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A B S T R A C T   

Background: Identifying effective spinal cord injury (SCI) treatments remains a major challenge, and current 
approaches are still unable to effectively improve its. Currently, we investigated the combined effects of hy
perbaric oxygen (HBO) along with coenzyme Q10 (CoQ10) in the recovery of SCI in rats. 
Material and methods: Ninety female mature Sprague-Dawley rats were allocated into five equal groups, 
including; sham group, SCI group, HBO group (underwent SCI and received HBO), CoQ10 group (underwent SCI 
and received CoQ10), and HBO+CoQ10 group (underwent SCI and received HBO plus CoQ10). Tissue samples at 
the lesion site were obtained for evaluation of stereological, immunohistochemical, biochemical, molecular. 
Also, functional tests were performed to evaluate of behavioral properties. 
Results: We found that a significant increase in stereological parameters, biochemical factors (GSH, SOD and 
CAT), IL-10 gene expression and behavioral functions (BBB and EMG Latency) in the treatment groups, especially 
HBO+CoQ10 group, compared to SCI group. In addition, MDA levels, the density of apoptotic cells, as well as 
expression of inflammatory genes (TNF-α and IL-1β) were considerably reduced in the treatment groups, espe
cially HBO+CoQ10 group, compared to SCI group. 
Conclusion: We conclude that co-administration of HBO and HBO+CoQ10 has a synergistic neuroprotective ef
fects in animals undergoing SCI.   

1. Introduction 

Trauma-induced spinal cord injury (SCI) is one of the most common 
neurological disorders and imposes a significant economic burden on 
patients and society. Much effort has been expended to find effective 

treatments for SCI, but current treatments need improvement (Alizadeh 
et al., 2019). In SCI, a cascade of molecular and cellular events begins 
after trauma that can lead to destructive events such as apoptosis, 
gliosis, excessive inflammation and oxidative stress at the injury site 
(Mirzaie et al., 2022). Therefore, this is the secondary post-traumatic 
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stage that can lead to escalation of injury and loss of sensory and motor 
pathways at the site of injury and the underlying spinal cord (Cheshmi 
et al., 2023). Studies have shown that the most effective intervention in 
spinal cord injury is to perform rapid treatment measures and prevent 
the spread of secondary damage after trauma (Anjum et al., 2020; David 
et al., 2019). Despite major advances in the treatment and care of these 
patients, research into new and effective treatment protocols remains 
one of the priorities of healthcare systems worldwide (Karsy and 
Hawryluk, 2019). 

Considering that methylprednisolone is the only clinically effective 
drug in the treatment of SCI patients, it has not been approved in recent 
years due to significant side effects such as the increased possibility of 
gastrointestinal bleeding and the subsequent increase in mortality (Liu 
et al., 2019). 

Considering the complexity of the pathological events that occur in 
SCI, it seems that the most effective treatment is the use of multifactorial 
approaches that can both inhibit the spread of damage and cause the 
damaged area to heal. 

Hyperbaric oxygen (HBO) is the administration of pure oxygen 
(100%) at pressures above 1 atmosphere (Izanlu et al., 2022). Currently, 
this combination is used in the clinic to treat various diseases, including 
venous ulcers (Armand et al., 2012), diabetic foot’s ulcers (Lalieu et al., 
2022), spinal cord injury (Sun et al., 2019), decompression sickness, 
selected crush injuries, compartment syndromes, and other acute trau
matic ischemia (Kirby et al., 2019). HBO has high anti-inflammatory, 
anti-apoptotic and antioxidant properties, and studies have shown that 
its administration in SCI can significantly prevent the spread of damage 
(Ahmadi et al., 2022; Huang et al., 2021). We previously reported that 
the administration of HBO together with methylprednisolone synergis
tically improves the histological and functional condition of the spinal 
cord in SCI rats (Ahmadi et al., 2022). Therefore, we have presently 
investigated the HBO therapy alongside coenzyme Q10 (CoQ10) that 
some experimental studies reported their beneficial effects in SCI. 

