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Relationships between intervertebral disc degeneration and
lysyl oxidase expression in human nucleus pulposus
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Abstract. The collagen and elastin are important compo-
nents of extracellular matrix (ECM) in the nucleus pulposus
(NP), which can produce water-insoluble proteins through
cross-linkages to stabilize ECM. Lysyl oxidase (LOX), a
copper-dependent amine oxidase, insolubilizes ECM proteins
to keep the stability of ECM by initiating collagen and elastin
cross-linkages. The present study aimed to investigate the rela-
tionships between intervertebral disc (IVD) degeneration and
LOX expression in human NP. A total of 22 cases with lumbar
IVD degeneration were designed to the observed group and the
control group consisted of 4 young patients with the need of
surgically removing the IVD due to lumbar vertebra fracture
caused by sudden trauma. These patients were grouped based
on Pfirrmann grades of IVDs. The control group represented
grade I (group A) and the observed group was subdivided into
4 group: Grade II (group B), grade III (group C), grade IV
(group D) and grade V (group E). The herniated NP of each
group was prepared for immunohistochemistry, western blot-
ting and reverse transcription-quantitative PCR. The present
results showed that the number of NP cells and the components
of ECM were significantly lower in the observed group than
in the control group. There was an inverse association of the
expression rate of LOX NP cells with Pfirrmann grades and
age. The protein expression of LOX in group A, B,C,D and E
was 2.69+0.24,2.24+0.32, 1.34+0.19, 1.3+0.32 and 1.01+0.12,
respectively. The mRNA expression of LOX in Group A, B,
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C, D and E was 1+0.03, 0.83+0.07, 0.71+0.09, 0.53+0.09 and
0.27+0.05, respectively. With increasing IVD degeneration, the
protein and mRNA expression levels of LOX in NP decreased
gradually. Taken together, the findings of the present study
revealed that the protein and mRNA expression levels of LOX
were decreased with increasing IVD degeneration. These
findings provide new insights that LOX might involve in the
occurrence and development of IVD degeneration.

Introduction

The intervertebral disc (IVD) degeneration is a common
disease in orthopedics, which is an important incentive
of low back pain. With the deepening of aging population
degree, the IVD degeneration showing an increasing inci-
dence, gradually becomes a principal factor to affect the
quality of life and imposes increasingly heavy economic
burdens on the society (1,2). The pathophysiologic mecha-
nisms of IVD have not been fully understood. Generally, it
is regarded as a dysfunctional and cell-mediated molecular
degeneration process that is dependent on age, environment
and genetics (3-5). Certain studies have shown that IVD
degeneration is mainly manifested on the decreasing number
of IVD cells and the changes of structure and function in
extracellular matrix (ECM) (6,7). The collagen and elastin
are important components of ECM in the nucleus pulposus
(NP), which can produce water-insoluble proteins through
cross-linkages to stabilize ECM.

Lysyl oxidase (LOX), a copper-dependent amine oxidase,
insolubilizes ECM proteins to keep the stability of ECM by
initiating collagen and elastin cross-linkages (8). Hence, LOX
plays a critical role in cellular proliferation, development,
maturation and apoptosis (9,10). In humans, LOX gene has
already been detected in most tissues' cells and their stromal,
and is responsible for diverse biological functions, including
developmental regulation, tissue repair, tumor suppression,
cell mobility, gene transcriptional regulation, signal trans-
duction and cell adhesion (11,12). However, there have been
only few related studies between LOX and IVD degenera-
tion. It has been reported that LOX and its family members
are expressed in human NP (13). IVD degeneration includes
not only degeneration of NP cells, but also degeneration of
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ECM. The decreases of collagen and elastin cross-linkages
lead to the changes of components and structure in ECM. The
fibrosis, increasing hardness and reducing ability of relieving
and resisting mechanical load can be found in IVD. Based on
the important role of LOX in maintaining the structure and
function of ECM, the present study aimed to identify the
correlations between LOX and clinicopathological factors and
explore relationships between IVD degeneration and LOX
expression in human NP.

