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Background: Previous research has shown that apoptosis of nucleus 
pulposus (NP) cells contributes to intervertebral disc degeneration (IDD) 
progression. Endoplasmic reticulum (ER) stress is a reaction to diverse 
stimuli in eukaryotes and is tightly contacted with apoptosis. Quercetin, 
a naturally occurring flavonoid, exerts protective effects against 
degenerative diseases via ER stress. However, the effect of quercetin on 
NP cell apoptosis remains unclear.

Aims: To investigate the influences of quercetin on apoptosis and ER 
stress in a high-glucose-generated primary NP cell model.

Study Design: In vivo animal experimental study.

Methods: To investigate the influence of quercetin in a high-glucose-
generated NP cell apoptosis model, control, glucose, and glucose + 
quercetin groups adopted with Sprague-Dawley rats primary NP cells. In 

the glucose group, cell apoptosis was generated by 200 mm high glucose. 
In the glucose + quercetin group, 60 µm quercetin was pretreated with NP 
cells for 2 h before glucose administration. In this research, we examined 
the change effect of quercetin on NP cell apoptosis, ER stress, and the 
protein kinase R-like ER kinase (PERK)-eukaryotic translation initiation 
element 2α (eIF2α)-activating transcription element 4 (ATF4).

Results: High glucose decreased the viability and induced ER stress-
related apoptosis in NP cells. Quercetin modulated ER stress through the 
PERK-eIF2α-ATF4 pathway, thereby alleviating the apoptosis rank in NP 
cells.

Conclusion: Quercetin exerts antiapoptotic effects on NP cells, probably 
through ER stress, thereby showcasing potential as a therapeutic method 
for treating IDD.

1Department of Articular Orthopaedics, The Third Affiliated Hospital of Soochow University, Changzhou, China
2Department of Orthopedic Surgery, Beijing Jishuitan Hospital Guizhou Hospital, Guiyang, China

3Department of Spine Surgery, The Third Affiliated Hospital of Soochow University, Changzhou, China

 Zhen Yu1,  Xianfeng Wang2,  Yusen Hu3,  Xinfa Wang3,  Zhenghuan Zhu3,  Xu Xu3,  Yiming Wang1,  
 Ailiang Zhang3

Quercetin Alleviates Hyperglycemic-Generated Endoplasmic Reticulum 
Stress-Contacted Apoptosis of Rat Nucleus Pulposus Cells

INTRODUCTION

Intervertebral disc degeneration (IDD) is closely associated with 
lower back pain (LBP), which frequently results in poor quality of life 
and enormous clinical and socioeconomic burden.1,2 As the principal 
tissue of the IVD, the nucleus pulposus (NP) plays an executive role 
in buffering mechanical stress in the joints. Therefore, increased NP 
cell death, predominantly through apoptosis, is the most prominent 
cause of IDD.3,4 Several studies have argued that hyperglycemia is 
important in IDD etiology and that a high glucose concentration can 
cause NP cell apoptosis.5,6 Based on this physiological correlation, 
relieving the NP cell death generated by high glucose ranks has 
become the key approach.6-10

Endoplasmic reticulum (ER) stress is a type of apoptosis initiation way 
that occurs in diverse diseases.11 Once eukaryotic cells are displayed 
in a series of extracellular stimuli, including hypoxia, inflammation, 
and nutrient and energy metabolism disorders, ER stress balances 
such turbulence.12-15 The 78-kDa glucose-regulated protein (GRP78) is 
regarded as an ER stress-activation marker.13,16 Nevertheless, once ER 
stress is excessive or activated over a prolonged period, apoptosis can 
occur through the lower signal C/EBPα-homologous protein (CHOP) 
and caspase,12 which is the ER-specific caspase.12,17,18 Meanwhile, the 
impact of PKR-like endoplasmic reticulum kinase (PERK)-eukaryotic 
translation initiation element 2α (eIF2α)-ATF4 integrated stress 
response (ISR) cannot be ignored, which is a conservation principle 
wherein eukaryotic cells employ gene expression recombination to fit 
both endogenous and exogenous stress, a rapid, reversible process. 
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The phosphorylate-eIF2α is an important ISR inducer under stress 
conditions.19 Increasing numbers of studies have revealed that ER 
stress-related cell death is important in IDD.20-22

Quercetin is an approved drug that displays anti-senescence, anti-
inflammatory, antioxidative, and anti-apoptosis properties by 
adjusting senescence, oxidative stress, autophagy, apoptosis, and 
ER stress in diverse chronic and degenerative diseases.23-28 Evidence 
supports that quercetin attenuates apoptosis by inhibiting ER stress 
in chondrocytes.29,30 Quercetin has also been reported to protect 
NP cells from interfering with the IDD process.31,32 However, the 
molecular principles through which quercetin affects NP cells 
remain obscure. Considering the comprehensive and effective 
application of quercetin, we hypothesized that it exerts therapeutic 
potential against apoptosis and ER stress in NP cells.

Although some studies have verified that HG-generated apoptosis is an 
important degeneration modulator,8,33 it remains elusive whether ER 
stress can induce HG-generated apoptosis in NP cells. However, the effects 
of quercetin on NP cells remain unexplored. Therefore, in the present 
study, we examined whether ER stress participates in the apoptotic 
phenomenon generated by high glucose levels and investigated the 
defense principle of quercetin against apoptosis in NP cells.

