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Introduction
Hypoxic-ischemic brain injury (HIBD) is a common neurological 

disease in children, especially in neonatal period, which leads 

to high disability rate and high mortality rate. Aside from mild 
hypothermia within 6 hours after birth, there is no treatment proven 
to be effective in improving the prognosis of HIBD [1]. However, 
due to the narrow time window and strict inclusion criteria, their 
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Background: Hypoxic-ischemic brain damage (HIBD) always causes neonatal death and long-term neural system diseases. Previous 
studies showed that human umbilical cord blood mesenchymal stem cells (hUC-MSCs) could play a protective role in HIBD, but the 
specific mechanism is unclear. Connexin 43 (Cx43) widely spreads in the central nervous system, especially in astrocytes. Cx43 
is also an important component of gap junctions and half channels, which involves maintaining the dynamic balance of the brain 
environment. The change of Cx43 expression was shown to be closely related to the occurrence and development of neural system 
diseases. We speculate the protective effect of hUC-MSCs transplantation of HIBD may be achieved by adjusting the expression of 
Cx43.

Objective: To study the role of Cx43 in the treatment of HIBD with hUC-MSCs, and to explore the mechanism of hUC-MSCs in the 
treatment of HIBD.

Methods: In this study, we use both HIBD rat models and human astrocytes cell-cultured oxygen glucose deprivation (OGD) model 
to test the Cx43 expression change and recovery by hUC-MSCs. Besides, we also use JNK pathway activator, anisomycin, to reverse 
the hUC-MSCs recovery on Cx43 expression of HIBD model built on 7-day Sprague Dawley (SD) rats. Modified Neurological Severity 
Score (mNSS) test was used to test the HIBD model and hUC-MSCs transplanted HIBD model. The western blotting, quantitative 
polymerase chain reaction (qPCR) was performed to test the expression of Cx43 and the JNK pathway.

Results: We found that the expression of Cx43 in hippocampus tissue of HIBD rats significantly increased and reduced by hUC-MSCs 
treatment. With the activation of JNK pathway on hUC-MSCs transplanted HIBD, the Cx43 expression was increased again. The same 
change of Cx43 expression were observed on OGD-induced astrocytes: Cx43 significantly increased on OGD-induced astrocytes, 
reduced by MSCs-CM, This demonstrated that hUC-MSCs improve neurological function by inhibiting Cx43 expression through JNK 
pathway in HIBD rats.
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clinical applications are very limited. So, it is urgent to explore new, 
safe and effective treatment methods. Recent studies showed that 
the hUC-MSCs treatment can promote the recovery of neurological 
function in HIBD rats, but the specific mechanism is still unclear.

In central nervous system, intercellular communication is 
mainly carried out through gap junction channels (GJCs) [2], which 
allows direct intercellular communication, energy metabolites 
and molecular diffusion to maintain the balance of the internal 
environment [3]. GJCs include two half-channels (Hcs) between 
adjacent cells. Hcs mainly involves ion and small molecule exchange 
between intracellular and extracellular environment [4]. Each Hcs 
consists of six connexins, and there are eleven connexin subtypes 
expressed in the brain. Cx43 subtype is one of the most abundant 
connexins, which widely spreads in NVU components, especially in 
astrocytes [5]. In the physiological state, GJCs in astrocytes remains 
open, while Hcs shows a low open rate [6]. Under pathological 
conditions, the over-expression of Cx43 is accompanied by the 
abnormal open of C43 Hcs [7]. On one hand, many toxic substances 
such as glutamate, Ca2+, ATP, etc. spread to undamaged cells to 
aggravate the damage [8,9]. On the other hand, the release of ATP 
will activate microglia to release many inflammatory factors, which 
further up-regulate the expression of Cx43 and form a vicious circle 
[10-12]. Previous studies showed that Cx43 in astrocytes were 
rapidly and continuously up regulated after spinal cord injury [13], 
which further mediated the production of CXCL12 and bone cancer 
pain in rats. It also showed that inhibition of Cx43 expression 
alleviated bone cancer pain [14]. It is reported that Gap19 has 
anti-inflammatory and neuro-protective effects by inhibiting the 
over-expression of Cx43 and opening of Cx43 Hcs in astrocytes 
after intracerebral hemorrhage [15]. Zhao, et. al. [16] proved that 
vinpocetine mediated Cx43 in astrocytes to protect against cerebral 
ischemia-reperfusion injury through PI3K/AKT signal pathway. 
Therefore, we speculate that over-expression Cx43 in astrocytes 
plays an important role in HIBD and hUC-MSCs may inhabit it.

