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a b s t r a c t

Spinal cord ischemia-reperfusion injury (IR) is a terrible non-traumatic injury that occurs after
abdominal aortic occlusion and causes serious damage to neurological function. Several treatment
strategies have been suggested for IR, but they were not unable to effectively improve these conditions.
Herein we investigated whether exosomes derived from human placental mesenchymal stem cells
(hpMSCs-Exos) in combination with hyperbaric oxygen (HBO) could alleviate injury and promote re-
covery in IR rats. Eighty male Sprague-Dawley rats were randomly allocated into five equal groups. In
addition to the control group that only underwent laparotomy, IR animals were planned into four groups
as follows: IR group; IR-Exos group; IR-HBO group; and IR-Exos þ HBO group. Neurological function
evaluated before, 6 h, 12 h, 24 h, and 48 h after injury. After the last neurological evaluation, tissue
samples were obtained for stereological, biochemical, and molecular assessments. Our results indicated
that the neurological function scores (MDI), the numerical density of neurons, the levels of antioxidative
factors (GSH, SOD, and CAT), and anti-inflammatory cytokine (IL-10) were considerably greater in
treatment groups than in the IR group, and these changes were more obvious in the IR-Exos þ HBO ones.
This is while the numerical density of glial cells, the levels of an oxidative factor (MDA) and inflammatory
cytokines (IL-1b, TNF-a, and IL-18), as well as the expression of an apoptotic protein (caspase-3) were
meaningfully decreased in treatment groups, especially IR-Exos þ HBO group, compared to the IR group.
Generally, it was found that co-administration of hpMSCs-Exos and HBO has synergistic neuroprotective
effects in the rats undergoing IR.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Paraplegia caused by spinal ischemia-reperfusion injury (IR)
during abdominal aortic surgery is one of the most terrible and
catastrophic events [1]. The incidence of this destructive compli-
cation in patients undergoing surgery is estimated at 30% [2]. This
complication causes the patient to have a serious neurological
disorder and his life is seriously affected [3]. Oxidative stress,
excessive inflammation, and activation of phospholipase-A2 play a
major role in the pathogenesis of IR. Meanwhile, oxidative stress is
more prominent due to the widespread release of O2 radicals,
which causes lipid peroxidation and the death of neurons [4,5]. So
far, several treatment methods including hypothermia induction,
cerebrospinal fluid drainage, and drug interventions have been
proposed, but none of them have had reliable clinical results [4].

Therefore, since several factors are effective in the pathogenesis
of IR, the application of therapeutic measures should also be based
on multi-factorial approaches.

Recently, several studies have pointed to the great potential of
human placenta mesenchymal stem cells (hpMSCs) in the treat-
ment of spinal cord injury (SCI) [6e8]. However, in these studies,
the ability of hpMSCs to repair SCI is believed to be primarily due to
the secretion of paracrine exosomes from these cells, not to their
multi-potential differentiation [9,10]. Exosomes are nano-sized
vesicles that are secreted by cells and contain compounds such as
lipids, proteins, and nucleic acid. These vesicles play a very
important role in cell communication, cell differentiation, and even
tissue function [9]. Compared to cells, exosomes are safer, more
stable, have a longer half-life in circulation, and can cross the blood-
brain barrier [11,12]. Studies have shown that the hpMSCs-derived
exosomes (hpMSCs-Exos) have neuroprotective effects and cause
modulation of oxidant status, modulate inflammatory reactions,
and inhibition of apoptosis [11,13,14].

However, as mentioned, due to the complexity of the IR, the use
of other complementary compounds along with the hpMSCs-Exos
can have synergistic and effective effects.

Hyperbaric oxygen (HBO) is one of the most effective com-
pounds in recent years in the treatment of some diseases such as
central nervous system injuries and chronic wounds [15,16].
Studies have shown that HBO increases the survival of neurons and
functional recovery in the SCI by inhibiting inflammation and
oxidative stress [17,18]. Cheshmi et al. reported that HBO reduces
the level of inflammatory factors such as interleukin 1 beta (IL-1b)
and tumor necrosis factor-alpha (TNF-a), inhibits oxidative stress,
and inhibits the apoptosis of neurons in the SCI rats [11]. Also, it has
been reported that HBO stabilizes lysosomal enzymes and pro-
motes nitric oxide production [19].