CoQ10 is a vitamin-like benzoquinone compound. CoQ10 has an 
important role in the production of ATP and in the mitochondrial res
piratory chain (Raizner, 2019). Studies have shown that CoQ10 has 
antioxidant and anti-apoptotic properties and its administration in 
various diseases such as cerebral ischemia (Lu et al., 2017), heart failure 
(Madmani et al., 2014), hepatotoxicity (Samimi et al., 2019), and 
reproductive system (Saha et al., 2019) can prevent the progression of 
damage. Recently, studies have reported the neuroprotective effects of 
CoQ10 in spinal cord injury (Li et al., 2019; Zhang et al., 2015). 

Presently, we investigated whether administration of HBO together 
with CoQ10 could synergistically prevent damage progression and 
induce functional improvement in an experimental animal model of SCI. 

2. Material and methods 

2.1. Experimental spinal cord injury model 

In the present study, 90 mature female Sprague-Dawley rats 
(200–250 g) were recruited. In order to induce SCI, Allen’s method was 
used with minor modification (Mirzaie et al., 2022). Briefly, the rats 
were anesthetized with intraperitoneal (ip) injection of xylazine (10 
mg/kg) and Ketamine (80 mg/kg). Under aseptic conditions, a skin 
incision was first made between the T6 to T10 vertebrae, followed by a 
laminectomy on the T9 vertebra. After the spinal cord was exposed, a 
100 mg weight was dropped from a height of 5 cm to inflict a contusion. 
After causing the injury, the skin of the injured area was sutured, and 
then immediately Cefazolin (Loghman Co, Tehran, Iran) was adminis
tered (50 μg/kg; ip) in order to prevent infection (Ahmadi et al., 2022). 

The animals were randomly allocated into five equal groups (n =
18). In addition to sham group that only underwent laminectomy, SCI 
rats were divided into four groups as follows: SCI group; HBO group that 
received HBO; CoQ10 group that received CoQ10; and HBO+CoQ10 
group that simultaneously received HBO and CoQ10. 

Experimental studies have shown that the optimal time to study 
factors influencing the spread of secondary damage in SCI, such as 
inflammation, cell apoptosis, and oxidative stress, is forty-eight hours 
after the injury (Christie et al., 2008; Citron et al., 2000). However, 
neurological examination requires more time (Ahmadi et al., 2022). 
Therefore, in the current study, treatment assessments were performed 
in 2 intervals. Forty-eight hours after surgery, 12 rats from each group 
were sampled for immunohistochemical, molecular and biochemical 
evaluations. The remaining 6 rats in each group were sampled for ste
reological evaluations on day 14 after behavioral function testing, as 
described in Fig. 1. To prevent the possible bias in the results, all eval
uations and data analysis were performed by a person who did not have 
information about the groups and treatments received. 

2.2. HBO therapy and CoQ10 administration 

A standard hyperbaric oxygen chamber was used for HBO therapy 
(Ahmadi et al., 2022). The duration of oxygen therapy was 90 min, 
during which the rats were placed within the chamber and oxygen 
administration was done in three stages. In the first 15 min, the pressure 
was gradually increased to avoid damage caused by a sudden increase in 
pressure. After stabilizing the pressure at 2.5 atmospheres, this pressure 
was maintained for one hour. And finally, in the last 15 min, the pres
sure was reduced gradually until it reached 1 atmosphere and the ani
mals were taken out of the chamber. Oxygen was administered three 
times, including 6, 24, and 48 h after the injury. In the groups receiving 
CoQ10, immediately after SCI, CoQ10 (Sigma chemicals, St Louis, MO, 
USA) was administered as a single dose of 20 mg/kg intraperitoneally 
(ip) and then continued daily for 2 days at the same times (Li et al., 
2019). 

2.3. Histopathological and stereological evaluations 

Tissue samples at the site of the lesion were taken at the end of the 
study (day 14) and fixed in 10% formalin. Next, the samples were 
embedded in paraffin and cut using a microtome after routine histo
logical procedures. Ten equally spaced sections were selected from each 
rat and stained with H&E. The used sections were in two thicknesses. A 
5 µm thickness was used to measure the total volumes of the spinal cord 
and central cavity, and a 20 µm thickness was used to count the nu
merical densities of neurons and glial cells (Howard and Reed, 2004). 

