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Abstract

Background Although cervical intervertebral disc (IVD) degeneration is closely associated with neck pain, its cause
remains unclear. In this study, an animal model of cervical disc degeneration and discogenic neck pain induced

by a low concentration of Propionibacterium acnes (P acnes-L) is investigated to explore the possible mechanisms
of cervical discogenic pain.

Methods Cervical VD degeneration and discitis was induced in 8-week-old male rats in C3-C6 IVDs

through the anterior intervertebral puncture with intradiscal injections of low and high concentrations of P acnes
(P acnes-L, n=20 and P acnes-H, n=15) or Staphylococcus aureus (S. aureus, n=15), compared to control (injec-

tion with PBS, n=20). The structural changes in the cervical IVD using micro-CT, histological evaluation, and gene
expression assays after MRI scans at 2 and 6 weeks post-modeling. The P acnes-L induced IVD degeneration model
was assessed for cervical spine MRI, histological degeneration, pain-like behaviors (guarding behavior and forepaw
von Frey), nerve fiber growth in the IVD endplate region, and DRG TNF-a and CGRP.

Results VD injection with P acnes-L induced IVD degeneration with decreased IVD height and MRI T2 values. IVD
injection with P acnes-H and S. aureus both lead to discitis-like changes on T2-weighted MRI, trabecular bone remod-
eling on micro-CT, and osseous fusion after damage in the cartilage endplate adjacent to the injected IVD. Eventu-
ally, rats in the P acnes-L group exhibited significant nociceptive hypersensitivity, nerve fiber ingrowth was observed
in the IVD endplate region, inflammatory activity in the DRG was significantly increased compared to the control
group, and the expression of the pain neurotransmitter CGRP was significantly upregulated.

Conclusion P acnes-L was validated to induce cervical IVD degeneration and discogenic pain phenotype, while P
acnes-H induced was identified to resemble septic discitis comparable to those caused by S. aureus infection.

Keywords Cervical intervertebral disc, Intervertebral disc low virulent bacterial infection, Septic discitis, S. aureus, P
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Introduction

Neck pain is a prevalent global health issue, affecting a
significant portion of the population worldwide. Accord-
ing to a comprehensive assessment of the global burden
of lower back and neck pain, it is estimated that over one-
third of people experience neck pain lasting for at least
3 months, highlighting the magnitude of the problem [1].
While various structures in the cervical spine can poten-
tially contribute to neck pain as a result of degenerative
changes, extensive research indicates that cervical disc
degeneration leading to discogenic neck pain is the pri-
mary underlying cause [2].

The intervertebral disc (IVD), the largest non-neuro-
genic structure in the human body, typically lacks signifi-
cant nerve fiber innervation in its outer annulus fibrosus
region, which is normally not associated with pain sensa-
tion. However, when the IVD undergoes degeneration, it
experiences structural and functional deterioration, trig-
gering the activation and infiltration of immune cells [3].
This immune cell migration toward the IVD coincides
with the emergence of nociceptive nerve fibers originat-
ing from the dorsal root ganglion (DRG) [4]. The DRG
serves as a primary processing center for generating and
transmitting pain signals, and in the case of disc degen-
eration, the IVD tissue exhibits a notable infiltration of
immune cells. The inflammatory environment within the
degenerated IVD tissue can consequently lead to height-
ened inflammatory activity within the DRG [5]. Simul-
taneously, the nucleus pulposus cells and infiltrating
immune cells release cytokines and neurotrophic factors,
inducing the expression of pain-related cation chan-
nels in the DRG [6]. The activated DRG can then release
inflammatory cytokines and pain-related sensory neuro-
transmitters, thereby contributing to discogenic pain [7].
Thus, this pathological cascade elucidates the connection
between IVD degeneration and the occurrence of neck
pain.

In recent years, there has been growing evidence sug-
gesting that intervertebral discs infected with low-vir-
ulent pathogens may contribute to disc degeneration
and Modic changes of the endplate. This notion has
been supported by numerous researchers [8—10]. Sev-
eral studies have specifically highlighted the presence
of Propionibacterium acnes (P. acnes) now also called
Cutibacterium acnes (C. acnes), an anaerobic bacterium
with low virulent, within degenerated lumbar and cervi-
cal intervertebral discs [11-13]. Initially, there was some
debate regarding whether these findings indicated true
infections or mere intraoperative contamination, as P
acnes is commonly found on the skin and is also known
to cause infections associated with implants [14]. How-
ever, the accumulating evidence has reinforced the role of
P acnes in disc pathology. Recent research has revealed
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the presence of Propionibacterium acnes (P acnes) in
intervertebral discs prior to surgical tissue acquisition,
suggesting a potential association between P acnes and
disc degeneration [13, 15]. While experimental models
injecting P. acnes into the lumbar or caudal spine of ani-
mals have been reported to induce intervertebral disc or
endplate degeneration, it remains unclear whether the
outcomes in the cervical spine align with those observed
in the lumbar spine due to anatomical variations and dis-
tinct adjacency [16, 17]. Consequently, further investiga-
tions are warranted to establish the consistency between
cervical and lumbar spine results [18-20].

To date, no experimental studies have been conducted
to explore the pathogenicity and consequences of P acnes
infection in the cervical intervertebral disc. Additionally,
there is a lack of animal models specifically addressing
bacteria-induced cervical disc degeneration and disco-
genic pain. Thus, the objective of this study was to inves-
tigate the impact of P acnes, as well as highly virulent
Staphylococcus aureus (S. aureus), on cervical disc degen-
eration in an animal model. Specifically, we aimed to
assess the effects of low-concentration P acnes-induced
low-virulent infections in comparison with high-con-
centration P. acnes and S. aureus-induced septic discitis.
Furthermore, we examined the behavioral responses of
rats to mechanical and thermal stimuli, the growth of
nociceptive nerve fibers in the disc’s endplate region, and
the presence of pain and inflammation in the dorsal root
ganglion (DRG) in the context of cervical disc degenera-
tion induced by low-concentration P, acnes infection.

Methods

Animals

Seventy clean-grade male rats, with an age of approxi-
mately 8 weeks and an average body weight of 200 g,
ranging from 190 to 210 g, were used in this study. Ani-
mals were provided by the Zhejiang University of Tradi-
tional Chinese Medicine Laboratory Animal Center. The
animals were confirmed to be free of spinal disease by
imaging preoperatively. All animals were operated fol-
lowing the ARRIVE guidelines and the UK Animals (Sci-
entific Procedures) Act, 1986, and associated guidelines.

Anterior cervical puncture

Eight-week-old male SD rats were anesthetized with
pentobarbital sodium (30 mg/kg) by intraperitoneal
push, and the experimental animals were placed in the
supine position and fixed on the operating table. After
aseptic skin preparation, a median longitudinal incision
of approximately 2.5 cm was made in the front of the
neck, the anterior cervical fascia was incised, and the
sternocleidomastoid muscle was incised longitudinally in
the direction of the muscle fibers to expose the trachea.
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A blunt separation was made immediately to the right
of the trachea toward the anterior cervical spine, and
the tracheoesophageal sheath was pushed to the left and
freed to the anterior vertebral space to expose the long
cervical muscle (Fig. 1A, B). The cervical longus muscle
is pulled away to the sides to reveal the C3—C6 vertebral
body and fully expose the intervertebral disc. The C3—C6
intervertebral discs were selected to complete the corre-
sponding operations in each group. In the preoperative
phase, cervical spine IVD levels were initially discerned
through anterior—posterior X-ray images, with subse-
quent validation during surgery using an intraoperative
C-arm. The fluoroscopy images from the C-arm revealed
accurate needle punctures into the C3—4, or C4-5 IVDs
in parallel through the anterior approach. The nucleus
pulposus was punctured using a fine 29-G needle in an
anterior-inferior to the posterior direction along the
direction of the cervical disc (Fig. 1C, D). The entire
operation was performed strictly aseptically, without the
use of prophylactic antibiotics. After the operation, the
skin was sutured, and rats were housed individually with
free access to food and water.

