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Objective: Diabetes has been identified as a risk factor
for intervertebral disc degeneration (IDD). The aim of
this study is to investigate the potential mechanism un-
derlying diabetes-related pyroptosis in nucleus pulposus
(NP) cells. Methods: We used a high-glucose environ-
ment to mimic diabetes in vitro and examined the endo-
plasmic reticulum stress (ERS) and pyroptotic response.
Furthermore, we utilized activators and inducers of ERS
to explore the role of ERS in high-glucose-induced py-
roptosis in NP cells. We evaluated the ERS and pyropto-
sis levels using immunofluorescence (IF) or RT-PCR and
measured the expression of collagen I, aggrecan, and
MMPs. Additionally, we used ELISA to determine the lev-
els of IL-1B and IL-18 in the culture medium, and CCK8
assay to test cell viability. Results: High-glucose condi-
tions promoted the degeneration of NP cells and trig-
gered ERS and pyroptosis. A high level of ERS aggra-
vated pyroptosis, and partially suppressing ERS resisted
high-glucose-induced pyroptosis and alleviated the de-
generation of NP cells. Inhibiting caspase-1-based pyrop-
tosis under high-glucose conditions helped relieve the
degeneration of NP cells but did not affect ERS levels.
Conclusions: High-glucose induces pyroptosis in NP cells
via the mediation of ERS, and suppressing ERS or pyrop-
tosis protects NP cells under high-glucose conditions.
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INTRODUCTION

Low back pain is a common clinical symptom, which
may or may not be accompanied by radiating pain,
numbness, and muscle strength changes in the lower
limbs (Chou, 2014). Intervertebral disc degeneration
(IDD) is one of the leading causes of low back pain,
pathologically characterized by the dysfunction of nu-

cleus pulposus (NP) cells, the degradation of extracel-
lular matrix (ECM), and the progressive fibrosis of the
intervertebral disc (Vadala e7 al, 2015; Zhao et al., 2007,
Che et al, 2020). In addition to age, mechanical dam-
age, and other biomechanical risks, metabolic diseases,
especially diabetes, have also been confirmed to have a
strong correlation with IDD. The diffusion, distribution,
and utilization of glucose play a vital role in the normal
function of the intervertebral disc (Cannata e al., 2020).
Therefore, the imbalance in the maintenance of normal
blood glucose levels in diabetic condition has become a
risk factor for IDD (Agius ef al., 2016).

In a prospective study by Jhawar and others (Jhawar ez
al., 2006), the relative risk factor of diabetes for lumbar
disc herniation was found to be 1.52, which was higher
than smoking, hypertension, and hypetlipidemia. Huang
and others (Huang ef al, 2016) also found that diabe-
tes duration of more than ten years is a high-risk factor
for intervertebral disc herniation. Additionally, Robinson
and others (Robinson ez al, 1998) discovered that dia-
betic patients have a lower content of aggrecan in their
intervertebral discs compared to non-diabetic patients.
Despite the strong correlation between diabetes and
IDD that has been reported, the pathogenesis of IDD,
especially the mechanism of high-glucose-induced 1IDD,
has not been extensively studied.

Pyroptosis shares several morphological characteristics
with apoptosis, such as nuclear condensation and chro-
mosome DNA degradation, as well as a reliance on Cas-
pase activation, making it easy to confuse the two (Shi
et al., 2017). However, they can be distinguished from
one another based on their biological characteristics and
molecular mechanisms. The most significant difference
between pyroptosis and apoptosis is the series of inflam-
matory reactions that occur due to the destruction of cell
membrane integrity (Fang ez al., 2020). Caspase-1/4/5/11
activation and the release of IL.-18 and IL.-18 accompany
pyroptotic cells, leading to the recruitment of more in-
flammatory cells and the expansion of local and systemic
inflammatory responses (Toldo e# al., 2018).