Considering the advantages mentioned about hpMSCs-Exos and
HBO therapy, however, the combination use of these has not been
documented in previous experimental studies. Therefore, in the
present study, we investigated the effects of hpMSCs-Exos in the IR
for the first time. Furthermore, we have investigated whether the
administration of hpMSCs-Exos together with HBO therapy could
synergistically attenuate injury and improve the neurological
function in an experimental animal model of IR.

2. Material and methods

All materials used in the present study were purchased from
Sigma-Aldrich (St. Louis, MO), except where assigned otherwise.

2.1. Isolation and culture of hpMSCs

Tocollect theplacenta,written consentwasfirstobtained fromthe
pregnant mothers who underwent cesarean, and then the placenta
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was collected under aseptic conditions and immediately transferred
to the laboratory to isolation the hpMSCs. The hpMSCs were isolated
and cultured as previously described [11]. Briefly, after obtaining the
placenta, itwaswashed3 timeswithphosphate-buffered saline (PBS;
Thermos,US) to separate bloodandother contents. Then, theplacenta
was cut into 2 cm pieces and approximately 15 g of them were
transferred to a tube containing 15 ml of digestion solution at room
temperature. The solution was centrifuged at 800 rpm for 5 min to
separate the cell pellet. Next, the cell pellets were resuspended in
Dulbeccomodified Eaglemedium (DMEM; Gibco)þ 20% fetal bovine
serum (FBS; Gibco) þ 1% penicillin-streptomycin (Gibco). In the end,
the cellswere seeded inT-75flasks and incubated. To characterize the
hpMSCs, flow cytometry analysis of CD73, CD105, CD45, and CD34
markers were performed [11].

2.2. Isolation and identification of hpMSCs-Exos

Isolation and identification of hpMSCs-Exos were performed
according to Cheshmi et al. [11]. When the cells reached 60e70%
confluence at passage 3e5, they were washed twice with sterile
PBS and incubated for 48 h in serum-free low glucose-DMEM
(Gibco). Then, the supernatant was collected, centrifuged at
3000 rpm for 20min, and passed through a 0.22 mm filter to remove
cell debris. Subsequently, 5 ml of sterile PBS was added to the
isolated supernatant and ultracentrifuged at 100,000 rpm for
70 min. Finally, for exosome extraction, the second round of ul-
tracentrifugation was repeated at 100,000 rpm for 70 min. The
purified exosomes were filtered by a 0.22 mm pore filter (Millipore)
and transferred to a �80 freezer for further assessment. The
morphology and size were analyzed using transmission electron
microscopy (TEM; JEM-1400, Japan Electronics Co., Ltd.) and dy-
namic light scattering (DLS), respectively [11].

In addition, to evaluate the presence of typical exosomemarkers
(CD9, CD63, and CD81), Western blot method was performed [14].
The protein concentration was determined using the BCA assay kit
(Kalazist, Tehran, Iran). Equal concentrations of total protein were
separated by electrophoresis in SDS-PAGE gel. After electropho-
resis, proteins were transferred to 0.25 mm polyvinylidene difluor-
ide (PVDF) membranes for 60 min. Next, the PVDF membranes
were washed by tris-buffered-saline-tween (TBST) to remove non-
specific binding. After that, CD9 (1:1000; Abcam ab223052), CD63
(1:1000; Abcam ab134045), and CD81 (1:1000; Abcam ab79559)
were added and incubated for 24 h at 4 �C. Themembranewas then
washed with TBST before adding secondary antibody (1:30,000;
Abcam ab97047) and incubating for 2 h at room temperature. To
detection of positive reactions, enhanced chemiluminescence was
used.

2.3. Animals

Healthy adult male Sprague-Dawley rats weighing 220e260 g
were recruited. All animals were kept under standard conditions of
temperature, lighting, and access to rodent chow and drinking
water. Methods were performed according to ARRIVE guidelines.

2.4. Study groups and experimental IR model

Eighty rats were randomly planned into five groups (n ¼ 16). In
addition to the control group that only underwent laparotomy, IR
animals were planned into four groups as follows: IR group; IR-Exos
group; IR-HBO group; and IR-Exos þ HBO group.