MATERIALS AND METHODS

Separation and fostering of primary cells

A total of 48 Sprague-Dawley (SD) rats (male, 200-230 g, 6-8 weeks old) 
were obtained from the Laboratory Animal Center and proceeded 
with the permission and guidance of the Ethics Committee of 
Beijing Jishuitan Hospital Guizhou Hospital Subcommittee of Ethics 
(approval number: KT2024090501, date: 05.09.2024). After the rats 
were euthanized through a pentobarbital sodium overdose, their 
thoracic, lumbar, and caudal discs were obtained under a microscope 
and sliced into 1 mm3 fragments under aseptic conditions. The gel-
like NP organizations were extracted with 0.1% type 2 collagenase 
(Solarbio, Beijing, China) for 6 h and centrifuged at 1000 rpm for 
3 min; the precipitate was then cultivated in Dulbecco’s Modified 
Eagle solution: F12 (DMEM/F-12, Hyclone, LA, USA) supplemented 
with 10% fetal bovine serum (FBS, Gibco, Carlsbad, CA, USA) and 1% 
antibiotics (100 u/ml penicillin and 100 u/ml streptomycin) (Gibco) 
and grown in a humidified incubator (37 °C, 21% O

2
 and 5% CO

2
). 

The solution was replaced every 3 days, and NP cells were cultivated 
at a 1:3 ratio once they reached 75% confluence. The therapeutic 
drug quercetin was purchased from MedChemExpress LLC (MCE, 
New Jersey, USA).

Treatments of the NP cells

Three groups were created to demonstrate the influence of quercetin 
in the high glucose-generated NP cell apoptosis model, including the 
control, glucose, and glucose + quercetin groups. The third passage 
of primary NP cells of 3 SD rats was fostered in a 6 cm culture 
dish and used for each group. Before the experimental procedure, 
glucose was dissolved in DMEM/F-12 as 1 M mother liquid, and 
quercetin was pre-dissolved in dimethyl sulfoxide (DMSO, MCE) up 
to 1 mm and then diluted in DMEM/F-12 as 100 µm mother liquid. 

Then, 6 cm cell culture dishes were picked, corresponding to the 4 
ml volume of solution. In the control group, NP cells were cultivated 
in DMEM/F-12. In the glucose group, the cells were generated by 200 
mm high glucose for 2 h for apoptosis. In the glucose + quercetin 
group, 60 µm quercetin was pretreated with NP cells for 2 h and 
then cleaned before the administration of 200 mm glucose.

Hematoxylin-eosin and toluidine blue dyeing

First, the coverslip was cleansed with PBS when the cells converged 
to approximately 80% confluence. Next, the cells were fixed with 4% 
paraformaldehyde for 20 min and rinsed thrice with PBS. The nuclei 
were stained with the hematoxylin solution (Solarbio) for 8 min and 
rinsed under running water. The stained cells were then differentiated 
using a 1% acid-alcohol solution for 30 s and rinsed again under 
running water. The cells were stained in a saturated Li2CO3 solution 
for 30 s and rinsed under running water. Finally, the cells were stained 
with the eosin solution for 1 min and rinsed under running water.

Toluidine blue staining was performed when the cells reached 
approximately 80% confluence. The cells were immobilized with 95% 
alcohol for 15 s and rinsed thrice with phosphate-buffered saline 
(PBS, Thermo, Waltham, MA, USA). The cells were then stained with 
toluidine blue solution (Solarbio) for 5 min, and equal volumes of 
distilled water were incorporated for the next 15 min. Subsequently, 
the cells were rinsed under running water and dried by airing a 
glycerol-sealed piece. The cells stained with hematoxylin-eosin and 
toluidine blue were then observed using a reversed microscope 
(Leica Microsystems CMS GmbH, DFC450 C, Wetzlar, Germany) to 
observe the cell morphology. Hematoxylin-eosin and toluidine blue 
staining were performed to observe the cellular morphology under 
a reversed microscope (Leica Microsystems CMS).

Cell viability studies

To investigate the influences of diverse quality of high sugar and 
quercetin on the activity of rat NP cells, the Cell Counting Kit-8 
(CCK-8) assay was used. Approximately 2000 cells were inoculated 
in the well of a 96-well plate and then incubated in a humidified 
atmosphere (37 °C, 21% O

2
, and 5% CO

2
) for 24 h. The adherent NP 

cells were treated with diverse quality of high-glucose or quercetin 
for 6 or 24 h. The wells were then rinsed three times with PBS. The 
CCK-8 assay reagent (Dojindo, Kumamoto, Japan) was incorporated 
into each solution of the disparate groups and then incubated for 
1 h in a standard incubator. The absorbance was measured at 450 
nm by using a microplate reader. Each assay was performed in 
triplicates.

Detection of the nuclear morphology

Hoechst 33258 (Beyotime Institute of Biotechnology, Shanghai, 
China) was used to examine the nuclear morphology by using 
a fluorescence microscope. Cured cells were fixed with 4% 
paraformaldehyde for 10 min at room temperature and rinsed twice 
with PBS. The cultured cells were stained with Hoechst 33258 for 5 
min and rinsed twice with PBS, followed by observation of the cells 
under a fluorescence microscope (Leica Microsystems CMS GmbH) at 
a stimulated wavelength of 350 nm.
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Western blotting

The cells were fostered in M-PER® Mammalian Protein Extraction 
Reagent (Thermo) containing protease and phosphatase inhibitor 
(Thermo) on an ice bath for 3 min and centrifuged at 4 °C at 
12000 × g for 15 min to extract the supernatant. Sample proteins 
were electrophoresed by SDS-PAGE (Invitrogen, Mississauga, ON, 
Canada) and transferred onto PVDF membranes (EMD Millipore, 
Billerica, MA, USA, IPFL00010, USA). After sealing with 5% skim milk 
sealing film for 1 h, the membrane was treated with the following 
primary antibodies at 4 °C overnight: collagen II (1:1000), GRP78 
(1:1000), PERK (1:1000), eIF2α (1:1000), ATF4 (1:1000), CHOP 
(1:1000), BAX (1:1000), Bcl-2 (1:1000) (Proteintech, Wuhan, China), 
caspase-12 (1:1000) (ABclonal, Wuhan, China), β-actin (1:5000), 
cleaved-caspase 3 (1:500), phospho-PERK (1:500), and phospho-
eIF2α (1:1000) (CST, Danvers, MA, USA). The membranes were 
then rinsed with Tris-buffered saline-tween20 (TBST, Thermo) and 
treated with HRP-conjugated secondary antibody (1:2000) (CST) 
at 37 °C for 1 h. Subsequently, the protein bands on the PVDF 
membranes were visualized using the Western Chemiluminescent 
HRP Substrate (Millipore) and the CLINX Imaging System (CLINX 
Science Instruments, Shanghai, China). Protein expression was 
assessed using ImageJ software (National Institutes of Health, USA) 
and normalized to β-actin.