JNK is a kind of stress-activated protein kinase, which 
can strongly respond to external environmental stimuli 
and inflammatory cytokines and participates in varieties of 
physiological and pathological processes. It is reported that aspirin 
inhibits inflammation and scar formation by regulating JNK/STAT-3 
signaling pathway and reduces the risk of tendon injury re-healing 
[17]. Huang, et. al., [18] confirmed that MSCs could secrete the 
paracrine factors which promoted the survival of astrocytes and 
down-regulated GFAP after cerebral ischemia through p38/MAPK/
JNK pathway. Recent studies also showed that the activation of JNK 
may involve in the gap junction remodeling and Cx43 expression 
induced by uremic toxin [19].

Therefore, we speculate that over-expression Cx43 in 
astrocytes plays an important role in HIBD and hUC-MSCs may 
inhabit it through JNK pathway. In this study, we used two models 
to test this hypothesis: a well-established HIBD rat model rescued 
by hUC-MSCs and OGD-induced human astrocytes cultured with 
MSC-conditioned medium (MSCs-CM) in vitro. It showed that 
Cx43 expression increase in HIBD rats and OGD-induced human 
astrocytes, reduced by hUC-MSCs treatment, and increase again 

with activation of JNK pathway. This demonstrated that hUC-MSCs 
may inhibit the expression of Cx43 through JNK pathway to rescue 
the hypoxic-ischemic brain damage.

Methods
Animal Groups

The experimental 7-day-old Sprague Dawley (SD) rats were 
purchased from the Animal Experimental Center of Hubei University 
of Medicine. All the experimental rats were raised in a specific 
pathogen-free (SPF) laboratory with a constant temperature of 22-
24°C, 40-60% relative humidity and artificial daylight from 07:00 
to 19:00 every day. The food and water are freely accessed. The 
newborn young rats were fed by their mothers. All the experimental 
programs were approved by the Animal Ethics Committee of Hubei 
University of Medicine (license number: SYXK (E) 2019-0031).

Healthy 7-day-old SD rats were anesthetized with 10% 
chloral hydrate (3ml/kg) and their body temperature was kept at 
37.0±0.5°C with a heating blanket. With the head and limbs fixed, 
their neck skin was cut into a 0.5-1cm incision to ligate the right 
carotid artery permanently. The incision was then sutured and 
disinfected. The whole operation was finished within 10minutes. 
Two hours later, the mice were exposed to 8% oxygen and 92% 
nitrogen at 37°C for 2.5h and then returned to their dams in a 
conscious state. The sham group was only subjected to a separation 
of the right carotid artery without ligation and hypoxia.

The experiments include two steps. The first one included 
three groups: sham, HIBD and HIBD+hUC-MSCs. On the 7th day 
after successful modeling, 12ul phosphate buffer was injected into 
the sham group and HIBD group through intranasal pathway, and 
the same volume of phosphate buffer containing hUC-MSCs was 
injected into the HIBD+hUC-MSCs group. The total number of cells 
was 0.5×106. Behavioral assessment was performed 14 days after 
HIBD. Western blot was used to detect the protein expressions of 
Cx43, JNK and p-JNK.QPCR was used to measure the expression of 
Cx43 mRNA.

The experiments in the second step include four groups: HIBD, 
HIBD+anisomycin, HIBD+hUC-MSCs and HIBD+anisomycin+hUC-
MSCs. After 7days of HIBD, the rats in HIBD+ anisomycin group 
were intra-peritoneal injected with anisomycin, an activator of 
JNK pathway. The rats in HIBD+anisomycin+hUC-MSCs were 
intranasal injected with hUC-MSCs and intra-peritoneal injected 
with anisomycin. Anisomycin was injected continuously for 5days 
according to the dose of 5mg/kg.

