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Abstract
Sodium nitrite (NaNO2) is an inorganic salt used broadly in chemical industry. NaNO2 is highly reactive 
with hemoglobin causing hypoxia. Mesenchymal stem cells (MSCs) are capable of differentiating into a 
variety of tissue specific cells and MSC therapy is a potential method for improving brain functions. This 
work aims to investigate the possible therapeutic role of bone marrow-derived MSCs against NaNO2 
induced hypoxic brain injury. Rats were divided into control group (treated for 3 or 6 weeks), hypoxic 
(HP) group (subcutaneous injection of 35 mg/kg NaNO2 for 3 weeks to induce hypoxic brain injury), HP 
recovery groups N-2wR and N-3wR (treated with the same dose of NaNO2 for 2 and 3 weeks respectively, 
followed by 4-week or 3-week self-recovery respectively), and MSCs treated groups N-2wSC and N-3wSC 
(treated with the same dose of NaNO2 for 2 and 3 weeks respectively, followed by one injection of 2 × 
106 MSCs via the tail vein in combination with 4 week self-recovery or intravenous injection of NaNO2 
for 1 week in combination with 3 week self-recovery). The levels of neurotransmitters (norepinephrine, 
dopamine, serotonin), energy substances (adenosine monophosphate, adenosine diphosphate, adenosine 
triphosphate), and oxidative stress markers (malondialdehyde, nitric oxide, 8-hydroxy-2′-deoxyguanosine, 
glutathione reduced form, and oxidized glutathione) in the frontal cortex and midbrain were measured 
using high performance liquid chromatography. At the same time, hematoxylin-eosin staining was 
performed to observe the pathological change of the injured brain tissue. Compared with HP group, patho-
logical change of brain tissue was milder, the levels of malondialdehyde, nitric oxide, oxidized glutathione, 
8-hydroxy-2′-deoxyguanosine, norepinephrine, serotonin, glutathione reduced form, and adenosine tri-
phosphate in the frontal cortex and midbrain were significantly decreased, and glutathione reduced form/
oxidized glutathione and adenosine monophosphate/adenosine triphosphate ratio were significantly 
increased in the MSCs treated groups. These findings suggest that bone marrow-derived MSCs exhibit neu-
roprotective effects against NaNO2-induced hypoxic brain injury through exerting anti-oxidative effects 
and providing energy to the brain. 
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Introduction
Oxygen homeostasis is critical for many physiological and 
developmental processes, and its disturbances have key 
roles in the pathogenesis of many human diseases, including 
renal disease (Semenza, 2002). Hypoxia is referred to as a 
pathological process, in which circulatory hypoxia refers to 
insufficient blood flow leading to inadequate oxygenation 
of the tissues, which is also called hypokinetic hypoxia. So-
dium nitrite (NaNO2) is an inorganic salt, soluble in water, 
which is used in dyes, curing of meat, chemical industry, 
and colouring agents (Smith, 1967). Unlike the ferrous form 
of hemoglobin, methemoglobin does not strongly bind with 
oxygen. NaNO2 is highly reactive with hemoglobin causing 
methemoglobinemia, a condition in which there is a reduc-
tion in hemoglobin stability to transmit oxygen leading to 
hypoxia (Craun et al., 1981; Knobeloch et al., 2000). Our 
bodies require oxygen to metabolize glucose. This process 
provides energy for the cells. The body reacts to hypoxia 
with adaptive responses, such as the relaxation of smooth 

muscle, angiogenesis, and vasodilatation, thus increasing 
blood supply to tissues and compensating for the lack of 
oxygen (Farias et al., 2005). The brain consumes about a 
fifth of the body’s total oxygen supply and requires energy 
to transmit electrochemical impulses between cells and to 
maintain the ability of neurons to receive and respond to 
these signals. Cells of the brain will start to die within a few 
minutes if they are deprived of oxygen (Fellman and Raiv-
io, 1997). The brain needs a constant supply of oxygen to 
survive and function. Any interruption in this supply leads 
to a condition called hypoxia, which can cause brain injury 
(Roland et al., 1988) and the lack of oxygen leads to the gen-
eration of free radicals (Barnham et al., 2004). The brain re-
quires large amounts of oxygen to function; hypoxic damage 
can often be widespread, cause long-term disabilities, and 
could lead to cell death (Sataieva and Zadnipryany, 2015). 
The brain is the target for different stressors because of its 
high sensitivity to stress-induced degenerative conditions. 
It is well known that intensive stress response results in the 
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production of reactive oxygen species (ROS), i.e., superoxide 
anion radical (O2.

–), hydroxyl radical (HO·), and hydrogen 
peroxide (H2O2) that cause lipid peroxidation, especially in 
membranes and can play an important role in tissue injury 
(Kovács et al., 1996). There are several studies that are re-
lated to the effects of stress on the antioxidant system and 
induction of lipid peroxidation in the brain of various stress 
exposure models (Liu et al., 1996). 

Sodium nitrite (NaNO2) administration causes dysreg-
ulation of inflammation, hypoxia, ischemia, oxidative stress, 
and impaired metabolic energy, which finally exacerbate 
organ damage, including brain injury (El-Sheikh and Khalil, 
2011; Salama et al., 2013; Aita and Mohammed, 2014). So-
dium nitrite binding to oxyhemoglobin displaces the bound 
oxygen and yields methemoglobin, hydrogen peroxide, 
and nitrogen dioxide in a free radical chain initiation step 
(Kosaka et al., 1979). The nitrogen dioxide oxidizes ferrous 
hemoglobin to methemoglobin, whereas hydrogen peroxide 
oxidizes methemoglobin to the ferryl hemoglobin radical. 
The reaction of ferryl hemoglobin with nitrite also produc-
es methemoglobin and nitrogen dioxide (Spagnuolo et al., 
1987). This prevents oxygen binding to hemoglobin, reducing 
the oxygen carrying capacity of the blood, leading to hypoxia. 
Lan and co-workers showed that hypoxia generated oxidative 
stress in the rat brain by decreasing the activities of antioxi-
dant enzymes while increasing the lipid peroxidation levels 
(Lan et al., 2016). Previous studies indicated that oxidative 
stress is an early feature after exposure to hypoxia and any 
degree of hypoxia will affect the brain function (Blomgren et 
al., 2001). Recent studies have shown that mesenchymal stem 
cells (MSCs) are capable of differentiating into a variety of 
tissue specific cells and MSC therapy is a potential method 
for improving brain functions (Moisan et al., 2012). Recent-
ly, advancements have been achieved in use of stem cells to 
successfully treat neurological conditions such as Parkinson’s 
disease, spinal cord injury, and amyotrophic lateral sclerosis 
(Kim and de Vellis, 2009). In hypoxic brain injury, MSCs se-
crete many neurotrophic factors such as brain derived neuro-
trophic factor and vascular endothelial growth factor, to de-
velop neuronal and vascular markers, and repair the injured 
brain (Lee et al., 2010). This study aimed to investigate the 
ameliorative and therapeutic effect of bone marrow-derived 
MSCs on hypoxic brain injury induced by NaNO2 at differ-
ent duration levels, the effects of hypoxia on the histological 
damage of the cerebral cortex, the role of the bone mar-
row-derived MSC pathway in metabolic dysfunction-induced 
oxidative stress, and the development of the hypoxic brain. 

