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Wu et al.: Mechanisms in Hypoxic-Ischemic Brain Damage of Neonatal Rat

Roles of acid-sensing ion channel 1a and vitamin D-mediated protective mechanisms in hypoxic-ischemic 
brain damage of neonatal rat were investigated in this work. 108 Sprague Dawley rats were randomly 
grouped into a sham operation group (Group A), a hypoxic-ischemic brain damage group (Group B), and 
a vitamin D treatment group (Group C), with 36 rats in each. A hypoxic-ischemic brain damage rat model 
was established to assess the blood-brain barrier permeability. Additionally, concentrations of 1,25(OH)2D3, 
superoxide dismutase activity, malondialdehyde levels, acid-sensing ion channel 1a, as well as vitamin D 
receptor gene and protein expressions in rat brain tissues were analyzed. Results showed that concentrations 
of 1,25(OH)2D3 in brain tissues and serum, superoxide dismutase levels, and malondialdehyde levels in Group 
C were higher in contrast to those in Group B but lower than those in Group A (p<0.05). The pH values in the 
brain tissues of Group C at 48 h and 72 h were higher than the value in Group B but lower in comparison to 
the Group A (p<0.05). Blood-brain barrier permeability in Group C was improved. Acid-sensing ion channel 
1a was elevated in Group C than that in Group B but decreased than that in Group A (p<0.05). Furthermore, 
vitamin D receptor in Group B was higher, showing obvious differences to that in Groups A and C (p<0.05). 
In conclusion, vitamin D supplementation protected hypoxic-ischemic brain damage in rats by enhancing 
superoxide dismutase activity, downregulating malondialdehyde, regulating acid-base balance, improving 
blood-brain barrier permeability, and inhibiting acid-sensing ion channel 1a and vitamin D receptor.

Key words: Acid-sensing ion channel 1a, hypoxic-ischemic brain damage, vitamin D, malondialdehyde, 
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Hypoxic-Ischemic Brain Damage (HIBD) in 
neonates refers to cranial and brain injuries caused 
by hypoxia and oxygen deprivation during fetal 
development and after birth[1]. It is a leading 
cause of neurological sequelae and even death in 
infants and young children[2]. HIBD encompasses 
both postnatal hypoxia and prenatal intrauterine 
distress, playing a significant role in increased 
infant mortality and the occurrence of long-
term adverse diseases[3,4]. HIBD is a neurologic 
disorder associated with neuronal apoptosis, and 
its pathogenesis involves a series of pathological 
and physiological processes such as apoptosis, 
inflammatory responses and oxidative stress[5,6]. 
These processes, including energy depletion, 
membrane depolarization, edema, increased 

neurotransmitter release, elevated intracellular 
calcium ions, and anaerobic free radical production, 
all have detrimental effects on the developing brain. 
However, the exact pathological mechanisms of 
HIBD remain incompletely understood.

Acid-Sensing Ion Channel 1a (ASIC1a) is 
important in HIBD[7]. ASIC1a is an ion channel 
activated by hydrogen ions and is widely 
distributed in the nervous system[8]. Meanwhile, 
it is crucial in the process of neuronal death 
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during hypoxic-ischemic conditions. By activating 
ASIC1a, intracellular calcium ion concentration 
increases, triggering a series of cell death-related 
mechanisms[9,10]. Currently, the understanding 
of the neuronal injury mechanisms mediated 
by ASIC1a remains incomplete. On the other 
hand, the protective mechanisms of vitamin D 
in HIBD have also drawn research attention[11,12]. 
Vitamin D is a fat-soluble vitamin that regulates 
cell differentiation, proliferation, and immune 
function[13]. Studies have indicated that vitamin D 
plays an important role in brain injuries, including 
its effects on neurotrophic factors, calcium channel 
regulation, reducing free radical damage, and 
inhibiting inflammatory cytokines[14,15]. However, 
the specific mechanisms by which vitamin D exerts 
its protective effects in HIBD are still not clear.