IR induction was performed as previously described [2]. Briefly,
the rats were anesthetized by intraperitoneal injection of ketamine
(80 mg/kg) and xylazine (10 mg/kg). Under aseptic conditions, a
midline incision was made on the abdomen and the aorta was
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exposed. Before the aortic clamp and induction of ischemia, to
prevent coagulation, intravenous heparin was administered. The
location of the aortic clamp was about 1 cm below the left renal
artery, which was performed using a microvascular clamp. IR was
created via occlusion of the aorta for 60 min. In the end, the clamps
were removed, and the abdomenwall was closed in layers with silk
sutures, and then immediately gentamicin (Abidi Co, Tehran, Iran)
was administered (40,000 U; im) to prevent infection [2]. To reduce
the pain, all animals were treated with ibuprofen (20 mg/kg) every
8e12 h before surgery, which was continued to the end of the
experiment. After IR induction, animals were subjected to behav-
ioral assessment before surgery, 6 h, 12 h, 24 h, and 48 h after
surgery. After the last evaluation was performed, all rats were
sampled for histological, biochemical, and molecular evaluations.

2.5. hpMSCs-Exos and HBO administration

To the administration of hpMSCs-Exos, 30 min after IR, 0.1 mg/mL
of exosomes precipitated in 200 ml of PBS was injected through the
tail vein [11,20,21]. For HBO administration, a standard hyperbaric
oxygen chamber was used. Oxygen therapy was performed two
times 60 min during ischemia induction and then during reperfu-
sion. Each administration was done in three steps. At first, the ox-
ygen pressure was gradually increased to 2.5 atm for 5 min to avoid
the damage caused by a sudden increase in pressure. Then the
oxygen pressure was maintained at 2.5 atm for 50 min. In the last
5 min, to prevent injury, the oxygen pressure was gradually
reduced to 1 atm [4].

2.6. Histological and stereological assessments

In the end, tissue samples were obtained and fixed in 4% para-
formaldehyde. After going through routine histological procedures,
the samples were embedded in paraffin. Ten evenly spaced sections
were selected from each rat and stained with hematoxylineeosin
(H&E). For the evaluation of the numerical densities (Nv) of neu-
rons and glial cells, the stereological method was performed using
the below formula [22].

Nv ¼
P

Q
P

P � h� a
f
� t
BA

SQ: cell number (nucleus); h: height of the dissector; Sp: the

total number of each cells that counted inside the probe; a ðareaÞ
f ðfieldÞ; BA:

block advance of the microtome; t: section thickness [23].

2.7. Biochemical evaluation

To evaluate how hpMSCs-Exos and HBO exerts neuroprotective
effects, the antioxidative (glutathione: GSH; superoxide dismutase:
SOD; and catalase: CAT) activities and oxidative (malondialdehyde;
MDA) levels in spinal cord homogenates were detected simulta-
neously. Briefly, the MDA level was evaluated by amethod based on
thiobarbituric acid. The GSH, SOD, and CAT activities were deter-
mined based on the trichloroacetic, pyrogallol, and hydrogen
peroxide, respectively [11]. All procedures were performed under
the guidance of the manufacturer's instructions (Yekta Tajhiz Co.,
Tehran, Iran).

2.8. Determination of inflammatory cytokines

In the present study, we measured the levels of three cytokines
effective in inflammation (IL-1b, TNF-a, and IL-18) and an anti-
inflammatory cytokine (IL-10) using the ELISA method. For this
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purpose, 100 mg of spinal cord tissue was homogenized in a lysis
buffer solution. The contents of this solution included phenyl-
methanesulfonyl fluoride (1 mM), Triton X-100 (1%), EDTA (2 mM),
sodiumpyrophosphate (2.5mM), Tris (20mM), and leupeptin (0.5mg/
ml). The solutionwascentrifugedat15.000 rpmfor15min to separate
the cell pellet. Finally, the cytokines levels were determined using
ELISA kits according to the manufacturer's instructions (Invitrogen,
USA). Data were expressed as picogram per milligram protein [24].

