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characterized by primarily fusiform or spindle 
forms.

OECs transplantation improved CCH-induced 
cognitive dysfunction

To examine whether OECs transplantation atte- 
nuated CCH-induced cognitive decline, we con-
ducted the OECs treatment for 3 weeks fol-
lowed by morris water maze test. As shown in 
Figure 2A and 2C, the escape latencies were 

decreased progressively in all groups during 
the five training days without affecting swim-
ming speed. However, compared with 2VO gro- 
up, the escape latencies in 2VO+OECs group 
were significantly restored. Meanwhile, the spa-
tial memory of four groups were assessed by 
the probe trial performed at 24 h after the last 
training session. The number of crossing the 
platform in 2VO group obviously decreased as 
compared to the Sham group, while OECs tr- 
ansplantation markedly increased the number 

Figure 3. Effects of OECs transplantation on apoptosis in the brain. Tunel-positive staining was performed in 2VO-
treated rats. Apoptosis associated proteins cleaved caspase-3, Bax, Bcl-2, cleaved caspase-PARP and cleaved 
casepase-9 were measured by western blot analysis. A. Representative images of tunel-positive cells to measure 
apoptotic cells. B. Quantitative analysis of tunel-positive cells. C. Apoptosis related proteins cleaved caspase-3, Bax, 
Bcl-2, cleaved caspase-PARP and cleaved casepase-9 in the brain were detected by western blot. D. Densitometric 
analysis of relative cleaved caspase-3 protein expression. E. Densitometric analysis of relative Bax protein expres-
sion. F. Densitometric analysis of relative Bcl-2 protein expression. G. Densitometric analysis of relative cleaved 
caspase-PARP protein expression. H. Densitometric analysis of relative cleaved casepase-9 protein expression. Data 
were expressed as mean ± SEM (n = 5 per group). **P<0.01 vs. the Sham group, ***P<0.001 vs. the Sham group, 
##P<0.01 vs. the 2VO group, ###P<0.001 vs. the 2VO group.



Olfactory ensheathing cells transplantation improves chronic cerebral hypoperfusion

3116 Am J Transl Res 2018;10(10):3111-3121

of crossing compared with 2VO group (Figure 
2D). The probe trial test also showed that the 
rats spent more time in the target quadrant 
under OECs treatment (Figure 2E). Furthermo- 
re, the NSS of the rats in 2VO group was sig- 
nificantly higher than that in the sham group.  
At 2 and 3 weeks after transplantation, the 
scores of the OECs treatment group was low- 
er than 2VO and 2VO+Me groups (Figure 2F). 
Collectively, these results suggested that OECs 
transplantation significantly ameliorated CCH-
induced cognitive dysfunction.

OECs transplantation alleviated CCH-induced 
apoptosis

To ascertain the protective role of OECs trans-
plantation on CCH-induced brain damages. We 
studied the influence of OECs transplantation 

on brain cell death. Tunel assay showed that 
there was a significant Tunel-positive staining 
in the brain in 2VO and 2VO+Me groups while 
the number of Tunel-positive cells in the 2VO+ 
OECs group were significantly lower (Figure 3A 
and 3B). Meanwhile, the apoptosis related pro-
teins Bax, Bcl-2, cleaved caspase-3, cleaved 
casepase-9 and cleaved caspase-PARP in the 
brain were detected by western blot. Compared 
with the sham groups, 2VO treatment signifi-
cantly decreased Bcl-2 as well as increased 
Bax, cleaved caspase-3, cleaved casepase-9 
and cleaved caspase-PARP expression, where-
as OECs transplantation effectively reversed 
these changes in 2VO+OECs group (Figure 3). 
These results manifested that OECs transplan-
tation effectively reduced cell death in rat 2VO 
model.

Figure 4. Effects of OECs transplantation on neuroinflammation in 2VO-treated rats. Neuroinflammation related 
proteins GFAP, p-p65, TNF-α and IL-6 were detected in four groups. A. Representative images of GFAP expression to 
measure astroglial activation. B. Quantitative analysis of GFAP expression to measure astroglial activation. C. Rep-
resentative images of p-p65 expression in four groups. D. Quantitative analysis of p-p65 expression in four groups. 
E. Neuroinflammation related proteins p-p65 in the brain were detected by western blot. F. Densitometric analysis 
of relative p-p65 protein expression. G. Inflammatory cytokine of TNF-α in the brain were measured by Elisa kit. H. 
Inflammatory cytokine of IL-6 in the brain were measured by Elisa kit. Data were expressed as mean ± SEM (n = 5 
per group). **P<0.01 vs. the Sham group, ***P<0.001 vs. the Sham group, ##P<0.01 vs. the 2VO group, ###P<0.001 
vs. the 2VO group.
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OECs transplantation alleviated CCH-induced 
neuroinflammation

To assess the effects of OECs transplantation 
on neuroinflammation caused by CCH, we de- 
tected astroglial activation and inflammatory 
factors in brain tissues. As shown in Figure 4, 
compared with the 2VO group, the expressions 
of GFAP and p-p65 in the 2VO+OECs group sig-
nificantly decreased in 2VO+OECs group. p-p65 
immunoblot confirmed this result (Figure 4E). 
Meanwhile, the expression of inflammatory-as- 
sociated factors TNF-α and IL-6 triggered by 
CCH were significantly decreased in 2VO+OECs 
group (Figure 4G and 4H). These results mani-
fested that OECs transplantation alleviated ne- 
uroinflammation in rat 2VO model.

