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Abstract

This study aimed to examine whether stromal cell-derived factor-1 (SDF-1) or C-X-C chemokine ligand 12 (CXCLI2)
participates in the development of lumbar disc degeneration, as implicated earlier by the level of CXCLI2 correlating
with this disease. It enrolled 45 patients with symptomatic lumbar intervertebral disc degeneration (IDD) and 130
asymptomatic healthy controls with no indication of IDD. Radiological assessment of the IDD patients was targeted at
the lumbar vertebra region, based on Pfirrmann grade. Degeneration of the multifidus and psoas major muscles was
evaluated using Goutallier classification. Visual Analogue Scale (VAS) and Oswestry Disability Index (ODI) scores were
obtained for assessing the severity of manifestation. The levels of serum CXCL12, IL-6 and TNF-o were determined by
ROC curve analysis, resulting in their prognostic value for Pfirrmann grading. Higher levels of serum CXCLI2 were
found in patients with IDD than in asymptomatic individuals, and were positively related to the Pfirrmann grade as well
as multifidus muscle degeneration. Furthermore, serum CXCLI2 concentration showed a significant correlation with
the VAS and ODI scores. In addition, elevated serum CXCLI2 levels were related to serum levels of TNF-a and IL-6.
The ROC curve analysis implicated that CXCLI2 could function as a biomarker of the early-mediate phase of IDD
development. In summary, the serum CXCLI2/SDF-I level is positively related with lumbar IDD and its clinical severity.
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always after symptoms of LBP or nerve root compress-
ing have been reported.® However, MRI-based images
can only provide evidence during the intermediate or
late stages of IDD, rather than detect early signs of
degenerative alternations.” In addition, certain bio-
chemical alterations in the disc and diseases as well as
the intensity of manifestations are not always detect-
able using conventional MRI sequences (e.g. T1- or
T2-weighted).® Therefore, rapid and reliable methods
of diagnosing IDD are needed to impede and slow
down degeneration at the early stage, in order to
avoid the need for invasive surgery.

Biomarkers are indicators that can be measured and
evaluated to determine either normal or pathogenic bio-
logical processes and responses to therapeutic interven-
tions.” Interest in using serum proteins as likely
biomarkers to detect LBP or IDD pathologies has been
growing.'® It has been demonstrated that disc cell stress
caused by adverse mechanical forces may result in intra-
cellular signal transduction, which leads to elevated gene
expression and proteins being released into the blood.'

Chemokines are small cytokines with a molecular
mass of 7-15 kDa that have the ability to guide che-
motaxis of immune cells at designated sites, under cer-
tain physiological and pathological conditions.'> The
existence of four cysteine residues at the NH2-
terminal of chemokines allows them to be assigned to
four subfamilies: C, CC, CXC and CX3C.B
Chemokines of the CXC subfamily that take part in
the chemotaxis of neutrophils are the best known and
most widely studied chemokines.'*

C-X-C motif chemokine 12 (CXCL12) or stromal
cell-derived factor 1 (SDF1), is a widely studied CXC
chemokine that was first extracted from bone marrow
stromal cells and was found to activate different types
of cells by combining with the G-protein-coupled
receptor, C-X-C motif chemokine receptor 4
(CXCR4)."> CXCL12/CXCR4 is essential for hemato-
poietic stem cell (HSC) maintenance and production of
immune cells in the bone marrow.'® Induced deletion
of CXCRA4, in adult mice, resulted in severe reduction
of HSC numbers and increased sensitivity to myelo-
toxic injury.'® CXCLI12 is a strong chemoattractant
that has an influence on angiogenesis, as well as leuko-
cyte trafficking,'” and the CXCLI2/CXCR4 axis is
involved in various pathologies, including cancer'®
and autoimmune and inflammatory disorders."

Recent studies have unveiled the function of
CXCL12/CXCR4 for the pathophysiology of IDD.
At both mRNA and protein level, CXCL12 and
CXCR4 levels are significantly higher in patients with
IDD degeneration than in control individuals.?®
CXCL12 has also been shown to accelerate the degra-
dation of the extracellular matrix (ECM) and increase
MMP  expression in human disc endplate

chondrocytes.?! In addition, using the NF-kB pathway,
the CXCLI2/CXCR4 axis can cause apoptosis of
human degenerative nucleus pulposus cells.”