Experimental grouping

Seventy rats were randomly divided into a low- or high-
concentration P acnes (P. acnes-L, P. acnes-H) injection
group, Staphylococcus aureus(S. aureus) injection group,
or control group (20 in P acnes-L and control group,
15 in P acnes-H and S. aureus group). In the control

Fig. 1 A blunt separation was made immediately

to the right of the trachea toward the anterior cervical spine,

and the tracheoesophageal sheath was pushed to the left and freed
to the anterior vertebral space to expose the long cervical muscle
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animals, the C3—4 or C4-5 discs were injected with PBS
(“control”). In the low-concentration P acne rats, 5 pL
P. acne (ATCC*6919 provided by Guangzhou Type Cul-
ture Collection, 1.6x 10 CFU/mL supported with PBS)
was injected into the C3—4 or C4-5. In the high-concen-
tration P acne rats, 5 uL P. acne (ATCC*6919 provided
by Guangzhou Type Culture Collection, 16x10® CFU/
mL supported with PBS). In S. aureus rats, 5uL. S. aureus
(ATCC?6538 provided by Guangzhou Huankai microbial,
1.6 x 10® CFU/mL supported with PBS) was injected into
the C3—-4 or C4-5. The syringe needle may cause some
damage to the cervical intervertebral disc. The control
group distinguished the damage to the intervertebral
space caused by the needle from the specific effects of
bacterial infection. Following the modeling process, cer-
vical MRI scans were conducted at 2 weeks (n=7) and
6 weeks (n=38) after the surgery. Subsequently, the ani-
mals were euthanized, and the samples were collected
to assess the various structural changes of the cervical
intervertebral disc (IVD) in the modeled segments using
micro-CT, histology, and qPCR, respectively (Fig. 2).

Animal complications condition and weight assessment
Intraoperative vascular and spinal cord injuries and the
absence of postoperative complications such as incisional
bleeding, ventricular rest, infection, limb paralysis, and
eating disorders were evaluated. Weight changes at 2, 4,
and 6 weeks postoperatively were recorded.

Structural changes in the cervical IVD

MR imaging and evaluation

Cervical spine MRI was performed at 2 weeks and
6 weeks postoperatively, with a GE Sigma CV/I (3.0 T)
using an animal surface coil to observe signal changes
of cervical intervertebral disc on T2-weighted images.
The parameters are as follows: scanning conditions for
T2-weighted images in the sagittal plane were repetition/
echo times of 2500/120 ms, a bandwidth of 31.25 Hz/
Px, and an echo train length of 17. The scanning condi-
tions for T1-weighted were repetition/echo times mini
full of 550 ms, a bandwidth of 31.25 Hz/Px, and an echo
train length of 2. A central sagittal image of the cervi-
cal spine was selected as a locating image for the next
T2 FSE transverse-sectional scans at repetition/echo
times of 3000/102 ms, a bandwidth of 31.25 Hz/Px, and
an echo train length of 17. All imaging evaluations were
performed independently by the authors and another
spine surgeon, and disc changes were rated according to
the Pfirrmann degenerative grading of the disc [21, 22].
When there was a controversy, the final rating was made
after a consensus between the two.
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Fig. 2 The animals were euthanized, and samples were collected to assess the various structural changes of the cervical intervertebral disc (IVD)

in the modeled segments using MRI, micro-CT, histology, and gPCR

Micro-CT scanning

After MRI examination at 2 and 6 weeks postoperatively,
the animals were executed according to humane care,
and the cervical specimens were isolated, placed in 4%
paraformaldehyde for 24 h, and then transferred to 75%
alcohol for further preservation. When micro-CT scan-
ning, the specimen was fixed in a container with alginate
glue and scanned at 25-pm layer thickness for the full
length of the specimen. The scanning parameters were 70
kVp, 200 pA, 300 ms, a resolution of 1024:x 1024 (20 um),
and a field of view of 0.48 mm. One-millimeter thickness
of vertebral cancellous bone above and below the mod-
eled disc was selected using the micro-CT workstation
software (uCT100, Scanco Medical AG, Bruttisellen,
Switzerland), and trabecular bone parameters includ-
ing bone volume fraction (BV/TV), trabecular thickness
(Tb.Th), trabecular count (Tb.N), trabecular spacing (Tb.
Sp), and bone mineral density (BMD) were measured and
calculated.

Histological assessment

Following MRI scanning, the tissue samples underwent a
series of steps for evaluation. Firstly, decalcification was
carried out, followed by gradual dehydration, paraffin
embedding, and sectioning into layers with a thickness
of 5 pm. Subsequently, staining procedures including
hematoxylin—eosin (HE) staining and Safranin O/Fast
Green staining were performed. Once staining was com-
plete, the morphology of the samples was examined using
a light microscope. To evaluate the extent of cervical
intervertebral disc degeneration (IVDs), the disc degen-
eration assessment scoring system was employed, which

follows the methods previously described in the literature
[15]. A higher score (ranging from 5 to 14) indicated a
more severe degeneration of the IVDs.

Bacterial detection and quantitative polymerase chain
reaction (QPCR) analysis

Cervical disc specimens were obtained, and genomic
DNA was extracted from them. Subsequently, PCR was
conducted using 16 s rDNA primers (Table 1), and the
resulting DNA sequences were subjected to BLAST
sequence alignment for identification of the correspond-
ing bacterial community [13]. Separately, total RNA was
extracted from the cervical disc specimens and purified
using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA).
The purity and concentration of the extracted mRNA
were assessed using a Nano-drop instrument (Biomed,
USA) at wavelengths of 260 nm and 280 nm. Reverse
transcription was performed at 45 °C for 50 min and 85 C
for 5 min using 5XPrime Script RT Master Mix (Cwbio,
Taizhou, China). The synthesized cDNA was then utilized
for qPCR analysis of degeneration and inflammation-
related genes, including Aggrecan, Col2al, ADAMTS-5,
MMP-3, TNF-qa, and IL-1f, with B-actin serving as the
internal reference. The qPCR reactions consisted of 2 pL
c¢DNA, 10 pL Master Mix (Cwbio, Taizhou, China), 7 pL
RNase Free, and 2 pL gene-specific forward and reverse
PCR primers (synthesized by Sangon Biotech Co., Ltd.,
Shanghai, China) (Table 1). PCR amplification was per-
formed using an ABI Prism 7500 system (Applied Biosys-
tems, Foster City, CA, USA), starting with an activation
step at 95 °C for 10 min, followed by 40 cycles of dena-
turation at 95 °C for 10 s, annealing at 60 °C for 20 s, and
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Table 1 Primer sequences

Rat gene Primer sequences (5'-3")
Aggrecan Forward GCAGCACAGACACTTCAGGA
Reverse CCCACTTTCTACAGGCAAGC
Col2a1 Forward GGCCAGGATGCCCGAAAATTA
Reverse ACCCCTCTCTCCCTTGTCAC
ADAMTS-5 Forward AGTACAGTTTGCCTACCGCC
Reverse GATTTGCCGTTAGGTGGGCA
MMP-3 Forward TTTGGCCGTCTCTTCCATCC
Reverse GCATCGATCTTCTGGACGGT
TNF-a Forward CATCCGTTCTCTACCCAGCC
Reverse AATTCTGAGCCCGGAGTTGG
I-18 Forward AGGCTGACAGACCCCAAAAG
Reverse CTCCACGGGCAAGACATAGG
CGRP Forward CAGTGAAGAAGAAGCTCGCCTA
Reverse CAGTGTTGCAGGATCTCTTCTG
B-Actin Forward CTATGAGGGTTACGCGCTCC
Reverse ATGTCACGCACGATTTCCCT
P acnes 165 rDNA Forward GGGTTGTAAACCGCTTTCGCCT
Reverse GGCACACCCATCTCTGAGCAC
S.aureus 165 rDNA Forward AGAGTTTGATYMTGGCTCAG
Reverse ACGGYTACCTTGTTACGACCT

extension at 72 °C for 20 s. A final extension step at 72 °C
for 1 min concluded the amplification process.

