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Abstract. – OBJECTIVE: The aim of the 
study was to explore the expression of the 
phosphatidylinositol 3-kinase (PI3K)/protein ki-
nase B (PKB/AKT)/hypoxia-induced factor-1 al-
pha (HIF-1α) signaling pathway and the apopto-
sis of nucleus pulposus cells (NPCs) under dif-
ferent oxygen concentrations to clarify the bio-
logical characteristics of NPCs and the molecu-
lar mechanism of intervertebral disc degenera-
tion (IVDD).

MATERIALS AND METHODS: Normal and 
degenerated human NPCs were collected. Lei-
bovitz’s medium with 100 μmol/L CoCl2 was 
used to establish a hypoxic culture environment, 
and 100 μmol/L H2O2 was used to establish an 
oxidative stress culture environment. Third-gen-
eration NPCs were divided into 6 groups: nor-
mal NPCs + hypoxia, normal NPCs + normox-
ia, normal NPCs + oxidative stress, degenerated 
NPCs + hypoxia, degenerated NPCs + normoxia, 
and degenerated NPCs + oxidative stress. Nor-
mal NPCs + hypoxia was used as the experimen-
tal control group. Cell viability and proliferation 
were detected by using the Cell Counting Kit-
8 (CCK-8) method. Cell apoptosis rate was as-
sessed by flow cytometry, and expression lev-
els of PI3K, AKT, and HIF-1α were determined by 
Real-Time-Polymerase Chain Reaction (RT-PCR) 
and Western blotting.

RESULTS: The cell proliferation rate of both 
normal and degenerated NPCs decreased with 
increasing oxygen concentration. Conversely, 
the apoptosis rate increased as the oxygen con-
centration increased (p<0.05). Compared with 
the control group, whether the cells degenerat-
ed had a very significant impact on the apopto-
sis rate (p<0.001), and oxygen concentration al-
so had a highly significant impact on both the 
cell proliferation rate and apoptosis rate (both 
p<0.001). The interaction between cell degen-
eration and oxygen concentration significant-
ly affected both cell proliferation and apoptosis 

rates (p<0.05). Considering the expression lev-
els of PI3K, AKT, and HIF-1α, normal NPCs had 
the highest levels under low oxygen concentra-
tions, followed by oxidative stress and normox-
ia. In degenerated NPCs, the expression levels 
also decrease as the oxygen concentration in-
creases.

CONCLUSIONS: The PI3K/AKT/HIF-1α signal-
ing pathway plays a significant role in inhibiting 
oxidative stress, antagonizing NPC apoptosis, 
and consequently delaying IVDD.
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Introduction

Intervertebral disc degeneration (IVDD) is one 
of the main causes of shoulder, neck, and back 
pain and mainly occurs in middle-aged and el-
derly people, with an over 90% prevalence rate. 
IVDD is becoming increasingly common, and its 
incidence shows a younger trend, resulting in a 
serious socioeconomic burden1. At present, the 
pathological mechanism of IVDD is still unclear, 
but it is generally believed that apoptosis, oxida-
tive stress, and the inflammatory response, play 
an important role2. Healthy intervertebral disc 
tissue is in a microenvironment of low oxygen 
(1% to 2%) and low nutrients3,4. The generation 
and clearance of reactive oxygen species (ROS) 
is in a dynamic balance in nucleus pulposus cells 
(NPCs). Once the dynamic balance is disrupted 
and causes oxidative stress5, the oxygen con-
centration in the intervertebral disc will change, 

European Review for Medical and Pharmacological Sciences 2024; 28: 446-456

M.-H. ZHOU1, H. ZHANG1, W.-J. XU2, X.-B. ZHENG2

1Department of Orthopedics, Hunan University of Chinese Medicine, Changsha, China
2Department of Orthopedics, The Second Affiliated Hospital of Hunan, University of Chinese 
Medicine, Changsha, China

Minghan Zhou and Hui Zhang equally contributed as first-authors

Corresponding Authors:  W.-J. Xu, MD; e-mail: xuwuji@hnucm.edu.cn;  
X.-B. Zheng, MD; e-mail: 13135311558@163.com

Effect of PI3K/AKT/HIF-1α signaling pathway 
on oxidative stress and apoptosis in nucleus 
pulposus cells



PI3K/AKT/HIF-1α signaling pathway in nucleus pulposus cells

447

inducing NPC apoptosis and leading to IVDD6. 
Therefore, exploring the mechanism of NPC 
apoptosis under different oxygen concentrations 
is important in understanding the pathological 
mechanism of IVDD.