All these results imply that CXCL12 may be an impor-
tant factor involved in IDD progression. However, as far
as is known, no recent studies that investigate the circu-
latory CXCL12 concentration in patients with IDD and
its influence on disease severity have been published.
Hence, this study aimed to determine serum concentra-
tions of CXCLI12 in patients with IDD and its involve-
ment in IDD progression, to identify if serum CXCL12
can be used as a potential biomarker for IDD.

Patients and methods

Study participants

We performed this cross-sectional study by consecutive-
ly recruiting 145 patients with complaint of LBP and on
whom a lumbar spine MRI study was done between and
inclusive of October 2017 and January 2019, at the clinic
of our hospital. The lumbar spine MRI scans of the
patients included were analyzed. To be included patients
were required to meet the following criteria: a history of
LBP that had persisted for over 6 wk, without or with
leg pain, and presence or absence of lower extremity
motor and/or sensorial deficits. Patients who met any
of the exclusion criteria were not enrolled: a history of
LBP other than that resulting from disc degeneration,
including causes such as trauma, infection, spinal
tumors, spondylolisthesis and spondylolysis. Patients
were also excluded if they suffered from co-
morbidities, including cancer, inflammatory bowel dis-
eases, osteoarthritis, asthma, rheumatoid arthritis and
amyotrophic lateral sclerosis, which may affect systemic
CXCLI12 levels. Meanwhile, 130 paired asymptomatic
healthy controls, based on age and gender, who received
a regular medical examination, were also enrolled. The
control group included healthy subjects who did not
have a history of LBP, regardless of cause, or systemic
inflammatory diseases that may negate the results of this
study. All these healthy controls did not show any signs
of disc degeneration, as confirmed through a MRI. This
study was approved by the Review Board at our
Hospital, and guidelines for the ethical use of human
subjects in medical research were adhered to. All partic-
ipants provided written consent to participate, while the
privacy of all patients and their collected data was
ensured throughout the study.

Radiographic degeneration assessment using MRI

The Pfirrmann grading scale was used to identify
lumbar IDD from LI-L2 to L5-SI levels.”® T2-
Weighted MRI, which in brief determines water
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Figure |. Pfirrmann grade for disc degeneration determined using MRI.

content as denoted by signal intensity, forms the base
of the system. Sagittal T2-weighted images were cap-
tured with the following settings: fast spin echo
sequence, TR=3500 ms, TE=99.0 ms, section
thickness=4.0 mm, and field of view=280 mm.
Grade 1 was assigned to homologous bright white
intervertebral discs with clear separation of the nucleus
pulposus and annulus fibrosus. Grade 2 was assigned
to heterologous intervertebral disc structures with the
presence or absence of horizontal bands, as well as
grade 1 imaging properties. Grade 3 was assigned to
intervertebral disc structures that were heterologous
and gray, with no clear separation of the nucleus pul-
posus and annulus fibrosus. Grade 4 was assigned to
intervertebral disc structures that were gray to black,
with a loss of separation of the nucleus pulposus and
annulus fibrosus and a signal intensity of intermediate
to hypointense. Grade 5 was assigned to heterologous
and black intervertebral discs, with an obvious loss
of separation of the nucleus pulposus and annulus
fibrosus (Figure 1).>> The Pfirrmann grading scale
demonstrates moderate to high levels of intra- and
inter-observer stability. In our study, patients with
Pfirrmann grade > 2 were enrolled. Pfirrmann grade 2
indicates mild change, while Pfirrmann grade 3 indi-
cates moderate change, with Pfirrmann grade 4-5
implicating severe change. The most severely degener-
ated segment was selected for analysis. The results were
read by one experienced radiologist and one advanced
orthopedist. The Kappa value was also recorded.