Evaluation of cervical discogenic pain

Rats in the control (control, #=5) and P acnes-L (P
acnes-L, n=>5) groups continued to be fed under the
same conditions as before until week 8 postoperatively.
Behavioral assessments of rats in the control and P
acnes-L groups were completed at the beginning, preop-
erative, 2 weeks, and 6 weeks postoperatively to evaluate

Cervical IVDs needle puncture

%\ Bacteria/ PBS

Behavioral
l assessment
0 1 2 3 4
Adaptive environment I
Behavioral
assessment
Behavioral
assessment
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pain. The rats were used for late cervical discogenic pain-
related indexes, including nerve fiber ingrowth in the
cervical disc endplate region, pain neurotransmitters in
the DRG, and inflammatory factors in the DRG (Fig. 3).

Behavioral assessments

To prevent assessment bias, the behavioral assess-
ments were conducted by the same investigator who was
blinded to the study group. As previously described, the
mechanical sensitivity of the forepaw was evaluated using
the Von Frey Mechanical Sting Test Kit, employing the
elevation method. The steps involved in the assessment
were as follows: Rats were initially acclimated in a sepa-
rate box for 1 h. A series of Von Frey filaments (Aesthe-
sio Precision Tactile Sensory Evaluator; DanMic Global
LLC) were applied to assess the mechanical sensitivity
of the forepaw. The filaments were applied in an incre-
mental manner, starting from an initial force of 2.0 g and
ranging from 0.4, 0.6, 1.0, 1.4, 2, 4, and 8 to 15 g. A posi-
tive reaction was determined if visible claw retraction
or shaking occurred. If the response was positive, lower
force filaments were applied, whereas if the response
was negative, higher force filaments were used. The test
comprised six individual stimuli, and the Von Frey force
values were logarithmically transformed and averaged.
Spontaneous guarding behavior was scored as follows: 0
for no guarding, 1 for mild removal of the body from the
paw, 2 for uneven weight-bearing where some parts of
the foot did not touch the ground, and 3 for paw licking
with the foot fully raised. Prior to the Von Frey filament
test, six observations were recorded, and the average
scores were calculated. By following these procedures,
the investigator ensured consistency and objectivity in
the behavioral assessments.

MRI
PGP 9.51VD
Time
5 6 7 8 9 (weeks)
Behavioral Behavioral assessment,

assessment DRG TNF-a,CGRP

Fig. 3 The rats were used for late cervical discogenic pain-related indexes, including nerve fiber ingrowth in the cervical disc endplate region, pain

neurotransmitters in the DRG, and inflammatory factors in the DRG
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Evaluation of nerve fiber growth in the cervical disc endplate
region

To assess nerve fiber ingrowth within the cervical
intervertebral disc, immunofluorescence detection of
protein gene product 9.5 (PGP9.5) expression was per-
formed. PGP9.5 is a marker for nerve fibers, and its pres-
ence indicates the presence of nerve fibers within the
cervical intervertebral disc endplate region.

Assessment of cervical discogenic pain induced by P. acnes-L
low virulent infection in rats

After 8 weeks postoperatively, the rats’ behavior was
evaluated. Following this, cervical MRI scans were per-
formed to confirm the presence of disc degeneration.
Subsequently, the rats were euthanized using an overdose
of sodium pentobarbital. Specimens of the cervical discs
from the affected segments, as well as a portion of the
dorsal root ganglion (DRG), were collected. The collected
samples were subjected to fixation, decalcification, dehy-
dration, paraffin embedding, and slicing. Additionally,
another portion of the DRG was used for qPCR assay. The
specific timeline and process for these procedures are
outlined in Fig. 1. Immunofluorescence techniques were
employed to detect nerve fibers in the cervical interver-
tebral disc endplate area. Furthermore, the expression of
inflammation and pain-related neurotransmitters in the
DRG was assessed using a combination of immunofluo-
rescence, qPCR, and immunohistochemistry techniques.

Statistical analysis
The data for all measurements are expressed as
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conducted using the SPSS 25.0 statistical software (IBM,
USA). Continuous variables were analyzed using Stu-
dent’s t-test or one-way analysis of variance (ANOVA),
followed by the least significant difference (LSD) method
for post hoc analysis of pairwise group differences. Ratios
were compared using the chi-square test. P<0.05 was
considered statistically significant, indicating the pres-
ence of significant differences.

Results

Surgical complications and weight changes in rats

The modeling process was successfully completed for
all animals, and no intraoperative damage occurred to
the blood vessels, respiratory tract, esophagus, or spinal
cord. Furthermore, there were no instances of postopera-
tive complications. The incisions achieved stage I heal-
ing approximately 1 week after surgery. Throughout the
preoperative and postoperative observation periods, no
unexpected deaths occurred. The body weights of rats in
all groups exhibited a gradual increase after surgery, with
no significant difference observed between the groups
(P>0.05) (Fig. 4).

Differences in MRI findings between P. acnes-L-induced
cervical disc degeneration and septic-like discitis

Two weeks after surgery, the intervertebral disc seg-
ments in the control group exhibited high signals on
T2-weighted imaging (T2WI), indicating intact disc
structures and normal heights. These signals were similar
to those of normal intervertebral discs. In contrast, the
P acnes-L group showed reduced T2 signals, while the

mean *standard deviation. Statistical analysis was P acnes-H and S. aureus groups displayed moderately
-#- Control
600- —— P. acnes-L
—4— P. acnes-H
— | —— S. aureus
> 500
5
g 400+
300
200 I T T |
Oow 2w 4w 6w

Fig. 4 The body weights of rats in all groups exhibited a gradual increase after surgery, with no significant difference observed between the groups

(P>0.05)



Li et al. Arthritis Research & Therapy (2024) 26:41

mixed T2 signals. The latter groups exhibited evident loss
of intervertebral disc heights, mixed signals, and unclear
adjacent vertebral bone structures. Additionally, exten-
sive high signals were observed in the prevertebral fascia,
consistent with a typical case of septic discitis. Six weeks
after the operation, the control group showed slightly
reduced T2 signals in the intervertebral discs, indicating
mild degeneration. In the P acnes-L group, the interver-
tebral disc degeneration was further aggravated, with a
significant reduction in disc volume, a further decrease in
T2 signals, and blurred boundaries between the nucleus
pulposus and the annulus fibrosus. This degeneration
progressed toward a state known as the “black disc” The
P acnes-H and S. aureus groups also exhibited reduced
disc signals. In these groups, the signal of the prevertebral
fascia returned to normal, and bone remodeling occurred
in the intervertebral disc and vertebral bone structures
after destruction. Localized intervertebral space fusion
was observed (Fig. 5A). The MRI scores of the modeled
intervertebral disc segments at 2 and 6 weeks after sur-
gery showed statistically significant differences (P<0.05)
in all groups except for the control group (Fig. 5B). The
differences in MRI scores between the P. acnes-H and S.
aureus groups at 2 and 6 weeks postoperatively were not
statistically significant compared to the control group
(P>0.05). However, the differences between the control
group and P acues-L group were statistically significant
(P<0.05) (Fig. 5C, D).