The endoplasmic reticulum (ER) is a critical organelle
responsible for protein synthesis and folding in eukary-
otic cells, making it very sensitive to various stimuli. Dis-
orders in cellular glucose metabolism can cause protein
misfolding and accumulation in the ER cavity, result-
ing in endoplasmic reticulum stress (ERS) (Wagner &
Moore, 2011). Recent studies have shown that ERS is
a common feature in subjects with the development of
IDD and is closely related to the activation of pyrop-
tosis-related NLRP3 inflammasomes (Han ez a/, 2018).
Since ERS plays a role in the processes of glucose me-
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Table 1. Primer sequences for RT-PCR

Gene name Forward (5'>3") Reverse (5'>3’)

Collagen Il TGGACGATCAGGCGAAACC GCTGCGGATGCTCTCAATCT
Aggrecan ACTCTGGGTTTTCGTGACTCT ACACTCAGCGAGTTGTCATGG
MMP3 AGTCTTCCAATCCTACTGTTGCT TCCCCGTCACCTCCAATCC
MMP-13 ACTGAGAGGCTCCGAGAAATG GAACCCCGCATCTTGGCTT
Caspase-4 AAGAGAAGCAACGTATGGCAGGAC GGACAAAGCTTGAGGGCATCTGTA
Caspase-11 GGACGCCTTGTGGGAGAATG TCAATGACCTTACACTGACGC
GADD34 ATGATGGCATGTATGGTGAGC AACCTTGCAGTGTCCTTATCAG
GRP78 CATCACGCCGTCCTATGTCG CGTCAAAGACCGTGTTCTCG
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

RT-PCR, Reverse Transcription-Polymerase Chain Reaction

tabolism, pyroptosis, and IDD, we can experimentally
explore the connection and mechanism of ERS in the
high-glucose-induced pyroptosis of NP cells.

MATERIALS AND METHODS

Patient tissue collection and NP cells isolation

We recruited 9 patients (4 males, 5 females; every age:
42 years) who underwent lumbar fracture and needed
discectomy. The inclusion criteria for patients is no his-
tory of the underlying disease and IDD. This research
was approved by the Ethics Committee of the Zhoushan
Hospital of Traditional Chinese Medicine. After cutting
from patients, the disc tissue was conserved in a culture
medium and shipped to the laboratory for NP cell isola-
tion immediately.

The gelatinous NP tissue was removed from the disc,
washed 3XPBS, and cut into small pieces. Then, the
fragment was digested with type II collagenase (Sigma,
St. Louis, MO, USA) for 6 h. After centrifuge, the cell
pellets were resuspended in the DMEM low glucose
medium supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin (Gibco, Rockville, MD,
USA). NP cells were cultured at 37°C, 5% CO, con-
centration, and 95% relative humidity. The medium was
changed every three days.

NP Cells isolation and treatments

NP cells were initially cultured in low glucose DMEM
(1 mg/mlL), and extra glucose (Beyotime, Shanghai, China)
was added to the medium to achieve a final concentration
of 3, 5, 10, and 15 mg/mL. After assessing cell viability
under different conditions, NP cells wete cultured with
15 mg/mL glucose for three days to induce cell injuty.
In addition, NP cells were treated with Belnacasan (Beln,
Selleck, China) to inhibit caspase-1 expression, Tunicamy-
cin (TM, Sigma-Aldrich, St. Louis, MO, USA) to induce
ERS, and 4-Phenylbutyric Acid (4-PBA, Sigma-Aldrich, St.
Louis, MO, USA) to suppress ERS. Further details of the
treatments are described in the Results section.

Immunofluorescence (IF)

We assessed the cellular expression of CHOP and
caspase-1 using immunofluorescence (IF) staining. NP
cells were seeded onto coverslips in 24-well plates at a
density of 104 cells per well. After treatment, the cov-
erslips were washed 3 times with PBS, fixed with 4%

paraformaldehyde, permeabilized with 0.1% Triton-X,
and blocked with 5% bovine serum albumin (Beyotime,
Shanghai, China) at room temperature. The coverslips
were then incubated with primary antibodies, includ-
ing Mouse monoclonal CHOP (ab11419, Abcam, Cam-
bridge, MA, USA) and Rabbit monoclonal caspase-1
(Cell Signaling Technology, Danvers, MA, USA), over-
night at 4°C. Afterwards, the cells were incubated with
a rabbit monoclonal Alexa Fluor 647/mouse IgG and
monoclonal Alexa Fluor 488-conjugated secondary an-
tibody (Invitrogen, Carlsbad, CA, USA) in the dark at
room temperature. The fluorescence intensity was meas-
ured using the Image-Pro Plus software.

