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Abstract

Background: Infection with Staphylococcus aureus (S. aureus) is an important contributor to intervertebral disc degeneration (IDD). En-
doplasmic reticulum stress (ERS) is a major pathway through which bacteria regulate cell fate. The aim of this study was to examine the
role of ERS in S. aureus-induced IDD.Methods: We assessed the S. aureus-induced degeneration, apoptosis, and senescence of nucleus
pulposus cells (NPCs) in vitro byWestern blot, flow cytometry, and staining for β-galactosidase, and in vivo by magnetic resonance imag-
ing/computed tomography (MRI/CT) imaging, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and histological
staining. RNA sequencing was conducted to identify differentially expressed genes, while siRNA, lentiviral vectors, and Atf3-knockout
(Atf3-KO) mice were utilized to confirm the role of ATF3 in persistent IDD following transient S. aureus infection. Results: Following
the eradication of S. aureus in vitro, the expression of Aggrecan and collagen II in NPCs continued to decline, accompanied by an in-
crease in the proportion of apoptotic and senescent cells. Transient S. aureus infection was shown to activate the Activating Transcription
Factor 3 (ATF3)-CCAAT/Enhancer-Binding Protein Homologous Protein (CHOP) signaling pathway, leading to sustained swelling of
the endoplasmic reticulum in NPCs. In vivo experiments further demonstrated that transient S. aureus infection resulted in progressive
IDD, activation of the ATF3-CHOP pathway, increased numbers of TUNEL-positive cells, and elevated P21 expression. Knockdown
of ATF3 expression in vitro attenuated the S. aureus-mediated increase in apoptotic and senescent cells, while Atf3-KO mice exhibited
milder IDD compared to wild type (WT) mice, with fewer apoptotic cells and reduced P21 expression. Conclusion: Transient S. aureus
infection may lead to progressive IDD by triggering sustained ER stress and activating related signaling pathways. The ATF3-CHOP
pathway may be an important target for alleviating the sustained disc degeneration caused by transient S. aureus infection.

Keywords: Staphylococcus aureus; intervertebral disc degeneration; endoplasmic reticulum stress; activating transcription factor 3;
transcription factor CHOP

1. Introduction
Intervertebral disc degeneration (IDD) is a major con-

tributor to low back pain (LBP), thereby posing a substan-
tial burden to society [1,2]. The pathogenesis of IDD is in-
tricate and involves various factors and signaling pathways
such as inflammation, genetic susceptibility, cellular aging,
immune disorders, oxidative stress, and mitochondrial dys-
function [3,4]. However, our current understanding of IDD
pathogenesis is still limited, and elucidation of the underly-
ing molecular mechanisms is critical to the development of
new therapies for this condition.

S. aureus is the main bacterium causing lumbar spine
infections associated with IDD [5]. However, the antibac-
terial treatment targeting S. aureus shows only limited ef-
ficacy in slowing the progression of IDD, and the exact
causal mechanism linking S. aureus with IDD remains un-
clear. During this study, we found that a transient infection
of S. aureus led to sustained IDD, suggesting that it may ini-
tiate persistent pathological processes that lead to ongoing

deterioration of disc structure and function. However, the
specific molecular mechanisms and cellular processes by
which this phenomenon occurs are still poorly understood.

Endoplasmic reticulum stress (ERS) is an important
pathway by which bacteria can regulate cell fate [6,7]. Ac-
tivating Transcription Factor 3 (ATF3)-CCAAT/Enhancer-
Binding Protein Homologous Protein (CHOP) is a key sig-
naling molecule in the ERS response [8,9]. ERS refers to
the interference of protein folding and transport processes in
the endoplasmic reticulumwhen cells are exposed to patho-
logical conditions or microbial infection. This results in
the accumulation of unfolded or misfolded proteins, trig-
gering a series of cellular stress responses [10,11]. Un-
der normal physiological conditions, the expression level
of CHOP is very low. However, under pathological condi-
tions, or ERS caused by microbial infection, the expression
of CHOP increases sharply and activates apoptosis [12,13].
Three factors mainly regulate this process: protein kinase
RNA-like endoplasmic reticulum kinase (PERK), inositol
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requirement protein 1 (IRE1), and activated transcription
factor 6 (ATF6) [14,15]. These factors regulate CHOP
expression through different signaling pathways, which in
turn affects cell fate and function [16]. In addition, ERS-
induced apoptosis has also been reported to play a key role
in viral and bacterial infections [17–19]. However, whether
ER stress and the ATF3-CHOP signaling pathway are in-
volved in transient S. aureus infection-mediated IDD is still
unclear.