Therefore, this work aimed to explore the 
mechanisms of ASIC1a in HIBD and the protective 
effects mediated by vitamin D. The experimental 
animals were grouped into a sham group (Group 
A), a HIBD model group (Group B), and a vitamin 
D treatment group (Group C). Biochemical assays 
and molecular biology experiments were employed 
to observe the expression and function of ASIC1a 
on brain cell membranes in the HIBD model from 
the perspective of neonatal rats and at different 
time points. Meanwhile, it observed the causal 
relationship among the degree of Blood-Brain 
Barrier (BBB) disruption, pH values, and ASIC1a 
expression as HIBD progresses. Additionally, it 
investigated the protective mechanisms of vitamin 
D in neonatal rat HIBD and its potential impact on 
ASIC1a signaling targets in HIBD rats. The research 
findings were expected to give a theoretical basis 
for understanding the pathogenesis of HIBD and 
developing gene therapies.

MATERIALS AND METHODS

Experimental animals and their groups:

108 healthy 7 d old Sprague Dawley (SD) rats 
were randomly grouped into three, as mentioned 
above, with 36 rats in each group. Groups B and 
C were subjected to hypoxic-ischemic modeling, 
and Group C received intraperitoneal injections of 
vitamin D (1 μg/kg) at 0, 24, 48, and 72 h after 
modeling. All experimental animals were obtained 
from the Hainan Provincial Experimental Animal 
Center.

Establishment of HIBD rat model:

Wistar rats were allowed to give birth and raise 
their offspring until the 7th d. After administering 
1 % pentobarbital sodium (100 mg/kg) via 
intraperitoneal injection for anesthesia, the rats 
were fixed in a supine position on the surgical 
table. The neck area was disinfected with iodine, 
and a midline incision was made on the neck using 
ophthalmic scissors to expose the right carotid 
artery. The right carotid artery was double ligated 
and severed. After suturing and local disinfection 
of the skin, the rats were returned to their mothers 
for 1 h of recovery. Next, the rats were placed in a 
sealed hypoxia chamber maintained at 37°, and a 
gas mixture of 8 % Oxygen (O2) and 92 % Nitrogen 
(N2) was continuously introduced into the chamber 
at a flow rate of 5 l/min for 1 h. Afterward, the rats 
were removed from the chamber and allowed to 
recover for 1 h in ambient air before being placed 
back into their mother’s cages for further care. In 
the sham operation group, the procedure involved 
only making a skin incision using ophthalmic 
instruments. The right carotid artery of the rat 
pups was bluntly separated without ligation, and 
the skin was directly sutured.

Collection of blood samples (rat tail prick blood 
method):

At 48 h and 72 h, blood samples were collected 
from the animals in each experimental group. Prior 
to blood collection, the rats’ tails were warmed 
with warm water and then wiped with ethanol for 
disinfection, ensuring adequate blood flow. A size 
7 or 8 injection needle was used to puncture the 
tail vein, and blood drops were collected when 
the needle was withdrawn. Approximately 10-50 
mm3 of blood was collected in each instance for 
subsequent biochemical testing.

Preparation and observation of pathological 
tissue specimen:

At 48 h and 72 h, the animals in each experimental 
group were anesthetized, perfused, and their rat 
brain tissues were collected. The brain tissues 
were then washed clean with pre-chilled D-Hanks 
solution. A portion of the pathological tissues was 
directly immersed in 10 % formaldehyde solution 
for 24 h and then embedded in paraffin. Another 
portion of the tissues was rapidly frozen in liquid 
nitrogen and subsequently stored in a -80° freezer 
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for use in subsequent biochemical and molecular 
biology studies. The pH value of the brain tissues 
was measured using a PH200 waterproof acidity/
Oxidation-Reduction Potential (ORP) ion meter[9]. 
Slices of rat brain tissues were subjected to 
routine Hematoxylin and Eosin (HE) staining. 
Additionally, lead uranium double staining was 
performed, and the corresponding brain tissue 
pathological changes were observed using an 
optical microscope and EX-2000 transmission 
electron microscope.