Immunofluorescence staining

The experimental cells were inoculated on coverslips in a 24-well 
plate and incubated overnight. The post-healed cells attached to 
the coverslips were fixed with 4% paraformaldehyde for 20 min at 
room temperature. The coverslips were then rinsed with PBST and 
permeabilized with 0.2% Triton X-100 (Thermo). These cells were 
then sealed with 2% bovine serum albumin (BSA, Solarbio) for 1 
h at 37 °C after washing thrice with PBST. Sequentially, the cells 
were treated with primary antibodies overnight at 4 °C and then 
with immunofluorescence secondary antibodies for 1 h at room 
temperature. The nuclei were stained with an antifade mounting 
solution with 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen) 
for 5 min and photographed under a fluorescence microscope. 
The primary antibodies used included collagen II (1:50, 28459-

1-AP, Proteintech), GRP78 (1:50, 66574-1-lg, Proteintech), CHOP 
(1:50, 66741-1-lg, Proteintech), caspase-12 (1:50, A0217, ABclonal), 
and phospho-eIF2α (1:1000, #3398, CST). Immunofluorescence 
secondary antibodies included anti-mouse IgG (1:500, #4410, CST) 
and anti-rabbit IgG (1:500, #4413, CST).

Statistical analysis

SPSS V.24.0 (SPSS Inc., Chicago, Illinois, USA) was used for the 
statistical analyses. The Kolmogorov-Smirnov test was performed 
to determine the normality of the distribution of continuous 
numerical variables. Depending on whether the variables were 
normally distributed, the variables were exhibited as averages 
with standard deviation or as medians with interquartile ranges. 
Statistical distinctions between two or multiple group averages were 
measured with Student’s t-test or One-Way ANOVA for comparison, 
and the Bonferroni test was used for the post-hoc test of one-way 
ANOVA. P < 0.05 was considered to indicate statistical significance.

RESULTS

1. Identification of primary rat NP cells

Immunofluorescent staining for collagen II (green fluorescence), 
which mostly exists in the cytoplasm, was conducted (Figure 1a). 
Remarkably, the green fluorescence intensity increased near the 
nucleus (blue fluorescence). HE staining demonstrated that the rat 
NP cells appeared polygonal, spindle-shaped, or irregular (Figure 
1b). In addition, toluidine blue stained the gathered proteoglycans 
enriched in the NP cells (Figure 1c).

2. Influences of diverse hyperglycemic quality on the viability, 
ER stress, and apoptosis of NP cells

We performed the CCK-8 assay to determine the influence of 
hyperglycemia on rat NP cell liveness. The liveness of NP cells 
decreased with increasing concentrations of high glucose. 
The percentage of living cells approached LC50 (50% lethal 
concentration) when the glucose concentration reached 300 
mm, which was regarded as the half-lethal dose (Figure 2a). 
Western blotting was performed to detect the BAX, Bcl-2, and 

FIG. 1. Different staining assessment of rat NP cells. (a) Immunofluorescence staining: the nucleus depicts blue fluorescence stained by DAPI, while 
the high collagen II expression in cytoplasm is green-fluorescent in rat NP cells, (b) Hematoxylin-eosin staining: the nucleus appears round or oval, 
while NP cells polygonal, spindle, or irregular, (c) Toluidine blue staining: proteoglycans enriched in rat NP cells are stained strongly positive with 
toluidine blue. Scale bars 100 μm.
DAPI, 4′,6-diamidino-2-phenylindole; NP, nucleus pulposus.

a b c



 

30 Yu et al. Quercetin Alleviates ER Stress-Related Apoptosis

Balkan Med J, Vol. 42, No. 1, 2025

cleaved-caspase 3, the apoptotic executive protein, presenting the 
amount of apoptotic NP cells reached the peak at a high glucose 
concentration of 200 mM (Figure 2b). The Hoechst staining test 
demonstrated a brilliant, dense, and hyperchromatic morphology 
of apoptotic NP nuclei when the glucose concentration increased, 
which shared a similar trend with the results of Western blotting, 
suggesting that the hyperglycemic environment initiated apoptosis 
in NP cells (Figure 2c, d).

We have discussed the influence of the diverse high glucose 
concentrations on ER stress. The GRP78, cleaved-caspase 12, 
and CHOP levels increased sharply when NP cells were placed 
in a hyperglycemic environment. Interestingly, we found that 
the expression of the above three proteins coincided with the 
peak glucose concentration of 200 mm, indicating that ER stress 
contributed to the apoptosis generated by high glucose and that 

the ER stress level was in accordance with the apoptosis level 
(Figure 3a-d).

3. Quercetin alleviates high glucose-generated ER stress and 
ER stress induced-apoptosis of NP cells

To determine quercetin safety and efficiency in NP cells, a CCK-
8 assay was performed to examine cell viability. No significant 
distinction was detected in cell viability post-24 h of the treatment 
at a concentration ≤ 60 µm. Meanwhile, quercetin approximately 
reached LC50 at 100 µm. Consequently, we selected 60 µm as the 
quercetin treatment concentration to ensure optimal drug efficiency 
(Figure 4a).