Materials and methods

Patients and categorization. These cases were prospectively
recruited at the Affiliated Southeast Hospital of Xiamen
University from January 2018 to December 2018 for the
purpose of the present study; 22 cases with lumbar IVD
degeneration were designed to the observed group, and the
control group consisted of 4 young patients with the need
of surgically removing the IVD due to lumbar vertebra
fracture caused by sudden trauma (Table I). Combined with
the preoperative magnetic resonance imaging examination
results, patients were grouped based on Pfirrmann grades of
the IVD (14). Inclusion criteria: i) Meet the diagnostic criteria
for lumbar disc herniation (LDH); ii) Have a Pfirrmann
grade of II to IV, as assessed by changes in signal inten-
sity and intervertebral disc height on magnetic resonance
imaging; iii) The course of LDH exceeds 12 weeks, with
symptoms worsening or recurring after systemic conserva-
tive treatment; iv) LDH pain severely affects daily life or
work; v) Symptoms of muscle paralysis or single nerve or
cauda equina palsy, such as bladder dysfunction, are present;
vi) Age >18 years. Exclusion criteria: i) Previous surgical
treatment for the same segmental intervertebral disc;
ii) Complicated with malignant tumors, tuberculosis, or other
consumptive diseases; iii) Suffering from severe osteopo-
rosis, bone deformities, or spondylitis; iv) Complicated with
severe infections or immune system diseases. The control
group represented grade I (group A), and the observed group
was subdivided into 4 groups: Grade II (group B), grade III
(group C), grade IV (group D) and grade V (group E). In
the group A, there were 3 men and 1 woman, aged from 15
to 19 years (16.5 years on average), with IVD segment of
L,;in I case and L; 4 in 3 cases. In the group B, there were
3 men and 2 women, aged from 23 to 29 years (31.2 years on
average), with IVD degeneration segment of L, s in 4 cases
and LS, in 1 case. In the group C, there were 4 men and
2 women, aged from 32 to 49 years (40.8 years on average),
with IVD degeneration segment of L, 5 in 4 cases and LS,
in 2 cases. In the group D, there were 4 men and 2 women,
aged from 37 to 59 years (49.7 years on average), with IVD
degeneration segment of L, 5 in 4 cases and LS, in 2 cases.
In the group E, there were 2 men and 3 women, aged from 48
to 68 years (60.6 years on average), with IVD degeneration
segment of L, 5 in 2 cases and LS, in 3 cases. Institutional
review board approval (approval no. 20210303) for the
present study was obtained on March 3, 2021 by the Xiamen
University's Medical Ethical Committee (Zhangzhou,
China). Informed consent was obtained from each patient
for participation in compliance with the Helsinki declaration
and its amendments.

Sample collection and detection. The removed IVD specimens
were washed using sterile normal saline for 3 times and NP was
removed. One segment that was put into the specimen bag was
fixed in 10% neural buffered formalin at room temperature for
48 h, and was embedded in paraffin after routine steps of desic-
cation. For H&E and immunohistochemistry (IHC) staining,
3 um-thick sections were cut. Another segment was put into a
centrifuge tube and quickly preserved in liquid nitrogen for the
western blotting and reverse transcription-quantitative PCR
(RT-qPCR) experiment. All specimens were repeated three
times to test the reproducibility of the experimental results and
reduce the influence of accidental error.

H&E and IHC staining. A total of three sections were received
from each specimen for H&E and IHC staining. After routine
H&E staining, morphologic features of IVD tissues with
different degeneration degrees were observed under the light
microscope. The sections were put in an oven at 60°C for
1 h. After dewaxing (xylene, Maixin Fuzhou) and hydration
(ethanol solutions, Maixin Fuzhou), the removal of endogenous
peroxidase (3% hydrogen peroxide solution, at room tempera-
ture for 10 min, Lablead Biotech) and the blockage (5% BSA,
at room temperature for 1 h, Lablead Biotech) by non-specific
antigen were applied in the sections. The sections were then
incubated at 4°C for 12 h with primary antibodies against rabbit
anti-human LOX polyclonal antibody (1:300; cat. no. ab174316;
Abcam). Then the sections were incubated at 37°C for 30 min
with secondary antibodies (undiluted; cat. no. Kit-5030;
Maixin Fuzhou) against biotin-linked goat-anti-rabbit IgG.
The sections with DAB staining and hematoxylin staining
were analyzed using the light microscope.