Materials and Methods
Experimental animals
Male Wistar rats, aged 3 months, weighing 200–220 g, were 
used in this study. Eighty-four rats were obtained from the 
Laboratory Animal Center of Ain Shams Hospital, Egypt. 
The rats were raised in plastic cages, with 12 rats in each 
cage, in a 12-hour dark/light environment at 25 ± 2°C. A 
commercial pelleted diet was used during the experiment. 
The rats were acclimatized to the laboratory environment 
for one week before the beginning of the experiment. The 
experimental protocols and procedures were performed 

according to Ain Shams University authorities, which were 
in accordance with the U.K. Animals (Scientific Procedures) 
Act, 1986 and associated guidelines.

Isolation, propagation, identification, and labelling of 
bone marrow-derived MSCs from rats
Bone marrow cells were collected from six rats and cultured 
according to a previously described procedure (Alhadlaq 
and Mao, 2004). These cells were known as MSCs according 
to their morphology, adherence, and their ability to differen-
tiate into osteocytes (Jaiswal et al., 1997) and chondrocytes 
(Seo et al., 2009). PKH26, a red fluorochrome, was used to 
label the undifferentiated MSCs while maintaining their 
biological and proliferating potential (Sohni and Verfaillie, 
2013) as stated by the manufacturer’s reference (Sigma, 
Saint Louis, Missouri, USA). Cells were intravenously inject-
ed into the tail vein of rats. One month later, the homing of 
injected MSCs in the brain tissue, i.e., PKH26-stained cells, 
was detected by a fluorescence microscope (LABOMED 
LX400 SERIES, USA). Inflammation-directed MSC homing 
involved numerous vital cell trafficking-related molecules 
such as chemokines, matrix metalloproteinases, and adhe-
sion molecules (Sohni and Verfaillie, 2013).

Experimental design
The animals were randomly divided into seven groups, 
with 12 rats in each group. 
- Control group 1 (C1): Dorsal subcutaneous injection of 
distilled water (0.1 mL/100 g body weight) for 21 days, fol-
lowed by sacrifice by decapitation.  
- Control group 2 (C2): Dorsal subcutaneous injection of 
distilled water (0.1 mL/100 g body weight) for 14 days, fol-
lowed by no intervention for 4 weeks. 
- Hypoxic group (HP group): Subcutaneous injection of 
sodium nitrite (NaNO2) (35 mg/kg/d; Sigma St. Louis, MO, 
USA, as a pure white powder (assay ≥ 99%) (Bhanumathy 
et al., 2010) for 21 days, to induce chemical hypoxia 
- N-2wR group: Subcutaneous injection of NaNO2 (35 mg/kg/d) 
for 15 days, followed by no intervention for 28 days.
- N-3wR group: Subcutaneous injection of NaNO2 (35 mg/kg/d) 
for 21 days, followed by no intervention for 21 days.
- N-2wSC group: Subcutaneous injection of NaNO2 (35 
mg/kg/d) for 15 days, followed by one intravenous injec-
tion of MSCs via the tail vein (2 × 106 cells/rat) and no in-
jection for 28 days. 
- N-3wSC group: Subcutaneous injection of NaNO2 (35 
mg/kg/d) for 15 days, followed by one intravenous injec-
tion of MSCs (2 × 106 cells/rat), 7-day NaNO2 injection, 
and 21-day no intervention. 

The total time for the experiment was 3 weeks for the C1 
and HP groups, and 6 weeks for the rest of the groups as 
shown in Figure 1. 

Biochemical samples
After experiments, the rats were sacrificed by rapid decapita-
tion 24 hours after the last dose. The brains were dissected for 
determination of the following. Six brains from each group 
(frontal cortex “Cor” and midbrain “mb”) were homogenized 
in 75% methanol of high-performance liquid chromatogra-
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phy (HPLC) grade for determining the levels of monoamines 
(norepinephrine (NE), dopamine (DA), serotonin (5-HT), 
adenosine monophosphate (AMP), adenosine diphosphate 
(ADP), and adenosine triphosphate (ATP) as well as AMP/
ATP and ADP/ATP ratios. The remaining six brains from 
each group were cut longitudinally into two parts. The cortex 
and midbrain of one part were homogenized in phosphate 
buffer saline (pH 7.4), and used for determining the levels 
of glutathione reduced form (GSH), oxidized glutathione 
(GSSG), malondialdehyde (MDA), total nitric oxide (NO), 
and 8-hydroxy-2-deoxyguanosine (8-OHdG). The other part 
of each remaining brain in each group was used for histologi-
cal and immunohistochemical studies. 

HPLC determination
The cortex and midbrain tissues were weighed and homog-
enized in 10% (w/v) 75% methanol of HPLC grade or phos-
phate buffer solution. The homogenized tissue was centrifuged 
and the supernatant was used for HPLC-UV analysis. The 
HPLC device used was Agilent HP 1200 series (USA). It in-
cluded a column oven, quaternary pump, Rheodyne injector, 
20-μL loop, and variable wavelength UV detector. The energy 
carriers, monoamines, malondialdehyde (MDA), nitric oxide 
(NO), 8-OHdG, and reduced/oxidized glutathione standards, 
used by high-performance liquid chromatography (HPLC) 
techniques, were also purchased from Sigma (St. Louis, MO, 
USA), with high purity, and all were of HPLC grade. 

For MDA, Supelcosil C18 (5 µm particle and 8 nm pore 
size) (250 × 4.5 mm ID) analytical column was used. The 
mobile phase was 30 mmol potassium dihydrogen phos-
phate – methanol of HPLC grade (65–35% H3PO4, pH 4), 
with a flow rate of 1.5 mL/min and wave length of 250 nm 
(Karatas et al., 2002; Karatepe, 2004). For reduced and oxi-
dized glutathione (GSH and GSSG), the analytical column 
was a µ-Bondapak column (15 cm × 3.9 mm). The mobile 
phase was 25 mmol sodium dihydrogen phosphate contain-
ing 5 mmol tetra-butyl ammonium phosphate and methanol 
(87%: 13% H3PO4, pH 3.5), with a flow rate of 1 mL/min and 
wave-length adjusted at 190 nm (Jayatilleke and Shaw 1993). 
Nitric oxide (mM) was determined as the ratio of nitrites/
nitrate according to the method of Papadoyannis et al. (1999). 