Differences in bone microstructure between P.
acnes-L-induced cervical disc degeneration and septic
discitis-like discs

Typical images from micro-CT 3D reconstruction of the
cancellous bone region of the vertebral body at 2 and
6 weeks postoperatively, above and below the interver-
tebral discs of the modeled segments in each group, at
1 mm thickness. Micro-CT 3D reconstruction of a typi-
cal image (Fig. 6A). At 2 weeks postoperatively, the bony
endplates of the intervertebral discs were intact, and
there was no destruction of the subchondral bone in the
control and P. acnes-L groups, while the anterior aspect
of the vertebral bodies in the P acnes-L group showed a
mild osteogenic reaction, and the anterior aspect of the
vertebral bodies in the P acnes-H and S. aureus groups
showed a strong periosteal reaction, with the destruction
of the disc structure and narrowing of the intervertebral
space, the disappearance of the trabecular structure in
localized areas, and the appearance of porosity or worm
holing in the adjacent vertebral bodies. At 6 weeks post-
operatively, the control group showed mild degenera-
tive changes with no obvious changes in the vertebral
bone; the P acnes-L group showed obvious degenera-
tive changes with narrowing of the intervertebral space,
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osteophytes at the margins of the vertebral body, and
no obvious changes in the subchondral bone; and the
periosteal reaction at the anterior aspect of the verte-
bral body of the modeled segments disappeared and was
replaced by mature hyperplastic bone in the P acnes-
H and S. aureus groups, which were characterized by a
strong periosteal reaction. replaced by mature hyper-
plastic bone. The intervertebral disc and bony endplate
structures largely disappeared and were replaced by
newly formed trabeculae connecting the upper and lower
vertebrae, and bony fusion of the intervertebral spaces in
the modeled segments occurred. Bone microstructural
analysis of the subchondral bone region of the endplates
revealed that at 2 weeks postoperatively, the P acnes-L
group showed a decrease in bone volume fraction (BV/
TV), a decrease in trabecular counts (Tb.N) and tra-
becular thickness (Tb.Th), and an increase in trabecular
spacing (Tb.Sp), compared with the control group, but
the difference was not statistically significant (P> 0.05)
(Fig. 6B). In the P acnes-H and S. aureus groups, there
was a significant decrease in BV/TV, Tb.N, and Tb.Th
and a significant increase in Tb.Sp, with statistically sig-
nificant differences (P<0.01) when compared to the two
groups; the rest of the parameters were not statistically
significant, suggesting that significant osteogenic and
proliferative repairs had occurred.

Histologic differences between P. acnes-L-induced cervical
disc degeneration and septic-like discitis

Central sagittal HE and red/green-stained sections of
the modeled discs showed that at 2 weeks postopera-
tively, the control group had normal gross and cellular
morphology. The control group showed normal gross
and cellular morphology, whereas the P. acnes-L, P
acnes-H, and S. aureus groups showed nucleus pulpo-
sus cell death, nucleus pulposus dehydration, decreased
disc height, and fibrous tissue proliferation. The cell
death in the central region of the intervertebral disc
was complete in the P acnes-H and S. aureus groups
and was more severe in the S. aureus group (Fig. 7A).
The cartilage endplate structure was disturbed in both
P acnes-H and S. aureus groups, with chondrocyte pro-
liferation and endplate osteoid. In both the P acnes-H
and S. aureus groups, the cartilage endplate structure
was disturbed, with cartilage cell proliferation and end-
plate bone destruction, whereas in the control and P,
acnes-L groups, the cartilage endplate structure was
more intact (Fig. 7A). At 6 weeks postoperatively, there
was no obvious degeneration of the disc and endplate
in the control group (Fig. 7B). At 6 weeks postopera-
tively, the matrix in the P acnes-L group showed fur-
ther degenerative changes, ossification of the endplate
region, and new bone formation at the vertebral body
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Fig. 5 A Localized intervertebral space fusion. B The MRI scores of the modeled intervertebral disc segments at 2 and 6 weeks after surgery showed
statistically significant differences (P<0.05) in all groups except the control group. C, D Differences between the control group and P. acnes-L group

were statistically significant (P<0.05)
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histologic scores for each group at 2 and 6 weeks postoperatively

margin, whereas in the P. acnes-H and S. aureus groups,
bony fusion of the intervertebral discs occurred, and
the normal intervertebral disc structure was completely
lost consistent with septic degeneration (Fig. 7B). In
the P acnes-H and S. aureus groups, the intervertebral
discs underwent bony fusion with complete loss of nor-
mal intervertebral structure consistent with septic dis-
citis (Fig. 7B). The histologic scores at 2 and 6 weeks for

each group are shown in Fig. 7B. The histologic scores
for each group at 2 and 6 weeks are shown in Fig. 7C-E.

Differences in gene expression between P. acnes-L-induced
cervical disc degeneration and septic-like discitis

PCR analysis using 16S rDNA primers confirmed that
the intervertebral discs (IVDs) of the modeled segments
were free from bacterial contamination (Fig. 8). The
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qPCR results of target genes in the IVDs of the mod-
eled segments at 2 and 6 weeks post-surgery are as fol-
lows: In terms of anabolism, the mRNA expression of
Aggrecan and Col2al in the P acnes-L, P. acnes-H, and
S. aureus groups was significantly lower compared to
the control group (P<0.05). Regarding catabolism, at
2 weeks post-surgery, the expression of the ADAMTS-5
gene in the P acnes-L, P. acnes-H, and S. aureus groups
was significantly higher than that in the control group.
At 6 weeks, the P acnes-L group exhibited the highest
expression of the ADAMTS-5 gene, which was signifi-
cantly higher than the control group. The expression of
the ADAMTS-5 gene in the P acnes-H and S. aureus
groups was significantly lower compared to the control
group. The MMP-3 gene expression was highest in the P

acnes-H group, significantly higher than in the P acnes-L
and control groups. The expression was higher at 2 weeks
compared to 6 weeks. Regarding pro-inflammatory fac-
tors, at 2 weeks post-surgery, the expression of TNF-a
and IL-1p genes was significantly higher in the P. acnes-L,
P acnes-H, and S. aureus groups compared to the con-
trol group, with the highest expression observed in the S.
aureus group. At 6 weeks, the expression of TNF-a and
IL-1p genes decreased significantly in the P. acnes-H and
S. aureus groups, but it remained significantly higher
in the P acnes-L group compared to the control group.
These findings suggest that the P. acnes-L group, P. acnes-
H group, and S. aureus group induced the expression
of numerous inflammatory factors in the intervertebral
discs. The high virulence of the P acnes-H group and S.
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aureus group led to the release of a significant amount
of inflammatory factors in the early stage, resulting in a
robust but shorter-duration inflammatory response. In
contrast, the P acnes-L group induced a weaker but more
persistent upregulation of inflammatory factor expres-
sion, similar to the control group.

P. acnes-L-induced cervical discogenic pain

To evaluate nociceptive sensitization in the control and
P acnes-L groups following cervical discography, pain
behaviors were assessed using spontaneous defensive
behaviors and the Von Frey test at various preoperative
and postoperative time points.

The results demonstrated an increase in defensive
behavior in the P. acnes-L group at 2 weeks after the mod-
eling procedure, followed by a decrease at 8 weeks post-
operatively. However, the difference remained statistically
significant compared to the control group (Fig. 9A). Fur-
thermore, the ipsilateral Von Frey thresholds in the ante-
rior paw began to decrease after the modeling surgery,
coinciding with the onset of disc degeneration. These
thresholds showed a significant decrease at 2 weeks and
remained relatively low at 6 weeks. Subsequently, they
further decreased and stabilized by 8 weeks postop-
eratively. The Von Frey thresholds in the contralateral
anterior paw exhibited a relatively gradual change, also
decreasing to a lower level by 8 weeks postoperatively
and remaining stable. Notably, the Von Frey thresholds
at all postoperative time points showed statistically sig-
nificant differences between the P acnes-L and control
groups (P<0.05) (Fig. 9A). These findings suggest that
pain intensity increases as the degree of disc degenera-
tion worsens. Furthermore, they indicate that the devel-
opment of discogenic pain induced by cervical disc
degeneration is gradual and persistent over time.