2.3.1. Stereological determination of volume 
In order to measure the total volumes of the spinal cord and the 

central cavity at the site of the lesion, stereological evaluation was 
performed based on the Cavalieri method. In this method, the image of 
the tissue sections were superimposed on the grid of points and the 
points that were placed in the tissue area were counted. After counting 
the points, total volumes were calculated according as follows: Vtotal =
∑

P× a
p× t: that ΣP was counted points; a/p was the area of each point 

(mm2), and t was the distance between two consecutive sections (mm) 
(Supplementary Figure 1). 

2.3.2. Stereological evaluation of the numerical densities of neuron and 
glial cells 

Tissue sections were placed at magnification × 400, then neuron and 
glial cells that placed within the probe were counted and numerical 

densities (NV) were calculated as follows: Nv =

∑
Q∑

P×h×a
f
× t

BA, where ΣQ 

was the total number of counted frames; h (µm) was the dissector height; 
Σp was the total number of counted cells within the probe; a/f (mm2) 
was the probe area; BA (µm) was the microtome block advance that set 
at ten μm; and t (µm) was section thickness (Supplementary Figure 1). 
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2.4. Immunohistochemistry 

For determination of apoptosis, immunostaining for caspase-3 anti
body was performed. For this purpose, 10 sections with equal intervals 
from each rat were selected. After deparaffinization, all sections were 
exposed to goat serum in order to block non-specific sites. Then, 
Caspase-3 (1:100 in PBS, Abcam ab4250) antibody was added to the 
sections and incubated overnight at 4 ◦C. Next, sections were washed 
with PBS and secondary antibody (Abcam ab97047) was added. Finally, 
to detection of positive reactions, diaminobenzidine tetrahydrochloride 
was added. A densitometry method was used to determine the density of 
positive reactions (Ahmadi et al., 2022). 

2.5. Biochemical evaluations 

After washing the harvested samples with sterile PBS to remove 
excess tissue residues, they were immediately frozen at − 80 ◦C for 
further analysis. To assess the biochemical status at the site of injury, 
concentrations of glutathione (GSH), superoxide dismutase (SOD) and 
catalase (CAT), as antioxidant biomarkers, and malondialdehyde 
(MDA), as oxidant factor, has been investigated. 

The levels of GSH were measured as described by Ellman (1959). For 
this purpose, the tissue homogenates were mixed with 5% trichloro
acetic acid (TCA). The contents were mixed well and 1.0 ml of Ellman’s 
reagent and 0.3 M disodium hydrogen phosphate were added. The 
absorbance was read at 420 nm against a blank containing TCA. The 
amount of glutathione is expressed as µmol/mg of protein. 

The activity of SOD was measured as described by Misra and 

Fridovich (1972). Briefly, ethanol and chloroform were added to tissue 
homogenates followed by adding 0.6 mM EDTA solution and 0.1 M 
carbonate-bicarbonate buffer. Then, 1.8 mM epinephrine was added to 
initiate the reaction and absorbance was read at 480 nm. The enzyme 
activity is expressed as equiv/mg protein. 

The CAT activity was measured as described by Aebi (1974). Briefly, 
50 mM phosphate buffer was added to the tissue homogenate and the 
reaction was started by the addition of 30 mM H2O2 solution. The 
absorbance was read at 245 nm. The enzyme activity is expressed as 
equiv/mg protein. 

Finally, the levels of MDA were measured by the method of 
Uchiyama and Mihara (1978). Briefly, TCA and thiobarbituric acid 
(TBA) were added to the tissue homogenates and their absorbance was 
measured at 532 nm. The level of MDA was expressed as µmol/mg of 
protein. 