In the present study, we observed that disc degenera-
tion persisted even after the clearance of S. aureus. Fur-
ther analysis via RNA sequencing, western blotting, im-
munofluorescence, and electron microscopy revealed that
transient S. aureus infection contributes to the progression
of disc degeneration through the ATF3-CHOP pathway.
By utilizing ATF3 overexpression lentiviruses and Atf3-KO
mice, we demonstrated that ATF3 serves as an effective tar-
get for mitigating apoptosis induced by transient S. aureus
infection. This study has revealed novel insights into the
molecular mechanisms that underlie protection against IDD
by targeting S. aureus. Furthermore, it provides innovative
perspectives for the development of potential anti-infection
therapies.

2. Materials and Methods
2.1 Magnetic Resonance Imaging (MRI) Analysis of
Patients

An MRI examination was conducted following clear-
ance of the S. aureus infection from the patient’s interverte-
bral disc (IVD), followed by another MRI two weeks later.
MRI was performed using a 3.0 T system (Philip, Eind-
hoven, North Brabant, Netherlands) to acquire T2-weighted
images.

2.2 Bacterial Strains and Cultivation Conditions
The standard strain of S. aureus (ATCC 25923) was

identified by amplifying the 16S rDNA gene by qPCR. Spe-
cific primers targeting S. aureus were: forward primer 5′-
AGT GAT GAA GGT CTT CGG ATC GTA AA-3′, and
reverse primer 5′-CGT GGC TTT CTG ATT AGG TAC
CGT C-3′. Bacteria were cultured overnight at 37 °C in
tryptic soy broth (Thermo Fisher Scientific, Waltham, MA,
USA) until they reached the stationary phase. The bacterial
culture was then centrifuged at 10,000 ×g for 5 min. After
discarding the supernatant, the bacterial pellet was washed
twice with PBS, and finally resuspended in PBS for use in
subsequent experiments.

2.3 In Vitro Co-Cultures of Nucleus Pulposus Cells
(NPCs) and S. aureus

Nucleus pulposus (NP) tissue from five patients with
disc degeneration (three males and two females) were har-
vested and cultured in six-well plates as described previ-
ously [20]. The mean patient age was 38 years (range:
32 to 45 years). Cell samples obtained from different pa-

tients were maintained separately. All experiments were
performed in duplicate using NPCs at passages two to three.
We identified the extracted NPCs using immunofluores-
cence analysis.

In brief, third passageNPCs cultured in vitrowere sub-
jected to immunofluorescence staining with a collagen II-
specific antibody. The results demonstrated uniform and
robust expression of collagen II across the cell population,
thereby confirming the characteristic phenotype and high
purity of the cultured NPCs. We employed a Mycoplasma
detection kit (G1901, Servicebio, Wuhan, Hubei, China) to
assess Mycoplasma contamination in third-passage NPCs
following the manufacturer’s instructions. The results con-
firmed the absence of Mycoplasma contamination, thereby
eliminating the potential for experimental artifacts associ-
ated with Mycoplasma presence.

The cell culture was exposed to S. aureus at a 100:1
multiplicity of infection (MOI), with no antibiotics present.
After 24 h, the co-cultured cells werewashed three times us-
ing PBS. Gentamicin (HY-K1050, MCE, Shanghai, China)
at a final concentration of 160 µg/mL was then added to
eliminate the remaining S. aureus.

2.4 Animals
C57BL/6 mice and Atf3-KO mice were obtained from

Shanghai Model Organisms. Atf3-KO mice and their wild-
type littermate controls were used in the experiments. All
mice were housed in a controlled environment maintained
at 23–26 °C, with 60–80% humidity and a 12-h light/dark
cycle. Tap water was available to the mice at all times dur-
ing the experiments.

Followed our previous protocol [21], experiments us-
ing human materials and animal studies were approved by
the Ruijin Hospital Ethics Committee of Shanghai Jiaotong
University School of Medicine (2013-Ethics Committee-
No.60), and by the Laboratory Animal Welfare and
Ethics Committee of Henan Luoyang Orthopedic Hospital
(IACUC-1364), respectively.