2.9. Western blot analysis

To evaluate the expression of the apoptotic protein, theWestern
blot method was performed for caspase-3 antibody [24]. Homoge-
nized spinal cord samples were lysed using lysis buffer (containing
of 62.5 mM TriseHCl, 1 g of sodium deoxycholate, 0.2 g of sodium
dodecyl sulfate, 150 mM NaCl, 2 mM EDTA, and 1% Triton X-100)
while placed on ice. The protein concentrations were determined
using the BCA assay kit (Kalazist, Tehran, Iran). Equal concentrations
of total protein were separated by electrophoresis in SDS-PAGE gel.
After electrophoresis, proteins were transferred to 0.25 mm PVDF
membranes for 60 min. Next, the PVDF membrane was washed by
TBST to remove non-specific binding. After that, caspase-3 (1:200;
Abcam ab4051) was added and incubated for 24 h at 4 �C. The
membrane was then washed with TBST before adding a secondary
antibody (1:30,000; Abcamab97047) and incubating for 2 h at room
temperature. To detection of positive reactions, enhanced chem-
iluminescence was used [11]. Additionally, b-actin (1:5000; Abcam
ab119716) was used as an internal control.

2.10. Neurological evaluation

To evaluate neurological function, a motor deficit index (MDI)
test was performed before and 6 h, 12 h, 24 h, and 48 h after the IR.
The maximum MDI score was 6 (score of 2 for placing or stepping
reflex and score of 4 for ambulation). Ambulation of hind limb was
graded as follows: 0: normal; 1: toes flat under the body when
walking but ataxia present; 2: knuckle walking; 3: unable to
knuckle walk but some movement of the hind limbs; and 4: no
movement or drags lower extremities. The placing or stepping re-
flex was evaluated by the dragging movements and responses of
the hind paw dorsum when touching the floor surface. Hind paw
placing or stepping reflex was graded as follows: 0: normal; 1:
weak; and 2: no stepping [2].

2.11. Statistical analysis

Quantitative and qualitative variables were reported as
Mean ± SD and frequency (%). Data normality was confirmed using
the Kolmogorov-Smirnov test. Our results revealed that all quan-
titative variables had a normal distribution. Comparison the mean
of quantitative variables was performed using one-way analysis of
variance (ANOVA). Then, Tukey's post hoc test was used to test the
differences between the pairs of groups. Differences were consid-
ered significant at P < 0.05. Statistical analyses were performed
using the GraphPad Prism 6 software package (GraphPad Prism
Software Inc., San Diego, CA, USA).

3. Results

3.1. hpMSCs marker analysis

Flow cytometry outcomes showed that the hpMSCs almost
completely expressed CD73 (98.8%) and CD105 (91.3%). In contrast,
CD45 (0.78%) and CD34 (0.42%) were slightly expressed (see Fig. 1).
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3.2. Characterization of hpMSC-Exos

The obtained exosomes from hpMSCs were round (Fig. 2A). The
mean diameter size of exosomes was 80 nm (Fig. 2B). In addition,
exosome surface proteins (CD9, CD63, and CD81) were detected in
Western blot analysis (Fig. 2C) (Supplementary Fig. 1).
3.3. Combination of hpMSCs-Exos and HBO increased neuronal
survival and decreased gliosis

Fig. 3A shows H&E staining on tissue sections. Also, Fig. 3B and C
shows the result graphs for the determined stereological
parameters.

Considering the numerical density of neurons, we found that
the IR-Exos, IR-HBO, and IR-Exos þ HBO groups were meaningfully
higher compared to the IR group (p < 0.05, p < 0.05, and p < 0.001)
(Fig. 3B).

In the assessment of the numerical density of glial cells, we
observed that the IR-Exos, IR-HBO, and IR-Exos þ HBO groups had
significantly lower cells compared to the IR group (p < 0.05,
Fig. 1. Characterization of human placenta mesenchymal stem cells. (A) hpMSCs grew as s
that they expressed a high cluster of CD73 (B) and CD105 (C), but they expressed a few CD
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p < 0.01, and p < 0.0001). Furthermore, in comparing the outcomes
between treatment groups, the IR-Exos þ HBO group had consid-
erably lower cells compared to the IR-Exos group (p < 0.01)
(Fig. 3C).
3.4. Combination of hpMSCs-Exos and HBO inhibited IR-induced
oxidative stress

Our finding revealed that the IR-Exos, IR-HBO, and IR-
Exos þ HBO groups had considerably higher activities in the GSH
(p < 0.05, p < 0.01, and p < 0.001), SOD (p < 0.01, p < 0.01, and
p< 0.001), and CAT (p< 0.05, p< 0.01, and p< 0.0001) than in the IR
group. Furthermore, we observed that the IR-Exos þ HBO group
compared to the IR-Exos and IR-HBO groups was meaningfully
higher in the GSH (p < 0.01 and p < 0.05), SOD (both, p < 0.05), and
CAT (p < 0.01 and p < 0.05) (Fig. 4A).