An anion exchange PRP X-100 Hamilton, 150 × 4.1 mm by 
10 mm analytical column was used and the mobile phase was 
a mixture of 0.1 M sodium chloride – methanol (45:55, v/
v), with a flow rate of 2 mL/min and wavelength of 230 nm. 
8-OHdG was determined using the method of Lodovici et al. 
(1997). For chromatographic separation, C18 reverse phase 
column was used in series (Supelco, 5 pm, I.D. 0.46 × 25 cm); 
the eluting solution was H2O/CH2OH (85:15 v/v) with 50 mM 
KH2PO4, pH 5.5, at a flow rate of 0.68 mL/min. The wave-
length of UV detector was set at 245 nm. To detect cell energy 
(AMP, ADP, and ATP) contents, samples were injected into 
the system which consisted of an analytical column Nucleosil 
C-18 (15 × 0.4 cm). The mobile phase for the adenine nucleo-
tides was 50 mM potassium phosphate and 1% methanol (v/
v) at pH 5.5 with a flow rate of 1 mL/min, and the wavelength 
of UV detector was set at 210 nm (Teerlink et al., 1993). To 
determine monoamines, the sample was immediately ex-
tracted from the trace elements and lipids using a solid phase 
extraction CHROMABOND column (NH2 phase cat. No. 
730031). The sample was then injected directly into a 150 × 
54.6 mm, 5 μm AQUA column, purchased from Phenome-
nex, USA under the following conditions: mobile phase 20 
mM potassium phosphate, pH 2.7, flow rate 1.5 mL/min, UV 
wavelength 290 nm (Pagel et al., 2000). 

Histological and immunohistochemical assays
The rat brains were carefully excised and fixed in Bouin’s 
fixative for histological study. After fixation, the brains were 
processed in ascending grades of ethyl alcohol, cleared in xy-
lol, and implanted in paraffin wax at 60°C. Serialized 5–6 μm 
sections were then cut by a Cambridge Rocking Microtome 
(Cat. No. 52111, London) and affixed on slides. The sections 
on the slides were stained with hematoxylin and eosin (Drury 
and Wallington, 1980). Expression of proliferating cell nucle-
ar antigen (PCNA) protein in brain tissue was identified with 
immunohistochemical staining for PCNA specific for rats 
using the avidin-biotin peroxidase complex ABC technique 
(Bancroft et al., 1994) for 10 minutes for the primary antibody 
and 15 minutes for secondary antibody at room temperature 
(25°C). The site of antibody binding was visualized after add-
ing (diaminobenzedine) chromogen, which is converted into 
a brown precipitate by peroxidase, and PCNA-positive cells 
demonstrated brown nuclear deposits. Image analysis was 
performed by ImmunoRatio Program (version: 1.0C), Insti-
tute of Biomedical Technology, University of Tampere, Fin-
land. The percentage of PCNA-positive cells stained brown, 
and the percentage of PCNA-stained nuclear area over total 
nuclear area (labeling index) were calculated.

Statistical analysis
Data were statistically analyzed using SPSS 18.0 software 
(SPSS, Chicago, IL, USA) and are expressed as the mean ± 
SE. One-way analysis of variance was used for comparison 
among multiple groups. Post hoc test (Bonferroni test) was 
used for comparisons between groups.
 
Results
Biochemical measurements
There was no significant difference in any biochemical 

Figure 1 Schematic diagram for the experimental design
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measurement between C1 and C2 groups. As shown in Ta-
ble 1, MDA, NO, and 8-OHdG levels in the rat cortex and 
midbrain were significantly increased in the HP, N-2wR, 
and N-3wR groups than in the control groups (P < 0.05), 
with the exception of 8-OHdG level in the HP group. The 
levels of oxidative stress markers especially MDA, NO, and 
8-OHdG in the rat cortex and midbrain were significantly 
increased in the N-2wSC group than in the HP, N-2wR, and 
N-3wR groups. The level of 8-OHdG in the rat midbrain in 
the N-3wSC group was significantly increased than that in 
the control group. 

As shown in Table 2, GSH level in the rat cortex and mid-
brain and the GSH/GSSG ratio were significantly decreased 
in the HP, N-2wR, and N-3wR groups than in the C1 and C2 
groups (P < 0.05). The GSSG and oxidized GSSG ratio were 
significantly increased in the HP and N-3wR groups than in 
the C1 and C2 groups. Moreover, the oxidized GSSG ratio in 

the rat cortex and midbrain was significantly increased in the 
N-2wR group than in the C1 and C2 groups. The GSH level 
and GSH/GSSG ratio in the rat cortex and midbrain were 
significantly decreased in the N-2wSC and N-3wSC groups 
than in the C1 and C2 groups. The oxidized GSSG ratio in the 
rat midbrain was significantly decreased in the N-2wSC and 
N-3wSC groups than in the C1 and C2 groups. The oxidized 
GSSG ratio in the rat cortex was significantly decreased in the 
N-2wSC group than in the C1 and C2 groups. 

As shown in Table 3, ATP level in the rat cortex and mid-
brain was significantly decreased in the HP, N-2wR, and 
N-3wR groups than in the C1 and C2 groups (P < 0.05). 
AMP/ATP and ADP/ATP ratios in the rat cortex and mid-
brain were significantly increased in the HP, N-2wR, and 
N-3wR group, except ADP/ATP ratio in the rat cortex in the 
N-2wR group, than in the C1 and C2 groups. However, ATP 
level, AMP/ATP and ADP/ATP ratios in the rat cortex and 

Table 1 Levels of MDA (nmol/g wet tissue), NO (μmol/g wet tissue), and 8-OHdG (pg/g wet tissue) in rat cortex and midbrain in each group

Group

Brain cortex Midbrain

MDA NO 8-OHdG MDA NO 8-OHdG

C1 5.71±0.09 0.33±0.01 231.9±14.6 3.54±0.17 0.25±0.02 169.0±5.6
C2 6.33±0.29 0.34±0.01 232.3±12.2 3.45±0.12 0.25±0.01 168.4±6.4
HP 8.10±0.34a 0.65±0.04a 344.4±13.1a 4.98±0.22a 0.41±0.02a 228.2±6.4a