2.5 Inoculation and Clearance of S. aureus Into Mice
Caudal Intervertebral Disc (IVD) in Vivo

Based on our previous protocol, a micro-syringe with
28-gauge needle attached (Hamilton, Reno, NV, USA) was
used to inoculate S. aureus (0.5 µL, OD600 = 2.0) into the
intervertebral discs (IVDs) of mice. Two days post-surgery,
0.5 µL of gentamicin (160 µg/mL) was injected into the
IVDs to eliminate S. aureus. Mice were anesthetized by
intraperitoneal injection of ketamine (70 mg/kg) and di-
azepam (5 mg/kg), and then euthanized by intraperitoneal
injection of three times the above doses of ketamine and di-
azepam. All efforts were made to reduce animal suffering.

2.6 Cell Counting Kit-8 (CCK-8) Assay
NPCs were seeded in 96-well plates at a density of 5

× 104 cells per well. Following S. aureus infection, 10 µL
of CCK-8 solution (Beyotime, Beijing, China) was added

2

https://www.imrpress.com


to each well. After incubation for 4 h at 37 °C, absorbance
at 450 nm was recorded by a microplate reader (Thermo
Fisher Scientific, Waltham, MA, USA).

2.7 Apoptosis Assays
Following S. aureus infection or clearance, NPCs

were trypsinized and rinsed with PBS. Subsequently, An-
nexin V-FITC and propidium iodide staining solutions
(G1511, Servicebio, Wuhan, Hubei, China) were added to
the cells. Staining was performed in the dark for 15 min-
utes at room temperature, after which the samples were im-
mediately placed on ice. The percentage of apoptotic cells
in each group was then promptly analyzed by flow cytom-
etry and the data was processed with FlowJo 10 software
(TreeStar, Ashland, OR, USA).

The terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) Apoptosis Assay Kit (Beyotime,
Beijing, China) was employed for the detection of apop-
tosis according to the manufacturer’s instructions. Tissue
sections were permeabilized with DNase-free proteinase
K, treated with hydrogen peroxide in PBS, and incubated
with the TUNEL reaction solution. After rinsing with PBS,
sections were incubated with Streptavidin-horseradish per-
oxidase (HRP) solution and counterstained with 4’,6-
Diamidino-2-Phenylindole (DAPI). TUNEL-positive cells
were observed under a microscope (Olympus, Tokyo,
Japan).

2.8 Western Blot Analysis
For Western blot analysis, total cellular protein was

extracted with RIPA buffer (G2002, Servicebio, Wuhan,
Hubei, China), separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and sub-
sequently transferred to polyvinylidene fluoride (PVDF)
membranes. The membranes were incubated with the
following primary antibodies at 4 °C overnight: anti-
Collagen II (1:800, 34712, Abcam, Cambridge, CA, USA),
anti-Aggrecan (1:800, 36861, Abcam, Cambridge, CA,
USA), anti-ATF3 (1:1000, 207434, Abcam, Cambridge,
MA, USA), anti-β-actin (1:2000, 6276, Abcam, Cam-
bridge, MA, USA), anti-Phospho-IRE1 (1:1000, 1442,
Abclonal, Wuhan, Hubei, China), anti-Phospho-PERK
(1:1000, 1501, Abclonal,Wuhan, Hubei, China), anti-ATF4
(1:1000, 25300, Abclonal, Wuhan, Hubei, China), anti-
CHOP (1:1000, 21902, Abclonal, Wuhan, Hubei, China),
and anti-BIM (1:1000, 19702, Abclonal, Wuhan, Hubei,
China). The membranes were subsequently incubated with
secondary antibodies for 1 h at room temperature. Chemi-
luminescence (Pierce Biotechnology, Rockford, IL, USA)
was used to visualize the protein bands, and images were
analyzed using Fusion FX7 (Vilber Lourmat, Collegien,
Seine-et-Marne, France).

2.9 Senescence Assays
Following S. aureus infection or clearance, the SA-

β-gal activity of NPCs was assessed using a senescence β-

Galactosidase Staining Kit (Beyotime, Beijing, China). Be-
fore staining, the NPCs were rinsed three times with PBS
and then fixed with 4% paraformaldehyde (PFA) at room
temperature for 15 min. After fixation, the NPCs were
rinsed again with PBS and stained with 2 mL of freshly pre-
pared β-gal detection solution at 37 °C for 6 h. Following
staining, the cells were washed twice with PBS and over-
laid with PBS. Images were captured with a Zeiss LSM800
(Carl Zeiss, Oberkochen, Baden-Württemberg, Germany).