Considering the oxidative (MDA) levels, we found that the IR-
Exos, IR-HBO, and IR-Exos þ HBO groups were meaningfully
lower compared to the IR group (p < 0.05, p < 0.01, and p < 0.0001).
In addition, MDA level in the IR-Exos þ HBO group was
pindle-shaped, fibroblast cell colonies. Flow cytometry analysis of the hpMSCs revealed
45 (D), and CD34 (E).



Fig. 2. Characterization of hpMSCs-Exos. (A) Morphology of hpMSCs-Exos obtained by transmission electron microscopy. (B) The distribution of hpMSCs-Exos size by DLS analysis.
(C) Exosome specific surface proteins (CD9, CD63, and CD81) were examined by Western blot analysis.
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meaningfully low than in the IR-Exos and IR-HBO groups (p < 0.01
and p < 0.05) (Fig. 4A).

3.5. Combination of hpMSCs-Exos and HBO inhibited IR-induced
inflammation

The determination the level of anti-inflammatory cytokine (IL-
10) indicated that the IR-Exos, IR-HBO, and IR-Exos þ HBO groups
compared to the IR group had considerably higher levels (p < 0.01,
p < 0.01, and p < 0.0001). Meanwhile, comparing the level of IL-10
cytokine between the treatment groups indicated that the IR-
Exos þ HBO group had significantly higher level compared to the
IR-Exos and IR-HBO groups (both, p < 0.05) (Fig. 4B).

Considering the proinflammatory cytokines, the outcomes
indicated that the IR-Exos, IR-HBO, and IR-Exos þ HBO groups
compared to the IR group had considerably lower levels of the IL-1b
(p < 0.01, p < 0.001, and p < 0.0001), TNF-a (p < 0.05, p < 0.01, and
p < 0.001), and IL-18 (p < 0.05, p < 0.01, and p < 0.0001). Moreover,
the IR-Exos þ HBO group compared to the IR-Exos and IR-HBO
groups had meaningfully lower levels of the TNF-a and IL-18
(both, p < 0.01 and p < 0.05). In addition, the level of the IL-1b
cytokine in the IR-Exos þ HBO group was significantly lower
compared to the IR-Exos group (p < 0.05) (Fig. 4B).
3.6. Combination of hpMSCs-Exos and HBO decreased caspase-3
levels

To assess the protective effect of hpMSCs-Exos and HBO against
neurons apoptosis, caspase-3 levels in the spinal cord were detec-
ted using western blotting. The finding showed that the IR-Exos, IR-
HBO, and IR-Exos þ HBO groups had considerably lower caspase-3
levels than the IR group (p < 0.05, p < 0.01, and p < 0.0001). In
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addition, the IR-Exos þ HBO group compared to the IR-Exos group
had noteworthy lower caspase-3 levels (p < 0.05) (Fig. 5)
(Supplementary Fig. 2).

3.7. Combination of hpMSCs-Exos and HBO improved IR-induced
neurological function deficit

To evaluate the effect of combination of hpMSCs-Exos and HBO
on functional recovery in IR-induced rats, the MDI test was used
(Fig. 6). Regarding the MDI scores, we observed that the IR-Exos, IR-
HBO, and IR-Exos þ HBO groups compared to the IR group had
significantly lower scores in 6 h (all, p < 0.001), 12 h (p < 0.01,
p < 0.01, and p < 0.001), 24 h (p < 0.01, p < 0.01, and p < 0.001), and
48 h (all, p < 0.001) after IR-induction. Furthermore, the MDI scores
in the IR-Exos þ HBO group were meaningfully lower compared to
the IR-Exos and IR-HBO groups in 6 h (p < 0.01 and p < 0.05), and
compared to the IR-Exos group in 12 h, 24 h, and 48 h (all, p < 0.05),
after IR-induction.