P. acnes-L induces growth of nerve fibers into the endplate

region of cervical intervertebral discs

At 8 weeks following anterior cervical spine modeling,
immunofluorescence staining was performed on rat
disc and adjacent vertebral body sections. The staining
revealed the distribution of the nerve fiber marker pro-
tein gene product 9.5 (PGP 9.5), as illustrated in Fig. 9D.
The cervical intervertebral discs in the modeled segments
exhibited additional degeneration at 8 weeks postopera-
tively, as depicted in Fig. 9B, C. Simultaneously, in the
P acnes-L group, following low virulent infection of the
cervical intervertebral disc, the number and density of
nerve fibers significantly increased compared to the con-
trol group, as shown in Fig. 9D. This indicates that low-
virulent P. acnes-L infection of the intervertebral disc
resulted in cervical disc degeneration and promoted the
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growth of new nerve fibers within the endplate region of
the cervical intervertebral disc.

P. acnes-L induces the expression of pain neurotransmitters
and inflammatory factors in cervical DRGs

To investigate the impact of P. acnes-L low virulent infec-
tion on inflammation and pain stimulation in cervical
dorsal root ganglia (DRGs), DRG specimens from the
modeled segments (Fig. 10A) were collected at 8 weeks
postoperatively for immunohistochemical staining analy-
sis and PCR. Immunoreactivity of pain neurotransmit-
ter CGRP (P<0.005) and inflammatory factor TNF-«
(P<0.01) was notably increased in the stroma compared
to the control group (Fig. 10D). The quantitative PCR
results showed a similar trend in TNF-a (P<0.05) and
CGRP (P<0.005) expression in the DRG of the P. acnes-
L group, aligning with the immunohistochemical findings
(Fig. 10C). These results indicate that P acnes-L low viru-
lent infection, following cervical disc degeneration, leads
to heightened inflammatory activity in the DRG. Fur-
thermore, the expression of the pain-related neurotrans-
mitter CGRP in the DRG increases due to inflammation
stimulation, ultimately resulting in the generation of cer-
vical discogenic pain, as depicted in the specific pattern
shown in (Fig. 11).

Discussion

While various studies have confirmed the strong associa-
tion between low virulent infection of Propionibacterium
acnes (P acnes) and intervertebral disc (IVD) degenera-
tion, these investigations have predominantly focused on
lumbar and caudal IVDs [6, 8, 18, 19]. It remains unclear
whether low virulent infections of cervical IVDs exhibit
similar manifestations and responses due to anatomical
differences and their proximity to the spinal cord. Fur-
thermore, it is yet to be determined whether P acnes
low virulent infection of the cervical IVDs leads to the
induction of cervical discogenic pain and whether the
structural changes resulting from P acnes infection are
concentration-dependent. Prior to the discovery of P
acnes infection causing degenerative changes in the
IVD, various experimental models of IVD degeneration
existed, with annulus fibrosus puncture/injury being one
of the most classical and commonly used methods [23].
This indicates that puncture/injury is also a risk factor for
IVD degeneration, but the extent of fibrous ring injury
ultimately determines whether IVD degeneration occurs.
In the literature, no statistically significant difference was
reported in MRI scores of disc degeneration when one
side of the annulus fibrosus was punctured using 29-G
or larger gauge puncture needles compared to the con-
trol group [24]. Therefore, a 29-G puncture needle was
selected for the injection of bacterial solution and PBS
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into the IVD in this study primarily to eliminate potential
interference caused by the puncture needle itself during
later assessments of structural changes in the IVD. Addi-
tionally, a close relationship between disc degeneration
and pain has been established. The ability to establish

T
Control P. acnes-L

Merge

an effective assessment method in animal experiments
that accurately mimics human pain and allows for inde-
pendent interventions is crucial for studying disco-
genic pain and inflammation associated with cervical
disc degeneration. Equally important is the selection
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of a well-established animal model to serve as a control
for low concentrations of Propionibacterium acnes (P,
acnes-L) infection to explore the potential mechanisms
by which P. acnes induces IVD degeneration through low
virulent infection. In this study, we successfully devel-
oped a rat model of cervical disc degeneration and dis-
cogenic pain induced by a low concentration of P. acnes,
which exhibited distinct characteristics from discoid dis-
citis induced by a high concentration of P. acnes (P. acnes-
H) but showed similarities to septic discitis induced by
Staphylococcus aureus (S. aureus).

After modeling, the evaluation of body weight changes
in rats revealed a gradual increase in body weight among
all groups. The S. aureus and P. acnes-H groups showed
relatively slower weight gains compared to others, but
no statistically significant difference was observed in
body weight gain between the groups. Monitoring recent
weight changes is considered an indicator of the current
nutritional status [25]. Previous research has indicated
an association between inflammation and malnutri-
tion, highlighting that severe systemic inflammation can
impede protein synthesis, resulting in malnutrition
and weight loss [26, 27]. However, Yang et al. [28] con-
cluded that localized inflammatory response does not
affect weight loss. Thus, based on the observed postop-
erative weight changes in this study, it was low thesized
that P acnes-L-infected cervical spine intervertebral
discs (IVDs) may only generate a localized inflamma-
tory response. Chen et al. [29] directly inoculated lumbar
spine IVDs of rabbits with S. aureus and reported a mor-
tality rate as high as 67%. In contrast, the present study

injected high concentrations of Propionibacterium acnes
(P acnes-H) and S. aureus into the cervical spine IVDs
of rats, but no mortality was observed. This discrepancy
could be attributed to the relatively low virulence of P
acnes itself or the possibility that the doses of P acnes-H
and S. aureus used in this study were insufficient to trig-
ger a systemic and intense inflammatory response. Con-
sequently, the animal model employed in this study did
not induce a systemic inflammatory response, thereby
indicating its suitability for this research.

MRI serves as a highly sensitive diagnostic tool for
identifying intervertebral disc (IVD) degeneration and
discitis [30, 31]. The accuracy of MRI in diagnosing
IVD degeneration is reported to be 100%, with a sen-
sitivity of 96% for detecting infectious diseases. Fur-
thermore, it demonstrates a specificity of 92% and an
overall accuracy of 94% [31, 32]. When analyzing MRI
images, IVD degeneration is identified by a reduction
in signal intensity on T2-weighted images (T2WTI),
a decrease in disc height, and the presence of clefts
within the IVD [33]. Ledermann et al. [32] suggested
that septic discitis typically manifests as hyperen-
hanced signals related to the IVDs and vertebral bod-
ies on T2WI, accompanied by lamina and vertebral
body defects or erosions, with or without abscesses.
In the present study, MRI scans revealed a progressive
decrease in signal intensity on T2WI in the P acnes-L
group starting from 2 weeks after surgery. Similarly,
the control group displayed a gradual decrease in sig-
nal intensity on T2WI from 2 weeks post-surgery.
These MRI findings align with previous studies on disc
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degeneration, indicating that the cervical IVD in the
modeled segment had undergone degenerative changes
[34, 35]. Conversely, the MRI images of the P acnes-L
and S. aureus groups exhibited mixed hyperintensi-
fied signals, along with reduced volume of the IVD
and adjacent vertebral structures in the modeled seg-
ment on T2WI. At 2 weeks postoperatively, an abscess
was observed around the anterior aspect of the IVD,
accompanied by erosion of the endplates and subchon-
dral bone structures. Moreover, at 6 weeks postopera-
tively, the MRI images demonstrated a further decrease
in T2 signal intensity and bony fusion of the affected
IVD. These observations align with the typical presen-
tation of septic discitis.