Reverse transcription-polymerase chain reaction
(RT-PCR)

We isolated total RNA from NP cells using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions. The RNA was then reverse-
transcribed into ¢cDNA and subjected to PCR using
SYBR Green Master (TOYOBO, Osaka, Japan) follow-
ing the manufacturer’s instructions. The PCR primers
used are listed in Table 1. The relative gene expression
was normalized by the amount of GAPDH and calcu-
lated using the method of 2-44¢,

Enzyme-linked immunosorbent assay (ELISA)

The contents of IL-18 and IL-18 in the culture me-
dium were determined by the ELISA kit (ab214025,
ab215539, Abcam, Cambridge, MA, USA) according to
the manufacturer’s instructions. The final OD values
were captured using a microplate reader.

Cell counting kit-8 (CCK-8) assay

We used the CCKS8 test to determine cell viabil-
ity. NP cells were seeded in 96-well plates at a den-
sity of 5000/well and treated as designed. After treat-
ments, CHs were incubated with a CCKS8 kit (Beyo-
time, Shanghai, China) according to the manufacturer’s
instructions. The intensity of the CCKS8 product was
measured at OD of 450 nm using a microplate reader.
We set the essential 1 mg/mL glucose treatment as a
control group, and the other cell viability was shown
relative to the control.

Glucose uptake assay

As the structure of 2-deoxyglucose (2-DG) is simi-
lar to glucose, glucose transporters take up 2-DG and
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Figure 1. High-glucose injures NP cells’ viability.

(A) The glucose uptake and cell viability of NP cells after 24-hour
culture with ranged concentration of glucose. (B) The glucose up-
take and cell viability of NP cells after 48hour culture with ranged
concentration of glucose. (C) The glucose uptake and cell viability
of NP cells after 72-hour culture with ranged concentration of glu-
cose. Results are expressed as mean + S.D. (*P<0.05, ***P<0.001)
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Figure 2. High-glucose induces the ERS and pyroptosis of NP cells.

metabolize it to 2-DG-6-phosphate (2-DGO6P). The ac-
cumulation of 2-DGGP is therefore directly proportional
to glucose uptake by cells. We treated NP cells with dif-
ferent concentrations of glucose and 1 mM 13 C-labeled
2-DG. After collecting the metabolites with 70% metha-
nol extraction for LC-MS/MS, we measured glucose up-
take using the Glucose Uptake Assay Kit (Colorimetric)
(ab136955, Abcam, Cambridge, MA, USA) following the
manufacturer’s instructions.

Statistical analysis

Data were expressed as mean t standard deviation
(S.D.) of three independent experiments. All statistical
analyses were performed by the Statistical Product and
Service Solutions (SPSS) 22.0 software (IBM, Armonk,
NY, USA) package and GraphPad Prism 8 (La Jolla, CA,
USA). Unpaired one-way ANOVA was used to compare
the differences among the groups. P-value <0.05 was
statistically significant between groups.