4. Discussion

The spinal cord is more susceptible to damage caused by
ischemia due to poor segmental blood supply [2]. Studies have
shown that the main mechanisms in spinal cord injury following
ischemia-reperfusion are the occurrence of oxidative stress,
excessive inflammation, and as a result, apoptosis of cells in the
ischemia site [1]. Finally, all these cases can disrupt the function of
the spinal cord and cause serious disturbance in nerve exchanges in
the damaged spinal cord segments as well as the lower segments of
the injured area. Therefore, according to the pathogenesis of IR, the
best treatment should include three parts in addition to quick ac-
tion in damage control [25]. First, oxidative stress should be



Fig. 3. Effects of hpMSCs-Exos in combination with HBO on histological and stereological changes. (A) The photomicrographs of H&E staining from the anterior horn of the
spinal cord. Numerical densities of (B) neurons and (C) glial cells which were determined by the optical dissector method. Values are mean ± SD. *p < 0.05; **p < 0.01, ***p < 0.001,
****p < 0.0001.
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inhibited. Second, the spread of inflammation should be prevented.
And the third is to prevent the apoptosis of cells in the damaged
area. Therefore, since several factors are effective in the patho-
genesis of IR, the application of therapeutic measures should also
be based on multi-factorial approaches [4]. In the current study, we
found that the co-administration of hpMSCs-Exos and HBO effec-
tively improved neurological function and synergically alleviated
histopathological damages by reserving neuronal survival and
inhibited gliosis in the spinal cord. Moreover, combination use of
the hpMSCs-Exos and HBO considerably inhibited oxidative stress
and inflammation, and attenuated apoptosis following the IR.

Oxidative stress is one of the main destructive factors in IR [26].
Studies have shown that after IR, lipid peroxidation is significantly
activated, and then the membranes of neurons are seriously
damaged and can cause the destruction of cells. Meanwhile,
following this pathological event, the activity of antioxidant en-
zymes also decreases dramatically [25,27]. Therefore, studies have
412
shown that if MDA levels can be reduced and the activity of anti-
oxidant enzymes such as GSH, SOD, and CAT can be increased, the
damage caused by IR can be significantly inhibited [2,28]. In the
present study, all four biochemical indices related to oxidative
stress were evaluated. Our results showed that the levels of the
MDA and the activities of the GSH, SOD, and CAT enzymes in all
treatment groups were decreased and increased, respectively,
compared to the IR group, and these changes were more pro-
nounced in the combined group. In this regard, Cheshmi et al.
documented that the hpMSCs-Exos can significantly inhibit the
level of oxidative stress in the injured spinal cord by reducing the
levels of the MDA and increasing the activity of antioxidant en-
zymes (GSH, SOD, and CAT) [11]. Also, Lu et al. reported that the
hpMSCs-Exos with paracrine activity increase the activity of anti-
oxidant enzymes and can also reduce the level of lipid peroxidation
[29]. On the other hand, Ilhan et al. reported that the HBO
administration increased theMDA concentration and decreased the



Fig. 4. Effects of hpMSCs-Exos in combination with HBO on oxidative-stress related biomarkers and inflammatory cytokines levels. (A) Concentrations of antioxidative (GSH,
SOD, and CAT) activities and oxidative (MDA) levels were determined by biochemistry method. (B) The levels for anti-inflammatory (IL-10) and inflammatory (IL-1b, TNF-a, and IL-
18) cytokines were determined using ELISA method. Values are mean ± SD. *p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 5. Effects of hpMSCs-Exos in combination with HBO on the expression of the apoptotic protein. (A) Western-blotting analysis of apoptotic (caspase-3) protein isolated from
the spinal cord. (B) Data were analyzed using densitometry. Values are mean ± SD. *p < 0.05; **p < 0.01, ****p < 0.0001.