2.6. Gene expression evaluation 

Quantitative real-time PCR (qRT-PCR) method was used to measure 
IL-10 gene expression as an effective cytokine in immunoregulatory, and 
TNF-α and IL-1β genes as indicators of inflammation. In this method, 
harvested tissue samples were homogenized immediately after collec
tion and total RNA was extracted using the Total RNA Extraction Kit 
(pars-tous). In order to prepare cDNA, cDNA MultiScribe™ kit (Ther
moFisher) was used (Cheshmi et al., 2023). The results of cDNA evalu
ation using spectrophotometry showed that the absorbance ratio for all 
samples between two wavelengths of 260 and 280 nm were about 
1.8–2.01. Finally, gene expression levels were determined using a 
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Fig. 1. Scheme of the experimental design. (A) To induce SCI, Allen’s method was applied on the T9 level. HBO was administered three times, including 6, 24, and 
48 h after the injury. In the groups receiving CoQ10, immediately after SCI, CoQ10 was administered as a single dose of 20 mg/kg intraperitoneally and then 
continued daily for 2 days at the same times. Sampling was done in 2 time points. Forty-eight hours after surgery, 12 rats from each group were sampled for 
immunohistochemical, qRT-PCR, and biochemical evaluations. The remaining 6 rats in each group were sampled for stereological evaluations on day 14. (B) Ninety 
rats were randomly divided into five groups (n = 18). In addition to the sham group that only underwent laminectomy, SCI rats were divided into four groups as 
follows: SCI group; HBO group; CoQ10 group; and HBO+CoQ10 group (The red star indicates SCI in the studied groups). 
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real-time PCR instrument (Applied Biosystems StepOne). The sequences 
of the primers used are shown in Table 1. Additionally, β-actin was used 
as an internal control. 

2.7. Neurological functions 

2.7.1. Basso-Beattie-Bresnehan test 
The Basso-Beattie-Bresnahan (BBB) locomotor rating scale (Basso 

et al., 1996) was used to evaluate the recovery of hind limb motor 
function. For this purpose, the animals were placed within the open-field 
chamber for five minutes and their motor performance was analyzed. 
The lowest and highest scores for this test were 0 and 21, respectively, 
with the maximum scores indicating improved motor status and the 
minimum scores indicating the severity of post-injury paralysis. As
sessments were made before (day 0) and on days 1, 3, 7, and 14 after 
surgery. 

2.7.2. Narrow beam walking test 
The narrow beam walking test (NBT) was performed to assess 

sensory-motor coordination according to the descriptions of von Euler 
et al. (1996). For this purpose, the animals were placed on a wooden 
board with a length of 80 cm and a width of 4 cm, and the distance 
traveled by them was recorded and scored. The evaluated time periods 
were days 0, 1, 7 and 14 after SCI. 

2.7.3. Electromyography test 
To measures muscle response to a nerve’s stimulation, electromy

ography (EMG Latency) test was performed (Keller et al., 2018). For this 
purpose, after anesthetizing the rats, the sciatic nerve was exposed. 
Then, the stimulating electrode was connected to the upper part of the 
nerve (near the gluteal muscles) and the receiving electrode was con
nected to the gastrocnemius muscle. After nerve stimulation, muscle 
activation rate was recorded and EMG latency was calculated based on 
milliseconds. 

2.8. Statistical analysis 

All data were analyzed with SPSS software (v. 21). One-way analysis 
of variance (ANOVA) with Tukey’s post hoc test was used to test re
lationships between groups. Results are expressed as mean ± standard 
deviation (SD). In addition, the inter- and within-test coefficients of 
variation (CV) were also reported for each of the biochemical methods. 
P-values < 0.05 were considered significant. 

3. Results 

3.1. Combination of HBO therapy and CoQ10 administration improved 
the stereological characterizes after SCI 

To investigate the amount of stereological parameters, H&E staining 
was performed (Fig. 2A). Stereological results are shown in Fig. 2B-E. As 
it is clear in all the graphs, sham group was better in comparison with 
other groups. Therefore, in the results, only the comparison of other 
groups has been done. 

3.1.1. The total volumes of the spinal cord and central cavity 
In evaluation of the total volume of the spinal cord at the lesion site, 

significantly higher volume was observed in HBO, CoQ10 and 
HBO+CoQ10 groups compared to SCI group (P < 0.05). Furthermore, 
the comparison of the results between the treatment groups indicated 
that HBO+CoQ10 group had more volume compared to HBO and CoQ10 
groups (P < 0.05) (Fig. 2B). 

The comparison of cavity volume indicated that HBO, CoQ10 and 
HBO+CoQ10 groups had a lower volume in comparison with SCI group 
(P < 0.05). In addition, HBO+CoQ10 group had considerably lower 
cavity volume compared to HBO and CoQ10 groups (P < 0.05) (Fig. 2C). 