The Modified Neurological Severity Score (Mnss) Test

The modified Neurological Severity Score (mNSS) test includes 
the following four aspects: movement, sensation, balance and 
reflex, whose total score is 18 [20]. The higher the score, the more 
serious the neurological impairment.

hUC-MSCs Culture

HUC-MSCs were derived from the stem cell research center of 
our hospital. First, the cryopreserved hUC-MSCs were resuscitated 
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in the 10cm petri dish. The standard medium with 10% fetal 
bovine serum (FBS) and 1% penicillin-streptomycin were used. 
After 72hours, the non-adherent cells were removed, and the fresh 
medium was added. When it reached 80-90% in the petri dish 
area, cells were digested with 0.25% trypsin and passaged. The 
hUC-MSCs in third to fifth passages were selected for the following 
experiments and all cultures were carried out in a humidified 
atmosphere with 5% CO2 and 37°C condition. The MSCs-CMs were 
taken from the second passage of hUC-MSCs cultured in standard 
medium for 24h.

Construction of OGD Model

The human brain astrocytes were from the Institute of Divinity 
in our Hospital. OGD was performed as previously described [18]. 
The third to fifth passages astrocytes with good growth condition 
were cultured into 6-well plates. 24hours later, the normal cell 
culture medium was replaced with FBS and glucose-free DMEM 
medium, and the cells were cultured in hypoxia environment 
of 5%O2 and 95%N2 for 6hours to establish the model of OGD-
damaged astrocytes.

Experimental Grouping and Treatment in vitro

The rats were divided into three groups: normal control group 
(Cont group), oxygen-glucose deprivation injury group (OGD 
group) and hUC-MSCs CM treatment group after oxygen-glucose 
deprivation injury (0GD+CM group). The control group was 
cultured in standard medium supplemented with glucose at 37° 
in a regular 5%CO2 cell incubator (normal condition). After OGD, 
the cells were incubated with standard medium (the OGD group) 
or MSCs-CM (the OGD+MSCs-CM group) under normal conditions 
for 24h.

Western Blot Analysis

The total protein was extracted from hippocampus tissue or 
astrocytes, and the protein concentration in the supernatant was 
measured by BCA protein detection kit. The protein samples were 
separated by an 10% gel for sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and then transferred to a PVDF 
membrane. All membranes were blocked with Western blot 
sealing solution at room temperature for 1 h and incubated at 
4℃ overnight with the following primary antibodies: mouse anti-
Tubulin (1:2000), rabbitanti-Cx43 (1: 1000), rabbit anti-p-JNK 

(1:1000), and rabbit anti-JNK (1:1000). Then, all membranes 
were washed three times with TBST and incubated with HRP-
conjugated anti-mouse or anti-rabbit secondary antibodies at room 
temperature for 1h. Finally, the protein bands were detected by 
enhanced chemiluminescence (ECL). The results were quantified 
by ImageJ software. All experiments were repeated three times 
independently.

Quantitative Real-Time Polymerase Chain Reaction (RT-
qPCR)

According to the instructions of manufacturer, the total RNA of 
hippocampus tissue or astrocytes was extracted with TRIzol reagent 
and transcribed into cDNA with reverse transcription kit. Cx43 
mRNA expression levels were quantitated by a Kangwei century 
Ultra SYBR One Step RT-qPCR Kit system. β-actin was considered 
as endogenous control. The relative mRNA expression levels were 
calculated by 2-∆∆Ct method. Forward (F) and reverse (R) primers 
of the above genesas follows: β-actin-F:CCTTCCTGGGCATGGAGTC, 
β - a c t i n - R : T G A T C T T C A T T G T G C T G G G T G ; 
Cx43-F:AGGAGTTCAATCACTTGGCGT, Cx43-
R:CTCCAGCAGTTGAGTAGGCTT.

Statistics Analysis

Graph Pad Prism 8.0 was used to analyze the data. All the values 
were expressed as the mean±standard error of the mean (SEM). The 
T-test was used to compare the average values of the two groups. 
One-way analysis of variance (ANOVA) was used for multiple groups 
of comparisons. P<0.05 was considered statistically significant.