Evaluation of spinal muscle degeneration

Fatty degeneration of the multifidus and psoas major
muscles was determined from LI1-L2 to L5-SI,
through T2-weighted axial MRI studies using the
Goutallier classification system. The Goutallier classi-
fication system is as follows: grade 0, normal muscle;
grade 1, fatty streaks within the muscle; grade 2, less fat
present than muscle; grade 3, fat present equal to
muscle; grade 4, more fat present than muscle.”* The

most severely degenerated segment was selected for
analysis.

Evaluation of pain and functional ability

We used the Visual Analogue Scale (VAS) and Oswestry
Disability Index (ODI) to examine the clinical condition
of patients with IDD. LBP was assessed through VAS,
using a 10 cm-long straight line, with labels at each end
to fasten the scale. Patients were requested to indicate
the extent of their perception of pain on the scale, with 0
cm denoting no pain and 10cm denoting unbearable
pain.?® The patients were asked to attend pain test on
the day of venous blood collection. ODI was used to
determine the severity of functional impairment of
patients with back pain.”® In ODI, patients were asked
10 questions that were scored between 0 and 5, based on
their functional ability. A high score meant severe
impairment. Scores from each question were summed
up and calculated from a total of 50.

Laboratory examination

Vacutainer tubes were used to obtain fasting venous
blood from all participants and the sample obtained
was immediately centrifuged to prevent glycolysis.
Serum samples were kept at —80°C until assayed. All
samples were stored at —80°C for a period of 1 wk to
17 mo. Serum CXCLI12 levels of patients were blindly
assessed using a commercial Duoset ELISA Kit (R&D
system, Minneapolis MN, US). In brief, standard
recombinant human CXCL12 and serum samples
were added into 96-well microtiter plates pre-coated
using a polyclonal Ab against CXCLI12 and incubated
for 1 h at room temperature (20°C). Thereafter, the
wells were washed seven times using a washing buffer
and were incubated with a HRP-labeled mouse mAb
against human CXCL12 for 30 min at 4°C. The sub-
strate solution was added to each well after nine washes
and the plate was incubated in the dark for 30 min at
room temperature. Intra-assay and inter-assay coeffi-
cients of variation for CXCL12 were found to be 5.0%
and 6.5%, respectively. The detection range was found
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to be 31.2-2,000 pg/ml. All procedures were done at
room temperature, and the samples were measured in
duplicate. Color reaction assay was performed at
450nm. Other biomarkers, including TNF-o (R&D
system, Minneapolis MN, US) and IL-6 (R&D
system, Minneapolis MN, US), were also tested using
the same procedure.

Statistical analysis

Statistical analyses were conducted using GraphPad
Prism 6.0 software (San Diego, CA, USA). All results
are expressed as mean = SD or median. Kolmogorov—
Smirnov test was used to determine the normal distri-
bution of the data. The chi-square test, unpaired 7-test
or Mann—Whitney U test was utilized to evaluate the
parameter variance of gender, age and body mass index
(BMI). Student’s t-test or Mann—Whitney U tests was
used to compare data between two groups, whereas
one-way ANOVA or Kruskal-Wallis test was used to
compare between three or more groups, followed by
Tukey or Tamhan test for post-hoc analysis.
Spearman or Pearson correlation analysis was con-
ducted to identify the correlation between CXCLI12
levels and other parameters. ROC analysis was con-
ducted to analyze the diagnostic value of CXCLI12,
TNF-o and IL-6 in IDD. A P-value of < 0.05 was con-
sidered to indicate statistical significance.

Results

Demographic data

The mean patient age was 46.3 7.2 (standard devia-
tion) yr; 85 were men and 60 were women. The mean
age was 45.9 +£6.9 yr for the healthy controls, with 73
being male and 57 female. Significant differences were
not found based on age, BMI and gender distribution
between the IDD patients and controls (Table 1).

Table 1. Demographic characteristics.