N-2wR 7.82±0.20a 0.53±0.05ab 299.7±10.8ab 4.31±0.10ab 0.34±0.02ab 194.1±6.1ab

N-3wR 8.00±0.15a 0.57±0.03a 303.9±12.4ab 4.56±0.06a 0.37±0.03a 199.0±3.5ab

N-2wSC 6.22±0.23bcd 0.40±0.02bcd 260.1±11.1bcd 3.41±0.22bcd 0.30±0.02bd 178.2±4.8bd

N-3wSC 6.71±0.25bcd 0.45±0.02abd 265.1±9.0bcd 3.78±0.09bcd 0.33±0.01ab 207.6±8.7abe

Values are expressed as the mean ± SE across six rats in each group. One-way analysis of variance and Bonferroni correction were used. aP < 0.05, 
vs. control groups; bP < 0.05, vs. HP group; cP < 0.05, vs. N-2wR group; dP < 0.05, vs. N-2wSC group; eP < 0.05, vs. N-3wSC group. Control group 1 
(C1): Dorsal subcutaneous injection of distilled water (0.1 mL/100 g body weight) for 21 days, followed by sacrifice by decapitation. Control group 
2 (C2): Dorsal subcutaneous injection of distilled water (0.1 mL/100 g body weight) for 14 days, followed by no intervention for 4 weeks. Hypoxic 
(HP) group: Subcutaneous injection of NaNO2 (35 mg/kg/d) for 21 days. N-2wR and N-3wR groups: subcutaneous injection of NaNO2 (35 mg/kg/
d) for 15 and 21 days respectively, followed by no intervention for 28 and 21 days respectively. N-2wSC group: Subcutaneous injection of NaNO2 
(35 mg/kg/d) for 15 days, followed by one intravenous injection of MSCs via the tail vein (2 × 106 cells/rat) and no injection for 28 days. N-3wSC 
group: Subcutaneous injection of NaNO2 (35 mg/kg/d) for 15 days, followed by one intravenous injection of MSCs (2 × 106 cells/rat), 7-day NaNO2 
injection, and 21-day no intervention. MDA: Malondialdhyde; NO: nitric oxide; 8-OHdG: 8-hydroxy-2-deoxyguanosine.   

Table 2 Levels of GSH, GSSG (μmol/g wet tissue), GSH/GSSG (%), and oxidized GSSG ratio (%) in rat cortex and midbrain in each group 

Group

Cortex Midbrain

GSH GSSG GSH/GSSG ratio Oxidized GSSG ratio GSH GSSG GSH/GSSG ratio Oxidized GSSG ratio

C1 14.6±0.15 0.73±0.03 21.35±0.50 0.08±0.002 14.2±0.41 0.69±0.02 22.1±1.28 0.08±0.006
C2 14.3±0.13 0.70±0.02 20.52±0.63 0.09±0.003 13.3±0.23 0.64±0.04 21.09±1.38 0.09±0.005
HP 10.7±0.20a 1.46±0.17a 8.06±1.31a 0.21±0.023a 9.8±0.27a 1.50±0.15a 6.88±0.61a 0.20±0.009a

N-2wR 11.6±0.19ab 0.89±0.08b 13.57±1.32ab 0.14±0.010ab 10.9±0.26ab 1.01±0.05ab 10.91±0.48ab 0.16±0.006ab

N-3wR 11.9±0.17ab 1.17±0.04abc 10.16±0.37ac 0.17±0.005ab 10.1±0.30a 1.33±0.15ac 9.22±1.06a 0.18±0.008ab

N-2wSC 12.1±0.29ab 0.82±0.03bd 14.89±0.76abd 0.12±0.004bd 11.7±0.45abd 0.84±0.04bd 14.84±0.88abcd 0.13±0.006abcd

N-3wSC 12.8±0.33abcde 0.92±0.05bd 14.00±0.79abd 0.13±0.006abd 11.3±0.47abd 0.95±0.04abd 13.68±1.18abd 0.15±0.008abd

All values are expressed as the mean ± SE across six rats in each group. One-way analysis of variance and Bonferroni correction were used. aP < 
0.05, vs. C1 and C2 groups; bP < 0.05, vs. HP group; cP < 0.05, vs. N-2wR group; dP < 0.05, vs. N-2wSC group; eP < 0.05, vs. N-3wSC group. Control 
group 1 (C1): Dorsal subcutaneous injection of distilled water (0.1 mL/100 g body weight) for 21 days, followed by sacrifice by decapitation. 
Control group 2 (C2): Dorsal subcutaneous injection of distilled water (0.1 mL/100 g body weight) for 14 days, followed by no intervention for 4 
weeks. Hypoxic (HP) group: Subcutaneous injection of NaNO2 (35 mg/kg/d) for 21 days. N-2wR and N-3wR groups: subcutaneous injection of 
NaNO2 (35 mg/kg/d) for 15 and 21 days respectively, followed by no intervention for 28 and 21 days respectively. N-2wSC group: Subcutaneous 
injection of NaNO2 (35 mg/kg/d) for 15 days, followed by one intravenous injection of MSCs via the tail vein (2 × 106 cells/rat) and no injection 
for 28 days. N-3wSC group: Subcutaneous injection of NaNO2 (35 mg/kg/d) for 15 days, followed by one intravenous injection of MSCs (2 × 106 
cells/rat), 7-day NaNO2 injection, and 21-day no intervention. GSH: Total glutathione; GSSG: oxidized glutathione.
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(A–H) Representative micrographs of immunohistochemistry for PCNA. (A, B) 
Control rats: Showing a few PCNA immunoreactive cells in the cerebral cortex. (C) 
N-2wR group: Showing markedly distributed PCNA-immunoreactive cells. (D)  
N-3wR group: Showing few PCNA-immunoreactive cells. (E, F) Hypoxic group: 
Showing few PCNA-immunoreactive cells in the pia matter and nerve pluxes. (G) 
N-2wSC group: PCNA-immunoreactive cells well distributed in the cerebral cortex, 
molecular layer, external granular layer, and particularly in blood capillary lining 
epithelial tissue. (H) N-3wSC group: Wide distribution of PCNA-immunoreactive 
cells throughout the cerebral cortex. The arrows showed PCNA-immunoreactive 
cells as brown nuclear deposits. Scale bars: 200 μm in A, 50 μm in B–H. (I) Quanti-
fication of PCNA-immunoreactive cells (%). Control group 1 (C1): Dorsal subcuta-
neous injection of distilled water (0.1 mL/100 g body weight) for 21 days, followed 
by sacrifice by decapitation. Control group 2 (C2): Dorsal subcutaneous injection of 
distilled water (0.1 mL/100 g body weight) for 14 days, followed by no intervention 
for 4 weeks. Hypoxic (HP) group: Subcutaneous injection of NaNO2 (35 mg/kg/d) 
for 21 days. N-2wR and N-3wR groups: subcutaneous injection of NaNO2 (35 mg/
kg/d) for 15 and 21 days respectively, followed by no intervention for 28 and 21 days 
respectively. N-2wSC group: Subcutaneous injection of NaNO2 (35 mg/kg/d) for 15 
days, followed by one intravenous injection of MSCs via the tail vein (2 × 106 cells/
rat) and no injection for 28 days. N-3wSC group: Subcutaneous injection of NaNO2 
(35 mg/kg/d) for 15 days, followed by one intravenous injection of MSCs (2 × 106 
cells/rat), 7-day NaNO2 injection, and 21-day no intervention. 