To determine whether ER stress was contacted with the protective 
influence of quercetin, we examine the ER stress-associated proteins 
GRP78 and CHOP by Western blotting. As expected, a remarkable 

FIG. 2. Effects of glucose on rat NP cells viability and apoptosis. (a) Effect of diverse concentration of glucose on viability of rat NP cells detected 
by CCK-8, (b) Representative western blotting assay and quantitation of cleaved-caspase 3, BAX and Bcl-2; β-actin expression is used as the protein 
loading control, (c, d) Hoechst staining and the quantitation to detect NP cells apoptosis by evaluating apoptotic nuclei under high glucose. Scale bars 
100 μm (data are shown as mean ± SD, *p < 0.05, **p < 0.01 vs. control group).
NP, nucleus pulposus; CCK-8, Cell Counting Kit-8; SD, standard deviation.
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distinction was noted in the descending protein expression between 
GRP78 and CHOP in quercetin-treated cells in contrast with that in 
glucose-treated cells (Figure 4b, c). Moreover, immunofluorescence 
dyeing for GRP78 and CHOP was conducted in NP cells fixed with 
hyperglycemic for 6 h in the presence or absence of quercetin, which 
verified that quercetin could overtly lack ER stress caused by high 
glucose in NP cells. After the NP cells were exposed to hyperglycemic 
conditions, GRP78 demonstrated red fluorescence in the cytoplasm, 
whereas CHOP demonstrated green fluorescence in the nucleus. 
However, in contrast to their expression in the pretreated groups, 
the fluorescence intensities of GRP78 and CHOP were significantly 
weaker (Figure 4d-g).

Severe or prolonged ER stress causes excessive protein depletion 
and apoptosis. To determine the relationship between NP cell 
apoptosis and ER stress, we determined the protein level of cleaved-
caspase 3 and caspase 12 by Western blotting. The results indicated 
that quercetin resisted the cleaved-caspase 3 and caspase 12 rank, 
which were both upregulated by the high glucose concentration of 
200 mm (Figure 5a, b). Moreover, as per the immunofluorescence 
data, caspase-12 was evidently upregulated in the high-glucose 
group, while quercetin administration alleviated this response 
(Figure 5c, d).

4. Quercetin inhibited PERK-eIF2α-ATF4 ISR activation under 
high-glucose conditions in NP cells

To further determine the effect of quercetin in high glucose-generated 
ER stress, we investigated whether quercetin could modulate PERK-
eIF2α-ATF4 ISR activation in NP cells. Interestingly, Western blotting 
analysis displayed a clear increase in the protein expression of the 
ISR-related genes phosphorylated-PERK, phosphorylated-eIF2α, 
and ATF4 in the high-glucose group of NP cells, while quercetin 
exerted a reverse effect (Figure 6a-d). We also noted the intensity 
of phosphorylated-eIF2α downregulation by quercetin in contrast 
with that in the high-glucose group under the immunofluorescence 
scope (Figure 6e, f). These results suggested that the PERK-eIF2α-
ATF4 pathway of ISR is activated under hyperglycemic-generated ER 
stress in NP cells and that quercetin decreases the progress to some 
extent.

DISCUSSION

IDD is the principal reason for LBP. Currently, surgical operations 
such as discectomy are conducted to treat IDD patients when the 
conservative treatment fail.34 However, diverse surgical risks are 
associated with surgery.35 Therefore, it seems crucial for drug therapy 
to be equipped with the potential to ameliorate IDD progression 
from a molecular perspective. Over the years, natural herbal extracts 

FIG. 3. Effects of glucose on ER stress and ER stress-related apoptosis of rat NP cells. NP cells are exposed to diverse concentrations of glucose for 6 
h, (a-d) Representative western blotting assay and quantitation of ER stress and related apoptosis molecules GRP78, caspase 12, and CHOP; β-actin 
expression is used as the protein loading control (data are shown as mean ± SD, *p < 0.05, **p < 0.01 vs. control group).
ER, endoplasmic reticulum; NP, nucleus pulposus; GRP78, glucose-regulated protein 78; CHOP, C/EBPα-homologous protein; SD, standard deviation.
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have been reported to heal clinical illness owing to their diverse 
molecular modulatory functions and the few side-effects.36-38 Here, 
we have demonstrated that treatment with quercetin, a natural 
medicine, modulates apoptosis in NP cells.

NP cells are a special type of chondrocyte that share similar 
characteristics. Generally, there is no specific identification of NP 
cells, albeit researchers are inclined to identify chondrocyte features 
for substitution.39 Collagen II and proteoglycans are the primary 

molecules that maintain the gelatinous nature of NP tissues.3 
Herein, we identified primary NP cells based on the characteristics 
of collagen II and proteoglycans.

Emerging evidence suggests that a hyperglycemic environment may 
have harmful influences on IVD cells through signaling pathways, 
which eventually induce morphological and molecular changes 
in the IVD.40,41 Several studies have verified that a high-glucose 
environment is a stable model for IVD cells with degenerative 

FIG. 4. Quercetin downregulates ER stress triggered by high glucose in rat NP cells. (a) Effect of diverse concentration of quercetin on viability of rat 
NP cells detected by CCK8. NP cells are exposed to glucose (200 mm) for 6 h except for control group. Quercetin (60 μm) is pre-treated for 2 h in the 
corresponding group. (b, c) Representative western blotting assay and quantitation of ER stress related molecules GRP78 and CHOP; β-actin expression 
is used as the protein loading control. (d, e) Immunofluorescence staining is used to detect the expression and localization of GRP78 and CHOP in 
rat NP cells. The GRP78 depicts red fluorescence predominantly in cytoplasm while the CHOP depicts green in nucleus, and the nucleus depicts blue 
stained by DAPI. Scale bars 100 μm. (f, g) Quantitative analysis of immunofluorescence staining of GRP78 and CHOP results. Scale bars 100 μm (data 
are shown as mean ± SD, *p < 0.05, **p < 0.01 vs. control group, #p < 0.05, ##p < 0.01 vs. glucose treatment).
ER, endoplasmic reticulum; NP, nucleus pulposus; CCK-8, Cell Counting Kit-8; GRP78, glucose-regulated protein 78; CHOP, C/EBPα-homologous protein; SD, standard deviation; DAPI, 