Correlation between serum CXCLI2 levels and
Pfirrmann grade

The Kappa value from evaluation of MRI results was
0.89. Serum CXCL12 concentrations were found to be
significantly higher in symptomatic IDD patients
(308.2 +44.0 pg/ml), compared with asymptomatic
healthy individuals (235.3+31.0pg/ml) (P <0.00;
Figure 2a). Based on the Pfirrmann grading system,
patients with IDD were divided into three subgroups:
50 patients were assigned to the mild degeneration
group (marked as 1), 53 to the moderate degeneration
group (marked as 2) and 42 to the severe
degeneration group (marked as 3). Serum CXCLI12
concentrations were found to be markedly higher in
patients with moderate degeneration (313.8 & 37.9 pg/ml),
compared with that of patients with mild degeneration
(288.0 +43.4 pg/ml) (P=0.002). In addition, although
no significant difference in serum CXCLI12 levels was
found between the severe (325.3+43.3pg/ml) and
moderate (313.8£37.9pg/ml) degeneration groups
(P=0.173), patients with severe degeneration IDD
still had significantly increased serum CXCLI12 levels
(325.3+43.3 pg/ml) compared with mild degeneration
group patients (288.0 £43.4pg/ml) (P <0.001; Figure
2b). We also found that serum CXCLI2 levels were
significantly higher in the mild degeneration group
(288.0 +-43.4 pg/ml) compared with that of the healthy
control group (235.3£31.0 pg/ml) (P<0.001; Figure
2b). Overall, it was found that serum CXCL12 levels
are positively correlated with Pfirrmann grade
(r=0.343, P<0.001; Figure 2c; Table 1).

Correlation between serum CXCLI2 levels and
muscle degeneration
Next, the correlation between CXCLI12 levels and the

multifidus and psoas major muscle degeneration
was examined using MRI and was based on the

IDD patients (n= 145) Healthy controls (n=130) P-Value
Age (yr) 463472 459469 0.112
Gender (F/M) 60/85 57173 0.857
BMI (kg/m?) 23.5+3.0 232426 0.252
VAS score 48+ 1.6 /
ODI index 207 £6.7 /
Pfirrmann Grade (m/M/S) 50/53/42 /
Multifidus degeneration (Y/N) 83/62 /
Psoas major degeneration (Y/N) 55/90 /
Leg pain (Y/N) 59/86
Most severely degenerated segment 85/60
Serum CXCLI2 levels (pg/ml) 308.2+44.0 2353 £31.0 < 0.001

Results are expressed as mean =+ standard deviation (mean =+ SD). m: mild; M: moderate; S: severe; Y: yes; N: no.
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Figure 2. (a) Comparison of serum CXCLI2 levels between IDD patients and healthy controls. (b) Comparison of serum CXCLI2
levels among different Pfirrmann grades and healthy controls. (c) Correlation between serum CXCLI2 levels and Pfirrmann grade.

Goutallier classification system. Eighty-three of the
patients were found to have multifidus degeneration,
while 55 patients had psoas major muscles degenera-
tion. CXCLI12 levels were found to be significantly
elevated in multifidus, but not psoas major
muscles degeneration IDD patients, compared with
non-degeneration IDD patients (multifidus: 317.2 4+
40.7pg/ml  and  296.1 £45.7pg/ml,  respectively
(P=0.002); psoas major: 310.4+37.9pg/ml and
306.8 £47.5 pg/ml, respectively (P =0.490); Figure 3a
and b). Serum CXCL12 levels were also found to be
significantly and positively associated with Goutallier
grade in the multifidus degeneration group (r=0.463,
P <0.001; Figure 3c). However, a significant associa-
tion between serum CXCLI12 levels and the psoas
major degeneration group, based on Goutallier grade,
was not found (r=0.197, P=0.147; Figure 3d).

Correlation between serum CXCLI 2 levels and
clinical severity

In order to further investigate whether increased serum
CXCL12 levels are related to clinical severity in

patients with IDD, we explored the relationships
between serum CXCL12 concentrations and VAS, as
well as ODI. We found that serum CXCL12 levels are
positively associated with clinical intensity assessed
using VAS (r=0.395, P<0.001; Figure 4a) and ODI
(r=0.376, P<0.001; Figure 4b). In addition, serum
CXCLI12 levels were significantly increased in IDD
patients with leg pain (317.3+43.2 pg/ml) compared
with IDD patients without leg pain (302.0 4+-43.7 pg/ml)
(P =0.039; Figure 4c).

