (Xe) has been considered an ideal anesthetic that is used medically as a general anesthetic and in
magnetic resonance imaging (MRI)[15]. Xe has been recognized for its hemodynamic stability, decreased
analgesic requirement, lower blood levels of catecholamines, and better regional organ perfusion[16]. Xe
is a pleiotropic drug with actions at a variety of targets implicated in the secondary injury cascade
including N-methyl-D-aspartate receptors[17], potassium channels[18], activation of hypoxia inducible 1
alpha[19], and an increase in erythropoietin levels[20]. Xe has neuroprotective properties for its use in
anesthesia to attenuate neuronal injury, neurocognitive, and neurological dysfunction. Moreover, Xe
signi�cantly alleviates SCIRI[21, 22]. However, the speci�c mechanism by which this occurs has not yet
been elucidated. Consequently, it is necessary to explore the molecular mechanism of Xe
postconditioning against SCIRI in rats. 

In this study, we elucidated the relationship between ER stress and apoptosis in the context of neuronal
damage of SCIRI.

Materials And Methods
This study consisted of three experiments (experiments one–three). In experiment 1, we assessed the
time of peak spinal cord injury after SCIRI by MRI. Experiment 2 was conducted to investigate ER stress
activation and the relationship between ER stress and neurons after SCIRI. To elucidate the
neuroprotective effects of Xe, we used 4-phenlybutyric acid (4-PBA) to gain insights into the mechanisms
of the protective effects in experiment 3, which was designed to reveal the association of Xe inhalation
during reperfusion with ER stress-induced apoptosis

Animals

Adult male Sprague-Dawley rats weighing 250–300 g were used. The rats were maintained in a
pathogen-free, temperature-controlled environment under a 12 h light/dark cycle at Beijing Friendship
Hospital. The experimental procedures were approved by the Institutional Animal Care and Use
Committee of Beijing Friendship Hospital and maintained in accordance with the Regulations for the
Administration of Affairs Concerning Experimental Animals regarding the care and use of laboratory
animals.

SCIRI
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The SCIRI model was established according to the Zivin method[23]. Brie�y, after 12 h-fasting, the rats
underwent the following procedures. All rats were anesthetized by intraperitoneal injection of 4% sodium
pentobarbital (50 mg/kg) before surgery and endotracheally intubated (16 g trocar sleeve). Breathing was
controlled using a ventilator (tidal volume 15 mL/Kg, breathing frequency 80–130 times/min, breathing
ratio 1:1)[24] with body temperature kept under light. The abdominal cavity was exposed to the
abdominal aorta in strict accordance with aseptic procedures. The intestine was wrapped with wet gauze
to fully expose the abdominal aorta and inferior vena cava, which were gently separated by forceps. Next,
the abdominal aorta was clamped between the left and right renal arteries with a non-invasive artery
clamp, and it was con�rmed that the abdominal aorta pulsation disappeared after the arterial clip
disappeared. After clamping for 85 min, the arterial clamp was removed, and the distal reperfusion was
visually observed. After ensuring that no bleeding or damage occurred, the peritoneal cavity was closed.
In the Sham group without ischemia, the abdomen was opened to expose the abdominal aorta, but
without clamping. The body temperature of rats was kept constant throughout the procedure. Rats were
maintained in standard cages with free access to food and water.

Xe treatment

As mentioned in a previous study[21], we prepared a premixed gas (50% nitrogen and 50% Xe). Oxygen
and premixed gas were blended and supplied to the animals through the small animal ventilator
(Shanghai, China). After 1 h of reperfusion, the rats in the Xe postconditioning group inhaled 50 vol% Xe
and 50 vol% oxygen for 1 h, whereas the other group of rats inhaled 50 vol% nitrogen and 50 vol% oxygen
for 1 h after 1 h of reperfusion.

Experimental protocol

Experiment one

The rats were randomly divided into three groups: Sham, I/R, and I/R + Xe groups. According to
reperfusion time points (2h, 4h, 6h, and 24 h), three rats at each time point (12 rats) were treated with
spinal cord scans on the 7.0 T MRI system (BioSpec 70/20; Bruker, Germany) (Fig. 1A). Anesthesia was
induced with 4% iso�urane (RWD Life Science, USA) and maintained during surgery using 2% iso�urane
supplemented with regular air. The body temperature was kept at 37°C through the circulating water tank,
and the respiratory status was monitored in real time through the encoder receiver transmitter module.
The spinal edema imaging sequence was the T2_TurboRARE sequence.