2.10 RNA-Seq Profiling
RNA-Seq analysis was performed by ApexBio.

Briefly, S. aureus was cleared from the NPCs at 24 h af-
ter infection, and the cells allowed to survive for another
48 h in the incubator. RNA was then extracted from the
control and treated cells using Trizol reagent (15596018CN,
Thermo Fisher Scientific, Waltham, MA, USA). RNA from
each sample (5 µg) was used as input material for RNA
sample preparation. Transcripts with |Log2 Fc| >0.5 and
p-value < 0.05 were considered statistically significant.

2.11 Immunofluorescence
For in vitro experiments, cells were fixed for 20 min

with 4% PFA and rinsed with PBS. The NPCs were per-
meabilized in 0.1% TritonX-100/PBS (Millipore Sigma,
Burlington, MA, USA) for 10 min, blocked using 10% nor-
mal goat serum in PBS for 30 min, and then incubated
with anti-ATF3 (1:1000, 207434, Abcam, Cambridge, MA,
USA) and anti-CHOP (1:1000, 21902, Abclonal, Wuhan,
Hubei, China) at 4 °C overnight. After three washes in PBS
for 5 min each, cells were incubated with the secondary
antibody for 1 h at room temperature. They were then
stained with 2 µg/mL DAPI (Servicebio, Wuhan, Hubei,
China) for 5 min and washed in PBS. All images were
observed using a Zeiss LSM800 (Carl Zeiss, Oberkochen,
Baden-Württemberg, Germany) equipped with ×20 and
×40 lenses.

For in vivo experiments, mice caudal disc sections
were fixed in 4% PFA for two days and then decalci-
fied in 10% EDTA for four weeks. They subsequently
underwent antigen-retrieval and were then permeabilized,
blocked, and sectioned at 5 µm thickness. Immunofluo-
rescence staining was performed using anti-ATF3 (1:1000,
207434, Abcam, Cambridge, MA, USA). Sections were in-
cubated with appropriate secondary antibodies at room tem-
perature for 2 h, underwent nuclear counterstaining with
DAPI (Beyotime, Beijing, China) for 10min, and were then
examined using a Zeiss LSM800 (Carl Zeiss, Oberkochen,
Baden-Württemberg, Germany).

2.12 Electron Microscopy
NPCs previously co-cultured with S. aureus were

fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4) for 4 h at room temperature, then processed for
conventional electron microscopy. Ultrathin sections were
stained with uranyl acetate and lead citrate and subse-
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quently examined with an H7700 transmission electron mi-
croscope (Hitachi, Tokyo, Japan).

2.13 Micro-CT and MRI Analysis
Following surgery, MRI and micro-CT analyses were

conducted on all mice after sacrifice. MRI was performed
using a 3.0 T system (GE) to acquire T2-weighted images
(repetition time, 2000 ms; echo time, 54 ms; field of view,
75× 75 mm; slice thickness, 0.4 mm). Micro-CT was con-
ducted with a high-resolution micro-CT scanner (Bruker,
Billerica, MA, USA) to assess disc height.

2.14 Histology and Immunohistochemistry (IHC)
ForHE staining, sectionswere first stainedwith hema-

toxylin solution for 5 minutes. Excess solution was then
washed off with water, followed by differentiation and blu-
ing for 5 seconds. After thorough washing with water, sec-
tions were dehydrated with ethanol, stained with eosin solu-
tion for 5 minutes, and dehydrated twice with ethanol. For
safranin O-fast green staining, sections were first stained
with fast green staining solution for two minutes. The ex-
cess staining solution was then rinsed off with water until
the cartilage became colorless. Next, sections were treated
with 1% hydrochloric acid alcohol for 10 seconds, rinsed
with water, stained with safranin O staining solution for
2 minutes, then dehydrated with absolute ethanol until the
cartilage turned red and the background remained colorless.
Conventional methods were employed to process speci-
mens for IHC as described previously [22]. Mice caudal
IVDs were fixed in 4% PFA for two days and decalcified
with 10% EDTA for one month at room temperature. Sub-
sequently, the IVDs underwent routine paraffin embedding,
sectioning, and deparaffinization. For IHC, the sections
were incubated with anti-CHOP (1:1000, A21902, Ab-
clonal, Wuhan, Hubei, China) or anti-p21 (1:1000, A19094,
Abclonal, Wuhan, Hubei, China) overnight at 4 °C. Nuclei
were stained with hemalum (Servicebio, Wuhan, Hubei,
China), and the samples examined and imaged under light
microscopy (Carl Zeiss, Oberkochen, Baden-Württemberg,
Germany).