Figure 2 Proliferating cell nuclear antigen (PCNA)-
immunoreactive cells in the cerebral cortex from 
hypoxic/ischemic brain injury rats following MSCs 
injection. 
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Figure 3 Representative micrographs of hematoxylin-eosin-stained 
cerebral cortex sections from rats with hypoxic/ischemic brain injury 
following BMMSCs injection. 
(A) Control group: The molecular layer (mo) was covered with pia matter (P), 
external granular layer (eg), external pyramidal layer (ep), internal granular layer 
(Ig), internal pyramidal layer (Ip), and polymorphic layer (pm). (B) N-2wR group: 
Ameliorative cerebral tissue patterns were observed, congestion of capillary blood 
vessels still persisted with fibrosis of the epithelial layer and presence of patches 
as areas devoid of staining quality within cortical tissues. (C) N-3wR group: un-
stained areas around some cells (thick arrow), and slightly ameliorative area in the 
rest of cortical cells. (D–F) Hypoxic (HP) group: Lymphocytic inflammatory and 
apoptotic appearance with hyaline material around pia matter and hemorrhage 
(star) (D); loss of plexus and necrotic area (star) with pyknotic nuclei (thin ar-
rows), widely distributed large vacuoles, and dilated capillary blood vessels (thick 
arrow) (E); ruptured pia mater, congestion of peripheral capillary blood vessels 
(arrow), loss of plexus nerve fibers, and a large number of small cytoplasm vac-
uoles (head) (F). (G) N-2wSC group: cerebral layer cells restored partially to the 
normal, invaded capillary blood vessels (long thick arrow), unstained area around 
some cells (short arrow), and moderate loss of plexus (thin arrow). (H) N-3wSC 
group: Ameliorative cerebral tissue was observed, but capillary blood vessels were 
dilated, pia mater layer cells invaded in the molecular layer. Scale bars: 200 μm in 
A, 50 μm in B–H. Control group: Dorsal subcutaneous injection of distilled water 
(0.1 mL/100 g body weight); HP group: Subcutaneous injection of NaNO2 (35 mg/
kg/d) for 21 days; N-2wR and N-3wR groups: subcutaneous injection of NaNO2 (35 
mg/kg/d) for 15 and 21 days respectively, followed by no intervention for 28 and 
21 days respectively; N-2wSC group: Subcutaneous injection of NaNO2 (35 mg/
kg/d) for 15 days, followed by one intravenous injection of MSCs via the tail vein (2 
× 106 cells/rat) and no injection for 28 days; N-3wSC group: Subcutaneous injec-
tion of NaNO2 (35 mg/kg/d) for 15 days, followed by one intravenous injection of 
MSCs (2 × 106 cells/rat), 7-day NaNO2 injection, and 21-day no intervention. 

35

30

25

20

15

10

5

0
Control       HP      N-2wR     N-3wR    N-2wSC   N-3wSC

P
er

ce
nt

ag
e 

of
 P

C
N

A
-

im
m

un
or

ea
ct

iv
e 

ce
lls

 (%
)

I



1995

Ali et al. / Neural Regeneration Research. 2017;12(12):1990-1999.

midbrain were significantly increased in the N-2wSC and 
N-3wSC groups than in the HP, N-2wR, and N-3wR groups, 
although most measurements were better in the N-2wSC 
group than in the N-3wSC group.

As shown in Table 4, NE and 5-HT levels in the rat cortex 
and midbrain were significantly increased, and dopamine 
level in the rat cortex was significantly decreased in the HP 
group, than in the C1 and C2 groups (P < 0.05). 5-HT level 
in the rat cortex and midbrain was significantly increased in 
the N-2wR and N-3wR group than in the C1 and C2 groups. 
Dopamine level in the rat cortex and midbrain was signifi-
cantly decreased in the N-2wR and N-3wR groups than in 
the C1 and C2 groups (P < 0.05). Dopamine level in the 
rat cortex and midbrain was significantly decreased in the 
N-3wSC group than in the C1 and C2 groups (P < 0.05). 

Immunohistochemical and histological assessments of rat 
cerebral cortex
Immunohistochemical assessment of rat cerebral cortex: 
Very few PCNA-immunoreactive cells were observed in 
the cerebral cortex of control rats (Figure 2A, B). PC-
NA-immunoreactive cells were mainly distributed in the 
molecular layer, external granular, and unsurprisingly in 
blood capillaries lining the epithelial tissue in the rat brain 
(cerebral cortex) treated with NaNO2 for 15 days and left 
for recovery (N-2wR). In the N-2wR and N-3wR groups, a 
large number of PCNA-immunoreactive cells were observed 
in the hemorrhagic focus in the pia mater of the cerebral 
cortex (Figure 2C). PCNA-immunoreactive cells were 
rarely observed in the pia matter and nerve plxus and they 
were absent in the rest of tissue sections of hypoxic cerebral 
cortex treated with NaNO2 for 21 days (N-3wR) (Figure 
2D). After treatment with NaNO2 for 21 days (HP group), 
PCNA-immunoreactive cells were rarely observed in the pia 
mater region and nerve plexus and they were absent in the 
rest of tissue sections of hypoxic cerebral cortex (Figure 2E, 
F). The positive effect of stem cell implantation was found in 
the N-2wSC group. Immunohistochemical staining showed 
that PCNA-immunoreactive cells were widely illustrated 
in the molecular layer, external granular, and obviously in 
the blood capillary lining the epithelial tissue (Figure 2G). 
In the N-3wSC group, PCNA-immunoreactive cells were 
distributed in the molecular layer, external pyramidal layer, 
and internal granular layer (Figure 2H). The percentage 
of PCNA-immunoreactive cells is shown in Figure 2I. The 
percentage of PCNA-immunoreactive cells was 30.5%, 1.4%, 

3.1%, 11.9%, 18.9% and 3.7% respectively in the control, HP, 
N-2wR, N-3wR, N-2wSC, and N-3wSC groups, respectively.  