RESULTS

High-glucose injures NP cells’ viability

To confirm that glucose had an impact on the vi-
ability of NP cells, we cultured cells in a range of glu-
cose concentrations and measured glucose uptake and
cell viability for each condition. The culture medium
was initially supplemented with 1 mg/mL glucose,
and additional glucose was added to obtain final con-
centrations of 3/5/10/15 mg/mL. Compared to the
control group, glucose uptake levels began to increase
after 72 hours of culture when the glucose concen-
tration was 3 mg/mL, and intracellular glucose uptake
increased after 24 hours of culture when the glucose
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(A) Immunofluorescence analysis of CHOP and caspase-1 expression, and (B) quantification by Image)J software. (C, D) RT-PCR analysis for
indicated RNA expression by normalization to GAPDH expression. Results are expressed as mean + S.D. (***P<0.001)



374 X. Xiong and others

2023

concentration was higher than 5 mg/mL (Fig. 1A-C,
left). Thus, providing more soluble glucose in the me-
dium significantly affected the glucose metabolism of
NP cells. However, only the concentrations of 10 and
15 mg/ml. had an impact on cell viability compared
to the control, with a concentration of 15 mg/mL be-
ing more sensitive to NP cells in a short period of
time (Fig. 1A-C, right).

High-glucose induces the ERS and pyroptosis of NP
cells

To induce cell injury in subsequent experiments, we
used a glucose concentration of 15 mg/mlL, which quickly
and effectively reduces the survival of NP cells. To in-
vestigate whether ERS aggravates pyroptosis, we used an
ERS inducer in cell culture. NP cells were divided into
five groups: 1) control: cells without any treatment, 2) glu-
cose: cells were cultured with 15 mg/mL glucose, 3) glu-
cose + Beln: cells were cultured with 15 mg/mL glucose
and 1 nM Beln, 4) TM: cells were cultured with 5 ng/
mL TM, 5 TM + Beln: cells wete cultured with 5 pg/
mlL TM and 1 nM Beln. All cells were cultured in the
indicated conditions for three days. We tested the ERS
markers CHOP, GADD34, GRP78, pyroptosis mark-
ers caspase-1, caspase-4, and caspase-11 expression by IF
or RT-PCR. Compared to the control, CHOP and cas-
pase-1 were massively increased as a result of both high
glucose and TM treatments (Fig. 2A, 2B). The supplement
of Beln significantly reduced caspase-1 expression but did
not affect the CHOP level. Additionally, the expression of
GADD34, GRP78, caspase-4, and caspase-11 was also in-
creased by the treatment of high glucose and TM, which
was not affected by the supplement of Beln (Fig. 2C, 2D).
Therefore, high glucose triggers the ERS and pyroptotic
progress of NP cells, and ERS can trigger the pyroptosis
of NP cells. The suppression of caspase-1 would not al-
leviate the ERS and other pyroptosis markers’ expression.

Suppressing caspase-1 alleviates highglucose- induced
NP cells degeneration

Continuously, we tested the cell function and pyroptosis-
related inflammation under the high-glucose and ERS con-
ditions. In addition to high glucose, TM-induced ERS also
injured cell viability. However, the suppression of caspase-1
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by Beln was effective in improving the cell viability in high-
glucose, but not in terms of ERS (Fig. 3A). In the aspect of
the secretory phenotype, high glucose influenced collagen
II and aggrecan production, which can be rescued by Beln.
Moreover, Beln also alleviated the ERS-caused collagen 11
and aggrecan downregulation (Fig. 3B). As one of the char-
acteristics, IL-1@ and IL-18 are largely synthesized and enter
the intercellular substance during cell pyroptosis. Therefore,
we tested the I1-18 and II-18 content in the medium after
three days’ culture. The results indicated that high-glucose
and ERS both raised the IL-18 and IL-18 levels, and the
Beln was efficient to suppress the I1.-13 and II.-18 produc-
tion under both high-glucose and ERS conditions (Fig. 3C).
Besides, we also analyzed the cellular MMP3 and MMP9
gene expression to value the degenerative degree of NP
cells, which were all increased by glucose and TM stimu-
lation, and the suppression of caspase-1 presented an in-
hibiting effect on MMP3 and MMP9 expression (Fig. 3D).
Thus, Beln alleviated the pyroptosis and the resulting NP
cell degeneration.