2.15 Small Interfering RNA (siRNA)
The siRNAs against ATF3 mRNA were designed by

GenePharma (Shanghai, China), with sequences as follows:
Human ATF3, sense 5′-GAA ACC UCU UUA UCC AAC
ATT-3′, anti-sense 5′-UGU UGG AUA AAG AGG UUU
CTT-3′. NPCs were transfected in vitro with siRNA using
Lipofectamine™ 3000 (Invitrogen, Carlsbad, CA, USA).
The efficiency of gene knockdownwas assessed byWestern
blot analysis at 48 h after transfection.

2.16 Lentiviral Vector
Lentiviral vector (LV)-ATF3 were designed by

GenePharma (Shanghai, China) and puromycin (Sigma-
Aldrich, St. Louis, MO, USA) were used to select stably
transfected cells. The efficiency of gene over expression

was determined by western blot analysis five days after
lentiviral vector transfection.

2.17 Statistical Analysis
Statistical analysis was performed using GraphPad

Prism9 software (GraphPad Software, LLC, La Jolla, CA,
USA). Data was collected from three or more independent
experiments and expressed as the mean ± standard error
of the mean (SEM) or standard deviation (SD). One-way
analysis of variance (ANOVA) was performed to show dif-
ferences among multiple groups. A p-value of <0.05 was
considered significantly different.

3. Results
3.1 Transient S. aureus Infection Induced Progressive
Degeneration of NPCs

To evaluate the therapeutic efficacy of eradicating S.
aureus from the patients’ IVDs, an MRI follow-up exami-
nation was performed on discharged patients (Fig. 1a). De-
spite the successful elimination of S. aureus, the IVDs con-
tinued to show progressive degeneration. To investigate
the effect of transient S. aureus infection on IDD, vari-
ous in vitro assays were performed including CCK-8 as-
say (Fig. 1b), Annexin V/PI flow assay (Fig. 1c), Western
blot analysis (Fig. 1d), and β-galactosidase staining assay
(Fig. 1e). The NPCs showed progressive degeneration, de-
creased cell activity, increased apoptosis, and an increased
proportion of senescent cells after transient infection. These
results suggest that transient S. aureus infection triggers the
progressive degeneration of NPCs.

3.2 Transient S. aureus Infection Induced Persistent ERS
of NPCs in Vitro

After observing that S. aureus can induce the degen-
eration of NPCs, we further explored the effect of S. au-
reus infection on NPCs by performing transcriptome se-
quencing (Fig. 2a). RNA-seq analysis revealed that tran-
sient S. aureus infection induced significant upregulation
of ERS markers (Endoplasmic Reticulum to Nucleus Sig-
naling 1, ATF3), pro-apoptotic factors (DNA Damage In-
ducible Transcript 3, TNF Receptor Superfamily Member
10B, BCL2 Like 11), and senescence-associated media-
tors (IL6, IL8). This pathological progression in NPCs
was accompanied by elevated expression of extracellular
matrix (ECM)-degrading proteases (ADAM Metallopepti-
dase with Thrombospondin Type 1 Motif 4, ADAMMetal-
lopeptidase with Thrombospondin Type 1 Motif 9, Matrix
Metallopeptidase 3, Matrix Metallopeptidase 1) and con-
current downregulation of key extracellular matrix (Aggre-
can, Collagen Type II Alpha 1 Chain). Western blot anal-
ysis (Fig. 2b) and immunofluorescence staining (Fig. 2c)
revealed sustained upregulation of ERS markers in NPCs
following S. aureus infection, accompanied by progressive
reduction in the levels of aggrecan and collagen II. Electron
microscopy analysis (Fig. 2d) revealed significant changes
compared to the control group in the endoplasmic reticulum

4

https://www.imrpress.com


Fig. 1. Transient infection of S. aureus induces progressive degeneration of NPCs. (a) Magnetic Resonance Imaging (MRI) images
of the IVD following clearance of S. aureus infection reveal a marked progression in disc degeneration two weeks post-clearance. (b)
CCK-8 assay results for NPCs at different times after S. aureus infection or clearance, indicating a progressive decline in cell viability.
(c) Annexin V/PI staining of NPCs at different times after S. aureus infection or clearance, showing a gradual increase in apoptotic cells.
(d) Western blot analysis of NPCs with or without S. aureus infection or clearance, confirming a decrease in the expression of aggrecan
and collagen II. (e) Staining of β-galactosidase in NPCs with or without S. aureus infection or clearance reveals a significant increase in
senescent cells (Scale bar: 100 µm). N = 5, *p < 0.05, **p < 0.01, ***p < 0.001; values were analyzed using one-way ANOVA; data
are presented as the mean ± SEM from five independent experiments. NPCs, nucleus pulposus cells; IVD, intervertebral disc; CCK-8,
Cell Counting Kit-8; S. aureus, Staphylococcus aureus; NC, Negative Control.

morphology of NPCs after S. aureus stimulation, largely in
the form of swelling. These results suggest that infection
with S. aureus can induce continuous ERS in NPCs.