4′,6-diamidino-2-phenylindole.
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changes in vitro.10,42-45 Herein, we assessed changes in the nuclear 
morphology of NP cells, the gene expression of the proapoptotic 
protein cleaved-caspase 3, as well as BAX and Bcl-2, to determine 
NP cell apoptosis. Our results demonstrated that hyperglycemic 
conditions promoted nuclear apoptosis in contrast with the baseline 
culture. Our results verify the effects of the 200 mm concentration 
of glucose on NP cell apoptosis as also suggested in previous 
studies.10,43-45 The intervertebral disc is a tissue lacking blood vessels; 
when it degenerates, it releases an intense stimulus in the local 
microenvironment, which explains why high-concentration glucose 
could be used in vitro.10,43-45

The ER pathway is one of the classic apoptotic modes reported 
in recent years, and ER stress is an important intrinsic apoptotic 

element.17 It is widely acknowledged that overwhelming ER stress 
can evolve into cell apoptosis, which includes the transcriptional 
initiation of GRP78-CHOP, caspase family, and PERK-eIF2α-ATF4 ISR 
activation.19,46 Further research on ER stress-related apoptosis in 
IDD remains limited, regardless of its impact on several different 
diseases and corresponding tissues, including IVD. Herein, we 
demonstrated that the activation of a series of ER stress-associated 
genes may be involved in the apoptosis of NP cells, including GRP78, 
CHOP, caspase 12, and the PERK-eIF2α-ATF4 pathway. These results 
indicated severe ER stress and ER stress-related apoptosis in NP cells 
under a high glucose environment.

Quercetin, extracted and biologically identified in 1936, is a natural 
metabolite belonging to the flavonoid group present in fruits, 

FIG. 5. Quercetin suppresses cleaved-caspase 3 and caspase 12 under high glucose stimulation. NP cells are exposed to glucose (200 mm) for 6h except 
in the control group. Quercetin (60 μm) is pre-treated for 2 h in the corresponding group. (a, b) Representative western blotting assay and quantitation 
of cleaved-caspase 3 and caspase 12; β-actin expression is used as the protein loading control. (c) Quantitative analysis of Immunofluorescence 
staining of caspase 12 results. (d) Immunofluorescence staining is used to detect caspase 12 expression, which depicts red fluorescence in rat NP cells. 
Nuclei are stained blue with DAPI. Scale bars 100 μm (data are shown as mean ± SD, *p < 0.05, **p < 0.01 vs. control group, #p < 0.05, ##p < 0.01 vs. 
glucose treatment).
NP, nucleus pulposus; DAPI, 4′,6-diamidino-2-phenylindole; SD, standard deviation.
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vegetables, tea, and other edible plants.25,47 Previous studies have 
demonstrated that quercetin regulates phenotypes, including 
inflammation, senescence, ECM descent, and autophagy in NP 
cells and IDD rat models.31,32 Recent studies have demonstrated 
that quercetin has a custodial influence on ER stress-mediated 
apoptosis.48 Quercetin also has a protective influence on 
chondrocytes through the inhibition of apoptosis and ER stress.29,49 
However, the potential protective impact of quercetin in regulating 
apoptosis and ER stress in patients with IDD is not well known. The 

present research is the first to determine the therapeutic effect of 
quercetin in ER stress-associated apoptosis of NP cells. Fortunately, 
our findings demonstrated that when ER stress-induced apoptosis 
peaked, quercetin mitigated the turbulent conditions in NP cells 
to some extent. As depicted by our results, the ER stress upstream 
initiator GRP78 and downstream CHOP both decreased when NP 
cells were treated with quercetin. Simultaneously, the ER stress-
related apoptotic protein caspase 12, including the apoptotic 
executor cleaved-caspase 3, tended to decline under the influence 

FIG. 6. Quercetin modulates ER stress through PERK-eIF2α-ATF4 pathway in NP cells. (a-d) Representative western blotting assay and quantitation of 
p-PERK, PERK, p-eIF2α, eIF2α, and ATF4; β-actin expression is used as the protein loading control. (e) Quantitative analysis of immunofluorescence 
staining of p-eIF2α results. (f) Immunofluorescence staining is used to detect p-eIF2α expression, which depicts green fluorescence in rat NP cells. 
The nucleus depicts blue is stained by DAPI. Scale bars 100 μm (data are shown as mean ± SD, *p < 0.05, **p < 0.01 vs. control group, #p < 0.05, ##p 
< 0.01 vs. glucose treatment).
ER, endoplasmic reticulum; PERK, protein kinase R-like endoplasmic reticulum kinase; eIF2α, eukaryotic translation initiation element 2α; ATF4, activating transcription element 4; NP, 

nucleus pulposus; DAPI, 4′,6-diamidino-2-phenylindole; SD, standard deviation.
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of quercetin. Moreover, we found that the PERK-eIF2α-ATF4 pathway 
participated in all the processes under high-glucose stimulation and 
the quercetin rescue effect. Cumulatively, our results indicate that 
quercetin can not only relieve ER stress turbulence in NP cells but 
also the resultant apoptosis, probably through the PERK-eIF2α-ATF4 
pathway.