The phosphatidylinositol-3 kinase (PI-3K)/pro-
tein kinase B (AKT) signaling pathway plays an 
important role in cell proliferation and apopto-
sis7. The pathway can be activated in an oxida-
tive stress environment to inhibit apoptosis and 
promote extracellular matrix (ECM) generation, 
thereby delaying the IVDD process8. Hypoxia-in-
ducible factor 1-alpha (HIF-1α) is a downstream 
gene of the PI3K/AKT signaling pathway that 
plays an important role in maintaining oxygen 
balance, ECM metabolic balance, and the ho-
meostasis of the intervertebral disc microenvi-
ronment7-9. At present, studies have shown that 
the PI3K/AKT signaling pathway is involved in 
the IVDD process10 and that HIF-1α participates 
in the apoptosis of NPCs11. This work will further 
explore the expression of the PI3K/AKT/HIF-1α 
signaling pathway and apoptosis of NPCs under 
different oxygen concentrations to clarify the bio-
logical characteristics of NPCs and the molecular 
mechanism of IVDD and then to provide targets 
and strategies for clinical therapy.

Materials and Methods

Study Design
The study was designed by an in vitro cell 

experiment, and the differences among groups 
were compared by two-way analysis of variance 
(ANOVA).

Time and Location
The experiment was conducted at the Second 

Affiliated Hospital of Hunan University of Tradi-
tional Chinese Medicine and Wuhan Genecreate 
Bioengineering Co., Ltd. from January, 2021 to 
January, 2023.

Main Reagents and Instruments
Normal and degenerated NPCs were purchased 

from Pricella Biological Company (CM-H170). 
Dulbecco’s Modified Eagle Medium (DMEM, 
HyClone Co., GE Healthcare, Chicago, IL, USA), 
Fetal Bovine Serum (FBS, Gibco Co., Grand 
Island, NY, USA), Cell Counting Kit-8 (CCK-
8, Solarbio Co., Beijing, China), TRIzol (In-
vitrogen Co., Waltham, MA, USA), ReverTra 
Ace qPCR RT Kit (Toyobo Co., Osaka, Japan), 

SYBR Green Realtime PCR Master Mix (Toyobo 
Co., Osaka, Japan), TritonX-100 (Sinopharm Co., 
Beijing, China), CHAPS (Sigma Co., St. Louis, 
MO, USA), CAPSO (Sigma Co., St. Louis, MO, 
USA), Phosphatase Inhibitor Cocktail (CWBIO 
Co., Beijing, China), Protease Inhibitor Cocktail 
(Beyotime Co., Shanghai, China), PMSF (Sig-
ma Co., St. Louis, MO, USA), DL-Dithiothreitol 
(DTT, Solarbio Co., Beijing, China), Plant Prote-
ase Inhibitor Cocktail (Beyotime Co., Shanghai, 
China), BCA Protein Assay Kit (CWBIO Co., 
Beijing, China), Skimmed milk powder (Solar-
bio Co., Beijing, China), Prestained Dual Color 
Protein Marker (UElandy Co., Suzhou, China), 
Super ECL Prime (UElandy Co., Suzhou, China), 
Ultrasensitive ECL Kit (UElandy Co., Suzhou, 
China), HRP-conjugated Affinipure Goat An-
ti-Mouse IgG (H+L) (Proteintech Co., Chicago, 
IL, USA), HRP-conjugated Affinipure Goat An-
ti-Rabbit IgG (H+L) (Proteintech Co., Chicago, 
IL, USA), Pipettes, Centrifuges, Cell incubators, 
Microplate readers, Electrophoresis instruments, 
Quantitative PCR amplification instruments, Ul-
traviolet spectrophotometers, High-speed homog-
enizers, Ultrasonic cell disruptors, and Water 
baths cauldron.

Cell Culture
Normal and degenerated human NPCs pur-

chased from Pricella Biotechnology Co. (Thermo 
Scientific, Grand Island, NY, USA) were used in 
the experiment, and the cells were passaged when 
the cell fusion rate reached 85%. The second-gen-
eration cells were used for identification, and the 
third-generation cells were used for subsequent 
experimental research.