Detection of BBB permeability by 
Immunoglobulin G (IgG) immunohistochemically 
staining of brain tissue sections: 

The two-step method of IgG 
immunohistochemically staining was employed, 
using DAKO’s EnVision staining system 
(GLK500705). The basic steps were as follows. 
After dewaxing and hydration of paraffin sections, 
they were rinsed three times with Phosphate-
Buffered Saline (PBS) and incubated at Room 
Temperature (RT) for 10 min with 3 % hydrogen 
peroxide, followed by three additional PBS rinses. 
Subsequently, the sections were incubated overnight 
(18 h) at 4° with the primary antibody (IgG, 1:8000, 
DAKO product). After washing with PBS three 
times, the sections were incubated at RT for 20 min 
with the secondary antibody (EnVision system). 
Three more PBS washes were performed, and the 
sections were treated with 3,3'-Diaminobenzidine 
(DAB) chromogen. Staining was observed under 
a light microscope, and the reaction was stopped 
by placing the sections in water. Subsequently, 
counterstaining with hematoxylin and mounting 
of the slides were carried out. The results of IgG 
immunohistochemically staining were graded as 
follows; Grade 0 means no staining; Grade 1 means 
staining visible in the neural fiber network; Grade 
2 means staining in the neural fiber network and 
in 1-20 astrocyte cell bodies (400× magnification) 
and Grade 3 means staining in the neural fiber 
network and in more than 20 astrocyte cell bodies 
(400× magnification)[16].

Concentration of 1,25(OH)2D3, activity of 
Superoxide Dismutase (SOD), and level of 
Malondialdehyde (MDA) in rat brain:

Cold-preserved rat hippocampal tissues were 
utilized to prepare homogenates. Enzyme-
Linked Immunosorbent Assay (ELISA) assay was 

performed using ELISA kit. SOD activity was 
measured using the guanine oxidation method, 
and MDA levels were determined using the 
Thiobarbituric Acid (TBA) colorimetric method. 
Additionally, the concentration of 1,25(OH)2D3 
was measured.

Detection of ASIC1a and Vitamin D Receptor 
(VDR) gene and protein in rat brain:

Total Ribonucleic Acid (RNA) was extracted 
from the samples following the TRIzol reagent 
instructions. The extracted RNA was then reverse 
transcribed into complimentary Deoxyribonucleic 
Acid (cDNA) using the Moloney Murine Leukemia 
Virus (MMLV) kit, following the provided 
instructions. The cDNA products were employed 
for real-time fluorescence quantitative Polymerase 
Chain Reaction (PCR) to detect the messenger RNA 
(mRNA) levels of ASIC1a, pASIC1a, and VDR. The 
corresponding primer sequences for ASIC1a were 
5' CTGCGTGTGTGAAATGCCTTG 3' (forward) 
and 5' GGATGTTCTCCCCTATGTATT 3' (reverse); 
while those for the reference gene Glyceraldehyde 
3-Phosphate Dehydrogenase (GAPDH) were 5' 
GGAGTCTACTGGCGTCTTCAC 3' (forward) 
and 5' ATGAGCCCTTCCACGATGC 3' (reverse).

Methods for statistics:

Experimental data were statistically analyzed 
using Statistical Package for the Social Sciences 
(SPSS) 23.0. The quantitative data were presented 
as mean±standard deviation. For inter-group 
comparisons, a one-way analysis of variance was 
performed. Further pairwise comparisons between 
two groups were conducted using the Student-
Newman-Keuls test.

RESULTS AND DISCUSSION 
Concentrations of 1,25(OH)2D3 in the serum and 
brain tissues of rats were compared and observed, 
as illustrated in fig. 1. 

At 48 h, its concentration of 1,25(OH)2D3 in the 
brain tissues was (9.92±0.15) ng/ml, (6.82±0.19) 
ng/ml, and (7.82±0.45) ng/ml in Groups A-C, 
respectively. It suggested that concentration in 
Group C was higher than that in Group B but lower 
in contrast to that in Group A, showing obvious 
differences with p<0.05. At 72 h, concentration 
of 1,25(OH)2D3 in the brain tissues was 
(7.14±0.08) ng/ml in Group C, which was lower 
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At 48 h, the SOD levels in the serum were 
(206.89±5.95) U/mg protein, (160.92±7.51) U/
mg protein, and (183.41±6.20) U/mg protein in 
Group A, B and C, respectively. The SOD level 
in Group C was higher than in Group B but lower 
than in Group A, demonstrating great differences 
(p<0.05). At 72 h, rats in three groups exhibited 
the SOD levels in the serum of (210.04±7.32) U/
mg protein, (148.86±7.35) U/mg protein, and 
(167.11±10.79) U/mg protein, respectively. That 
in Group C was sharply different from the levels 
in the other groups (p<0.05). The specific details 
were explicated in fig. 2.