Results
HUC-MSCs Transplantation Significantly Improve 
Neurological Function in HIBD Rats

The experiment’s timeline was shown in Figure 1A. The 
neurological function of the three groups, Sham, HIBD and 
HIBD+MSCs, were assessed by mNSS test at 14days after HIBD. 
Their neurological function score was shown in Figure 1B. It 
shows that the neurological function score of the HIBD rats was 
significantly higher than that of the sham group. This shows the 
effectiveness of our HIBD model, where the neurological deficit 
was serious. After hUC-MSCs transplantation, the mNSS score was 
significantly reduced on HIBD rats. This suggested that hUC-MSCs 
could alleviate neurological deficit in HIBD rats (Figures 1,2&3).

Figure 1: HUC-MSCs transplantation can improve the neurological function in HIBD rats. 
(A)	 A schematic of experiments timeline.
(B)	 MNSS scores of the sham group, the HIBD group and the HIBD+hUC-MSCs group. The results are presented as the 
mean±SEM.****P<0.0001.
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Figure 2: Hypoxia-ischemia treatment promoted the expression of Cx43 in hippocampus of SD rats.
(A)	 The protein expression level of Cx43 was analyzed by Western blot.
(B)	 Cx43 expression was quantitatively analyzed by Image J.*P<0.05, **P<

Figure 3: Cx43 expression in hippocampus of three groups.
(A)	 The protein expression of Cx43 analyzed by Western blot.
(B)	 Cx43 expression was quantitatively analyzed by Image J.
(C)	 The expression Cx43 mRNA detected by qPCR. The results are presented as mean±SEM, n=3. *P<0.05, **P<0.01.
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Hypoxia-ischemia Significantly Increased Cx43 
expression in hippocampus of SD rats

The Cx43 protein expression of Sham and HIBD and HIBD+MSCs 
on different time points, were shown in Figure 2. Compared with 

the Sham group, the expression of Cx43 in HIBD group significantly 
increased, especially on day 14. This suggested that Cx43 may play 
an important role in the pathological process of HIBD. Therefore, 
the 14th day of HIBD was selected as the observation time point 
(Figures 4,5).

Figure 4: HUC-MSCs transplantation inhibited the activation of JNK pathway.
(A)	 The expression levels of JNK and p-JNK were detected by Western blot.
(B)	 JNK expression was quantitatively analyzed by Image J.
(C)	 P-jnk expression was quantitatively analyzed by Image J. The results are presented as the mean±SEM, n=3. *P<0.05.

Figure 5: JNK activator reversed the down regulation of Cx43 expression by hUC-MSCs transplantation in HIBD rats. (A-D) The protein 
expression of Cx43, JNK and p-JNK detected by Western blot on HIBD and HIBD+hUC-MSC with and without JNK activator. The results are 
presented as the mean±SEM, n=3.
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HUC-MSCs Transplantation Inhibited the Increase of 
Cx43 in Hippocampus of HIBD Rats

The Cx43 protein expression of the three groups, Sham and 
HIBD and HIBD+MSCs, The Drug Discovery and Development in 
Indian on New Chemical Entities (NCEE’s) were shown in Figure 3. 
From Figure 3A-B, Cx43 significantly increased on HIBD, and was 
decreased after hUC-MSCs transplantation. Consistent with this, the 
similar Cx43 mRNA expression change was tested by qPCR, hUC-
MSCs significantly reduce the increased expression of Cx43 mRNA 
in HIBD Figure 3C. Both results indicate that hUC-MSCs inhibit the 
increase of Cx43 expression in hippocampus of HIBD rats.

HUC-MSCs Transplantation Inhibited the Activation of 
JNK Pathway

As JNK may be involved in the gap junction remodeling and Cx43 
expression induced by uremic toxin [19], the expression change of 
JNK pathway were tested on three groups. The protein expression 
of JNK pathway (JNK and p-JNK) on the three groups, Sham and 
HIBD and HIBD+MSCs at 14days after HIBD were shown in Figure 

4. There is no significant difference of JNK expression among the 
three groups. Compared with Sham, p-JNK significantly increased in 
hippocampus of HIBD rats, and hUC-MSCs transplantation inhibited 
it. This suggested that hUC-MSCs may modulate the expression of 
Cx43 after HIBD by inhibiting the activation of JNK pathway.