Identification of Normal and 
Degenerated NPCs

The identification of normal and degenerated 
NPCs was performed as previously described12. 
The second-generation cells were seeded in 
24-well plates and washed thoroughly with PBS 
after adhering. Then, 4% paraformaldehyde was 
used to fix the cells for 15 minutes, and the cells 
were thoroughly washed with PBS. Triton X-100 
(0.5%) was used for permeabilization at room 
temperature for 20 minutes. After removing the 
blocking solution, the cells were placed in a wet 
box and incubated overnight at 4°C. The next day, 
after fully washing with PBS, diluted fluorescent 
(Cy3)-labeled goat anti-rabbit IgG was added at a 
dilution ratio of 1:100 and incubated in a wet box 
at 20-37°C for 1 hour. After washing with PBS, 
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DAPI was added for nuclear staining in the dark 
for 5 minutes and then washed. After removing 
the liquid from the slides, the slides were sealed 
with a mounting solution containing an Anti-Flu-
orescence Quenching Agent and then observed 
and photographed under a fluorescence micro-
scope to observe the staining and morphological 
characteristics of the cells.

Grouping
Leibovitz’s medium with 100 μmol/L CoCl2 

was used to establish a hypoxic culture environ-
ment, DMEM with 10% FBS and 100 μmol/L 
H2O2 was used to construct an oxidative stress 
culture environment, and the normoxic environ-
ment was 37°C, with an air oxygen concentration 
and saturated humidity. Then, the third-gener-
ation NPCs were divided into 6 groups: normal 
NPCs + hypoxia, normal NPCs + normoxia, 
normal NPCs + oxidative stress, degenerated 
NPCs + hypoxia, degenerated NPCs + normoxia, 
and degenerated NPCs + oxidative stress. Normal 
NPCs + hypoxia was used as the experimental 
control group.

CCK-8 Assay for Cell Viability
CCK-8 assay was performed as previously de-

scribed13. The cells were harvested with trypsin, 
counted, and inoculated in a 96-well plate with 
1,000 cells and 100 μl medium per well. The plate 
was placed at 37°C in a 5% CO2 incubator for 0 
h, 12 h, 24 h, and 48 h. CCK-8 solution (10 μL) 
was added to each well and mixed. The cells were 
cultured for 2 h, and the absorbance value at 450 
nm was measured with a microplate reader. The 
measurement was repeated 3 times for each well.

Detection of Apoptosis by 
Flow Cytometry

Cell apoptosis was detected by Annexin 
V-FITC/PI double staining as previously de-
scribed14. After the cells in each group were 
cultured for 48 hours, the cells were collected 
and centrifuged to discard the supernatant. An-
nexin V-FITC and PI staining agents were added 
and incubated with the cells. Cell apoptosis was 
detected by flow cytometry. The experiment was 
repeated 3 times.

Protein Expression Detection of 
PI3K, AKT, and HIF-1α

Western bolt was performed as previously de-
scribed15. A total of 107 cells (approximately 50 
µL) were added to 0.5 mL RIPA lysate containing 

phosphatase inhibitor cocktail (1 mM), protease 
inhibitor cocktail (1 mM), phenylmethanesulfo-
nyl fluoride (PMSF, 1 mM), and DTT (1 mM) 
and gently pipetted to mix. After standing in an 
ice bath, the mixture was centrifuged in a high-
speed refrigerated centrifuge. The supernatant 
was collected, and the concentration of the total 
protein was determined by the Bicinchoninic 
acid (BCA) method. A concentrated gel was 
prepared according to the molecular weight and 
expression level of the tested protein and the 
number of samples. An appropriate amount of 
total protein was placed in a 0.6 mL Eppendorf 
(EP) tube, buffer was added, and the tube was 
mixed well before electrophoresis. After remov-
ing the gel and removing the stacking gel, the 
polyvinylidene fluoride (PVDF) membrane and 
transfer filter paper were cut to the same size as 
the separation gel to perform the transfer. After 
the transfer was completed, the membrane was 
removed, and the excess liquid was absorbed 
and placed in an incubation bag. Diluted primary 
and secondary antibodies were added to the bag. 
After incubation, the membrane was washed with 
Tris Buffered Saline Tween (TBST), and 500 μL 
of enhanced chemiluminescence (ECL) reaction 
solution was added. After reaction for 30 s and 
exposure for 10 min, the protein expression re-
sults were observed.