Experiment two

The other 30 animals (Sham, I/R, and Xe groups; n = 10, each) were anesthetized and underwent the
same surgical procedures as described in experiment one. At 4 h after the reperfusion, �ve rats in each
subgroup were euthanized to obtain lumbar spinal cord tissue (L3–5), which was �xed in 4%
paraformaldehyde, embedded in para�n, and cut into spinal cord sections for immuno�uorescence
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staining. Lumbar spinal cord tissue was immediately collected from the other �ve rats in each group and
was stored at -80°C until western blot analysis (Fig. 2A).

Experiment three

To better explain the possible protective mechanisms of Xe on SCIRI, we added the ER stress inhibitor 4-
PBA. Fifty new rats were randomly assigned to Sham, I/R, I/R+Xe (Xe), I/R+4-PBA, and I/R+Xe+4-PBA
(Xe+4-PBA) groups (n = 10 each) (Figure 4A). I/R+4-PBA and Xe+4-PBA groups were intraperitoneally
(i.p.) injected with 4-PBA (50 mg/kg/d, Sigma-Aldrich, USA) for 5 d before SCRI[25, 26]. The other groups
were intraperitoneally injected with an equivalent volume of vehicle for the same duration. Second, rats
were euthanized with a lethal dose of anesthesia at 4 h after reperfusion and after a �nal neurological
functional assessment. Subsequently, sample collection was the same as experiment two for
hematoxylin and eosin (H&E) staining, Nissl staining, terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) staining, western blot analyses, and real-time reverse transcription polymerase
chain (RT-PCR) detection.

Neurological assessment

The ability of rats to use their hindlimbs was investigated by an assessor blinded to the experimental
protocol with the Basso, Beattie and Bresnahan (BBB) scale[26] and Tarlov[23] scoring system over 3 min
on postreperfusion for 4 h. 

H&E staining

After �xing in paraformaldehyde and dehydration with alcohol, the spinal cord L3–5 specimens were
embedded with para�n and sectioned into 5 μm segments with a microtome. The spinal cord sections
were depara�nized in xylene, rehydrated in graded ethanol, and stained with H&E. After mounting with
neutral balsam, slices were observed under a light microscope at 20× magni�cation (Leica, Germany).

Nissl staining

Depara�nized spinal cord tissues of 5 μm thickness were stained with 0.5% thionine (Solarbio, China) for
15 min at room temperature and differentiated in 0.25% acetate ethanol for seconds. After dehydrating
with ethanol and xylene, slices were observed under a Leica light microscope at 20× magni�cation
(Leica). The total number of normal motor neurons in half of the anterior horns of each section was
counted in �ve random �elds (40×) using a light microscope.

Immuno�uorescence staining

The spinal cord sections were depara�nized in xylene and rehydrated with graded ethanol solutions.
Then the slices were placed in a boiling EDTA buffer (pH 9.0) for 20 min for microwave antigen retrieval.
After washing twice with phosphate-buffered saline, the sections were permeabilized in 0.3% Triton X-100
(Solarbio) for 15 min, blocked in normal goat serum (Solarbio) at room temperature for 1 h, and
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incubated with neuronal nuclear protein (NeuN, 1:100, Abcam, USA), GRP78 (1:100, Abcam) at 4°C
overnight. Then the sections were incubated with secondary antibodies conjugated with Alexa Fluor 488
(1:200, Abcam) and Alexa Fluor 594 (1:200, Abcam) for 2 h at room temperature. Finally, sections were
observed blindly under laser scanning confocal microscope (Olympus, Japan). Immune-positive cells
from �ve randomly selected �elds were counted under a confocal microscope at 40× magni�cation by
experimenters that were blinded to the experimental group.

TUNEL staining

The slides with the spinal cord tissue were incubated with proteinase K (Beyotime Biotechnology, China)
for 30 min at 37°C, after which they were processed with the In Situ Cell Death Detection Kit according to
the manufacturer’s instructions (Beyotime). 3,3′-Diaminobenzidine was used for staining. Finally, the
sections were dehydrated, cleared, and mounted according to the procedure described in the Nissl
staining section. Next, TUNEL-positive cells (brown) were counted, and the apoptosis rate was calculated
and expressed as the percentage of TUNEL-positive cells. Cell counting was performed using high optical
microscopy by a histologist blinded to the groups.