Histological assessment of rat cerebral cortex by micros-
copy: in the control group, the molecular layer was covered 
with pia matter, external granular layer, external pyramidal 
layer, internal granular layer, internal pyramidal layer, and 
polymorphic layer (Figure 3A). In the N-2wR group, ame-
liorative cerebral tissue patterns were observed, congestion 
of capillary blood vessels still persisted with fibrosis of the 
epithelial layer and presence of patches as areas devoid of 
staining quality within cortical tissues (Figure 3B). More-
over, unstained areas around shrunken cells were seen in 
the N-3wR group (Figure 3C). In the HP group, capillary 
blood vessels were dilated, lymphocytic inflammatory cells, 
thinner pia mater with hemorrhagic changes (Figure 3D), 
loss of plexus, necrotic area with pyknotic nuclei, and wide-
ly distributed large vacuoles were observed (Figure 3E). 
Ruptured pia mater and loss of normal cortical layer cells 
were also evident (Figure 3F). Stem cell (MSCs) therapy 
was introduced to repair the developing capillary damage in 
the brain and epithelial derived cells. In the N-2wSC group, 
more ameliorative cerebral tissue was observed, and cells in 
the cerebral cortex was near to normal (Figure 3G). In the 
N-3wSC group, ameliorative cerebral tissue was observed, 
but but capillary blood vessels were dilated, pia mater layer 
cells invaded in the molecular layer (Figure 3H). 

Homing efficiency
In the cerebral cortex of control rats, a few cells homed 
(Figure 4A). In the N-2wSC group, PKH26 fluorescent 
dye-labeled MSCs were observed in all cerebral cell layers, 
confirming that these labelled cells homed into the cerebral 
cortex (Figure 4B). In the N-3wSC group, less fluorescent 
dye was detected in the hypoxic rat brain and stem cells than 
in the prior groups (Figure 4C). 

Discussion
In this study, we demonstrated that MSCs can significantly 
alleviate oxidation and neuronal damage after hypoxic brain 
injury induced by NaNO2 administered for 2 and 3 weeks. 
Results showed that levels of MDA, NO, 8-OHdG and 
GSSG, as well as oxidized GSSG ratio were increased, and 
GSH level and GSH/GSSG ratio decreased after 2- or 3-week 
NaNO2 administration. These findings confirm that MSCs 
can diminish antioxidant defence. This improvement may 

 A    B    C   
(A) Control group: Absence of MSCs labeled by PKH26 dye. (B) N-2wSC group: Labeling of MSCs with PKH26 dye. MSCs were detected in all the 
cerebral cell layers, confirming that these cells homed into the cerebral cortex region. (C) N-3wSC group: MSCs were detected in the brain tissues, con-
firming that these cells homed into the cerebral tissue, but they were less compared with other groups. Scale bars: 50 μm. Control group: Dorsal subcu-
taneous injection of distilled water (0.1 mL/100 g body weight); N-2wSC group: Subcutaneous injection of NaNO2 (35 mg/kg/d) for 15 days, followed 
by one intravenous injection of MSCs via the tail vein (2 × 106 cells/rat) and no injection for 28 days; N-3wSC group: Subcutaneous injection of NaNO2 
(35 mg/kg/d) for 15 days, followed by one intravenous injection of MSCs (2 × 106 cells/rat), 7-day NaNO2 injection, and 21-day no intervention. 

Figure 4 Representative fluorescence 
micrographs of cerebral cortex from 
hypoxic brain injury rats following 
MSCs injection showing the homing 
of MSCs by PKH26 dye.
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be evidenced by decreased MDA, NO, 8-OHdG, GSSG lev-
els and oxidized GSSG ratio, and increased GSH level and 
GSH/GSSG ratio. Oxidative stress markers in brain tissue 
were suppressed by MSCs due to a broad variety of cyto-
kines, chemokines, and growth factors that may potentially 
be involved in tissue repair introduced by MSCs (Caplan 
and Dennis. 2006). Findings from this study are consistent 
with an earlier study (Castorina et al., 2015) that reported 
the ameliorative effect of MSCs on oxidative stress in neuro-
degenerative diseases. Oxidative stress markers were neu-
tralized through Nrf2 signalling which might up-regulate 
the expression of certain anti-apoptotic genes (Levonen et 
al., 2007). MSCs reduced lipid peroxidation and the levels of 
oxidative stress markers through activating the enzymatic 
antioxidant system, or free radical-trapping stimulated by 
cytokine activation can prevent against brain damage and 
improve the clinical outcome (Kofman et al., 2012). Expo-
sure to hypoxia results in metabolic failures, such as deple-

tion of ATP stores, enhanced anaerobic glycolysis, activation 
of calcium-stimulated enzymes, mitochondrial dysfunction, 
and induced formation of ROS that induces tissue damage 
(Sims and Anderson, 2002; Endres et al., 2004). The toxicity 
of nitrite arises from the formation of N-nitroso com-
pounds. The acute toxic effect of nitrite moiety occurs 
through its ability to oxidize the oxyhemoglobin to methe-
moglobin, a substance that interferes with the ability of 
blood cells to carry oxygen in the body (Ger et al., 1996). 
Hypoxia induced mitochondrial damage leads to severe 
ATP depletion, thus compromising ionic balance, neuronal 
signalling, and other vital processes (Hata et al., 2000; Dienel 
and Hertz, 2005). ATP depletion induces loss of mitochon-
drial membrane potential, which initiates both apoptotic 
and necrotic mechanisms of cell death (Gottlieb et al., 2003; 
Honda et al., 2005). The present results were consistent with 
the findings of a previous study that reported that exposure 
to hypoxia decreased cell energy, mainly ATP production, 

Table 3 Levels of ATP (μg/g wet tissue), AMP/ATP ratio, and ADP/ATP ratio in the rat cortex and midbrain

Group

Cortex Midbrain

ATP AMP/ATP ADP/ATP ATP AMP/ATP ADP/ATP

C1 38.03± 2.37 0.22±0.01 0.35±0.01 34.45±0.66 0.02±0.01 0.34±0.03
C2 39.31±2.05 0.21±0.03 0.33±0.05 33.40±0.94 0.20±0.01 0.35±0.02
HP 20.96±1.08a 0.40±0.02a 1.02±0.09a 21.47±1.53a 0.44±0.03a 0.72±0.06a

N-2wR 20.75±0.57a 0.35±0.02a 0.58±0.05ab 24.47±1.35a 0.34±0.01ab 0.58±0.04ab

N-3wR 18.32±0.87a 0.38±0.04a 0.67±0.08ab 25.34±0.53ab 0.38±0.01ab 0.60±0.02ab

N-2wSC 25.01±1.42abcd 0.27±0.02bcd 0.38±0.03bcd 27.37±1.38ab 0.29±0.02abcd 0.45±0.03bcd