mRNA Expression Detection of PI3K, 
AKT, and HIF-1α

Total ribonucleic acid (RNA) in cells was 
extracted by the TRIzol method as previously de-
scribed16. The concentration of RNA was detect-
ed with a Nanodrop2000c ultramicro spectropho-
tometer (Thermo Scientific, Grand Island, NY, 
USA). One microgram of total RNA was taken 
and reverse transcribed into c-deoxyribo nucleic 
acid (cDNA), and the operation steps were carried 
out according to the manufacturer’s instructions. 
Real-Time Fluorescent Quantitative PCR was 
carried out using cDNA as a template and actin 
as an internal reference. The reaction conditions 
were as follows: 95°C for 1 minute and a total of 
40 amplification cycles of 95°C for 15 s and 60°C 
for 30 s. Finally, the relative expression level of 
genes was calculated by the 2-∆∆Ct method.

Statistical Analysis
The experimental data were preliminarily 

tabulated with Excel 2010 and analyzed by anal-
ysis of variance with SPSS 19.0 (SPSS Corp., 
Armonk, NY, USA) statistical analysis software. 
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Multivariate analysis of variance was used to 
evaluate the main effect of NPC degeneration 
and the oxygen environment and their interac-
tion. The least significant difference (LSD) test 
was used for post-hoc pairwise comparisons 
(significance level α=0.05). GraphPad Prism 
8.0.1 (La Jolla, CA, USA) was used for plotting. 
p < 0.05 indicated a significant difference.

Results

Identification of Normal and Degenerat-
ed NPCs

As shown in Figures 1 and 2, the second-gen-
eration normal NPCs showed a polygonal shape, 
while the degenerated NPCs mainly showed a 
spindle shape. Both types of NPCs had large nu-
clei and abundant cytoplasm. COLII is a specific 
protein of NPCs that is often used to identify 

NPCs. Red fluorescence represented the expres-
sion of COLII protein with a positive rate greater 
than 90%; that is, the cell purity was more than 
90%. The results indicated that the cultured cells 
were NPCs.

Effects of Different Oxygen 
Concentrations on the Cell Viability 
of Normal and Degenerated NPCs

The cell proliferation curves of the 6 groups 
are shown in Figure 3. After culture for 12, 24, 
and 48 h, the proliferation rates of normal and 
degenerated NPCs decreased with increasing 
oxygen concentration, and the difference was 
statistically significant (p < 0.05). The prolif-
eration rate of degenerated NPCs in hypoxic 
and oxidative stress environments was slightly 
higher than that of normal NPCs in hypoxic 
and oxidative stress environments after culture 
for 48 h, and the differences were statistically 

Figure 2. Immunofluorescence results of degenerated NPCs. COL II, collagen II; DAPI, 4’,6-diamidino-2-phenylindole; NPCs, 
nucleus pulposus cells.

Figure 1. Immunofluorescence results of normal NPCs. COL II, collagen II; DAPI, 4’,6-diamidino-2-phenylindole; NPCs, 
nucleus pulposus cells.
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significant (p < 0.05). The cell proliferation rate 
of normal NPCs was slightly higher than that of 
degenerative NPCs under normoxic conditions, 
and the difference was statistically significant 
(p < 0.05).

When considering normal NPCs + hypoxia 
as the control group, whether NPCs degenerated 
had no significant effect on the proliferation rate 
(p > 0.05), but the oxygen concentration had an 
extremely significant impact on the proliferation 
rate (p < 0.001). The interaction had a significant 
impact on the proliferation rate (p < 0.05), and the 
impact was extremely significant after 48 hours 
of culture (p < 0.001).

Effects of Different Oxygen 
Concentrations on the Apoptosis Rate of 
Normal and Degenerated NPCs

The apoptosis rate of the 6 groups is shown 
in Figure 4. The apoptosis rates of normal and 
degenerated NPCs increased with increasing ox-
ygen concentration, and the differences were 
statistically significant (p < 0.05). Under hypoxia 
and normoxia, there was no significant difference 
between normal and degenerated NPCs (p > 
0.05). Under oxidative stress, the apoptosis rate of 
degenerated NPCs was significantly higher than 
that of normal NPCs (p < 0.05). When consider-
ing normal NPCs + hypoxia as the control group, 

Figure 3. Comparison of cell viability of normal and degenerated NPCs under different oxygen concentrations at different time 
points. NPCs, nucleus pulposus cells.