Western blot analysis

Spinal cord was harvested 4 h after SCIRI. Total proteins were extracted with M-PER Mammalian Protein
Extraction Reagent (Thermo, USA). The following primary antibodies: GRP78 (1:1000), IRE1α (1:1000, Cell
Signaling Technology (CST), USA), ATF6 (1:1000, Abcam), PERK (1:1000, Abcam), CHOP (1:1000, CST),
B-cell lymphoma 2 (Bcl-2, 1:3000, Abcam), Bcl-2-associated X, apoptosis regulator (Bax, 1:3000, Abcam),
caspase-3 (1:2000, Abcam), and β-actin (1:2500, Abcam). Blots were exposed to the Molecular Imager
(ChemiDo XRS+; Bio-Rad, Hercules, USA) and analyzed with ImageJ software (Scion Co., Walkersville,
USA). 

RNA isolation and quanti�cation

Total RNA from L3–5 spinal cords was extracted using TRIZOL reagent (Sigma) following the
manufacturer’s protocol. The PrimeScript™ RT reagent kit (Takara, Tokyo, Japan) was used to reverse
transcribe total RNA into cDNA. cDNA was incubated with SYBR Green Master Mix (Yeasen) and the
reaction was run on the Prism 7500 Fast Real-Time PCR System (Applied Biosystems, Waltham, USA)
with the corresponding primers. The 2−ΔΔCt method was used to calculate the RNA expression. β-actin
was used as the internal control. The primers are listed in Table 1.

Statistical analyses

All statistical analyses were carried out using SPSS statistical software (version 26.0; IBM, USA). All data
were expressed as mean ± standard deviation. One-way analysis of variance followed by Least
Signi�cance Difference post hoc test was used to measure differences between mean values of the
different treated groups. P < 0.05 was considered statistically signi�cant.
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Results
The degree of spinal cord edema peaks at reperfusion 4 h after SCIRI

IRI is de�ned as restored blood �ow to ischemic tissue or organs, which exacerbates tissue injury.
Subsequently, a common and serious secondary injury is observed clinically. Through spinal cord MRI, we
found that SCIRI can result in lumbar spinal cord edema, with the most severe effect occurring at 4 h after
reperfusion. Furthermore, Xe postconditioning can effectively mitigate spinal cord edema (Fig. 1B-C) and
relieve IRI.

Xe postconditioning inhibits the activation of ER stress after SCIRI

Based on the MRI results, the spinal cord was collected at 4 h after reperfusion. The expression of ER
stress-related factors in the spinal cord of SCRI rats was detected by western blot analysis (Fig. 2B). The
results showed that the expression level of GRP78 in the I/R group was signi�cantly increased compared
with the Sham group (P < 0.05). Moreover, SCIRI increased the expression of ER stress-related proteins
IRE1α, PERK, and ATF6 compared to the Sham group (P < 0.05). Compared to the I/R group, Xe
postconditioning signi�cantly lowered GRP78, ATF6, and PERK protein expression (P < 0.05), but IRE1α
expression in the Xe and I/R groups was similar (Fig. 2C-F).

GRP78 expression in neurons after SCIRI

To con�rm our hypothesis, we detected the localization of ER stress marker GRP78 in the L3–5 spinal
cord tissue with immuno�uorescence at 4 h after injury. The immuno�uorescence labeling of GRP78 in
the gray matter is shown in Figure 3. Similar to the protein levels detected by western blotting, GRP78-
positive �uorescence labeling increased in the I/R group in contrast to that in the Sham group, which
con�rmed that the ER stress in the spinal cord tissue is activated in IRI. Simultaneously, we double-
labeled the GRP78 with neuronal nuclei marker NeuN in the spinal cord tissue (Fig. 3). The representative
higher magni�cation images show GRP78 around the neuronal nuclei, indicating that ER stress occurred
in neuronal cells.