Our findings thus demonstrate the protective effect of quercetin 
against NP cell apoptosis. We suggested that high glucose is a stable 
model for imitating IDD in vitro by inducing NP cell apoptosis, 
which is primarily mediated by ER stress. In addition, quercetin 
administration could prevent severe ER stress conditions and related 
apoptosis, probably by the PERK-eIF2α-ATF4 signaling pathway in 
NP cells. Unfortunately, we could not investigate the protective 
feature of quercetin against ER stress‐generated apoptosis in vivo. 
However, quercetin administration, which interferes with human 
IDD progression, warrants further research. We plan to pursue these 
issues for future research.

Acknowledgements: The authors express gratitude to Dr. Yiming Wang, M.D., for 
his exceptional expertise and dedicated efforts in performing statistical and data 
analysis for this research. Special thanks are extended to Dr. Ailiang Zhang, M.D., 
for his professional supervision and critical review.

Ethics Committee Approval: This study was approved by the Ethics Committee 
of Beijing Jishuitan Hospital Guizhou Hospital Subcommittee Laboratory Animal 
Center.

Informed Consent: Patient approval has not been obtained as it is performed 
on animals.

Data Sharing Statement: The data that support the findings of this study are 
available from the corresponding author upon reasonable request.

Authorship Contributions: Concept- Z.Y., Xia.W., A.Z.; Design- Z.Y., Xia.W., X.X., 
A.Z.; Supervision- Y.W., A.Z.; Materials- Y.H., Xin.W.; Data Collection or Processing- 
Z.Y., Xia.W., Z.Z.; Analysis and/or Interpretation- Z.Y., Z.Z., Y.W.; Literature Review- 
Z.Y., Xia.W, Y.H., Xin.W.; Writing- Z.Y.; Critical Review- Y.W., A.Z.

Conflict of Interest: The authors declare that they have no conflict of interest.

Funding: This work was supported by the Changzhou High-Level Medical Talents 
Training Project (2022062), and the Major Program of Science and Technology 
Project of Changzhou Health Commission (ZD202208).

REFERENCES
1. Luoma K, Riihimäki H, Luukkonen R, Raininko R, Viikari-Juntura E, Lamminen A. Low 

back pain in relation to lumbar disc degeneration. Spine (Phila Pa 1976). 2000;25:487-
492. [CrossRef]

2. GBD 2017 Disease and Injury Incidence and Prevalence Collaborators. Global, regional, 
and national incidence, prevalence, and years lived with disability for 354 diseases 
and injuries for 195 countries and territories, 1990-2017: a systematic analysis for the 
Global Burden of Disease Study 2017. Lancet. 2018;392:1789-1858. [CrossRef]

3. Kepler CK, Ponnappan RK, Tannoury CA, Risbud MV, Anderson DG. The molecular basis 
of intervertebral disc degeneration. Spine J. 2013;13:318-330. [CrossRef]

4. Zhao CQ, Wang LM, Jiang LS, Dai LY. The cell biology of intervertebral disc aging and 
degeneration. Ageing Res Rev. 2007;6:247-261. [CrossRef]

5. Alpantaki K, Kampouroglou A, Koutserimpas C, Effraimidis G, Hadjipavlou A. Diabetes 
mellitus as a risk factor for intervertebral disc degeneration: a critical review. Eur Spine 
J. 2019;28:2129-2144. [CrossRef]

6. Won HY, Park JB, Park EY, Riew KD. Effect of hyperglycemia on apoptosis of notochordal 
cells and intervertebral disc degeneration in diabetic rats. J Neurosurg Spine. 
2009;11:741-748. [CrossRef]

7. Wang W, Li P, Xu J, et al. Resveratrol attenuates high glucose-induced nucleus pulposus 
cell apoptosis and senescence through activating the ROS-mediated PI3K/Akt pathway. 
Biosci Rep. 2018;38:BSR20171454. [CrossRef]

8. Cheng X, Ni B, Zhang F, Hu Y, Zhao J. High glucose-induced oxidative stress mediates 
apoptosis and extracellular matrix metabolic imbalances possibly via p38 MAPK 
activation in rat nucleus pulposus cells. J Diabetes Res. 2016;2016:3765173. [CrossRef]

9. Guo MB, Wang DC, Liu HF, et al. Lupeol against high-glucose-induced apoptosis via 
enhancing the anti-oxidative stress in rabbit nucleus pulposus cells. Eur Spine J. 
2018;27:2609-2620. [CrossRef]

10. Jiang C, Liu S, Cao Y, Shan H. High glucose induces autophagy through PPARγ-dependent 
pathway in human nucleus pulposus cells. PPAR Res. 2018;2018:8512745. [CrossRef]

11. Oakes SA, Papa FR. The role of endoplasmic reticulum stress in human pathology. Annu 
Rev Pathol. 2015;10:173-194. [CrossRef]

12. Wang M, Kaufman RJ. Protein misfolding in the endoplasmic reticulum as a conduit to 
human disease. Nature. 2016;529:326-335. [CrossRef]

13. Guo R, Liu W, Liu B, Zhang B, Li W, Xu Y. SIRT1 suppresses cardiomyocyte apoptosis 
in diabetic cardiomyopathy: An insight into endoplasmic reticulum stress response 
mechanism. Int J Cardiol. 2015;191:36-45. [CrossRef]

14. Novais EJ, Choi H, Madhu V, et al. Hypoxia and hypoxia-inducible factor-1α regulate 
endoplasmic reticulum stress in nucleus pulposus cells: implications of endoplasmic 
reticulum stress for extracellular matrix secretion. Am J Pathol. 2021;191:487-502. 
[CrossRef]

15. Chen L, Liu L, Xie ZY, et al. Endoplasmic reticulum stress facilitates the survival and 
proliferation of nucleus pulposus cells in TNF-α stimulus by activating unfolded protein 
response. DNA Cell Biol. 2018;37:347-358. [CrossRef]