JNK Activator Reversed the Downregulation of Cx43 
Expression by hUC-MSCs Transplantation on HIBD Rats

To further improve whether the hUC-MSCs inhabits Cx43 
expression increase of HIBD through JNK pathway, the JNK activator, 
anisomycin, was added on the two groups, HIBD and HIBD+hUC-
MSCs model. The expression of Cx43 and JNK pathway (JNK/p-
JNK) on the four groups, HIBD and HIBD+hUC-MSCs model with 
and without anisomycin were shown in Figure 5. With anisomycin, 
the JNK pathway activated, p-JNK and Cx43 significantly increased 
on HIBD. From previous results, hUC-MSCs transplantation inhibit 
their increase, but with JNK activation, p-JNK and Cx43 significantly 
increased again Figure 5. This indicates hUC-MSCs may inhabit 
Cx43 through JNK pathway.

The Expression of Cx43 in Astrocytes Increased After OGD Injury

Figure 6: The expression of Cx43 in astrocytes increased after OGD injury.
(A)	 The expression of Cx43 in astrocytes was detected by western blot at different oxygen-glucose deprivation time (0,2,4,6 and 8 h).
(B)	 (B)Cx43 expression was quantitatively analyzed by Image J. The results are presented as the mean±SEM

Astrocytes injury is a common outcome of ischemic conditions 
associated with energy depletion and metabolic disruption [21]. 
OGD-induced astrocytes were therefore used to mimic ischemic 
insult. The Cx43 expression in astrocytes at different oxygen-
glucose deprivation time was assessed by western blot. As shown in 

Figure 6A and B, the expression of Cx43 in OGD-induced astrocytes 
constantly increased until the 6 h time point and then showed a 
decreasing trend. Based on this, 6hours of oxygen and glucose e 
privation was selected for the following experiments (Figures 6,7).
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Figure 7: HUC-MSCs CM treatment inhibited the expression of Cx43 and p-JNK in OGD-induced astrocytes.
(A)	 The levels of Cx43 and p-JNK were detected by Western blot.
(B)	 Cx43 expression was quantitatively analyzed by Image J.
(C)	 The expression of Cx43 mRNA was detected by qPCR.
(D)	 P-jnk expression was quantitatively analyzed by Image J. The results are presented as the mean±SEM, n=3. *P<0.05, **P<0.01.

HUC-MSCs CM Treatment Inhibited the Expression of 
Cx43 and p-JNK in OGD-Induced Astrocytes

The expression of Cx43 and p-JNK on OGD-induced astrocytes 
with and without hUC-MSCs CM treatment were shown in Figure 
7. Similar as in HIBD model, the same change was observed: both 
protein and mRNA expression of Cx43 and p-JNK in OGD-induced 
astrocytes significantly higher than the control group, and then 
inhibited by hUC-MSCs CM. These results demonstrated that hUC-
MSCs CM inhibited the Cx43 expression and the JNK pathway in 
OGD-induced astrocytes.

Discussion
HIBD accounts for most neonatal brain injury cases and is one 

of the main causes of infant acute death and severe neurological 
disorders (such as cerebral palsy, epilepsy, and cognitive 
impairment). Although there are many treatments for HIBD, the 
rate of poor prognosis is still high. In addition, the cost of treatment 
is expensive, which brings a heavy burden to the family and 
society. Therefore, it is greatly urgent to develop more effective 
and economical methods for HIBD. In recent years, stem cells 
have become a promising treatment for nerve injury. Because of 
the advantages of easy access, non-invasion, no ethical problems, 
and low immunogenicity, hUC-MSCs were considered as the first 
choice of stem cells for clinical application research. Many animal 
experiments and clinical studies have proved that hUC-MSCs are 

safe and effective in the treatment of brain injury [22-24], but the 
underlying mechanism remains unclear. In this study, Both HIBD 
animals’ models and OGD-induced astrocytes were used to explore 
the role of Cx43 and JNK pathways on hUC-MSCs treatment in 
hypoxic-ischemic brain injury. Our results demonstrated that hUC-
MSCs transplantation reduced the expression of Cx43, inhibited 
JNK pathway, and further rescued the neurological damage in HIBD 
rats.