Figure 4. Comparisons of the apoptosis rates of normal and degenerated NPCs under different oxygen concentrations. NPCs, 
nucleus pulposus cells. ***p < 0.001.
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whether NPCs degenerated, oxygen concentra-
tion, and their interaction had extremely signif-
icant impacts on the apoptosis rate (p < 0.001).

Protein expression results of 
PI3K, AKT, and HIF-1α

As shown in Figure 5, the protein expression 
of PI3K, AKT, and HIF-1α in normal and degen-
erated NPCs under different oxygen concentra-
tions showed similar trends. In normal NPCs, 
the protein expression of these three proteins 
was the highest under hypoxia, followed by oxi-
dative stress, and the lowest under normoxia. In 
degenerated NPCs, the expression levels of these 
three proteins decreased with increasing oxygen 
concentration, and the difference was statistically 
significant (p < 0.05).

Under different oxygen concentrations, the 
protein expression levels of PI3K, AKT, and 
HIF-1α between normal and degenerated NPCs 
were different. Under normoxia, there was no 
significant difference in the protein expression 
of HIF-1α between normal and degenerated 
NPCs (p > 0.05), but under hypoxic and oxida-
tive stress conditions, the protein expression of 
HIF-1α in normal NPCs was significantly higher 
than that in degenerated NPCs (p < 0.05). Un-
der different oxygen concentrations, the protein 
expression levels of PI3K and AKT in normal 
NPCs were significantly higher than those in 
degenerated NPCs (p < 0.05). When considering 

the Normal NPC + hypoxia group as a reference, 
whether NPCs degenerated, oxygen concentra-
tion and their interaction had extremely signif-
icant impacts on the expression of PI3K, AKT, 
and HIF-1α (p < 0.001).

mRNA expression Results of PI3K, AKT, 
and HIF-1α in Each Group

As shown in Figure 6, the mRNA levels of 
PI3K, AKT, and HIF-1α in normal and degen-
erated NPCs under different oxygen concentra-
tions showed similar trends. In normal NPCs, 
the mRNA expression levels of PI3K, AKT, and 
HIF-1α under oxidative stress conditions were 
not significantly different from those under hy-
poxic conditions (p > 0.05), but the expression 
levels of these mRNAs under normoxia were 
significantly lower than those under hypoxic 
conditions (p < 0.05). In degenerated NPCs, the 
mRNA expression levels of PI3K, AKT, and 
HIF-1α under normoxia and oxidative stress 
were significantly different from those under 
hypoxia (p < 0.05), and the levels of those 
mRNAs decreased with increasing oxygen con-
centration. When considering the Normal NPC 
+ hypoxia group as a reference, whether NPCs 
degenerated, oxygen concentration and their in-
teraction had extremely significant impacts on 
the mRNA expression of PI3K, AKT, and HIF-
1α (p < 0.001).

Figure 5. Protein expression of PI3K, AKT, and HIF-1α in normal and degenerated NPCs under different oxygen concentrations 
(A, B, C); (D), Western blot results. NPCs, nucleus pulposus cells; PI3K, phosphatidylinositol 3-kinase; AKT, protein kinase B; 
HIF-1α, hypoxia-induced factor-1 alpha. **p < 0.01. ***p < 0.001.
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Discussion

In this study, we found that the proliferation 
and apoptosis of NPCs are closely related to 
the oxygen concentration and cells degeneration. 
The PI3K/AKT/HIF-1α signaling pathway has 
antagonistic regulation in cell degeneration and 
different oxygen concentration environments to 
maintain reactive oxygen species stability. This 
pathway plays a significant role in inhibiting ox-
idative stress, antagonizing NPC apoptosis, and 
consequently delaying IVDD.