Western blotting. Total protein samples from NPs were
extracted using cell lysis buffer (undiluted; cat. no. W0013;
Lablead Biotech) and quantitative analysis was performed
through ultraviolet spectrophotometer, wherein the absorbance
was measured at a wavelength of 280 nm. Then, the protein
samples were stored at -20°C. Equal amounts of protein,
corresponding to 20 micrograms per lane, were separated by
SDS-PAGE gel electrophoresis using a 12% acrylamide gel,
and then transferred to PVDF membranes. After blocking with
5% skim milk on shaker for 1 h at room temperature, PVDF
membranes were cut according to the molecular weight of target
genes proteins and reference genes proteins. The membranes
were incubated with primary antibodies against LOX (1:1,000;
cat. no. ab174316; Abcam) at 4°C overnight and primary
antibodies were recycled later. After washing the membranes
3 times (10 min each) with TBST 1X, PVDF membranes were
incubated with the appropriate HRP-conjugated secondary
antibodies (undiluted; cat. no. Kit-5030; Maixin Fuzhou)
for 1 h at room temperature and secondary antibodies were
recycled later. Then, the membranes were washed 3 times
(10 min each) with TBST 1X containing 0.1% (v/v) Tween 20.
Freshly enhanced chemiluminescent agent (ECL Reagent A
and B; cat. no. E1050; Lablead Biotech) was used (a mixture
of A solution and B solution by 1:1), which was evenly dripped
on the membranes. After being incubated at room temperature
for 2 min, quick exposure and development were carried out
and gray analysis was performed using Scion Image software
(version: 4.0.3.2; Scion Corporation).
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Table I. General characteristics of patients.
Group A Group B Group C Group D Group E
Pfirrmann grade I II I v \Y
Sex (Female/Male) 1/3 2/3 2/4 2/4 3/2
Age (average, year) 16.5 312 40.8 49.7 60.6
Intervertebral disc segment (L, 5/L; ,/L, s/LsS)) 1/3/0/0 0/0/4/1 0/0/4/2 0/0/4/2 0/0/2/3
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Figure 1. H&E staining demonstrates greater degenerative changes in the observed group B, C, D and E when compared with the control group A. Scale bar,

100 pm.

RT-gPCR. After homogenization, total mRNA was extracted
from NPs with TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). The RNA concentration and purity were
measured, with an optimal 260/280 nm absorbance ratio of
2.0, after which reverse transcription from total RNA to cDNA
was conducted using the RevertAid RT Kit (cat. no. K1691;
Thermo Fisher Scientific, Inc.). Human-f-actin gene was
selected as an endogenous control. A total of 1 ul cDNA
template was used for PCR amplification. The PCR primers,
designed for the target gene and synthesized by Sangon Biotech
Co., Ltd., were labeled with a fluorophore (Super Green I;
SYBRO021; Lablead Biotech) to enable quantitative detection
during the PCR process. Thermocycling conditions were as
follows: Pre-denaturation at 94°C for 5 min, denaturation at
94°C for 30 sec, annealing at 60°C for 30 sec, extension at 72°C
for 30 sec, followed by 30 cycles; extension at 72°C for 10 min.
A total of 10 pl PCR amplification products were analyzed on
a 1% agarose gel electrophoresis and the gel analysis system
was used for detection. The radio of gray value between target
genes and reference genes represented the expression level
of LOX. The 2444 method was used for relative quantitative
analysis (15). The PCR primers were as follows: LOX forward,
5'"TGATGCCAACACCCAGAG-3' and reverse, 5-TCATAA
CAGCCAGGACTCAAT-3"; human-f-actin forward, 5-"TGG

GCATGGAGTCCTGTG-3' and reverse, 5'-TCTTCATTG
TGCTGGGTG-3'.