Cx43 exists widely in the central nervous system and plays an 
important role in balancing its internal environment. It is reported 
that Cx43 is involved in the regulation of many immune responses, 
such as antigen presentation, T cell activation, macrophage 
migration, cytokine induction and inflammatory body activation 
[25-27]. Inhibition or down-regulation of Cx43 can reduce local 
inflammatory responses and accelerate the process of disease 
recovery [28-30]. Previous studies have shown that changes in the 
expression and function of Cx43, including GJCs coupling and Hcs 
activity, are closely related to the occurrence and development of 
many nervous system diseases [31-34]. Our study suggested that 
the Cx43 expression exhibit marked increase at 7-14days after 
HIBD in vivo, especially on day 14 and within 6 h of OGD injury 
in vitro, as well as a significant increase. We also found Both MSCs 
transplantation and in vitro co-culture could inhibit the increase 
of Cx43 expression and promoted the recovery of neurological 
function after brain injury. It was reported that GJCs and Hcs 
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formed by Cx43 play an important role in neuropathic pain, and 
the Cx43 inhibitors significantly relieve neuropathic pain [35]. 
Almad, et al., [36] found that astrocyte-specific knockout of Cx43 
slowed disease progression in space and time and improved the 
survival of motor neuron in the ALS mice model. Chen, et al., [37] 
proved that inhibition of Cx43 expression can alleviate cerebral 
ischemia / reperfusion injury through TLR4 signal pathway in 
middle cerebral artery occlusion (MCAO). Yu, et al., [15] illustrated 
that targeting Cx43 exerts the anti-inflammatory effect after intra-
cerebral hemorrhage by regulating YAP signal pathway. Therefore, 
we speculated that hUC-MSCs might protect the HIBD rats partially 
through the regulation of Cx43 expression.

JNK signaling pathway is an important part of MAPK pathway, 
which is highly active in the central nervous system and plays an 
important role in many physiological and pathological processes 
such as inflammatory response, cell growth, differentiation, 
apoptosis, and stress. One study has shown that JNK can be used 
as an upstream mediator of Cx43, and inhibiting the activation 
of JNK signal pathway can reduce the expression of Cx43, whose 
decrease further reduces sevoflurane-induced hippocampus cell 
apoptosis and improves long-term biological behavior [38]. It 
is reported that Gap26, a specific Cx43 blocker, could antagonize 
morphine analgesia tolerance and significantly inhibit the 
activation of JNK and c-jun induced by chronic morphine analgesia 
tolerance [34]. In our study, we found that the process of HIBD was 
accompanied by the activation of the JNK pathway, and hUC-MSCs 
transplantation inhibited the JNK pathway activation. Moreover, 
our results also suggested that anisomycin, an activator of JNK, 
suppressed the decreases of Cx43 and p-JNK protein expression 
induced by hUC-MSCs transplantation. Liang et al. [39] confirmed 
that the downregulation of Cx43 expression mediated by JNK signal 
pathway in IL-22-induced psoriatic dermatitis mice. The above 
findings suggest that hUC-MSCs transplantation improved the 
neural function in HIBD rats by inhibiting Cx43 expression, which 
may be related to the JNK pathway. 

Conclusions 
In summary, our results indicate that hUC-MSCs transplantation 

may regulate Cx43 expression through JNK pathway to improve 
neurological deficits. This provides a novel mechanism for the 
treatment of hUC-MSCs in HIBD. Our study only explores the role 
of Cx43 in hUC-MSCs transplantation for HIBD and is not designed 
to investigate the effects of GJCs and Hcs. Secondly, whether the 
protective effect of hUC-MSCs transplantation for HIBD is achieved 
by secreting some factors still needs to be further explored.
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