Xe postconditioning alleviates hindlimb function after SCIRI

As shown in Fig. 4B to 4C, according to the BBB and Tarlov measurements, SCIRI induced severe
neurological de�cits of lower extremities. Xe postconditioning signi�cantly improved neurological
dysfunction (P < 0.05 vs. the I/R group), indicating that Xe is bene�cial to the recovery of hindlimb
locomotor function in rats with SCIRI. Furthermore, hindlimb locomotor function after SCIRI were
markedly ameliorated by 4-PBA treatment (P < 0.05)

Xe postconditioning attenuates morphological changes and neuronal apoptosis after SCIRI

As shown in Fig. 4F, the H&E-stained rat spinal cord tissues showed a normal neuron morphology in the
Sham group. Furthermore, neutrophile granulocyte in�ltration was revealed in the I/R group, whereas



Page 8/21

more intact motor neurons with a �ne granular cytoplasm were observed in the Xe group. Normal neurons
contained Nissl bodies in the cytoplasm, with loose chromatin and prominent nucleoli; however, the
damaged neurons contained relatively few Nissl bodies and had dark and shrunken nucleoli. The results
of Nissl staining demonstrated that the number of Nissl bodies was markedly decreased after SCIRI (P <
0.05), but Xe postconditioning greatly alleviated neuronal injury, exhibited by increased number of Nissl
bodies (Fig. 4D; P < 0.05). Interestingly, treatment with the ER stress inhibitor 4-PBA signi�cantly
attenuated the number of normal neurons after SCIRI (Fig. 4D; P < 0.05 vs. the I/R group).

In addition, the TUNEL-stained rat spinal cord tissues indicated signi�cantly higher neural cell apoptosis
rates in the SCIRI model and Xe groups than in the Sham group (Fig. 4F). Moreover, neural cell apoptosis
rate was signi�cantly lower in the Xe group than in the I/R group, indicating that Xe postconditioning
prevented SCIRI-induced neural cell apoptosis in the rat spinal cord (Fig. 4E; P < 0.05). Importantly, neural
cell apoptosis rate was signi�cantly higher in the I/R+4-PBA group than in the Xe group (Fig. 4E; P < 0.05).

Xe postconditioning inhibits activation of ER stress after SCIRI

The expression of ER stress-related factors in the spinal cord of SCIRI rats was detected by western
blotting (Fig. 5A) and RT-PCR. The results showed that the expression levels of GRP78 in the I/R group
were signi�cantly increased compared with the Sham group (Fig. 5B, P < 0.05). Moreover, SCIRI increased
the expression of ER stress-related proteins IRE1α, PERK, and ATF6 in the I/R group compared to the
Sham group (Fig. 5C, D and E, P < 0.05). Compared to the I/R group, Xe postconditioning signi�cantly
decreased GRP78, ATF6, IRE1α, and PERK protein expression. Furthermore, administration of the ER
stress inhibitor 4-PBA strongly suppressed SCIRI-induced ER stress, which resulted in the low expression
of GRP78, IRE1α, PERK, and ATF6. In addition, we measured the mRNA expression levels of GRP78,
IRE1α, PERK, and ATF6, and the results were consistent with the western blotting results (Fig. 5F and I).
These experimental results suggest that ER stress is involved in the pathogenesis of SCIRI, and Xe
postconditioning signi�cantly inhibits ER stress.

Xe postconditioning on expression of ER stress‐dependent apoptotic proteins after SCIRI

SCIRI apoptosis is a consequence of ER stress, which was examined in the presence of SCIRI with or
without Xe treatment. CHOP is classic downstream marker of ER stress that was strongly activated in the
spinal cord of rats treated with SCIRI (Fig. 6B). Consistently, SCIRI-induced spinal cord CHOP was also
con�rmed by RT-PCR (Fig. 6E). However, the high expression of CHOP observed in response to ER stress
was notably inhibited in the presence of Xe postconditioning, demonstrating anti-ER stress. Meanwhile, a
signi�cant antiapoptotic effect of Xe was also observed, characterized by reduced Bax and caspase-3
levels and enhanced Bcl-2 expression (Fig. 6A, C and D). Meanwhile, Xe postconditioning also enhanced
the antiapoptotic effect. This �nding was con�rmed by decreased mRNA expression of caspase-3 and
Bax/Bcl-2(Fig. 6F and G). Expression of caspase-3 and the rate of Bax/Bcl-2 were decreased more
signi�cantly with the combination of Xe and 4-PBA compared to 4-PBA alone, and the decrease was
greater than with treatment of Xe alone, indicating that Xe postconditioning inhibits ER stress-apoptosis
partially by attenuating ER stress.
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Discussion
In this study, we found that the degree of spinal cord edema peaked at 4 h after reperfusion. We provided
evidence that ER stress is expressed in the spinal cord and participated in SCIRI, which was related to
neuronal apoptosis after SCIRI. Furthermore, we observed that Xe postconditioning effectively improved
motor functions and prevented nerve cells apoptosis by reversing histological changes in the spinal cord.
More importantly, inhibition of ER stress-induced apoptosis was associated with the protective effects of
Xe on SCIRI-treated rats.