3.1.2. The numerical densities of neuron and glial cells 
Comparing the numerical density of neurons, we found that HBO, 

CoQ10 and HBO+CoQ10 groups were considerably higher compared to 
SCI group (P < 0.05). Moreover, HBO+CoQ10 group had significantly 
more neurons in comparison with HBO and CoQ10 groups (P < 0.05) 
(Fig. 2D). 

Comparing the numerical density of glial cells, we observed that 
HBO, CoQ10 and HBO+CoQ10 groups had significantly greater density 
in comparison with SCI group (P < 0.05). Furthermore, the numerical 
density of glial cells in HBO+CoQ10 group in comparison with HBO and 
CoQ10 groups was considerably higher (P < 0.05) (Fig. 2E). 

3.2. Combination of HBO therapy and CoQ10 administration attenuated 
neuronal call apoptosis after SCI 

The images of immunostaining against Caspase-3 antibody are 
shown in Fig. 3A. In quantitative assessment of apoptotic cells, we found 
that HBO, CoQ10 and HBO+CoQ10 groups had significantly lower 
density compared to SCI group (P < 0.05). Furthermore, comparing of 
apoptotic cells density between treatment groups showed that 
HBO+CoQ10 group had significantly lower density in comparison with 
HBO and CoQ10 groups (P < 0.05) (Fig. 3B). 

3.3. Combination of HBO therapy and CoQ10 administration modulates 
the oxidative status after SCI 

The results of the evaluation of biochemical biomarkers are shown in  
Fig. 4A. The coefficients of variation (CV) for the MDA levels in the 
sham, SCI, HBO, CoQ10, and HBO+CoQ10 groups were estimated as 
7.76%, 12.05%, 13.49%, 10.58%, and 12.63%, respectively. Comparing 
the MDA levels between groups indicated that HBO, CoQ10, and 
HBO+CoQ10 groups had considerably lower concentration in compar
ison with SCI group (P < 0.05). Moreover, the MDA concentration in 
HBO+CoQ10 group was considerably lower in comparison with HBO 
and CoQ10 groups (P < 0.05). 

The results show that the CV in the sham, SCI, HBO, CoQ10, and 
HBO+CoQ10 groups for the GSH, SOD, and CAT levels were (7.08%, 
13.36%, 10.48%, 10.2%, and 9.04), (5.77%, 14.36%, 12.89%, 12.25%, 
and 11.68%), and (8.47%, 15.01%, 13.07%, 13.33%, and 12.5%), 
respectively. 

Comparing the GSH, SOD and CAT levels between groups, we 
observed that HBO, CoQ10 and HBO+CoQ10 groups compared to SCI 
group had significantly higher levels (P < 0.05). Moreover, the levels of 
these biomarkers were significantly higher in HBO+CoQ10 group 
compared to HBO and CoQ10 groups (P < 0.05). 

3.4. Combination of HBO therapy and CoQ10 administration affected the 
gene expression after SCI 

The results indicated that TNF-α and IL-1β genes were considerably 
downregulated in HBO, CoQ10 and HBO+CoQ10 groups in comparison 
with SCI group (P < 0.05). In addition, the comparison of both gene 
expression levels between treatment groups indicated that HBO+CoQ10 
group in comparison with HBO and CoQ10 groups had significantly 
lower levels (P < 0.05) (Fig. 4B). 

Furthermore, in the evaluation of IL-10 gene expression levels, the 

Table 1 
Sequence details of primers used for molecular level analysis.  

Gene Forward primer (5′ > 3′) Reverse primer (5′ > 3′) 

TNF-α AGCCAGATCTCATACCTGCTC GTTTGCTAGCACAGAAGCTAC 
IL-1β GACCAGCAGACGATAATCAC TGAGTAAGACGCGGATCCAC 
IL-10 GTAGCCACGCGTTGTCAGAAA TAAGAGGGTAATGGTTCTCT 
β-actin CTAATCTATCAGCGCGCGC TATAACGCGATGCGCAAGATC  