OECs transplantation inhibited oxidativestress 
and activated Nrf2/HO-1 pathway in 2VO rats

Considering the crucial role of oxidativestress 
in the progress of CCH [7]. The effects of OECs 
transplantation on SOD activity, MDA, H2O2 and 
GSH contents in the brain were measured. 
Compared with the Sham group, the SOD activ-
ity and GSH concentration in 2VO group were 
significantly decreased, whereas the levels of 
MDA and H2O2 were obviously increased. How- 

ever, OECs transplantation restored activities 
of SOD and GSH and significantly decreased 
MDA and H2O2 levels while the medium trans-
plantation has little effects on these oxidative 
indicators (Figure 5). To investigate the mole- 
cular mechanisms behind the neuroprotection 
of OECs transplantation against CCH-induced 
brain injury, we then investigated the protein 
expression of HO-1 and Nrf2 in the brain. As 
shown in Figure 5E, HO-1 and Nrf2 express- 
ion were significantly decreased in 2VO group, 
whereas OECs transplantation increased the 
HO-1 and Nrf2 expression. These findings indi-
cated that OECs transplantation reduced CCH-
induced brain injury partly by activating Nrf2/
HO-1 pathway.

Brusatol treatment reversed neuroprotective 
of OECs transplantation in 2VO rats

To further study the mechanism of the neuro-
protective role of OECs transplantation, rats in 
2VO+OECs+Bru and 2VO+Bru groups were tre- 
ated with the Nrf2 inhibitor Brufrom the day  
of OECs transplantation until the day of sacri-
fice. As shown in Figure 6A and 6C, in morris 
water maze test, we found that compared with 
2VO group, OECs transplantation significantly 
decreased the escape latencies and increased 

Figure 5. Effects of OECs transplantation on brain oxidative stress and Nrf2/HO-1 signaling pathway in 2VO-treated 
rats. A-D. Oxidative parameters including MDA, H2O2, CuZn/Mn-SOD and GSH were determined in brain tissues. E. 
Protein expression of HO-1 and Nrf-2 were determined by western blot. F. Densitometric analysis of relative HO-1 
protein expression. G. Densitometric analysis of relative Nrf-2 protein expression. Data were expressed as mean 
± SEM (n = 5 per group). ***P<0.001 vs. the Sham group, #P<0.05 vs. the 2VO group, ##P<0.01 vs. the 2VO group.
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the time in the target quadrant, whereas the 
OECs-mediated protection was partly blocked 
by Bru in 2VO+OECs+Bru group. As oxidative 
stress has been considered as one of the ma- 
jor risk factor of CCH-induced brain injury, we 
examined oxidative stress indicators. As shown 
in Figure 6D and 6E, compared with 2VO+OECs 
group, the brain SOD activity and MDA concen-
tration were both abolished in 2VO+OECs+Bru 
group. Meanwhile, Bru treatment also reversed 
increasing expression of Nrf2 and HO-1 in the 
brain induced by OECs transplantation (Figure 
6F). Taken together, these results indicated th- 

at Nrf2/HO-1 pathway is involved in the neuro-
protective effects of OECs transplantation on 
CCH-induced cognitive deficits and brain da- 
mages.

Discussion

This study is the first time to test the therap- 
eutic potential of OECs transplantation against 
CCH-induced cognitive deficits and brain dam-
ages. We found that OECs transplantation sig-
nificantly decreased escape latencies, increa- 
sed time spent in the target quadrant and 

Figure 6. Treatment with Bru abolished OECs transplantation induced increase of Nrf2/HO-1 in 2VO-treated rats. 
A. Latency to reach platform of four groups on the first 5 training days. B. Representative swim traces of the rats in 
morris water maze test on the fifth day. C. Time spent in the target quadrant of four groups. D, E. Oxidative param-
eters including MDA and CuZn/Mn-SOD were determined in brain tissues. F. Protein expression of HO-1 and Nrf-2 
were determined by western blot. G. Densitometric analysis of relative HO-1 protein expression. H. Densitometric 
analysis of relative Nrf-2 protein expression. Data were expressed as mean ± SEM (n = 5 per group). *P<0.05 vs. 
the 2VO group, **P<0.01 vs. the 2VO group, #P<0.05 vs. the 2VO+OECs group, ##P<0.01 vs. the 2VO+OECs group.
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crossing the platform location. Moreover, trans-
plantation of OECs could decrease neural cell 
death, neuroinflammation and oxidative stress. 
Importantly, we demonstrated that OECs trans-
plantation upregulated Nrf2 and HO-1 protein 
expression, however, this protection was partly 
abolished by Nrf2 inhibitor. Based on these 
results, we proposed that OECs transplanta- 
tion exerted neuroprotective effects on CCH-
induced brain injury and cognitive deficits th- 
rough Nrf2/HO-1 pathway (Figure 7).