Fig. 3 summarized the comparison of MDA 
levels in rats in brain tissue and serum after 
intervention 48 h and 72 h. At 48 h, MDA levels 
in the brain tissues were (1.52±0.26) nmol/
mg protein, (3.97±0.28) nmol/mg protein, and 
(3.26±0.19) nmol/mg protein in Groups A, B and 
C, respectively. The comparison indicated that the 
Group C presented higher value to Group B but 
lower level to Group A, both exhibiting obvious 
differences statistically (p<0.05). At 72 h, the 
MDA level showed the similar comparison results 
among all groups. Specifically, it was (1.38±0.19) 
nmol/mg protein in Group A, (5.87±0.43) nmol/
mg protein in Group B, and (5.02±0.04) nmol/mg 
protein in Group C. 

to (10.03±0.28) ng/ml in Group A but lower based 
on (5.93±0.24) ng/ml in Group B. The comparison 
here demonstrated obvious differences (p<0.05).

At 48 and 72 h, concentrations of 1,25(OH)2D3 
in serum were (8.74±0.41) ng/ml and (9.18±0.72) 
ng/ml in Group A, (5.41±0.14) and (4.69±0.18) 
ng/ml in Group B, as well as (6.85±0.14) and 
(5.72±0.19) ng/ml in Group C, respectively. These 
data suggested that concentrations of 1,25(OH)2D3 
in serum of rats in Group C were higher to those 
in Group B but lower based on those in Group A, 
showing remarkable differences with p<0.05.

At 48 h, the SOD levels in the brain tissues were 
as follows; Group A (151.51±8.45) U/mg protein, 
Group B (92.33±3.94) U/mg protein, and Group 
C (114.60±5.04) U/mg protein. Thus, the level of 
this indicator in Group C was higher and lower 
than that in Groups B and A, respectively, all 
showing obvious differences (p<0.05). At 72 
h, the SOD levels in the brain tissues were as 
follows; Group A (144.42±5.46) U/mg protein, 
Group B (80.23±5.66) U/mg protein, and Group C 
(102.38±3.21) U/mg protein. It suggested that the 
Group C exhibited a higher SOD level in contrast 
to Group B and a lower value based on Group A, 
presenting great differences with p<0.05.

Fig. 1: Concentration of 1,25 (OH)2D3 in brain tissue (A): Serum and (B): Rats
Note: (*) and (#) suggested a great difference with p<0.05 to the Group A and B, respectively
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Fig. 2: SOD levels of rats in serum and brain tissue
Note: (*) and (#) suggested a great difference with p<0.05 to the Group A and B, respectively

Fig. 3: MDA levels of rats in serum and brain tissue
Note: (*) and (#) suggested a great difference with p<0.05 to the Group A and B, respectively

C, respectively. These findings disclosed that rats 
in Group C had mediate MDA level, which was 
higher to Group B and lower based on Group A, 
exhibiting obvious differences at both observed 
time points after they were intervened (all p<0.05). 
The above results were supported by specific data 
displayed in fig. 3. 

At 48 h, the MDA levels in the serum of rats 
were as follow; Group A (8.48±1.62) nmol/mg 
protein, Group B (16.35±0.72) nmol/mg protein, 
and Group C (12.68±1.48) nmol/mg protein. At 
72 h, those in the serum were (9.24±1.58) nmol/
mg protein, (25.06±3.43) nmol/mg protein, and 
(18.38±1.57) nmol/mg protein in Groups A, B and 
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The glial cell reaction was also reduced. 