Statistical analysis. All data were analyzed using statistical
software SPSS 20.0 (IBM Corp.). Measuring material accorded
with normal distribution were expressed as the mean +
standard deviation. Comparisons of groups were achieved by
one-way analysis of variance (ANOVA) followed by Tukey's
post hoc test. P<0.05 was considered to indicate a statistically
significant difference. The linear regression equation was set
up for the association of the expression of LOX protein with
age and Pfirrmann grades.

Results

Normal NPs showed loose structure, complete matrix compo-
nents and arranged fiber structure. Numerous NPs cells were
distributed in the ECM. However, with dense and shrinking
structure, degenerated NPs showed incomplete matrix compo-
nents, fibroplasia and derangement. There were few NPs cells
in the ECM (Fig. 1).

THC detection revealed that LOX expression could be found in
both the observed group and the control group to a certain extent.
Data from all included patients were used to show the association
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Figure 2. Immunohistochemistry of lysyl oxidase protein expression shows that the number of positive cells were less in the observed groups B, C, D and E

when compared with the control group A. Scale bar, 100 gm.

100

90 2 * y=—1 6.22x+1 04.39

R2-=0.8195

80 ¢ :
—~ > * ok
& 70 ‘
o ¢ *%
2 60 L 2 &
= °
o
2 * % %
2 40
2 R
g &
§ 30 ;

20

10 3

<&
0 T T y ! )
0 1 2 3 4 5

Pfirrmann grades

Figure 3. Positive rate of LOX expression in NP cells negatively correlated with Pfirrmann grades. "P<0.05, "P<0.01 and ““P<0.001. LOX, lysyl oxidase;

NP, nucleus pulposus.

between age, degeneration grades and the ratio of LOX-positive
cells. In the control group, positive cells were significantly
expressed in NP and most of cytoplasm manifested tan color,
indicating that positive cells accounted for a large proportion.
Although there were also positive cells in the observed group,
the overall staining demonstrated lower intensity and the number

of positive cells was less than that in control group (Fig. 2).
Furthermore, the number of positive cells decreased gradually
according to the grouping order of Group B, C, D and E. The
positive rate of LOX expression in NP cells negatively associated
with Pfirrmann grades (y=-16.2x+104.39, R?=0.8195; Fig. 3) and
age (y=-1.4615x+113.96, R*=0.9099; Fig. 4).
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Figure 4. Positive rate of LOX expression in NP cells negatively correlated with age. LOX, lysyl oxidase; NP, nucleus pulposus.
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Figure 5. With increasing intervertebral disc degeneration, the protein expres-
sion of LOX in nucleus pulposus gradually decreased. "P<0.05, “P<0.01 and
""P<0.001. LOX, lysyl oxidase.

Detections by western blotting identified that the protein
expression of LOX from NPs in group A was 2.69+0.24,
group B was 2.24+0.32, group C was 1.34+0.19, group D
was 1.30+0.32 and group E was 1.01+0.12. Using ANOVA,
it was found that there was a significant difference in LOX

A B C D E
LOX

*

1.2 =

0.8 ~

0.4 -

mRNA expression of LOX

0.0 -

A B C

O

E

Figure 6. With increasing intervertebral disc degeneration, the mRNA expres-
sion of LOX in nucleus pulposus gradually decreased. "P<0.05, “P<0.01 and
“"P<0.001. LOX, lysyl oxidase.