Histopathology serves as the definitive method
for distinguishing between intervertebral disc (IVD)
degeneration and septic discitis. Examination of histo-
logical samples using hematoxylin and eosin (HE) stain-
ing and saffron solid green staining revealed significant
alterations in cell morphology, water content of the
nucleus pulposus, disc height, and hyperplasia of ver-
tebral fibrous tissues among the different IVD groups.
Furthermore, notable differences were observed in the
histological images of the P. acnes and S. aureus groups
at varying concentrations.

The histopathological findings indicated that P
acnes-L infection in the IVD led to a localized and mild
inflammatory response, which is consistent with the
results reported by Biatecka et al. [36]. In contrast, P
acnes-H and S. aureus infections in the IVD induced
a pronounced and localized inflammatory reaction.
This inflammatory response was characterized by
early-stage destruction of the disc and subchondral
bone structures, along with periosteal reaction in the
anterior aspect of the vertebral body [37]. Subsequent
stages demonstrated disc resorption, vertebral bone
repair, and remodeling. These pathological manifesta-
tions are indicative of septic discitis and are clearly dis-
tinguishable from degenerative changes.

The quantitative PCR analysis indicated an inhibition
of matrix synthesis in the nucleus pulposus and car-
tilage within the P acnes-L, P. acnes-H, and S. aureus
groups. ADAMTS-5 and MMP-3 were identified as key
enzymes involved in matrix catabolism during different
phases of disc degeneration induced by the respective
bacterial infections [38]. The P. acnes-L group displayed
consistent patterns observed in IVD degeneration stud-
ies, while the P acnes-H and S. aureus groups exhibited
more active degenerative processes [39]. Notably, all
groups exhibited a substantial increase in pro-inflam-
matory factors, albeit with varying intensities and per-
sistence. These findings suggest that factors beyond
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bacterial concentration and pathogenicity contribute to
the development of clinical disc degeneration [39].

In this study, regardless of whether cervical interverte-
bral discs (IVDs) were inoculated with PBS, high or low
concentrations of P acmnes or S. aureus, no significant
impact on body weight gain was observed. Cervical MRI,
micro-CT, histology, and quantitative PCR analyses were
performed to investigate the effects of different inocula-
tions on cervical IVDs. The results confirmed that injec-
tion of P acnes-L into the cervical IVDs did not affect
weight gain. However, it did induce degeneration of the
cervical IVD and adjacent endplates. On the other hand,
inoculation of P acmnes-H and S. aureus into the cervi-
cal IVDs resulted in the erosion of endplates and sub-
chondral bone structures, along with bony fusion of the
cervical IVDs. These structural changes align with the
characteristic manifestations of cervical discitis. Further-
more, with the passage of time, P acnes-L induction led
to an exacerbation of cervical discogenic pain in addition
to cervical IVD degeneration.

Under normal conditions, nerve fibers are typically
limited to the outer layers of the annulus fibrosus (AF) in
a healthy intervertebral disc (IVD). However, in patho-
logical conditions like disc degeneration and chronic
pain, sensory nerve fibers can extend into the inner lay-
ers of the disc [40]. Substance P (SP) and calcitonin gene-
related peptide (CGRP) are sensory neurotransmitters
associated with pain, and the presence of SP-immuno-
positive nerve fibers within the inner layer of the IVD
has been observed in patients experiencing pain. Ohtori
et al. [41] found that patients with painful discogenic
pain exhibited a significantly higher number of PGP
9.5-immunopositive nerve fibers and TNF-immunoposi-
tive cells in endplates showing Modic type 1 or 2 changes
on MRI compared to those with normal MRI signals.
Zhang et al. [42] concluded that patients with severe back
pain and reduced disc height displayed an increased den-
sity of sensory nerve fibers in the endplates, suggesting
that the endplate could be a source of pain.

In the present study, rats in the P acnes-L group exhib-
ited prolonged mechanical nociceptive hypersensitiv-
ity after modeling, and this sensitivity intensified over
time. Additionally, significant PGP 9.5-immunopositive
nerve fibers were observed in the endplates of cervical
IVDs at 8 weeks post-surgery in the P acnes-L group,
while almost no nerve fibers were present in the control
group. These findings further support the notion that
structural changes in the endplates of IVD may contrib-
ute to cervical discogenic pain. Therefore, it is suggested
that structural alterations in the endplates following IVD
degeneration could potentially serve as a source of cervi-
cal discogenic pain.
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The results of the present study also showed that the
expression of inflammatory factor TNF-a and pain neu-
rotransmitter CGRP in the DRG was significantly upreg-
ulated 8 weeks after P acnes-L infection with cervical
IVD. The DRG is the main processing center for pain
generation and transmission. Disc degeneration or her-
niation may lead to increased inflammatory activity in
the DRG [43]. In a rat model of intervertebral disc degen-
eration model, nuclear factor kB and cyclooxygenase 2
(COX-2) expression levels were increased in the DRG on
the left and/or right side of the disc [44]. In a rabbit model
of torsional injury, after 60-90 days, it was observed that
most DRGs expression values of neurotransmitters were
significantly increased in most DRGs after 60—90 days
[45]. In addition, activated DRGs can release inflamma-
tory cytokines that affect the distal uninjured DRGs. The
above results are generally consistent with the present
study, which further suggests that low concentrations of
P. acnes induced cervical discogenic pain on the basis of
induced disc degeneration.

While this study successfully induced discogenic neck
pain associated with cervical disc degeneration through
the inoculation of P. acnes-L into the cervical interverte-
bral disc (IVD), there are still opportunities for further
exploration of the underlying mechanisms of discogenic
neck pain. Several limitations should be acknowledged.
Firstly, the specific pathogenic mechanisms of P acnes
and S. aureus infections have not been thoroughly inves-
tigated, which hinders our understanding of the patho-
genic substances and molecular processes involved in
these infections. Consequently, the substantial differ-
ences in structural changes observed in the IVD caused
by these bacteria and various concentrations of P acnes
remain unexplained. Secondly, this study focused pri-
marily on evaluating imaging, histomorphometry, gene
expression changes, tissue morphology, gene expres-
sion, and pain behavioral scores in animals. However,
it did not delve into the molecular mechanisms of pain
transmission or changes in brain function following pain
stimulation. Understanding these submechanisms and
examining alterations in functional brain regions after
painful stimuli would provide a more comprehensive
understanding of cervical discogenic pain. Furthermore,
the study did not elucidate the molecular mechanisms
underlying cervical discogenic pain induced by low con-
centrations of P acnues in infected IVDs. Lastly, to deter-
mine the exact cutoff quantities, alternative methods
such as enzyme-linked immunosorbent assay (ELISA)
may be more appropriate. Building upon the founda-
tion established by this animal model, future research
should explore the molecular mechanisms underlying the
transmission of cervical discogenic pain and investigate
pain stimuli-induced changes in brain function. These
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investigations can deepen our understanding of the
pathogenesis of cervical discogenic pain and potentially
provide valuable insights for clinical treatment.

Conclusion

Infection with low-virulent P. acnes results in degenera-
tive changes in cervical discs, while P acnes-H infection
leads to symptoms resembling septic discitis compara-
ble to those caused by S. aureus infection. In addition to
causing disc degeneration, prolonged P. acnes-L infection
promotes nerve fiber growth into the endplate region of
the cervical disc, enhances inflammatory activity in the
DRG, and triggers the release of the pain neurotransmit-
ter CGRP, thereby contributing to cervical discogenic
pain.