3.3 Temporary S. aureus Infection Induces ERS in the IVD
in Vivo

After observing that S. aureus infection can persis-
tently induce ERS in NPCs in vitro, we examined whether
it could also persistently induce ERS in the IVD in vivo.
Gentamicin was used to remove S. aureus after in situ
injection, followed by MRI analysis (Fig. 3a), Micro-CT
analysis (Fig. 3b), histological staining (Fig. 3c), and IHC
(Fig. 3c). The results showed that progressive degenera-
tion of the IVD continued to occur even after clearance of
the infection, as manifested by decreased water content and
disc height index. The immunofluorescence and IHC re-

sults (Fig. 3d–g) showed increased expression of the ERS
markers ATF3 and CHOP, accompanied by increased apop-
tosis and expression of the senescence-related protein P21.
These results suggest that S. aureus infection can induce
continuous ERS in the IVD in vivo, as well as increasing
apoptosis and cell senescence.

3.4 Transient S. aureus Infection Continuously Promotes
Apoptosis and Senescence of NPCs in Vitro Through the
ATF3-CHOP Pathway

To investigate how S. aureus infection continuously
promotes the apoptosis and senescence of NPCs in vitro,
we performed gene transfection, Western blot analysis
(Fig. 4a), and immunofluorescence staining (Fig. 4b).
ATF3 knockdown was associated with significantly de-
creased expression of CHOP and BCL2-like protein 11,
leading to a notable reduction in the degeneration of
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Fig. 2. Transient S. aureus infection induces continuous Endoplasmic reticulum stress (ERS) in NPCs in vitro. (a) Heatmap and
volcano plot of differentially expressed genes in NPCs at 48 h after transient S. aureus infection compared with control NPCs. Multiple
endoplasmic reticulum stress-related genes and catabolic-related genes were upregulated (N = 6). (b) Western-blot analysis of NPCs
at different times after S. aureus infection or clearance, demonstrating upregulation of multiple endoplasmic reticulum stress-related
proteins and pro-apoptotic proteins. (c) Immunofluorescence staining of ATF3 and CHOP in NPCs, indicating sustained elevation of
ATF3 and CHOP (Scale bar: 200/100 µm). (d) Electron microscopy study of endoplasmic reticulum morphology in NPCs following
transient S. aureus infection, showing marked swelling of the endoplasmic reticulum compared to uninfected control cells (Scale bar: 1
µm/200 nm). N = 5.
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Fig. 3. Transient S. aureus infection induces persistent ERS in IVDs in vivo. (a) MRI analyses of IVDs after S. aureus infection
or clearance showed that disc degeneration continued to progress after clearance of S. aureus. (b) Micro-CT analyses of IVDs with
or without S. aureus infection or clearance, demonstrating a progressive decrease in disc height. (c) HE staining, Safranin O-fast green
staining, and IHC staining of Collagen II in mice IVDs confirmed the progressive destruction of disc structure after clearance of S. aureus.
(d) Immunofluorescence of ATF3 in mice IVDs at different times indicated a sustained upregulation of ATF3. (e) IHC staining of CHOP
in mice IVDs suggested a continuous increase in CHOP after the clearance of S. aureus. (f) TUNEL staining of IVDs at different times
after S. aureus infection or clearance demonstrated a progressive increase in apoptotic cells. (g) IHC staining of P21 in mice IVDs
indicated an elevation in P21 expression. Scale bar: 200 µm, N = 5. IHC, histology and immunohistochemistry.
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NPCs. Conversely, ATF3 overexpression reversed this ef-
fect. Subsequent results from the CCK-8 assay (Fig. 4c),
Annexin V/PI flow cytometry assay (Fig. 4d), and β-
galactosidase assay (Fig. 4e) confirmed that ATF3 knock-
down mitigated the reduction in NPC viability, the incre-
ment in apoptosis, and senescence induced by transient S.
aureus infection. This protective effect was abolished when
ATF3 expression was upregulated. Collectively, these re-
sults suggest that S. aureus infection promotes the apoptosis
and senescence of NPCs through the ATF3-CHOP pathway.