Suppressing ERS alleviates high-glucose-induced
pyroptosis

We have ensured that high glucose trigged the ERS
and pyroptosis; meanwhile, ERS could naturally result in
pyroptosis. However, whether the high glucose aggravat-
ed the pyroptosis via the mediation of ERS remains un-
known. We further applied the inhibitor of ERS in the
high-glucose medium and tested the pyroptotic status. NP
cells were divided into four groups, 1) control: cells with-
out any treatments, 2) glucose: cells were cultured with 15
mg/mL glucose. 3) glucose + 4-PBA (+): cells were cul-
tuted with 15 mg/mL glucose and 1 mM 4-PBA 4) glu-
cose + 4-PBA (++): cells were cultured with 15 mg/mL
glucose and 2 mM 4-PBA. All the cells were cultured in
the indicated condition for three days. The result of IF in-
dicated that 4-PBA suppressed CHOP and caspase-1 with
a dose-independence (Fig. 4A, 4B). Additionally, the ex-
pression of GADD34, GRP78, caspase-4, and caspase-11
was also decreased resulting from the presence of 4-PBA.
Similarly, when the inhibitor dose increased, the efficien-
cy became more obvious (Fig. 4C, 4D). Therefore, the
4-PBA successfully suppressed the high-glucose caused
ERS and the resulting pyroptosis in NP cells.
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Figure 3. Suppressing caspase-1 alleviates high-glucose induced NP cell degeneration.
(A) Cell viability was determined by the CCK8 test. (B, D) RT-PCR analysis for indicated RNA expression by normalization to GAPDH ex-
pression. (C) The IL-13 and IL-18 content in the medium was tested by ELISA. Results are expressed as mean + S.D. (*P<0.05, **P<0.01,
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Figure 4. Suppressing ERS alleviates high-glucose induced pyroptosis.
(A) Immunofluorescence analysis of CHOP and caspase-1 expression, and (B) quantification by ImagelJ software. (C, D) RT-PCR analysis for
indicated RNA expression by normalization to GAPDH expression. Results are expressed as mean + S.D. (***P<0.001)

Suppressing ERS alleviates high-glucose induced NP
cells degeneration

In addition, the cell viability in the high-glucose envi-
ronment was rescued by suppressing ERS with 4-PBA
(2 mM) (Fig. 5A). Compared to the high-glucose group,
collagen II and aggrecan synthesis were protected by

adding 4-PBA (2 mM) (Fig. 5B). Furthermore, 4-PBA
exhibited excellent anti-inflammatory properties by
dose-dependently suppressing 1L.-18 and IL-18, provid-
ing further evidence that suppressing ERS alleviated py-
roptosis (Fig. 5C). Finally, we tested the RNA expres-
sion of MMP3 and MMP13, which were also inhibited
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Figure 5. Suppressing ERS alleviates high-glucose induced NP cells degeneration.
(A) Cell viability was determined by the CCK8 test. (B, D) RT-PCR analysis for indicated RNA expression by normalization to GAPDH ex-
pression. (C) The IL-1 and IL-18 content in the medium was tested by ELISA. Results are expressed as mean + S.D. (*P<0.05, **P<0.01,
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by 4-PBA treatment (Fig. 5D). Therefore, suppressing
ERS could prevent cell degeneration.

DISCUSSION

This study investigated the current evidence that high
glucose is a risk factor for pyroptosis of NP cells and ex-
plored the role of ERS in this process. Previous studies
have identified various factors contributing to interver-
tebral disc degeneration (IDD), such as inflammation,
oxidative stress, and an imbalance in extracellular matrix
catabolism. The dysfunction and decreased number of
NP cells are considered the main and most direct causes
of IDD (Ding et al., 2013). While the specific mechanism
is not entirely clear, apoptosis, autophagy, and decreased
cell proliferation have been implicated (Feng e al., 2010).
However, the role of pyroptosis in IDD remains poorly
understood. Pyroptosis is a highly inflammatory pro-
grammed cell death process that is triggered by inflam-
masome-mediated activation of proinflammatory cysteine
proteases. In contrast to apoptosis, pyroptosis is typically
accompanied by the release of large amounts of IL-1§3
and IL-18. Currently, caspase-1 mediates pyroptosis in
the classical pathway, while the pyroptosis caused by cas-
pase-4, 5, and 11 is defined as a non-classical pathway
(Vande & Lamkanfi, 2016; Man ez al., 2017).