Abbreviations
VD Intervertebral disc

Pacnes-L.  Low concentration of Propionibacterium acnes
Pacnes-H  High concentration of Propionibacterium acnes
S.aureus Staphylococcus aureus

gPCR Quantitative polymerase chain reaction

MRI Magnetic resonance imaging

DRG Dorsal root ganglion

CGRP Calcitonin gene-related peptide

PGP 9.5 Protein gene product 9.5

Acknowledgements
We would like to thank all the staff in our department.

Authors’ contributions

JL and BC designed the project. JL, YC, and DB performed the experiments,
statistical analysis, and drafted the manuscript. HL participated in study design
and statistical analysis. HB, PS, and KG participated in the collection of the IVD
tissue specimen and statistical analysis. DZ, JC, and ZS assisted with revising
the manuscript. All the authors reviewed the manuscript.

Funding

This study was supported by the Natural Science Foundation of Ningbo, China
(Grant No. 202003N4279 and 2022J251), the Natural Science Foundation of
Zhejiang, China (Grant No. LQ21H060002), and Social Welfare Research Key
Project of Ningbo, China (Grant No. 20215105).

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate

All experimental protocols were approved by the Ethics Committee of
Ningbo Medical Center Li Huili Hospital Affiliated to Ningbo University (no.
KY2021PJ114).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Orthopaedic Surgery, Ningbo Medical Center Li Huili Hospital
Affiliated to Ningbo University, 1111 Jiangnan Road, Ningbo, Zhejiang Prov-
ince 315040, China. “Department of Orthopaedic Surgery, Sir Run Run Shaw
Hospital, Zhejiang University School of Medicine, Hangzhou, Zhejiang, China.



Li et al. Arthritis Research & Therapy

(2024) 26:41

3Key Laboratory of Musculoskeletal System Degeneration and Regeneration,
Translational Research of Zhejiang Province, Hangzhou, Zhejiang, China.

Received: 28 November 2023 Accepted: 11 January 2024
Published online: 31 January 2024

References

1.

de Jesus Correia F, Soares JB, Dos Anjos Matos R, Pithon KR, Ferreira LN, de
Assuncao PL. Smartphone addiction, musculoskeletal pain and function-
ality in university students - a observational study. Psychol Health Med.
2024;29:286-96.

Peng B, Yang L, LiY, LiuT, Liu Y. Cervical proprioception impairment in
neck pain-pathophysiology, clinical evaluation, and management: a nar-
rative review. Pain Ther. 2021;10:143-64.

Liu XW, Xu HW, Yi YY, Zhang SB, Wang SJ. Role of ferroptosis and immune
infiltration in intervertebral disc degeneration: novel insights from bioin-
formatics analyses. Front Cell Dev Biol. 2023;11:1170758.

Lu X, Chen L, Jiang C, Cao K, Gao Z, Wang Y. Microglia and macrophages
contribute to the development and maintenance of sciatica in lumbar
disc herniation. Pain. 2023;164:362-74.

Ye F, Lyu FJ, Wang H, Zheng Z. The involvement of immune system in
intervertebral disc herniation and degeneration. JOR Spine. 2022;5:21196.
Shan Z,Wang X, Zong W, Li J, Zheng B, Huang B, Zhang X, Chen J, Huang
Y. The effect of cutibacterium acnes infection on nerve penetration in the
annulus fibrosus of lumbar intervertebral discs via suppressing oxidative
stress. Oxid Med Cell Longev. 2022,2022:9120674.

Ma J, Patil V, Pandit A, Quinlan LR, Finn DP, Grad S, Alini M, Peroglio M.

In vitro model to investigate communication between dorsal root gan-
glion and spinal cord glia. Int J Mol Sci. 2021,22:9725.

ChenY,Wang X, Zhang X, Ren H, Huang B, Chen J, Liu J, Shan Z, Zhu Z,
Zhao F. Low virulence bacterial infections in cervical intervertebral discs:
a prospective case series. Eur Spine J. 2018;27:2496-505.

Slaby O, McDowell A, Briiggemann H, Raz A, Demir-Deviren S, Freemont
T, Lambert P, Capoor MN. Is IL-1( further evidence for the role of propioni-
bacterium acnes in degenerative disc disease? Lessons from the study of
the inflammatory skin condition acne vulgaris. Front Cell Infect Microbiol.
2018;8:272.

Georgy MM, Vaida F, Stern M, Murphy K. Association between type 1
modic changes and propionibacterium acnes infection in the cervical
spine: an observational study. AJNR Am J Neuroradiol. 2018;39:1764-7.
Capoor MN, Ruzicka F, Schmitz JE, James GA, Machackova T, Jancalek R,
Smrcka M, Lipina R, Ahmed FS, Alamin TF, et al. Propionibacterium acnes
biofilm is present in intervertebral discs of patients undergoing microdis-
cectomy. PLoS One. 2017;12:e0174518.

Tang G, Wang Z, Chen J, Zhang Z, Qian H, Chen Y. Latent infection of low-
virulence anaerobic bacteria in degenerated lumbar intervertebral discs.
BMC Musculoskelet Disord. 2018;19:445.

Javanshir N, Salehpour F, Aghazadeh J, Mirzaei F, Naseri Alavi SA. The
distribution of infection with Propionibacterium acnes is equal in patients
with cervical and lumbar disc herniation. Eur Spine J. 2017;26:3135-40.
Ganko R, Rao PJ, Phan K, Mobbs RJ. Can bacterial infection by low virulent
organisms be a plausible cause for symptomatic disc degeneration? A
systematic review. Spine (Phila Pa 1976). 2015;40:E587-592.

Mao HJ, Chen QX, Han B, Li FC, Feng J, Shi ZL, Lin M, Wang J. The effect of
injection volume on disc degeneration in a rat tail model. Spine (Phila Pa
1976). 2011,36:E1062-1069.

Fresquez Z, Chang KE, Pereira R, Hunter C, Myntti M, Wang JC, Buser Z.
The potential reversibility of Cutibacterium acnes-related disc degenera-
tion: a rabbit model. Spine J. 2023;23:780-2.

Tao S, Shen Z, Chen J, Shan Z, Huang B, Zhang X, Zheng L, Liu J, You T,
Zhao F, Hu J. Red light-mediated photoredox catalysis triggers nitric oxide
release for treatment of cutibacterium acne induced intervertebral disc
degeneration. ACS Nano. 2022;16:20376-88.

Shan Z, Zhang X, Li S, YuT, Liu J, Zhao F. Propionibacterium acnes incuba-
tion in the discs can result in time-dependent modic changes: a long-
term rabbit model. Spine (Phila Pa 1976). 2017;42:1595-603.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 18 of 19

. Dudli S, Liebenberg E, Magnitsky S, Lu B, Lauricella M, Lotz JC. Modic type

1 change is an autoimmune response that requires a proinflammatory
milieu provided by the ‘Modic disc! Spine J. 2018;18:831-44.

Shan Z, Zhang X, Li S, Yu T, Mamuti M, Zhao F. The influence of direct
inoculation of propionibacterium acnes on Modic changes in the spine:
evidence from a rabbit model. J Bone Joint Surg Am. 2017,99:472-81.

Li Z, Liu H, Yang H, Wang J, Wang H, Zhang K, Ding W, Zheng Z. Both
expression of cytokines and posterior annulus fibrosus rupture are essen-
tial for pain behavior changes induced by degenerative intervertebral
disc: an experimental study in rats. J Orthop Res. 2014;32:262-72.
Pfirrmann CW, Metzdorf A, Elfering A, Hodler J, Boos N. Effect of aging
and degeneration on disc volume and shape: a quantitative study in
asymptomatic volunteers. J Orthop Res. 2006;24:1086-94.