16. Fernández A, Ordóñez R, Reiter RJ, González-Gallego J, Mauriz JL. Melatonin and 
endoplasmic reticulum stress: relation to autophagy and apoptosis. J Pineal Res. 
2015;59:292-307. [CrossRef]

17. Iurlaro R, Muñoz-Pinedo C. Cell death induced by endoplasmic reticulum stress. FEBS J. 
2016;283:2640-2652. [CrossRef]

18. Li J, Inoue R, Togashi Y, et al. Imeglimin ameliorates β-Cell apoptosis by modulating the 
endoplasmic reticulum homeostasis pathway. Diabetes. 2022;71:424-439. [CrossRef]

19. English AM, Green KM, Moon SL. A (dis)integrated stress response: genetic diseases of 
eIF2α regulators. Wiley Interdiscip Rev RNA. 2022;13:e1689. [CrossRef]

20. Wang D, He X, Zheng C, et al. Endoplasmic reticulum stress: An emerging therapeutic 
target for intervertebral disc degeneration. Front Cell Dev Biol. 2022;9:819139. 
[CrossRef]

21. Yan J, Li S, Zhang Y, et al. Cholesterol Induces pyroptosis and matrix degradation via 
mSREBP1-driven endoplasmic reticulum stress in intervertebral disc degeneration. 
Front Cell Dev Biol. 2022;9:803132. [CrossRef]

22. Lin Z, Ni L, Teng C, et al. Eicosapentaenoic acid-induced autophagy attenuates 
intervertebral disc degeneration by suppressing endoplasmic reticulum stress, 
extracellular matrix degradation, and apoptosis. Front Cell Dev Biol. 2021;9:745621. 
[CrossRef]

23. de Oliveira MR, Nabavi SM, Braidy N, Setzer WN, Ahmed T, Nabavi SF. Quercetin and the 
mitochondria: a mechanistic view. Biotechnol Adv. 2016;34:532-549. [CrossRef]

24. Rezabakhsh A, Rahbarghazi R, Malekinejad H, Fathi F, Montaseri A, Garjani A. Quercetin 
alleviates high glucose-induced damage on human umbilical vein endothelial cells by 
promoting autophagy. Phytomedicine. 2019;56:183-193. [CrossRef]

25. Patel RV, Mistry BM, Shinde SK, Syed R, Singh V, Shin HS. Therapeutic potential of 
quercetin as a cardiovascular agent. Eur J Med Chem. 2018;155:889-904. [CrossRef]

26. Saccon TD, Nagpal R, Yadav H, et al. Senolytic combination of dasatinib and quercetin 
alleviates intestinal senescence and inflammation and modulates the gut microbiome 
in aged mice. J Gerontol A Biol Sci Med Sci. 2021;76:1895-1905. [CrossRef]

27. Chen T, Zhang X, Zhu G, et al. Quercetin inhibits TNF-α induced HUVECs apoptosis and 
inflammation via downregulating NF-kB and AP-1 signaling pathway in vitro. Medicine 
(Baltimore). 2020;99:e22241. [CrossRef]

28. Chang X, Zhang T, Meng Q, et al. Quercetin improves cardiomyocyte vulnerability to 
hypoxia by regulating SIRT1/TMBIM6-related mitophagy and endoplasmic reticulum 
stress. Oxid Med Cell Longev. 2021;2021:5529913. [CrossRef]

29. Feng K, Chen Z, Pengcheng L, Zhang S, Wang X. Quercetin attenuates oxidative stress-
induced apoptosis via SIRT1/AMPK-mediated inhibition of ER stress in rat chondrocytes 
and prevents the progression of osteoarthritis in a rat model. J Cell Physiol. 
2019;234:18192-18205. [CrossRef]

30. Wang Q, Ying L, Wei B, Ji Y, Xu Y. Effects of quercetin on apoptosis and extracellular 
matrix degradation of chondrocytes induced by oxidative stress-mediated pyroptosis. J 
Biochem Mol Toxicol. 2022;36:e22951. [CrossRef]

https://doi.org/10.1097/00007632-200002150-00016
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1016/j.spinee.2012.12.003
https://doi.org/10.1016/j.arr.2007.08.001
https://doi.org/10.1007/s00586-019-06029-7
https://doi.org/10.3171/2009.6.SPINE09198
https://doi.org/10.1042/BSR20171454
https://doi.org/10.1155/2016/3765173
https://doi.org/10.1007/s00586-018-5687-9
https://doi.org/10.1155/2018/8512745
https://doi.org/10.1146/annurev-pathol-012513-104649
https://doi.org/10.1038/nature17041
https://doi.org/10.1016/j.ijcard.2015.04.245
https://doi.org/10.1016/j.ajpath.2020.11.012
https://doi.org/10.1089/dna.2017.4029
https://doi.org/10.1111/jpi.12264
https://doi.org/10.1111/febs.13598
https://doi.org/10.2337/db21-0123
https://doi.org/10.1002/wrna.1689
https://doi.org/10.3389/fcell.2021.819139
https://doi.org/10.3389/fcell.2021.803132
https://doi.org/10.3389/fcell.2021.745621
https://doi.org/10.1016/j.biotechadv.2015.12.014
https://doi.org/10.1016/j.phymed.2018.11.008
https://doi.org/10.1016/j.ejmech.2018.06.053
https://doi.org/10.1093/gerona/glab002
https://doi.org/10.1097/MD.0000000000022241
https://doi.org/10.1155/2021/5529913
https://doi.org/10.1002/jcp.28452
https://doi.org/10.1002/jbt.22951


 

36 Yu et al. Quercetin Alleviates ER Stress-Related Apoptosis

Balkan Med J, Vol. 42, No. 1, 2025

31. Shao Z, Wang B, Shi Y, et al. Senolytic agent quercetin ameliorates intervertebral 
disc degeneration via the Nrf2/NF-κB axis. Osteoarthritis Cartilage. 2021;29:413-422. 
[CrossRef]