3.5 Transient S. aureus Infection Promotes Aging and
Apoptosis in the IVD of Mice via the ATF3-CHOP
Pathway

To investigate whether in vivo infection of the IVD
with S. aureus promotes aging and apoptosis via the ATF3-
CHOP pathway, we conducted MRI analysis (Fig. 5a),
Micro-CT analysis (Fig. 5b), histological staining (Fig. 5c),
and IHC (Fig. 5c) in Atf3-KO mice and control mice.
Downregulation of ATF3 resulted in a slight decrease in
water content, minimal reduction in vertebral space height,
and a significant increase in ECM expression. These re-
sults demonstrate that knockout of Atf3 plays a vital role
in resisting the persistent degeneration induced by S. au-
reus infection. The results of immunofluorescence and IHC
(Fig. 5d–g) further revealed that following transient S. au-
reus infection in Atf3-KO mice, the expression levels of
CHOP and P21 were significantly reduced, as was the pro-
portion of TUNEL-positive cells. The above findings sug-
gest that inhibition of the ATF3-CHOP pathway can effec-
tively suppress the persistent senescence and apoptosis in-
duced by S. aureus infection. Collectively, these results
demonstrate that S. aureus infection induces sustained ERS
in vivo within the IVD, leading to activation of the ATF3-
CHOP pathway and subsequent induction of NPC apoptosis
and senescence.

4. Discussion
IDD is a complex pathological process affected by

many factors including inflammation, genetic susceptibil-
ity, cellular aging, immune disorders, oxidative stress, and
mitochondrial dysfunction [23,24]. The IVD consists of the
annulus fibrosus, nucleus pulposus, and cartilage endplate,
of which the nucleus pulposus is a highly hydrated, gel-like
tissue composed mainly of water, proteoglycans, and col-
lagen. Proteoglycans give the disc elasticity and water re-
tention, while collagen provides structural support [25,26].
IDD is associated with increased catabolism of proteogly-
cans, resulting in decreased water content and reduced com-
pression load support [27].

S. aureus is an opportunistic pathogen that chronically
colonizes human skin and nasal cavities [28]. It utilizes
adhesins to bind to host cell surfaces [29], and upon inva-
sion can induce apoptosis and necrotic cell death via mech-
anisms such as calcium ion overload [30]. S. aureus is a
leading cause of lumbar spine infections and contributor to

IDD [31]. As an invasive and semi-parasitic pathogen [32],
prior research on S. aureus has focused primarily on its im-
mune evasion strategies, including the inhibition of cellular
autophagy to enhance colonization [33], and the induction
of mitochondrial autophagy to impair host cell bactericidal
functions [34]. These findings have identified potential tar-
gets for intervention against long-term S. aureus coloniza-
tion. However, our group has observed that IDD can persist
even after successful clearance of S. aureus, although the
underlying molecular mechanisms remain elusive. The aim
of this study was therefore to explore the molecular mecha-
nism of continuous disc degeneration following transient S.
aureus infection, thereby providing a theoretical basis for
the development of new treatment strategies.

ERS is an important response of cells to pathologi-
cal conditions or microbial infection. It is activated by the
accumulation of unfolded or misfolded proteins, thus trig-
gering a series of cellular stress responses [35,36]. ATF3-
CHOP is a key signaling molecule in the ERS response of
cells, influencing cell fate and function by regulating pro-
cesses such as apoptosis and autophagy [37]. Under nor-
mal physiological conditions, the expression level of CHOP
is very low, but under pathological conditions or ERS
caused by microbial infection, the expression of CHOP
rises sharply and activates apoptosis [38]. In the present
study, we showed using RNA-seq analysis, Western blot,
immunofluorescence, and electron microscopy that tran-
sient S. aureus infection causes sustained ERS and acti-
vates the ATF3-CHOP signaling pathway, leading to apop-
tosis, senescence, and ECM degradation of NPCs. We also
found that after S. aureus infection, the expression of multi-
ple ERS markers and pro-apoptotic proteins increased, the
expression of enzymes associated with ECM degradation in
the nucleus pulposus increased, and the expression of ECM-
related genes was down-regulated. Therefore, we hypothe-
size that ATF3-CHOP may be an important pathway in the
continuous aggravation of IDD caused by transient S. au-
reus infection.