N-3wSC 30.20±1.42abcde 0.30±0.02ab 0.44±0.04bd 29.05±1.05abcd 0.26±0.01abcd 0.50±0.03ab

All values are expressed as the mean ± SE across six rats in each group. One-way analysis of variance and Bonferroni correction were used. aP < 0.05, 
vs C1 and C2 groups; bP < 0.05, vs. HP group; cP < 0.05, vs. N-2wR group; dP < 0.05, vs. N-2wSC group; eP< 0.05, vs N-3wSC group. Control group 
1 (C1): Dorsal subcutaneous injection of distilled water (0.1 mL/100 g body weight) for 21 days, followed by sacrifice by decapitation. Control 
group 2 (C2): Dorsal subcutaneous injection of distilled water (0.1 mL/100 g body weight) for 14 days, followed by no intervention for 4 weeks. 
Hypoxic (HP) group: Subcutaneous injection of NaNO2 (35 mg/kg/d) for 21 days. N-2wR and N-3wR groups: subcutaneous injection of NaNO2 
(35 mg/kg/d) for 15 and 21 days respectively, followed by no intervention for 28 and 21 days respectively. N-2wSC group: Subcutaneous injection 
of NaNO2 (35 mg/kg/d) for 15 days, followed by one intravenous injection of MSCs via the tail vein (2 × 106 cells/rat) and no injection for 28 days. 
N-3wSC group: Subcutaneous injection of NaNO2 (35 mg/kg/d) for 15 days, followed by one intravenous injection of MSCs (2 × 106 cells/rat), 7-day 
NaNO2 injection, and 21-day no intervention. ATP: Adenosine triphosphate; AMP: adenosine monophosphate.

Table 4 Levels of NE, DA, and 5-HT levels (μg/g wet tissue) in the rat cortex and midbrain in each group

Group

Cortex Midbrain

NE DA 5-HT NE DA 5-HT

C1 0.60±0.01 1.72±0.45 0.51±0.02 0.53±0.01 1.48±0.04 0.50±0.03
C2 0.60±0.01 1.80±0.17 0.55±0.03 0.52±0.01 1.55±0.15 0.45±0.03
HP 0.83±0.01a 0.86±0.07a 0.72±0.02a 0.77±0.02a 0.91±0.07a 0.63±0.02a

N-2wR 0.65±0.05b 1.18±0.05ab 0.68±0.04a 0.60±0.03b 1.19±0.05ab 0.55±0.03a

N-3wR 0.76±0.07ac 0.91±0.06ac 0.71±0.02a 0.65±0.06ab 0.80±0.07ac 0.59±0.04a

N-2wSC 0.58±0.03bd 1.35±0.06abd 0.54±0.01bc 0.53±0.03bd 1.37±0.06bd 0.45±0.01bcd

N-3wSC 0.59±0.02bd 1.01±0.04ae 0.58±0.03bc 0.58±0.02b 1.04±0.04ade 0.47±0.03bcd

All values are expressed as the mean ± SE across six rats in each group. One-way analysis of variance and Bonferroni correction were used. aP < 
0.05, vs. C1 and C2 groups; bP < 0.05, vs. HP group; cP < 0.05, vs. N-2wR group; dP < 0.05, vs. N-2wSC group; eP < 0.05, vs. N-3wSC group. Control 
group 1 (C1): Dorsal subcutaneous injection of distilled water (0.1 mL/100 g body weight) for 21 days, followed by sacrifice by decapitation. 
Control group 2 (C2): Dorsal subcutaneous injection of distilled water (0.1 mL/100 g body weight) for 14 days, followed by no intervention for 4 
weeks. Hypoxic (HP) group: Subcutaneous injection of NaNO2 (35 mg/kg/d) for 21 days. N-2wR and N-3wR groups: subcutaneous injection of 
NaNO2 (35 mg/kg/d) for 15 and 21 days respectively, followed by no intervention for 28 and 21 days respectively. N-2wSC group: Subcutaneous 
injection of NaNO2 (35 mg/kg/d) for 15 days, followed by one intravenous injection of MSCs via the tail vein (2 × 106 cells/rat) and no injection 
for 28 days. N-3wSC group: Subcutaneous injection of NaNO2 (35 mg/kg/d) for 15 days, followed by one intravenous injection of MSCs (2 × 106 
cells/rat), 7-day NaNO2 injection, and 21-day no intervention. NE: Norepinephrine; DA: dopamine; 5-HT: serotonin. 
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and increased the level of their metabolites ADP and AMP 
(Abdel-Rahman et al., 2010). Results of the present studies 
provide evidence that brain cell energy diminished from the 
hypoxic brain tissue soon after NaNO2 administration. In 
the present study, ATP was decreased and its metabolite ra-
tios were increased readily after NaNO2 administration. 
MSCs increased brain cell energy by increasing ATP content 
and decreasing its metabolite ratios. Recuperating the brain 
cell energy by MSCs treatment may be due to the “rescue” 
and possible “replacement” of cells in the lesion tissue (Ruff 
et al., 2012). Hypoxia is a type of oxidative stress associated 
with the generation of ROS. This has been suggested to play 
an important role in the pathogenesis and monoamines de-
pletion (Ahmed-Farid et al., 2016). Hypoxic conditions in-
crease extracellular levels of monoamine neurotransmitters 
in the brain, and accumulation of NE and 5-HT may influ-
ence the development of neuronal death during hypoxia 
(Akiyama et al., 1991; Hiramatsu et al., 1996). Loss of mito-
chondrial potential has been shown to be a key event in the 
demise of neuronal monoamine reuptake under hypoxic 
conditions (Juurlink and Hertz, 1993). In the present study, 
in the HP group, DA level in the rat cortex and midbrain 
was significantly decreased, and NE and 5-HT levels in the 
rat cortex and midbrain were significantly increased. These 
results are consistent with the findings of previous studies 
(Vreman et al., 1998; Omaye, 2002). After NaNO2 adminis-
tration, NE and 5-HT levels in the cortex and midbrain were 
significantly increased, which occurred possibly because of 
increased NO level. This elevation acts as a vasodilator by 
binding to soluble guanylate cyclase and modulating its ac-
tivity by opening Ca-activated-K channels (Ischiropoulos et 
al., 1996). MSCs have the ability to generate neurons and 
glia within the brain. Therefore, more researches are under-
taken to develop methods and techniques in which stem 
cells grown in culture can be implanted into patient’s brains 
where stem cells are able to be transformed into neurons 
and glia, and to determine a mechanism by which the differ-
entiated neurons and glial cells can be implanted (Temple, 
2001). Results from this study showed that the repair pro-
cess of damaged neurons by MSCs, in particular neurotrans-
mitter depletion, was achieved by stimulating the sub-tha-
lamic nucleus or the internal segment of the globus pallidus 
(Perlmutter and Mink, 2006). Accordingly, stem cells can 
activate neurons to release monoamines such as NE, DA, 
and 5-HT which were degenerated by different models. 
Moreover, Parkinson’s disease (PD) is caused by a progres-
sive degeneration and loss of dopamine (DA)-producing 
neurons, which leads to tremor, rigidity, and hypokinesia 
(abnormally decreased mobility). MSCs can be differentiat-
ed into DA neurons by introducing the gene Nurr1. The 
MSCs transplanted into the brain of a rat model of PD can 
improve rat motor function by MSCs-derived DA neurons 
releasing DA (Chung et al., 2002). Oxyhemoglobin oxidizes 
to methemoglobin by sodium nitrite and also produces NO2 
and NO3. Nitric oxide binds with hemoglobin reversibly and 
gradually that auto-decreases to HbFe2+. Moreover, NO2 re-
versibly unites with methemoglobin which produces a mix-
ture of compounds. Overall, these reactions place the biologi-
cal system in oxidative stress causing apoptosis. This 