Correlation of serum CXCLI2 levels with
biochemical indices and ROC analysis

We next investigated the association of serum CXCL12
levels with serum TNF-o and IL-6 levels. We observed
serum CXCLI12 levels were positively correlated with
serum TNF-a levels (r=0.463, P<0.001; Figure 5a)
and serum IL-6 levels (r=0.454, P<0.001;
Figure 5b). Finally, a ROC curve analysis was con-
ducted to identify the diagnostic functionality of
CXCL12, IL-6 and TNF-a, with regard to Pfirrmann
grade. As demonstrated in Figure 4, between Pfirrmann
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between serum CXCLI2 levels and multifidus degeneration, based on Goutallier grade. (d) Correlation between serum CXCLI2

levels and psoas major degeneration, based on Goutallier grade.

grade-based mild degeneration and moderate degener-
ation, ROC analysis shows that CXCL12 exhibits a

larger area wunder curve (AUC) (AUC=0.668,
P=0.003), than that for TNF-a (AUC=0.551,
P=0.373) and IL-6 (AUC=0.514, P=0.805)

(Figure 5c, Table 2). However, between Pfirrmann
moderate degeneration and severe degeneration,
CXCL12 possesses a smaller AUC (AUC=0.574,
P=0.022) than that for IL-6 (AUC=0.625,
P =0.049) (Figure 5d, Table 3). These results indicate
that serum CXCL12 levels may act as an early-mediate
marker that can reflect disc degeneration, as deter-
mined by Pfirrmann grade at the early-mediate stage.

Discussion

The findings of this study have, for the first time, iden-
tified that significantly increased levels of serum che-
mokine CXCLI12 are found in individuals with

symptomatic lumbar disc degeneration, compared
with those of the asymptomatic control group that
showed no signs of disc degeneration when observed
through MRI. We also observed that serum CXCL12
levels are independently and positively related with
IDD progression. More importantly, study partici-
pants of corresponding age, gender and BMI value
were paired, in order that the effect of these parameters
on the results could be eliminated or minimized. Our
findings verified the results of other previous studies,
based on animal models and affected human disc tissue
in vitro, which indicate that CXCL12 is involved in the
process of disc degeneration. Therefore, systemic
CXCL12 levels may be molecular candidates that can
be used to diagnose and monitor patients with clinical-
ly relevant IDD.

Increasing evidence suggests that IDD may involve
the immune response and inflammatory reaction of the
disc, and that degenerated nucleus pulposus tissue is
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considered to be an Ag that can immediately induce
inflammation.?” Studies done during recent years
have confirmed the central role of inflammation in
spinal degenerative mechanisms.”®*?° As degeneration
progresses, elevated levels of inflammatory cytokines
enhance aggrecan and collagen degradation, leading
to structural changes and spinal instability.”® In
recent years, serum inflammatory cytokines have been
used as potential biomarkers for IDD.*' The verifica-
tion of detectable serum inflammatory markers could
revolutionize the diagnostic process of IDD, especially
for those with undefined origins of LBP symptoms.>'

Chemokines have been regarded as important cyto-
kines that participate in IDD progression. For exam-
ple, CCLS5 is a substance that attracts motile cells of a
certain type and is produced by degenerative interver-
tebral discs,*” and systemic CCL5 and CXCL6 levels
were found to have increased and be correlated with
medium to high intensities of lumbar disc degenera-
tion.*? In addition, CCL5 CXCL12 is the most studied
chemokine regarding IDD progression.

We first found that increased CXCLI12 levels are
positively associated with disc and multifidus

degeneration, as defined by the Pfirrmann and
Goutallier classification systems. In this study, we
selected the most severely degenerated disc for assess-
ment, in order that it may directly reflect disease sever-
ity. The CXCLI12/CXCR4 axis can accelerate
apoptosis in degenerative nucleus pulposus cells
in vitro,”* indicating that elevated CXCLI12 levels are
related to the extent of disc degeneration. Degeneration
of lumbar paravertebral muscles occurs frequently in
patients with IDD, with a tendency to be most pro-
nounced in multifidus degeneration patients.>* We
found that serum CXCLI12 levels were also related to
Goutallier classification, suggesting that circulating
CXCL12 may also be involved in multifidus
degeneration.