IVDD is a complex disease caused by multiple 
factors, and its pathogenic mechanism is also 
relatively complicated, but the core lies in the de-
generation of the nucleus pulposus17. The normal 
quantity and function of NPCs are crucial for 
maintaining the metabolic balance of the ECM 
and maintaining the stability of the microenvi-
ronment and normal mechanical function of the 
intervertebral disc18. In general, the intervertebral 
disc is in an environment with relatively low 
nutrient and oxygen contents and relatively high 
concentrations of metabolites19. In a high oxygen 
concentration and oxidative stress environment, 

H2O2 induces NPC apoptosis by downregulating 
mitochondrial membrane potential, releasing cy-
tochrome c and other endogenous pathways20,21, 
decreasing the synthesis and metabolic capacity 
of ECM6, changing the collagen composition of 
the annulus fibrosus, and decreasing moisture. 
The above changes lead to weakened interver-
tebral disc elasticity and decreased longitudinal 
load-resistance capacity, further accelerating the 
IVDD process. Therefore, exploring the prolifer-
ation and apoptosis of normal and degenerated 
NPCs under different oxygen concentrations will 
help clarify the mechanism of IVDD and provide 
evidence for finding therapeutic targets.

PI3K-activated AKT can directly inhibit the 
apoptosis of NPCs by regulating apoptosis-relat-
ed factors, including reducing GSK-3 activation 
and the phosphorylation of caspase-9, or indirect-
ly inhibit the apoptosis of NPCs by inhibiting NF-
κB22,23. In a hypoxic environment, the PI3K/AKT 
signaling pathway is upregulated and activated24, 
which is of great significance for protecting NPCs 
and delaying their apoptosis25. As a downstream 
factor of the PI3K/AKT signaling pathway, HIF-
1α can be activated by the PI3K/AKT signaling 

Figure 6. The mRNA expression of HIF-1α (A), PI3K (B), and AKT (C) in normal and degenerated NPCs under different 
oxygen concentrations. NPCs, nucleus pulposus cells; PI3K, phosphatidylinositol 3-kinase; AKT, protein kinase B; HIF-1α, 
hypoxia-induced factor-1 alpha; PCR, polymerase chain reaction. *p < 0.05. **p < 0.01. ***p < 0.001.
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pathway under hypoxic conditions, which accel-
erates intervertebral disc recovery, and alleviate 
the degenerative process26,27. Hosford et al28 found 
that hyperoxia can reduce the expression of HIF 
in rat lung tissue, thereby inhibiting the growth 
of transitional cell carcinoma and the expres-
sion of VEGF protein29. However, hyperoxia can 
treat acute cerebral infarction by promoting the 
expression of HIF-1α in the cerebral cortex and 
hippocampus30. Therefore, we detected the levels 
of the PI3K/AKT/HIF-1α signaling pathway and 
the apoptosis of NPCs under different oxygen 
concentrations to explore the mechanism of de-
layed intervertebral disc degeneration.

In the experiment, CCK-8 and flow cytome-
try results found that the proliferation activity 
of normal and degenerated NPCs was inversely 
proportional to the oxygen concentration, and 
the apoptosis rate was directly proportional to 
the oxygen concentration. With the increase 
in oxygen concentration, the cell proliferation 
activity of normal and degenerated NPCs grad-
ually decreased, and the cell apoptosis rate 
gradually increased. The results confirmed that 
the hypoxic environment is more conducive to 
maintaining the activity and cell proliferation 
of NPCs, which is consistent with the hypoxic 
internal environment of normal intervertebral 
discs. As the oxygen concentration increased, 
the activity of NPCs decreased, and the apop-
tosis rate increased. By analyzing the factors of 
NPC degeneration, oxygen concentration, and 
the interaction between them, the results indi-
cated that normal or degenerated NPCs had no 
significant effect on the cell proliferation rate, 
and the cell proliferation rate was mainly af-
fected by the oxygen concentration – the higher 
the oxygen concentration was, the lower the 
proliferation rate. The interaction factor also 
had a significant effect on the cell proliferation 
rate, and as time increased, the effect gradually 
increased. The state of cell degeneration, oxygen 
concentration, and the interaction between them 
all had a significant impact on the apoptosis rate 
of NPCs, indicating that the apoptosis rate of 
NPCs increases with increasing oxygen concen-
tration and that the proliferation rate decreases 
with increasing oxygen concentration. In the 
microenvironment of the intervertebral disc, 
when the oxygen concentration increases, the 
enzymatic antioxidant mechanism cannot effec-
tively remove ROS, which causes an imbalance 
in ROS and oxidative stress reactions. At the 
same time, ROS inhibits the synthesis of proteo-

glycans and destroys the protein structure of the 
extracellular matrix, causing damage to ECM 
synthesis31-35, combined with NPC degeneration 
caused by physiology or pathology, ultimately 
accelerating the IVDD process.