The immunohistochemistry staining results were 
displayed and compared in fig. 5. In Group A, a 
lower BBB permeability was observed. In Group 
B, an increased BBB permeability was visualized. 
In Group C, the BBB permeability was improved. 
These findings suggested that the treatment with 
vitamin D medication had a positive impact on 
restoring BBB function, reducing the permeability 
of substances in the blood.

Results in fig. 6 revealed that at 48 h, ASIC1a gene 
in the brain tissues was expressed as (22.06±0.20) 
in Group A, (20.56±0.03) in Group B, and 
(21.14±0.04) in Group C. It seemed that Groups A 
and B exhibited the highest and lowest expression 
of ASIC1a gene, showing obvious differences for 
all comparisons herein (p<0.05). At 72 h, rats in 
Groups A, B and C exhibited the ASIC1a gene in 
the brain tissues of (22.68±0.12), (20.79±0.06) and 
(20.95±0.44), respectively. It indicated that the 
comparison among groups exhibited the similar 
results with that at 48 h, and the differences were 
great (p<0.05).

The local pH values in the brain tissues of SD rats 
at 48 h and 72 h were measured and compared, 
as presented in Table 1. In both instances, the pH 
value in Group C was higher than in Group B but 
lower than in Group A, demonstrating observable 
differences with p<0.05. 

The histopathological observations of the brain 
tissues of rats were displayed in fig. 4 below. 
In Group A, the brain tissue structure appeared 
normal without any significant pathological 
changes. The cell morphology and arrangement 
were similar to the normal state, and there were no 
obvious histopathological features. In Group B, HE 
staining showed a certain degree of pathological 
changes in the brain tissues, including neuronal 
degeneration, necrosis or apoptosis. Abnormal 
nuclear staining, disordered cell arrangement, and 
increased glial cell reaction were also observed as 
pathological features. In Group C, the HE staining 
results indicated a reduction in the severity of 
pathological changes compared to Group B. Some 
recovery in cell morphology and arrangement 
was observed, with normal nuclear staining and 
a decrease in neuronal degeneration and necrosis. 

Time point Group A Group B Group C

48 h 7.34 7.13* 7.19*#

72 h 7.32 7.03* 7.17*#

Note: (*) and (#) suggested a great difference with p<0.05 to Group A and B, respectively

TABLE 1: COMPARISON ON LOCAL pH VALUES IN BRAIN TISSUE

Fig. 4: Histopathological observations of the brain tissues
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specific values of (28.16±0.07), (30.35±0.03) and 
(29.36±0.33) in Groups A, B, and C, respectively. 
Similarly, the comparison revealed obvious 
differences with p<0.05.

As displayed in Table 2, protein expressions of 
ASIC1a and VDR in rat brain tissues showed 
that at 48 h and 72 h, those in Group C were both 
higher than in Group A but lower than in Group B, 
showing considerable differences (p<0.05). Also, 
the above results were explicated in fig. 7 below.

Furthermore, fig. 6 also explicated the changes 
of VDR gene after different intervention periods. 
At 48 h, VDR in serum showed the values of 
(28.96±0.15), (30.62±0.08), and (29.76±0.10) in 
Groups A, B and C. The data comparison among 
various groups exhibited remarkable differences 
with p<0.05, with VDR level in Group C was higher 
and lower than Group A and Group B, respectively. 
At 72 h, it had the similar comparison results for 
VDR in serum of rats in various groups, with 

Fig. 5: Comparison of BBB permeability

Fig. 6: Expressions of ASIC1a and VDR in brain tissue of rats
Note: (*) and (#) suggested a great difference with p<0.05 to the Group A and B, respectively
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state may lead to exacerbated lipid peroxidation, 
resulting in higher MDA production, while VDS 
may reduce MDA generation by inhibiting lipid 
peroxidation reactions and thereby alleviate 
oxidative stress damage. There are death 
mechanisms in the pathological environment of 
brain ischemia and hypoxia that do not depend 
on ion channel function[20]. Acidification leads 
to a sustained increase in proton concentration, 
activating and desensitizing the ASIC1a channel, 
causing conformational changes in ASIC1a 
protein, exposing the ASIC1a carboxyl terminal, 
and specifically binding to Receptor-Interacting 
Protein 1 (RIP1) to trigger RIP1 phosphorylation, 
thereby activating the process of neuronal 
programed necrosis (necroptosis) and brain 
injury[21]. In this work, the hypoxic-ischemic group 
held a decrease in local pH, while the vitamin 
D drug group exhibited a recovery in pH. This 
indicates that the hypoxic-ischemic state may lead 
to acidosis, while VDS may help regulate acid-
base balance and increase the pH value of brain 
tissue.