The pathological mechanism of SCIRI is very complex and has not been entirely elucidated. Many studies
have shown that transient ischemia and hypoxia can cause spinal nerve necrosis. The primary
mechanisms by which this occurs include free radical and lipid peroxidation, intracellular calcium
disruption, release of in�ammatory factors, excitatory neurotransmitter damage, apoptosis of nerve cells,
and a series of pathophysiological processes[1, 2]. Continual ischemia and hypoxia can aggravate SCIRI,
resulting in secondary edema of the spinal cord and increased intrathecal pressure, potentially leading to
increased tissue damage and aggravated loss of motor function[6]. Consistent with previous studies,
through MRI, we found that spinal cord edema peaked at 4 h after reperfusion. At 4 h, compared to the
Sham group, neutrophils in�ltrated the spinal cord, the normal neuronal count decreased, and hind limb
motor dysfunction occurred in the I/R group. Although diverse pathophysiologic mechanisms of SCIRI
have been proposed, it is widely considered that neuronal apoptosis is associated with IRI of the spinal
cord[27, 28]. If SCIRI is not treated in time, spinal cord function may incur long-term or permanent
damage. Therefore, the importance of exploring effective neuroprotective methods is highlighted, but
unfortunately, the mechanism of spinal cord injury caused by SCIRI has not yet been fully elucidated. In
recent years, after the discovery of their pharmacologic targets, interest has grown in the use of the noble
gases Xe and argon as novel neuroprotectants to minimize or prevent the development of injury after I/R.
However, the possible Xe neuroprotective effects and underlying mechanisms in seizure-induced neuronal
injury remain unclear. Therefore, our goal was to explore potential signaling pathways on Xe
neuroprotective against SCIRI.

Xe is a noble gas, which has been shown to be neuroprotective using in vitro and in vivo models of IRI[29,
30]. Interestingly, previous studies have reported that Xe signi�cantly alleviates SCIRI and cerebral IRI. It
reported Xe-delayed postconditioning attenuates SCIRI through activation AKT and extracellular signal-
regulated kinase[21]. Previous study reported that delayed Xe postconditioning mitigates SCIRI in rabbits
by regulating microglial activation and in�ammatory factors[22]. In addition, they also reported that
administration of 50% Xe can decrease the apoptosis of nerve cells and get the greatest
neuroprotection[31]. Besides, the protective effects of the Xe mixture were veri�ed in C57 neonatal mice
including attenuated seizure severity, reduced apoptosis, reduced neuronal injury, and reduced learning
and memory defects[32]. Therefore, we investigated the in�uence of Xe in apoptosis and neuronal injury
in SCIRI induced by the ligation of the aorta. In this study, Nissl and TUNEL staining results indicated that,
compared with the I/R group, Xe signi�cantly lowered the apoptosis rate (Fig.4E), and �nally effectively
ameliorated the impairment of locomotor activity according to the BBB scale (Fig. 4B).
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ER is the main site responsible for protein synthesis and folding, which serves a vital role in maintaining
homeostasis within the cellular microenvironment[33]. Previous studies have shown that under the
conditions of SCIRI, the UPR of the ER is induced to react. Persistent ER stress responses induced by the
surrounding neuroglia may coordinate damaging in�ammatory responses, which help fuel a neurotoxic
milieu[34]. Activation of UPR enhances motor recovery after spinal cord injury. The effects of UPR
inactivation are associated with a signi�cant increase in the number of damaged axons and reduced
amount of oligodendrocytes surrounding the injury zone[35]. During SCI, prolonged ER stress without the
cellular protective mechanisms by UPR eventually results in neural apoptosis[36]. In our study, double
immuno�uorescence staining showed that ER stress occurred in neuronal cells, as indicated by staining
with GRP78 (Fig. 3). The results described here suggested the involvement of neurons involved in ER
stress. Several apoptosis mediators are implicated in ER stress-associated cell death such as GRP78,
CHOP, and the activation of ER-associated caspase-12[37]. CHOP, known as DNA damage-inducible gene
153, is a major pro-apoptotic factor activated by ER stress and plays a critical role in the process of
apoptosis[38]. In our study, we found that the ER stress markers (GRP78), three sensors (PERK, IRE1α,
ATF6) (Fig. 5), and downstream molecule (CHOP) were all statistically signi�cant upregulated after SCIRI
(Fig. 6). Our results con�rmed that SCIRI induces the activation of ER stress, which led to the high
expression of CHOP. More importantly, we found that Xe postconditioning weakened the expression of ER
stress-related proteins, including the above-mentioned proteins. Administration of 4-PBA signi�cantly
inhibited expression of CHOP, further demonstrating that Xe postconditioning may protect the spinal cord
by inhibiting the ER stress pathway.