The protein and mRNA expression levels of 
PI3K, AKT, and HIF-1α in normal and degener-
ated NPCs under different oxygen concentrations 
were the same. In normal NPCs, the protein ex-
pression levels of the three genes under hypoxic 
conditions were slightly higher than those in ox-
idative stress environments (p < 0.05), while the 
mRNA expression levels were not significantly 
different (p < 0.05), and the expression levels of 
those genes were the lowest under normoxia. In 
degenerated NPCs, the protein and mRNA ex-
pression levels of the three genes decreased with 
increasing oxygen concentration (p < 0.05). These 
results may be related to the basic state of cells. 
Under hypoxic conditions, the function of PHD2 
is inhibited, and HIF-1α cannot be hydroxylated, 
which is conducive to the stability and massive 
accumulation of HIF-1α36. As the oxygen con-
centration increased, HIF-1α was hydroxylated, 
and the expression level gradually decreased. In 
normal NPCs, when the oxygen concentration in-
creases and reaches the oxidative stress status, the 
PI3K/AKT signaling pathway is activated to an-
tagonize the apoptosis caused by oxidative stress 
and promote the translation of the downstream 
factor HIF-1α37. Therefore, in normal NPCs, the 
mRNA expression levels of PI3K, AKT, and 
HIF-1α under hypoxia are close to those under 
oxidative stress. In degenerated NPCs, there are 
a large number of apoptotic cells. In response to 
rising oxygen concentrations, the antagonistic 
ability of the PI3K/AKT signaling pathway in 
oxidative stress environments decreased38. There-
fore, the protein and mRNA levels of PI3K/AKT/
HIF-1α in degenerated NPCs are the lowest under 
oxidative stress. On the other hand, by analyzing 
NPC degeneration, oxygen concentration, and 
their interaction, whether NPCs degenerated, ox-
ygen concentration change, and their interaction 
all had extremely significant effects on the pro-
tein and mRNA expression of PI3K, AKT, and 
HIF-1α (p < 0.001). The results indicate that the 
PI3K/AKT/HIF-1α signaling pathway plays an 
important role in the process of NPC degenera-
tion and apoptosis caused by increasing oxygen 
concentrations and oxidative stress and that NPC 
degeneration also affects the regulatory ability of 
the PI3K/AKT/HIF-1α signaling pathway38. HIF-
1α can effectively maintain the metabolic balance 
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of ROS, and the PI3K/AKT/HIF-1α signaling 
pathway can also effectively alleviate oxidative 
stress reactions to prevent NPC apoptosis and 
delay the IVDD process39.

Limitations
In the experiment, the CCK8 results showed 

that after 48 h of culture, the proliferation rate 
of degenerated NPCs in hypoxic and oxidative 
stress environments was slightly higher than that 
of normal NPCs in hypoxic and oxidative stress 
environments (p<0.05), which is inconsistent with 
the trends observed in the rest of the experiment. 
The reason may be due to insufficient experimen-
tal time and intervention conditions. Therefore, in 
future research, the culture time should be extend-
ed, and the oxygen concentration scale should be 
refined to explore the proliferation rate of NPCs 
further. There was no drug intervention in this 
research to verify the theoretical conjecture of this 
study further. The expression of other signaling 
pathways and therapeutic targets under different 
oxygen concentrations must be further explored.

Conclusions

The proliferation and apoptosis of NPCs are 
closely related to the oxygen concentration and 
the degenerated status of the cells themselves. 
The PI3K/AKT/HIF-1α signaling pathway has an 
antagonistic regulatory effect in different NPC 
degeneration statuses and different oxygen con-
centration environments, which may be related to 
activation of the PI3K/AKT signaling pathway to 
promote the transcription and translation of HIF-
1α, thereby maintaining the metabolic balance of 
ROS. This pathway is of great significance for 
inhibiting oxidative stress, antagonizing NPC 
apoptosis, and delaying the IVDD process. In-
depth research on the regulation of this pathway 
can comprehensively elucidate the pathogenic 
mechanism of IVDD and provide more treatment 
ideas and therapeutic targets.
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