32. Zhang S, Liang W, Abulizi Y, et al. Quercetin alleviates intervertebral disc degeneration 
by modulating p38 MAPK-mediated autophagy. Biomed Res Int. 2021;2021:6631562. 
[CrossRef]

33. Zhang CX, Wang T, Ma JF, Liu Y, Zhou ZG, Wang DC. Protective effect of CDDO-ethyl 
amide against high-glucose-induced oxidative injury via the Nrf2/HO-1 pathway. Spine 
J. 2017;17:1017-1025. [CrossRef]

34. Lyu FJ, Cheung KM, Zheng Z, Wang H, Sakai D, Leung VY. IVD progenitor cells: a 
new horizon for understanding disc homeostasis and repair. Nat Rev Rheumatol. 
2019;15:102-112. [CrossRef]

35. Camino Willhuber G, Elizondo C, Slullitel P. Analysis of postoperative complications 
in spinal surgery, hospital length of stay, and unplanned readmission: application of 
dindo-clavien classification to spine surgery. Global Spine J. 2019;9:279-286. [CrossRef]

36. Zhang Z, Wang C, Lin J, et al. Therapeutic potential of naringin for intervertebral disc 
degeneration: involvement of autophagy against oxidative stress-induced apoptosis in 
nucleus pulposus cells. Am J Chin Med. 2018:1-20. [CrossRef]

37. Wang J, Wong YK, Liao F. What has traditional Chinese medicine delivered for modern 
medicine? Expert Rev Mol Med. 2018;20:e4. [CrossRef]

38. Kang L, Xiang Q, Zhan S, et al. Restoration of autophagic flux rescues oxidative damage 
and mitochondrial dysfunction to protect against intervertebral disc degeneration. 
Oxid Med Cell Longev. 2019;2019:7810320. [CrossRef]

39. Rodrigues-Pinto R, Richardson SM, Hoyland JA. An understanding of intervertebral disc 
development, maturation and cell phenotype provides clues to direct cell-based tissue 
regeneration therapies for disc degeneration. Eur Spine J. 2014;23:1803-1814. [CrossRef]

40. Cannata F, Vadalà G, Ambrosio L, et al. Intervertebral disc degeneration: a focus on 
obesity and type 2 diabetes. Diabetes Metab Res Rev. 2020;36:e3224. [CrossRef]

41. Ohnishi T, Sudo H, Iwasaki K, Tsujimoto T, Ito YM, Iwasaki N. In vivo mouse 
intervertebral disc degeneration model based on a new histological classification. PLoS 
One. 2016;11:e0160486. [CrossRef]

42. Feng Y, Wang H, Chen Z, Chen B. High glucose mediates the ChREBP/p300 transcriptional 
complex to activate proapoptotic genes Puma and BAX and contributes to intervertebral 
disc degeneration. Bone. 2021;153:116164. [CrossRef]

43. Park JB, Byun CH, Park EY. Rat notochordal cells undergo premature stress-induced 
senescence by high glucose. Asian Spine J. 2015;9:495-502. [CrossRef]

44. Yang D, Zhu D, Zhu S, et al. 17β-estradiol/extrogen receptor β alleviates apoptosis and 
enhances matrix biosynthesis of nucleus pulposus cells through regulating oxidative 
damage under a high glucose condition. Biomed Pharmacother. 2018;107:1004-1009. 
[CrossRef]

45. Liu Z, Zhang Z, Zhang A, et al. Osteogenic protein-1 alleviates high glucose 
microenvironment-caused degenerative changes in nucleus pulposus cells. Biosci Rep. 
2019;39:BSR20190170. [CrossRef]

46. Hirsch I, Weiwad M, Prell E, Ferrari DM. ERp29 deficiency affects sensitivity to apoptosis 
via impairment of the ATF6-CHOP pathway of stress response. Apoptosis. 2014;19:801-
815. [CrossRef]

47. D’Andrea G. Quercetin: A flavonol with multifaceted therapeutic applications? 
Fitoterapia. 2015;106:256-271. [CrossRef]

48. Topçu-Tarladaçalışır Y, Sapmaz-Metin M, Mercan Z, Erçetin D. Quercetin attenuates 
endoplasmic reticulum stress and apoptosis in TNBS-Induced colitis by inhibiting the 
glucose regulatory protein 78 activation. Balkan Med J. 2024;41:30-37. [CrossRef]

49. Hu Y, Gui Z, Zhou Y, Xia L, Lin K, Xu Y. Quercetin alleviates rat osteoarthritis by inhibiting 
inflammation and apoptosis of chondrocytes, modulating synovial macrophages 
polarization to M2 macrophages. Free Radic Biol Med. 2019;145:146-160. [CrossRef] 

https://doi.org/10.1016/j.joca.2020.11.006
https://doi.org/10.1155/2021/6631562
https://doi.org/10.1016/j.spinee.2017.03.015
https://doi.org/10.1038/s41584-018-0154-x
https://doi.org/10.1177/2192568218792053
https://doi.org/10.1142/S0192415X18500805
https://doi.org/10.1017/erm.2018.3
https://doi.org/10.1155/2019/7810320
https://doi.org/10.1007/s00586-014-3305-z
https://doi.org/10.1002/dmrr.3224
https://doi.org/10.1371/journal.pone.0160486
https://doi.org/10.1016/j.bone.2021.116164
https://doi.org/10.4184/asj.2015.9.4.495
https://doi.org/10.1016/j.biopha.2018.08.084
https://doi.org/10.1042/BSR20190170
https://doi.org/10.1007/s10495-013-0961-0
https://doi.org/10.1016/j.fitote.2015.09.018
https://doi.org/10.4274/balkanmedj.galenos.2023.2023-10-9
https://doi.org/10.1016/j.freeradbiomed.2019.09.024