Fig. 6. Effects of hpMSCs-Exos in combination with HBO on neurological functions. Motor deficit index (MDI) test was performed before and 6 h, 12 h, 24 h, and 48 h after IR.
Values are mean ± SD. *p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001. a p < 0.001 IR-Exos, IR-HBO, and IR-Exos þ HBO groups vs IR group; b p < 0.01 IR-Exos þ HBO group vs IR-
Exos group; c p < 0.05 IR-Exos þ HBO group vs IR-HBO group; d p < 0.001 IR-Exos þ HBO group vs IR group; e p < 0.01 IR-Exos and IR-HBO groups vs IR group; f p < 0.01 IR-
Exos þ HBO group vs IR-Exos group; g p < 0.05 IR-Exos þ HBO group vs IR-Exos group.
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SOD, GSH-Px, and CAT levels in animals subjected to IR [4]. Also,
Ahmadi et al. reported that HBO can significantly prevent the
occurrence of oxidative stress in spinal cord injury by inhibiting
lipid peroxidation and increasing the activity of antioxidant en-
zymes [17]. Therefore, in the present study, we found that each
combination of hpMSCs-Exos and HBO can inhibit oxidative stress
in rats subjected to the IR, however, their combined use had these
effects synergistically, and even compared to single treatment
groups, the situation was better.

On the other hand, the severe inflammatory response is another
destructive factor in the pathogenesis of IR. This event occurs
within a few hours after the injury and is associated with the
release of inflammatory cytokines such as IL-1b, TNF-a, and IL-18
[30]. Studies have shown that two factors play a very important
role in controlling this situation, quick treatment action and the use
of an effective combination [4,11,14,17]. In addition, experimental
studies have shown that inhibiting and stimulating the expression
414
of IL-1b and IL-10 cytokines, respectively, increases the survival of
neurons and prevents the occurrence of gliosis at the injury site
[11,31]. In the present study, we found that the combined admin-
istration of the hpMSCs-Exos and HBO during ischemia induction
and immediately after that in the reperfusion stage synergically
reduced the levels of inflammatory cytokines and the numerical
density of glial cells. In addition, we observed that in the treatment
groups, especially the IR-Exos þ HBO group, the levels of IL-10
cytokine as an anti-inflammatory agent and the numerical den-
sity of neurons also increased. In this regard, it has been docu-
mented that the hpMSCs-Exos have immunosuppressive and
immunomodulatory properties [9]. Cheshmi et al. documented that
the hpMSCs-Exos have considerable anti-inflammatory effects and
can significantly reduce the expression levels of inflammatory cy-
tokines (TNF-a and IL-1b) and the numerical density of glial cells,
and instead increase the IL-10 cytokine levels and the neurons
survival in the SCI. They stated that these effects are probably due to
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the overexpression of Nrf2, which inhibits oxidative stress and the
expression of pro-inflammatory genes [11,32]. On the other hand,
studies have shown that HBO, by stimulating the production of
prostacyclin, causes cell protection and inhibits inflammation in
the spinal cord during aortic occlusion [4,33]. Also, Ahmadi et al.
and Cheshmi et al. reported that HBO therapy in the SCI signifi-
cantly reduces the level of inflammation and gliosis and increases
the survival of neurons in the injury site [11,17].

Apoptosis of nerve cells is the last step in the IR and is irreversible,
andasa result, it causes a seriousdisturbance in themotor functionof
the spinal cord in the damaged segment and areas below the injury
site [34]. In the present study, we found that the expression level of
caspase-3 protein as an indicator of cell apoptosis in the treatment
groups, especially the IR-Exos þ HBO group, was significantly
reduced. In this regard, Hu et al. reported that the hpMSCs-Exos
reduced inflammation and inhibited apoptosis by modulating NF-
kB/MAPK and PI3K signaling pathways [35]. Also, Cheshmi et al. re-
ported that the hpMSCs-Exos have neuroprotective effects and
improvedneurological function in the SCI ratsby inhibitingapoptosis
[11]. Regarding the anti-apoptotic effects of HBO, Zhang et al. re-
ported that HBO administration inhibits the expression of apoptotic
factors and ultimately prevents the death of neurons [18].

5. Conclusion

Generally, our finding revealed that the separate administration
of hpMSCs-Exos and HBO had neuroprotective effects in the rats
undergoing IR. However, we found that the co-administration of
both compounds hadmore effects and synergically alleviates spinal
cord ischemia-reperfusion injury in rats. However, the neuro-
protective effects of hpMSCs-Exos and HBO in the treatment of
spinal cord ischemia-reperfusion injury patients require more
clinical studies.
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