mechanism supports results and findings with sodium nitrite 
administration in rats. Feelisch and Noack reported danger-
ous effects of the extreme use of nitrites indicating an import-
ant threat for the composition and/or role in neuronal tissues 
(Feelisch and Noack, 1987). This supports the results of a 
study by Zadnipryany and Sataieva (2014) who found that 
rats treated by NaNO2 for 3 weeks exhibited dilated capillary 
blood vessels, lymphocytic inflammatory cells, damaged pia 
mater with hemorrhagic change, loss of plexus, necrotic areas 
with pyknotic nuclei, and widely distributed large vacuoles in 
the hypoxic cerebral cortex. Zhu et al. (2003) reported that 
the mitochondria participate in the cell death process through 
liberating various pro-apoptotic proteins like caspase-2 and 
-9, cytochrome, and AIF from the inter membrane space. 
Caspase-3, BAX and caspase-12 are considered the key com-
ponents of apoptosis and are upregulated in the developing 
brain. Inadequate transportation of oxygen and nutrients to 
the immature brain endangers the function of the brain 
throughout the whole lifespan as one of the main reasons for 
neurodegenerative alternation and pathogenesis of the tissue 
organs. This finding is consistent with a previous study (Zad-
nipryany and Sataieva, 2014). In the present study, hyperplasia 
of astrocytes in the cerebral tissue and capillary blood vessels 
was observed. Absorption of blood cells may lead to the for-
mation of small vacuoles, which is related to secondary brain 
injury that is triggered by neutrophil infiltration. These results 
are consistent with the findings of a previous study (Miao et 
al., 2012). Oxygen is required to generate energy; cells make 
ATP from lipids as the next supply for energy creation. Fatty 
droplets form as a consequence of metabolism of lipids. Lipid 
vacuoles form as a result of lipid peroxidation and oxidative 
stress in the brain. Hypoxia occurs when cerebral blood flow 
in the brain is disturbed. It limits the transportation of sub-
strates, principally glucose and oxygen, and damages the nec-
essary energetics to preserve ionic gradients. The membrane 
potential is damaged with energy malfunction, and the neu-
rons and glia lose their polarities. Then, the voltage dependent 
Ca2+ channels become triggered and induce accumulation of 
free Ca2+ intra-neuron (Acker and Acker, 2010). 

Stem cell therapy was introduced to repair capillary damage 
in the developing brain. Epithelial-derived cells in rats treated 
for 2 and 3 weeks with NaNO2, and treated with stem cells, 
lead to more ameliorative cerebral tissue nearly similar to 
normal tissue. Stem cells defend against infection and liberate 
five growth factors, and so MSCs are able to differentiate and 
then repair the injured tissues. After oxygenation and cere-
bral perfusion return, hypoxia-caused cytotoxic oedema and 
gathering of excitatory amino acids are regularly normalized, 
collectively with improvement of the metabolic dysfunction 
of the brain (Gunn and Thoresen, 2006). These findings paral-
lel with our investigations. Ki67 and proliferating cell nuclear 
antigen (PCNA) are two indicators used to identify cell pro-
liferation. Ki67 is a nuclear protein that is synthesized in G1, 
S, G2, and M phases in the cell cycle; however, its role is not 
known (Kee et al., 2002). PCNA is a nuclear protein which is 
expressed in the phases G1 and S of the cell cycle. The present 
results are consistent with those of the previous study (Raucci 
et al., 2006). The PCNA-immunoreactive cell number change 
in rat brains indicates various actions of different kinds of 
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brain cells and controls the equilibrium among cell apoptosis 
and proliferation (Zhou et al., 2014).

Rats treated for 2 weeks by NaNO2 and left for recovery 
for one month exhibited ameliorative cerebral tissue. This 
supports the findings of the previous study (Parr et al., 2007) 
which demonstrated that transplantation of MSCs improved 
the histopathological changes of injured brain tissue, pro-
moted brain tissue repair, and contributed to brain function 
recovery. However, the biological origin of neurogenesis 
caused by hypoxia remains poorly understood and requires 
further investigation. The main obstruction limiting the clin-
ical application of MSCs is the deficiency of defined markers, 
because of the natural heterogeneity of MSCs and dissimi-
larity linked with cell processing and spreading (Ma, 2010). 
Hypoxia influences cellular actions, cytokine functioning, 
and regenerative potential, and could actually be an “in situ” 
normal level (Ivanovic, 2009). Although hypoxia has been 
documented as a developmentally significant stimulus in vivo, 
it has not been sufficiently studied in vitro (Ma, 2009). MSCs 
healing properties are currently well-recognized not only by 
their widespread differentiation but also their capacity to take 
action and manipulate their direct close surroundings. 

In conclusion, rats exposed to NaNO2 at different time 
intervals have impaired antioxidant enzyme, non-enzyme, 
brain cell energy, and brain monoamines depletion com-
pared with controls, and MSCs therapy improved these 
findings. This suggests that MSCs alleviated brain injury in-
duced by hypoxia and stimulated the antioxidant defence to 
promote neuron function and nervous system performance. 
Histological results revealed that stem cells prevented 
against neurotoxicity due to hypoxic NaNO2 effects on rat 
brain, and improved the pathological features of neurode-
generative disorders. Results from the study of PCNA-im-
munoreactive cells suggest that MSCs may differentiate into 
glial cells and neurons. The stem cell therapy holds promise 
for the treatment of a wide range of neurological disorders. 
As the number and type of regenerative cells have not been 
identified in this study, future studies are required. Addi-
tionally, an in vitro study should be required to confirm the 
differentiation of stem cells into glial or neuronal cells. 
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