A. Ghaemi et al.                                                                                                                                                                                                                                 



Journal of Chemical Neuroanatomy 132 (2023) 102322

5

D                                                                                  E

B                                                                                  C

S h a m S C I H B O C o Q 1 0 H B O + C o Q 1 0
0

5

1 0

1 5

2 0

2 5

N
u

m
e

ri
ca

lD
e

n
si

ty
o

f

n
eu

ro
n

s

**

****

*

**

*

S h a m S C I H B O C o Q 1 0 H B O + C o Q 1 0
0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

N
u

m
e

ri
ca

lD
e

n
si

ty
o

f

g
el

ia
l

ce
lls

****

*

***

S h a m S C I H B O C o Q 1 0 H B O + C o Q 1 0
0

2

4

6

8

V
o

lu
m

e
o

f
sp

in
a

lc
o

rd
(m

m
3
)

*

***

*

S h a m S C I H B O C o Q 1 0 H B O + C o Q 1 0
0 .0 0

0 .0 5

0 .1 0

0 .1 5

0 .2 0

0 .2 5

V
o

lu
m

e
o

f
ce

n
tr

a
lc

a
vi

ty
(m

m
3
)

****

*

**

**

*

Sham 

SCI

HBO

CoQ10

HBO+CoQ10

100 µm

100 µm
100 µm

100 µm

100 µm

A

(
1

0
3
)

(
1

0
3
)

Fig. 2. The impact of HBO in combination with CoQ10 on stereological characteristics. (A) Representative micrographs of the anterior horn of spinal cord at the 
traumatic site stained by H&E (arrows: neuron; arrowheads: glial). Total volumes of the spinal cord (B) and central cavity (C) at the lesion site, which was determined 
by Cavalier’s method. Numerical densities of neurons (D) and glial cells (E) at the lesion site which was determined by optical dissector method. Mean ± SD. 
*p < 0.05; * *p < 0.01, * **p < 0.001, * ** *p < 0.0001. 
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Fig. 3. The impact of HBO in combination with CoQ10 on apoptosis. (A) Immunostaining for apoptosis against Caspase-3 antibody. Arrows: positive reactions are 
presented in brown color. (B) Data were analyzed using densitometry. Mean ± SD. *p < 0.05; * *p < 0.01, * **p < 0.001, * ** *p < 0.0001. 
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Fig. 4. The impact of HBO in combination with CoQ10 on biochemical biomarkers and gene expression levels. (A) Concentrations of oxidant (MDA) and antioxidant 
(GSH, SOD, and CAT) factors at the lesion site which were determined by biochemistry method. (B) Levels of immunomodulatory (IL-10) and inflammatory (TNF-α 
and IL-1β) genes at the lesion site which were determined by quantitative RT-PCR. Mean ± SD. *p < 0.05; * *p < 0.01, * **p < 0.001, * ** *p < 0.0001. 
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results showed that HBO, CoQ10 and HBO+CoQ10 groups compared to 
SCI group had significantly higher levels (P < 0.05). Also, comparisons 
of IL-10 gene expression levels between treatment groups, significant 
upregulation was observed in HBO+CoQ10 group in comparison with 
HBO and CoQ10 groups (P < 0.05) (Fig. 4B). 

3.5. Combination of HBO therapy and CoQ10 administration improved 
neurological functions after SCI 

In the current study, in order to evaluate neurological functions, 
three tests EMG latency, BBB and NBT were investigated. The results are 
shown in Fig. 5A-C. 

Comparing the outcomes of the EMG latency test, the results indi
cated that latency of muscle response to a nerve’s stimulation consid
erably decreased in HBO, CoQ10 and HBO+CoQ10 groups compared to 
SCI group (P < 0.05). Furthermore, HBO+CoQ10 group had signifi
cantly lower latency in comparison with CoQ10 group (P < 0.05). 

Regarding the BBB test, we found that HBO, CoQ10 and 
HBO+CoQ10 groups compared to SCI group had significantly higher 
scores in all time points (P < 0.05). Furthermore, the BBB scores in 
HBO+CoQ10 group compared to HBO group on days 3, 7 and 14 and 
CoQ10 group in all time points were considerably higher (P < 0.05). 