Although people are typically more familiar with the
complications of diabetes affecting the heart, brain, kid-
neys, peripheral nerves, eyes, and feet, diabetes is also
a significant risk factor for intervertebral disc disease
(Fletcher ef al., 2002; Vijan, 2015). The high-glucose mi-
croenvironment can cause IDD due to nutritional me-
tabolism disorder. Long-term hyperglycemia significantly
alters the capillaries of the vertebral body’s cartilage
endplates, leading to the reduced blood supply and nu-
trient metabolism in the intervertebral discs (van Sloten
& Schram, 2018). Additionally, the high-glucose micro-
environment increases the production of advanced glyca-
tion end products (AGEs), which contribute to NP cell
apoptosis (Yamamoto & Sugimoto, 2016). The combina-
tion of AGEs and their receptors results in local chronic
oxidative stress and induces NP cell death. However, the
role of the high-glucose microenvironment in NP cell
pyroptosis remains unclear. In our study, high glucose
impaired cell viability and upregulated the expression of
caspase-1/4/11 and IL-18/18, suggesting a correlation
between them. To further elucidate the potential mecha-
nism linking them, our attention is focused on ERS.

The endoplasmic reticulum (ER) is a crucial cellu-
lar organelle responsible for synthesizing, folding, and
modifying secreted proteins, regulating lipid synthesis,
and maintaining intracellular calcium ion homeostasis
(Wang & Kaufman, 2016). However, when the ER’s
normal function is impaired, ER stress (ERS) occurs.
High glucose, which mimics maternal diabetes, is widely
reported to be a risk factor that induces ERS in many
cell types (Chen e# al, 2018; Hadley et al., 2018; Zhang
et al., 2014). Consistent with previous studies, we also
found that high glucose increased ERS markers in NP
cells, including CHOP, GADD34, and GRP78 (Huang e#
al., 2019). The secreted protein CHOP is a transcription
factor specific to the ER, which participates in various
cell activities, especially the regulation of energy metabo-
lism, proliferation, differentiation, and apoptosis (Li e#
al., 2014). Under normal circumstances, CHOP expres-
sion is low, but it is significantly increased when ERS
occurs, which further activates downstream GADD34
and GRP78. In addition to mediating apoptosis (Oakes

& Papa, 2015; Almanza ¢f al., 2019), ERS can also lead
to pyroptosis (Chou ez al., 2019; Cheng e al., 2019). By
confirming that ERS can induce pyroptosis in NP cells,
we found that the pyroptotic response was activated by
TM treatments (Yakin e/ a/, 2019). Furthermore, the in-
hibitor of ERS also played a role in suppressing high-
glucose-induced pyroptosis, indicating that high glucose
caused ERS in NP cells, which led to subsequent pyrop-
tosis. Suppressing ERS is an effective strategy to alleviate
high-glucose-induced pyroptosis. To determine whether
suppressing pyroptosis would backwards restrain ERS,
we used the caspase-1 inhibitor, which rescued cell via-
bility, protected collagen II and aggrecan expression, and
reduced IL.-18/18 but did not affect the ERS response.
Therefore, pyroptosis is a consequence of ERS, rather
than the cause.

However, there are some limitations to this study. We
collected only 9 intervertebral discs from patients, and
this sample size may be insufficient. For the concen-
tration and duration of glucose treatment, our in vitro
model is a little different, with lower but longer periods
of hyperglycemia. Therefore, further studies should be
performed on diabetic mice in vivo.

In conclusion, our data indicate that high-glucose in-
duces pyroptosis through ERS in NP cells. Suppress-
ing ERS alleviates the pyroptotic response and reverses
the degenerated NP cells under high-glucose conditions.
Diabetes is involved in a variety of disease processes,
and an in-depth study of the molecular mechanism of
a high-glucose environment on NP cell metabolism may
help us further understand diabetic IDD.
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