Olfactory ensheathing cells (OECs), a unique 
type of macroglial cells, have the ability to pro-
mote remyelination, secrete multiple neurotro- 
phins and promote regeneration [18]. Several 
studies have demonstrated that OECs trans-
plantation was an effective therapy protecting 
against spinal cord injury [19]. OECs treatment 
significantly improved neurological dysfunction 
in murine models of stroke [13] and promoted 
the recovery of neurological functions in rats 
with traumatic brain injury [20]. However, the 
protective effects of OECs transplantation on 
CCH-induced cognitive impairment was little 
demonstrated. To investigated the effects of 
OECs transplantation on CCH-induced brain in- 
jury, rat 2VO model in this study was establish- 
ed. In the present study, we found that OECs 
transplantation significantly restored escape 
latencies, increased time spent in the target 
quadrant and crossing the platform location. 
These results demonstrated that OECs trans-
plantation effectively alleviated CCH-induced 
spatial learning and memory impairment.

Many studies have demonstrated that CCH 
could induce neuronal cell death and neuroin-
flammation [3, 5]. Apoptosis and neuroinflam-
mation are also closely related to CCH-induced 
cognitive decline [21, 22]. Previous study has 
found that transplantation of OECs downregu-
lated the apoptotic molecules in rats with trau-
matic brain injury [20]. OECs-conditioned medi-
um ameliorated Aβ25-35-induced neuronal dam-
ages by inhibiting the mitochondria-mediat- 
ed apoptotic pathway [23]. Transplantation of 
OECs significantly decreased the expression of 
GFAP and pro-inflammatory factors in the spi-
nal cord [24]. Liu et al. also demonstrated that 
OECs transplantation exerted anti-inflammato-
ry mechanism in traumatic brain injury [25]. In 
the present study, we found that OECs trans-
plantation significantly decreased CCH-induc- 
ed apoptosis as well as inhibited the activa- 
tion of astrocytes and NF-κB followed by the 
decreased TNF-α and IL-6 expression in the 
brain, suggesting that OECs transplantation ef- 
fectively improved CCH-induced brain dama- 
ges.

Oxidative stress has been regarded as an im- 
portant factor in the progression of CCH. The 
levels of malondialdehyde (MDA) and H2O2 we- 
re increased obviously while glutathione (GSH) 
and superoxide dismutase (SOD) were decrea- 
sed significantly during CCH [7]. In our study, 
OECs treatment significantly reduced MDA and 
H2O2 levels as well as increased GSH and SOD 
activities in rat 2VO models. Our results sug-
gested that oxidative stress in the brain induced 
by CCH may be alleviated by OECs treatment. 
Consistent with our study, Liu et al. also found 
that OECs transplantation enhanced the anti-
oxidant capability in the hippocampus of CO- 
poisoned rats [15]. HO-1, a rate-limiting enzyme 
in heme catabolism, plays a critical role in regu-
lating oxidative stress. In our study, we investi-
gated the effects of OECs transplantation on 
HO-1 and Nrf2 expression. The upregulation of 
HO-1 and Nrf2 protein expression in the brain 
by OECs transplantation is apparently in line 
with the inhibitory action of OECs transplanta-
tion on brain oxidative stress. To further investi-
gate the role of Nrf2/HO-1 signaling pathway in 
CCH, we used Bru, a specific Nrf2 inhibitor, to 
elucidate the underlying mechanisms. As expe- 
cted, enhanced expression of Nrf2 and HO-1 in 
the brain caused by OECs transplantation was 
partly abolished by Bru. In addition, Bru treat-

Figure 7. The schematic diagram of OECs transplan-
tation on CCH-induced cognitive dysfunction and 
brain damages.
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ment diminished the neuroprotective effects of 
OECs transplantation, as evidenced by increa- 
sed escape latencies, upregulated MDA levels 
and decreased SOD activities. Therefore, our 
results indicated that the activation of Nrf2/
HO-1 signaling pathway is involved in the pro-
tective effects of OECs transplantation on CCH-
induced brain damages.

In summary, the present study was first time  
to demonstrate that OECs transplantation pro-
tected against CCH-induced cognitive impair-
ment. OECs transplantation inhibited apopto-
sis, decreased neuroinflammation and increa- 
sed antioxidant capability in 2VO rat models. 
The underlying molecular mechanism may re- 
late to the activated Nrf2/HO-1 signaling path- 
way.
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