Bcl-2, an anti-apoptotic protein, can decrease mitochondrial permeability and inhibit apoptosis, whereas
Bax, a pro-apoptotic protein, accelerates apoptosis by increasing mitochondrial permeability and the
release of cytochrome c[39]. ER stress-induced in mitochondria released cytochrome C into the cytosol,
which further activated caspase-3 and caspase-9. ER stress-induced activation of caspase-3 dissociates
procaspase-12 from the ER membrane, �nally evoking the caspase-cascade reaction and leading to cell
apoptosis[40, 41]. Evidence obtained in recent years has demonstrated that ER-mediated cell death plays
an important role in the mechanisms underlying I/R neuronal damage. CHOP is activated by PERK and
ATF6, which induces apoptosis by repressing the expression of the anti-apoptotic protein Bcl-2 and
upregulating of pro-apoptotic protein Bax[42]. A previous study demonstrated that Xe exerts its
neuroprotective effect by regulating Bcl-2/Bax and reducing apoptosis[22], which is consistent with our
experimental results. In this study, we demonstrated that ER stress-induced apoptosis was involved in the
responses of SCIRI, and the levels of related proteins including GRP78, CHOP, caspase-3 protein and the
rate of Bax/Bcl-2 clearly increased (Fig. 6). Xe postconditioning signi�cantly decreased expression of the
above-mentioned proteins, suggesting that the neuroprotective effect of Xe was related to the inhibition
of ER stress-induced apoptosis. To further verify whether the neuroprotective effect of Xe against SCIRI is
mediated by inhibition of ER stress-induced apoptosis, 4-PBA (an ER stress inhibitor) was applied in this
study. When pretreated with 4-PBA, the number of apoptotic cells, expression of caspase-3 proteins, and
rate of Bax/Bcl-2 were decreased. Meanwhile, a signi�cant anti-apoptotic effect of 4-PBA was also
observed. However, in the presence of 4-PBA, Xe did not further enhance the anti-ER stress effect,
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indicating that both Xe and 4-PBA induced anti-ER stress effects mediated by the same mechanism.
Although Xe further enhanced the anti-apoptotic effect on the spinal cord after co-treatment with 4-PBA,
the degree was less than that of Xe treatment, suggesting that the neuroprotection of Xe was partially by
inhibiting ER stress-mediated apoptosis.

Combined with the above experimental results, this study had several limitations. First, animals were
sacri�ced at 4 h after reperfusion; therefore, the long-term effects of Xe could not be detected, which may
be an important variable in determining spinal cord survival after IRI. Second, we found that UPR
mediated three main signaling branches: IRE1α, PERK, and ATF6, and was not involved in subsequent
speci�c signaling pathways, whereas several pathways are involved in ER stress-autophagy pathways,
which may also be involved in Xe-induced neuroprotection. Third, our study focused only on neuronal
damage following SCIRI, while microglia and astrocytes play important roles in the in�ammatory
response after SCIRI. Therefore, we will continue to study the mechanism of neuronal apoptosis to
accelerate rehabilitation after IRI.

In conclusion, we speculate that the ER stress-induced neuronal apoptosis participates in the
pathogenesis of SCIRI, and Xe postconditioning protects tissues from SCIRI by inhibiting this pathway.
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Primer Forward 5'–3' Reverse 5'–3'