Regarding the NBT test, we observed that HBO, CoQ10 and 
HBO+CoQ10 groups had considerably higher scores in comparison with 
SCI group on days 1, 7 and 14 (P < 0.05). Moreover, comparing the 
results between treatment groups showed that HBO+CoQ10 group in 
comparison with other groups had considerably higher scores in all time 
points (P < 0.05). 

4. Discussion 

The time of intervention is the most important measure in preventing 
the spread of damage in spinal cord injuries (Mirzaie et al., 2022). 
Studies show that the optimal time is at the onset of damage which 
preventing the explosion of destructive factors such as cell apoptosis, 
oxidative stress and excessive inflammation at the injury site (Cheshmi 
et al., 2023; Mirzaie et al., 2022). Presently, we investigated whether 
HBO therapy and administration of CoQ10 in the early post-damage 
stages can attenuate the progression of injury at the lesion site of spi
nal cord. We observed that combination use of HBO and CoQ10 
immediately after the occurrence of SCI synergistically ameliorated 
histological changes, reduced inflammation, apoptosis, modulated 
oxidative stress at the lesion site, and improved neuronal functions. 

Excessive inflammation at the traumatic site of spinal cord is one of 
the most important destructive factors (Kwiecien et al., 2020). In this 
case, several pro-inflammatory cytokines such as IL-1 β and TNF-α were 
secreted by macrophages which invaded the site after trauma (Allison 
and Ditor, 2015). Studies have documented that IL-1β plays an key role 
in SCI, causing increases in other pro-inflammatory cytokines such as 
TNF-α (Burke et al., 2014; Simi et al., 2007). Therefore, inhibiting the 
overexpression of IL-1β can control the spread of damage and improve 
neurological function (Boato et al., 2013). In this regard, studies have 
documented that blocking the IL-1 receptor suppresses microglial acti
vation, increases motor neuron survival, and improves nerve conduction 
after SCI (Schizas et al., 2014; Zong et al., 2012). Our outcomes showed 
a considerably downregulation of IL-1β and TNF-α genes expression 
levels in treatment groups, especially combined group, compared to SCI 
group. Moreover, we observed that the density of apoptosis, number of 
glial cells, and myoactivity (EMG latency) were significantly reduced in 
all treatment groups. This was more evident in the HBO+CoQ10 group. 
In addition, our study results showed significant neurological recovery 
(BBB and NBT scores) in the treatment groups, especially in the 
HBO+CoQ10 group. 

In this regard, some studies have reported anti-apoptotic and anti- 
inflammatory effects of HBO therapy (Nasiry et al., 2022). Poyrazoglu 
et al. documented that HBO therapy can significantly downregulated 

gen expressions of IL-1β and TNF-α (Poyrazoglu et al., 2015). Further
more, Cheshmi et al. documented that HBO therapy in early stage after 
SCI, reduced the expressions of TNF-α and IL-1β genes, decreased 
apoptosis of neurons, as well as improves motor symptoms (Cheshmi 
et al., 2023). 

Regarding CoQ10, Al Omar et al. documented that CoQ10 has a high 
anti-inflammatory activity such that its administration significantly 
decreased TNF-α and IL-1β levels after induction of brain lead toxicity 
(Yousef et al., 2019). Also, they reported that administration of CoQ10 
significantly downregulated the expression levels of apoptotic proteins 
such as Bax and Caspase-3. On the other hand, Zhang et al. reported that 
the administration of CoQ10 after SCI significantly reduces inflamma
tory mediators such as TNF-α and IL-1β and neuronal apoptosis (Zhang 
et al., 2015). 

Due to the anti-inflammatory and anti-apoptotic effects of both HBO 
and CoQ10, our outcomes indicated that co-administration can more 
effectively in comparison with single application. 