Next, we found that serum CXCLI12 levels were sig-
nificantly related to pain and functional severity, as
defined by VAS and ODI. At present, a growing
number of studies using animal experiments have dem-
onstrated that under pathological pain states, CXCL12
is expressed at important points along the pain trans-
mission pathway.>> The CXCLI12/CXCR4 axis has
been found to be a key pro-inflammatory mediator
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Table 2. Calculation of the AUC for CXCLI12, TNF-a and IL-6
levels between Pfirrmann mild and moderate grades.

AUC SE 95% Cl P-Value
CXCLI2 0.668 0.053 0.563-0.772 0.003
TNF-o 0.551 0.058 0.438-0.664 0.373
IL-6 0514 0.057 0.401-0.627 0.805

SE: Standard Error; 95%CI: 95% confidence interval.

for the pathogenesis and persistence of neuropathic
pain’®® and critical for pain sensitization.?” In various
pain-related models, CXCL12 and CXCR4 expressions
have been found to be drastically elevated in the dorsal
root ganglion, and it was shown that inhibition of
CXCR4 can reverse pain-related behaviors.*®*° The
results of these studies are consistent with our findings
that serum CXCL12 levels are significantly elevated in
patients with leg pain, implicating that a nerve root
compressed by a herniated disc may induce both local
and systemic CXCL12 production.

The roles of cytokines IL-6 and TNF-o have been
confirmed as key causes of inflammation in the lumbar

Table 3. Calculation of area under curve (AUC) for CXCLI2,
TNF-ao and IL-6 levels between Pfirrmann moderate and severe
grades.

AUC SE 95% ClI P-Value
CXCLI2 0.574 0.061 0.455-0.693 0.218
TNF-o 0.569 0.060 0.450-0.688 0.247
IL-6 0.625 0.059 0.512-0.733 0.049

SE: Standard Error; 95%CIl: 95% confidence interval.

disc degeneration process. We observed that serum
CXCL12 levels are positively related with serum
expressions of IL-6 and TNF-a. Licciardone et al.
found that IL-6 is a main influencer of LBP pathology
and is correlated with pain severity and indicates
somatic dysfunction.*’ In another study, patients with
disc degeneration disease were found to have higher
serum IL-6 levels compared with control subjects.*!
IL-6 levels were shown to be correlated with the symp-
tom duration of patients with IDD.*' TNF-a levels
were found to be higher in degenerate nucleus pulposus
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(NP) tissues, than in normal human and rat tissues, and
a previous study also identified an obvious increase in
TNF-a levels in patients with IDD and Lumbar Disc
Herniation (LDH).*? Patients with chronic pain as a
result of disc herniation have elevated blood and cere-
brospinal fluid TNF-a and IL-6 levels compared with
controls.*** Based on the ROC curve analysis, we can
use CXCLI12 to detect patients with early stage IDD
and TNF-a levels to detect patients with medium to
late stage IDD.

Our study has several limitations that should be
pointed out. First, the current study was performed
on a relatively small sample size and was a single-
center study on Han Chinese individuals at our hospi-
tal. Therefore, future studies using larger sample sizes
and multi-center studies are needed. Second, only
serum CXCLI12 levels were examined, while levels of
its receptor, CXCR4, and other chemokines were not
analyzed. Third, we did not examine the bone mineral
density (BMD) of all participants, since CXCL12 has
been reported to be associated with BMD in previous
studies.*> However, BMD would have provided more
valuable information for the association between
CXCLI12 and bone metabolism. Finally, our study is
a cross-sectional study. In order to identify if serum
CXCL12 levels can predict clinical prognosis and out-
come in IDD patients, a prospective study is required
in the future.

Collectively, serum CXCL12/SDF-1 level was found
to be positively related with lumbar IDD and clinical
severity, thus improving our understanding of IDD
progression.
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