Wawrose RA, Couch BK, Dombrowski M, Chen SR, Oyekan A, Dong Q,
Wang D, Zhou C, Chen J, Modali K, et al. Percutaneous lumbar annular
puncture: a rat model to study intervertebral disc degeneration and pain-
related behavior. JOR Spine. 2022;5:¢1202.

Piazza M, Peck SH, Gullbrand SE, Bendigo JR, Arginteanu T, Zhang Y, Smith
HE, Malhotra NR, Smith LJ. Quantitative MRI correlates with histological
grade in a percutaneous needle injury mouse model of disc degenera-
tion. J Orthop Res. 2018;36:2771-9.

Langius JA, Bakker S, Rietveld DH, Kruizenga HM, Langendijk JA, Weijs

PJ, Leemans CR. Critical weight loss is a major prognostic indicator for
disease-specific survival in patients with head and neck cancer receiving
radiotherapy. Br J Cancer. 2013;109:1093-9.

Schrijver IT, Théroude C, Roger T. Myeloid-derived suppressor cells in
sepsis. Front Immunol. 2019;10:327.

Ibrahim MK, Zambruni M, Melby CL, Melby PC. Impact of child-

hood malnutrition on host defense and infection. Clin Microbiol Rev.
2017;30:919-71.

Yang NJ, Neel DV, Deng L, Heyang M, Kennedy-Curran A, Tong VS, Park
JM, Chiu IM. Nociceptive sensory neurons mediate inflammation induced
by bacillus anthracis edema toxin. Front Immunol. 2021;12:642373.
Yuan', Zhou Z, JiaoY, Li C, Zheng Y, Lin Y, Xiao J, Chen Z, Cao P. Histologi-
cal identification of propionibacterium acnes in nonpyogenic degener-
ated intervertebral discs. Biomed Res Int. 2017;2017:6192935.

Salaffi F, Ceccarelli L, Carotti M, Di Carlo M, Polonara G, Facchini G, Golfieri
R, Giovagnoni A. Differentiation between infectious spondylodiscitis
versus inflammatory or degenerative spinal changes: how can magnetic
resonance imaging help the clinician? Radiol Med. 2021;126:843-59.
Haughton V. Imaging intervertebral disc degeneration. J Bone Joint Surg
Am. 2006;88(Suppl 2):15-20.

Ledermann HP, Schweitzer ME, Morrison WB, Carrino JA. MR imaging find-
ings in spinal infections: rules or myths? Radiology. 2003;228:506—14.
Ling Z LiL, ChenY, Hu H, Zhao X, Wilson J, Qi Q, Liu D, Wei F, Chen X, et al.
Changes of the end plate cartilage are associated with intervertebral
disc degeneration: a quantitative magnetic resonance imaging study in
rhesus monkeys and humans. J Orthop Translat. 2020;24:23-31.

Mader KT, Peeters M, Detiger SE, Helder MN, Smit TH, Le Maitre CL, Sam-
mon C. Investigation of intervertebral disc degeneration using multivari-
ate FTIR spectroscopic imaging. Faraday Discuss. 2016;187:393-414.

Chai JW, Kang HS, Lee JW, Kim SJ, Hong SH. Quantitative analysis of disc
degeneration using axial T2 mapping in a percutaneous annular punc-
ture model in rabbits. Korean J Radiol. 2016;17:103-10.

Biatecka A, Mak M, Biedron R, Bobek M, Kasprowicz A, Marcinkiewicz J.
Different pro-inflammatory and immunogenic potentials of Propionibac-
terium acnes and Staphylococcus epidermidis: implications for chronic
inflammatory acne. Arch Immunol Ther Exp (Warsz). 2005;53:79-85.
Strauss SB, Gordon SR, Burns J, Bello JA, Slasky SE. Differentiation between
tuberculous and pyogenic spondylodiscitis: the role of the anterior
meningovertebral ligament in patients with anterior epidural abscess.
AJNR Am J Neuroradiol. 2020;41:364-8.

Tang P, Zhu R, JiWP, Wang JY, Chen S, Fan SW, Hu ZJ. The NLRP3/
caspase-1/interleukin-1 axis is active in human lumbar cartilaginous
endplate degeneration. Clin Orthop Relat Res. 2016;474:1818-26.

Joyce K, Mohd Isa IL, Krouwels A, Creemers L, Devitt A, Pandit A. The role
of altered glycosylation in human nucleus pulposus cells in inflammation
and degeneration. Eur Cell Mater. 2021;41:401-20.

Sun K, Jiang J,Wang Y, Sun X, Zhu J, Xu X, Sun J, Shi J. The role of nerve
fibers and their neurotransmitters in regulating intervertebral disc degen-
eration. Ageing Res Rev. 2022;81:101733.



Li et al. Arthritis Research & Therapy (2024) 26:41

41.

42.

43.

44,

45.

Ohtori S, Inoue G, Ito T, Koshi T, Ozawa T, Doya H, Saito T, Moriya H, Taka-
hashi K. Tumor necrosis factor-immunoreactive cells and PGP 9.5-immu-
noreactive nerve fibers in vertebral endplates of patients with discogenic
low back pain and Modic type 1 or type 2 changes on MRI. Spine (Phila
Pa 1976). 2006;31:1026-31.

Zhang S, Hu B, Liu W, Wang P, Lv X, Chen S, Shao Z. The role of structure
and function changes of sensory nervous system in intervertebral disc-
related low back pain. Osteoarthritis Cartilage. 2021,29:17-27.

Xue P,Wang S, Lyu X, Wan M, Li X, Ma L, Ford NC, Li Y, Guan Y, Ding W, Cao
X. PGE2/EP4 skeleton interoception activity reduces vertebral endplate
porosity and spinal pain with low-dose celecoxib. Bone Res. 2021;9:36.
Zehra U, Tryfonidou M, latridis JC, lllien-Jinger S, Mwale F, Samartzis D.
Mechanisms and clinical implications of intervertebral disc calcification.
Nat Rev Rheumatol. 2022;18:352-62.

Stover JD, Farhang N, Lawrence B, Bowles RD. Multiplex epigenome
editing of dorsal root ganglion neuron receptors abolishes redundant
interleukin 6, tumor necrosis factor alpha, and interleukin 1 signaling by
the degenerative intervertebral disc. Hum Gene Ther. 2019;30:1147-60.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19



	Induction of cervical disc degeneration and discogenic pain by low concentration Propionibacterium acnes infection: an in vivo animal study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Animals
	Anterior cervical puncture
	Experimental grouping
	Animal complications condition and weight assessment
	Structural changes in the cervical IVD
	MR imaging and evaluation
	Micro-CT scanning
	Histological assessment
	Bacterial detection and quantitative polymerase chain reaction (qPCR) analysis

	Evaluation of cervical discogenic pain
	Behavioral assessments
	Evaluation of nerve fiber growth in the cervical disc endplate region
	Assessment of cervical discogenic pain induced by P. acnes-L low virulent infection in rats

	Statistical analysis

	Results
	Surgical complications and weight changes in rats
	Differences in MRI findings between P. acnes-L-induced cervical disc degeneration and septic-like discitis
	Differences in bone microstructure between P. acnes-L-induced cervical disc degeneration and septic discitis-like discs
	Histologic differences between P. acnes-L-induced cervical disc degeneration and septic-like discitis
	Differences in gene expression between P. acnes-L-induced cervical disc degeneration and septic-like discitis
	P. acnes-L-induced cervical discogenic pain
	P. acnes-L induces growth of nerve fibers into the endplate region of cervical intervertebral discs
	P. acnes-L induces the expression of pain neurotransmitters and inflammatory factors in cervical DRGs

	Discussion
	Conclusion
	Acknowledgements
	References