Furthermore, the hypoxic-ischemic group exhibited 
an increase in BBB permeability, while the vitamin 
D drug group demonstrated an improvement in this 
condition. This suggests that the hypoxic-ischemic 
state may lead to BBB disruption, making it easier 
for substances in the blood to penetrate brain 
tissue, while VDS may help protect the integrity 
of the BBB. Additionally, the hypoxic-ischemic 
group displayed elevated ASIC1a and VDR genes, 
while the vitamin D drug group presented a 
decrease or improvement in gene expression after 
treatment. This indicates that the hypoxic-ischemic 
state may cause excessive activation of ASIC1a 
and VDR, increasing neuronal toxicity, while 
VDS may mitigate neural damage by regulating 
the expression of these genes. In summary, VDS 
may offer protection to rats in a hypoxic-ischemic 
state by increasing SOD activity, reducing 
MDA production, regulating acid-base balance, 
improving BBB permeability, and inhibiting 
excessive expression of ASIC1a and VDR. 

HIBD is a common and severe disease with a 
complex and not fully understood pathogenesis. 
Therefore, it is necessary to conduct in-depth 
research on its occurrence and development 
mechanisms in order to better understand the 
disease and develop appropriate treatment 
strategies. Recent studies have shown that ASIC1a 
signaling target and vitamin D play important 
regulatory roles in the nervous system[17]. 
However, the specific mechanisms of ASIC1a 
signaling target and vitamin D in HIBD are still 
unclear. Hence, we hope that through this study, 
we can reveal their functions and interactions in 
HIBD. Vitamin D has been demonstrated to exert 
an important effect in various neuroprotective 
and repair processes, including its impact on 
neuronal survival and function, as well as its 
regulation of oxidative stress and inflammatory 
responses[15,18]. Additionally, research indicates 
that vitamin D deficiency in adults is associated 
with the development and severity of ischemic 
stroke[19]. Therefore, investigating the mechanisms 
of vitamin D in HIBD holds promise for providing 
new insights and targets for developing therapies 
for this disease. By studying a rat model, we can 
better simulate and understand the pathological 
and physiological processes of human HIBD. 
Thus, this research will delve into the mechanisms 
of HIBD, explore the roles of ASIC1a signaling 
target and vitamin D in it, and provide a scientific 
basis and new research directions for the treatment 
and intervention of this disease.

This work revealed that the HIBD group (Group B) 
exhibited a decrease in SOD levels, indicating that 
the hypoxic-ischemic state may lead to increased 
oxidative stress and inhibition of SOD activity. 
However, the vitamin D drug group (Group C) 
exhibited a recovery in SOD, suggesting that 
Vitamin D Supplementation (VDS) may have a 
reparative effect on the protective antioxidant 
function of SOD. Meanwhile, the hypoxic-
ischemic group displayed a sharp increase in MDA 
levels, while the vitamin D drug group showed a 
decrease. This suggests that the hypoxic-ischemic 

Group
48 h 72 h

ASIC1a VDR β-actin ASIC1a VDR β-actin

A 5.53±0.17 79.03±14.66 100 5.39±2.99 70.27±4.82 100

B 48.65±5.39 51.45±7.25 100 93.96±4.61 23.39±1.25 100

C 22.41±4.88 60.78±8.30 100 68.02±5.65 35.76±7.68 100

TABLE 2: PROTEIN EXPRESSION OF ASIC1A AND VDR IN RATS AT DISTINCT TIME POINTS
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responses and immune regulation were important 
steps in advancing the understanding and potential 
therapeutic applications of vitamin D in HIBD.
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