To verify this hypothesis, we regulated the expres-
sion of ATF3 in vitro through siRNA and lentiviral vectors.
Knockdown of ATF3 in vitro was found to inhibit the up-
regulation of CHOP induced by transient S. aureus infec-
tion, whereas knockdown of ATF3 alleviated the apopto-
sis, senescence, and decreased cell viability induced by sus-
tained high expression of CHOP. In further experiments, in
vivo studies showed that disc degeneration was limited in
ATF3-deficient mice after S. aureus infection. These re-
sults suggest that S. aureus infection may lead to progres-
sive IDD by inducing persistent ERS and activating related
signaling pathways. The ATF3-CHOP pathway may be an
important target for reducing persistent IDD mediated by
transient S. aureus infection.

Overall, this research contributes to our understanding
of the mechanism by which S. aureus regulates IDD, and
offers new therapeutic targets for the treatment of this con-
dition. However, there are several limitations to the present
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Fig. 4. Transient S. aureus infection promotes persistent apoptosis and senescence of NPCs in vitro through the ATF3-CHOP
pathway. (a) Western blot analysis of NPCs that were pre-transfected with or without lentiviral vector and siRNA, and then transiently
infected with S. aureus. Knockdown of ATF3 delayed the upregulation of apoptotic proteins and mitigated the progression of NPCs
degeneration. (b) Immunofluorescence staining of ATF3 and CHOP in NPCs demonstrated that ATF3 knockdown attenuated the increase
in CHOP expression (Scale bar: 200/100 µm). (c) CCK-8 assay results after S. aureus clearance in NPCs indicated that ATF3 knockdown
alleviated the decline in cell viability. (d) Annexin V/PI staining of NPCs with or without lentiviral vector and siRNA treatment showed
a significant reduction in apoptotic cells following ATF3 knockdown. (e) β-galactosidase staining of NPCs after S. aureus clearance
confirmed that elevated ATF3 levels promoted the accumulation of senescent cells (Scale bar: 100 µm). N = 5, *p < 0.05, **p < 0.01,
****p < 0.0001; values were analyzed using one-way ANOVA, and each group was compared with the control; data are presented as
the mean ± SEM from three independent experiments.

9

https://www.imrpress.com


Fig. 5. Transient S. aureus infection promotes aging and apoptosis in the IVD of mice through the ATF3-CHOP pathway. (a) MRI
analyses of IVDs in Atf3-KO mice and control mice after transient S. aureus infection. The knockout of Atf3 delayed the progression of
IDD. (b) Micro-CT analyses of IVDs showed that the knockout of Atf3 alleviated the reduction in disc height. (c) HE staining, Safranin
O-fast green staining, and IHC staining of COL2 in mice IVDs confirmed that the absence of ATF3 exerted a protective effect on IDD. (d)
Immunofluorescence of ATF3 in mice IVDs after transient S. aureus infection validated the efficacy of Atf3 knockout. (e) IHC staining of
CHOP in mice IVDs indicated that the absence of ATF3 suppressed the upregulation of CHOP. (f) TUNEL staining of IVDs in Atf3-KO
mice and control mice confirmed that ATF3 promoted apoptosis. (g) IHC staining of P21 in mice IVDs suggested that Atf3 knockout
inhibited the expression of P21. Scale bar: 200 µm, N = 5. IDD, intervertebral disc degeneration.
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study. Because of insufficient normal disc samples for the
extraction of NPCs, mildly degraded discs were used as the
source of human NPCs, which had some limitations. Addi-
tionally, we did not further explore how S. aureus infection
triggers persistent ERS and activation of the ATF3-CHOP
signaling pathway.

In future studies, we will further explore the molecu-
lar mechanism underlying the persistent ERS induced by S.
aureus infection, as well as the specific role of the ATF3-
CHOP signaling pathway in IDD. We will also investigate
whether other signaling pathways and molecular mecha-
nisms are involved in IDD, with the aim of providing amore
comprehensive theoretical basis and therapeutic strategy for
the treatment of ongoing IDD mediated by transient S. au-
reus infection.

5. Conclusion
This study provides new evidence that persistent IDD

following transient S. aureus infection is mediated by
the ATF3-CHOP pathway. It also provides new insights
into the molecular mechanisms of anti-infection protection
present within the IVD against S. aureus, and suggests new
approaches for the development of potential anti-infective
therapeutics.
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