GRP78 CACTTGGTATTGAAACTGTGGG TGTTACGGTGGGCTGATTAT

ATF6 GCAGGTGTATTACGCTTCG TTCGGTC TTGTGGTCTTGTT

IRE1α GACGAGCATCCGAATGTGATCCG GAGGTGGTCTGATGAAGCAAGGTG

PERK TGGTAAAGTCATCCCCATCAGTC CCTTGTAGGGAACTTTTCCA

CHOP CTGAAGAGAACGAGCGGCTCAAG GACAGGTGATGCCAACAGTTC

Bax CCCGAGAGGTCTTCTTCC GAAGTCCAGTGTCCAGCCCA

Bcl-2 GTGAACTGGGGGAGGATTGT GCATCCCAGCCTCCGTTA

Caspase-3 CGGACCTGTGGACCTGAAAA TTCCACTGTCTGTCTCAATACCG

β-actin GGAGATTACTGCCCTGGCTCCTA GACTCATCGTACTCCTGCTTGCTG

Figures

Figure 1

Protocol for experiment 1 and magnetic resonance imaging of the lumbar spinal cord. (A) Protocol for
experiment 1. (B) Magnetic resonance imaging of the lumbar spinal cord at 4h after SCIRI. The spinal
edema imaging sequence was T2_TurboRARE sequence, and the parameters were as follows: Number of
slices=20, TR=000ms, TE=40ms, matrix=300×200, FOV=45×30mm, �ip Angle=90 and slice



Page 17/21

thickness=1mm, ETL=10, NEX=10. Splashing sequence T2map_MESE was adopted for T2 imaging of the
spinal cord, with the following parameters: Number of slices=20, TR=3000ms,
TE=6.6/13.2/...72.6/79.2ms, matrix=150×100, FOV=45×30mm, Flip Angle=90 and slice thickness=1mm,
ETL=1, NEX =1. T2 values of spinal cord were obtained by curve �tting of T2 imaging signal intensity
with multiple echo time using Levenberg-Marquardt algorithm. (C) The rate of T2 change at 2, 4, 6 and 24
h after reperfusion.

Figure 2

Protocol for experiment 2 and the effect of xenon postconditioning on ER stress related protein
expression in rats with SCIRI, as detected by western blot. (A) Protocol for experiment 2. (B)
Representative Western blots showing the changes in the expression of GRP78, IRE1α, ATF6 and PERK.
(C-F) Expression levels of GRP78, IRE1α, ATF6 and PERK in the spinal cord were normalized to β-actin
levels within the same sample. All data are presented as the mean ± SD, n=5, *P<0.05 vs Sham, #P<0.05
vs I/R.
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Figure 3

Representative co-staining images with GRP8 and NeuN captured at spinal cord after SCIRI. Scale bar =
50 µm.
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Figure 4

Protocol for experiment 3 and the effect of xenon post-conditioning on motor function, histopathologic
change and neuron apoptosis in rats with SCIRI. (A) Protocol for experiment 3. (B) BBB open-�eld
locomotor scales after SCIRI. (C) Tarlov score after SCIRI. (D) The count of normal neurons in spinal cord.
(E) Neural cell apoptosis rate in the rat spinal cord tissue. (F) Representative image of Hematoxylin-eosin
(H&E) staining, Nissl staining and TUNEL staining of the spinal cord tissues. All data are presented as the
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mean ± SD, n=5, Scale bar = 50 µm, *P<0.05 vs Sham, #P<0.05 vs I/R, &P<0.05 vs Xe, △P<0.05 vs I/R+4-
PBA.

Figure 5

Effect of xenon postconditioning on the ER stress related protein expression in rats with SCIRI, as
detected by western blot and Real-Time PCR. (A) Representative Western blots showing the changes in
the expression of GRP78, IRE1α, ATF6 and PERK. (B-E) Expression levels of GRP78, IRE1α, ATF6 and
PERK in the spinal cord were normalized to β-actin levels within the same sample. (F-I) Relative
expression of GRP78, IRE1α, ATF6 and PERK mRNA in the spinal cord of each group. All data are
presented as the mean ± SD, n=5, *P<0.05 vs Sham, #P<0.05 vs I/R.
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Figure 6

Effect of xenon postconditioning on the ER stress related apoptosis protein expression in rats after SCIRI,
as detected by western blot and Real-Time PCR. (A-D) Representative Western blots showing the changes
in the expression of CHOP, Caspasse-3, Bcl-2, Bax. (E-G) Relative expression of CHOP, Caspasse-3, Bcl-2,
Bax mRNA in the spinal cord of each group. All data are presented as the mean ± SD, n=5, *P<0.05 vs
Sham, #P<0.05 vs I/R, &P<0.05 vs Xe, △P<0.05 vs I/R+4-PBA.