In this study, we also measured IL-10 gene expression levels. Studies 
have reported that the IL-10 cytokine is one of the major factors pro
moting neuronal survival in the spinal cord after lesion and reduces the 
expression of pro-inflammatory cytokines such as IF-γ, TNF-α and IL-1β 
(Ouyang et al., 2011; Thompson et al., 2013). We observed that IL-10 
gene levels were significantly downregulated in the treatment groups, 
especially in HBO+CoQ10 group. Moreover, the numerical density of 
neurons was found to be considerably higher in the treatment group in 
comparison with SCI group, especially in HBO+CoQ10 group. In this 
regard, Cheshmi et al. demonstrated that HBO administration in spinal 
cord injured rats considerably upregulated the IL-10 expression levels at 
the lesion site, followed by a decrease in neurons apoptosis and exces
sive inflammation (Cheshmi et al., 2023). On the other hand, Hassan
zadeh et al. reported that CoQ10 considerably upregulated IL-10 
expression levels and subsequently caused a significant decrease in the 
Bax/Bcl2 ratio in a menopausal rat model following SCI (Hassanzadeh 
et al., 2018). 

Oxidative stress is another major event that occurs in the early stages 
after trauma in the area of injury and plays a very destructive role 
(Raoofi et al., 2022). Oxidative stress causes the activation of apoptotic 
proteins and subsequent cell death. So, its control plays an important 
role in limiting the spread of damage (Davoodi et al., 2022; Nasiry et al., 
2021). 

To study the effects of treatments on biochemical status, concen
tration of three antioxidant factor (GSH, SOD, and CAT) and one oxidant 
factor, MDA, were currently measured using biochemistry method. We 
found that concentration of oxidant and antioxidant biomarkers were 
significantly decreased and increased, respectively, in all treatment 
groups in comparison with SCI group, and these changes were more 
pronounced in the HBO+CoQ10 group. Moreover, changes in these 
biomarkers were superior and more specific in HBO+CoQ10 group in 
comparison with the other two treatment groups. HBO as a nondrug and 
noninvasive therapy, increases the amount of dissolved oxygen in the 
plasma as well as saturated hemoglobin with oxygen, leading to greater 
oxygen availability to the organs (Michalski et al., 2011; Thom, 2011). 
Ahmadi et al. (2022) and Cheshmi et al. (2023) documented that levels 
of oxidant (MDA) and antioxidant (GSH, SOD, and CAT) factors were 
considerably decreased and increased, respectively, after HBO therapy 
in spinal cord injured animals. Furthermore, accumulating evidence 
indicates that in addition to improving oxygen supply and neural 
metabolism, there is an association between the beneficial effects of 
HBO therapy and a variety of biological properties, including antimi
crobial effects (Memar et al., 2019), preventing reperfusion injury, 
strengthening immune responsiveness, encouraging new collagen 
(Sethuraman et al., 2022), decrease pain (Sutherland et al., 2016), ac
celerates neovascularization, reducing swelling, tissue perfusion, and 
thermoregulation in the ulcer area (Kasprzyk-Kucewicz et al., 2021). 

Also, Al Omar et al. reported that treatment with CoQ10 consider
ably reduced the elevated level of MDA in brain tissue following lead 
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Fig. 5. The impact of HBO in combination with 
CoQ10 on neurological functions. (A) EMG la
tency test on day 14 after SCI (Millisecond; 
MS). (B) Basso Beattie Bresnehan (BBB) and (C) 
narrow beam walking tests (NBT) in difference 
days. Mean ± SD. *p < 0.05; * *p < 0.01, 
* **p < 0.001, * ** *p < 0.0001. a p < 0.001 
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toxicity (S. Yousef et al., 2019). Furthermore, Li et al. reported that 
administration of CoQ10 suppresses oxidative stress through the acti
vation of the Nrf-2/NQO-1 pathway after SCI in rats (Li et al., 2019). 
Therefore, considering the antioxidant effects of both compounds used 
in the present study, according to our results, their combined use in rats 
with SCI can synergistically prevent the occurrence of oxidative stress 
and its spread at the site of injury. 

There were two limitations in the present study. First, we only con
ducted in vivo experiments, and the experimental data are relatively 
limited. Second, because female rats have been typically studied in the 
existing SCI literature, we chose to examine females only in this original 
investigation. Future investigations should examine the effects of HBO 
and CoQ10 in models that include males to generalize its utility. 

5. Conclusion 

Overall, we found that the separate administration of HBO or CoQ10 
had neuroprotective effects. However, the results showed that co- 
administration of both compounds had synergistic effects. However, 
the neuroprotective effects of HBO and CoQ10 in the treatment of spinal 
cord injured patients require more clinical studies. 
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