protein expression among the five groups (%*=12.7, P=0.013).
The protein expression of LOX in group A was higher
than that in groups B, C, D and E; the protein expression
of LOX in group B was higher than that in groups C, D
and E; the protein expression of LOX in both groups C and
D was higher than that in group E. With increasing IVD
degeneration, the protein expression of LOX in NP gradu-
ally decreased (Fig. 5).
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The results of RT-qPCR showed that the mRNA expres-
sion of LOX from NPs in group A was 1.00+0.03, group B was
0.83+0.07, group C was 0.71+0.09, group D was 0.53+0.09 and
group E was 0.27+0.05. Using ANOVA, it was found that there
was a significant difference in LOX mRNA expression among
the five groups (x*=15.357, P=0.004). The mRNA expression
of LOX in group A was higher than that in groups B, C, D
and E; the mRNA expression of LOX in group B was higher
than that in groups C, D and E; the mRNA expression of LOX
in both group C and D was higher than that in group E. With
increasing IVD degeneration, the mRNA expression of LOX
in NP gradually decreased (Fig. 6).

Discussion

Deviant structure and function of spine caused by the IVD
degeneration would contribute to a range of disorders, including
IVD herniation, spondylolisthesis and spinal stenosis. Patients
with low back pain caused by these disorders' account for a
large proportion in outpatients and inpatients annually. A lot of
working time and medical expenses are spent on mitigating the
pain, which seriously affects the quality of life. It was previ-
ously suggested that degenerative change of IVD is mainly on
degeneration of NP (16), and its histological characteristics
shows the decrease of cells and ECM, combined with the
hyperplasia and disorder of fiber components in ECM.

The biological functions of LOX are extensive, and the
expression of LOX can affect the structure and function of
numerous tissues. It has been revealed that the mice with LOX
gene knocking out will succumb after birth and the dissection
results of deadly newborn mice showed that the breakdown
of pleuroperitoneal membrane led to abdominal organs into
the chest. Finally, tissue staining technology and microscope
examination demonstrated that the deficiency of elastin and
collagen cross-linkages in arteries and other important tissues
in newborn mice lacking LOX gene resulted in weak tissue
elasticity and poor mechanical strength, which make numerous
tissues and organs fail in resisting external pressures (17). In a
mouse model of skin wound healing, Szauter ez al (18) found that
the mRNA expression of LOX in skin tissues increased gradu-
ally in the early stage of wound healing, using PCR technology.
Cai et al (19) reported the same conclusion and they identified
that LOX could promote tendon regeneration, ligament healing
and cartilage reconstruction. It is inferred that LOX could
contribute to ECM remodeling and tissue repair through the
promotion of the collagen and elastin cross-linkages (20).

The results of the present study showed that the positive
rate of LOX expression in NP cells negatively associated with
Pfirrmann grades and age. The protein and mRNA expression
of LOX from NPs in the control group were significantly higher
than that in the observed group. In addition, with increasing
IVD degeneration, there was a decreasing tendency towards
the expression of LOX, the collagen and elastin cross-linkages,
the components of ECM, but the fiber components were hyper-
plasia. When it comes to the NP, its hydration, tissue elasticity,
mechanical strength and the ability of dispersing and relieving
mechanical load were decreasing, but the hardness was
increasing. With the gradual loss of the IVD height, the longi-
tudinal or transverse pressures from the spine were mainly
distributed in the surrounding annulus fibrosus (AF), which

contributed to radial and annular tear of AF, the herniation
of NP, and finally the compression of spinal cord nerve (21).
Additionally, the decreases of LOX content also affected the
regeneration and remodeling of ECM. When NP could not be
repaired timely and effectively due to chemical or mechanical
damages, the process of degeneration of herniated NP was
accelerating. Hence, it can be deduced that the decreased
expression of LOX might be the one of important factors in
the IVD degeneration.

There are certain limitations to the current study; the
molecular biology and the mechanism of LOX's role in IVD
degeneration were not explored, which need to be further
investigated. Furthermore, due to the small sample size of the
present study, larger clinical trials are needed to verify the
association between the expression of LOX in NP and age. As
the incidence of disc degeneration increases with the increase
of age, most of the patients with older fracture are accompa-
nied by different degrees of disc degeneration, which does not
meet our inclusion criteria. Therefore, in the present study, the
age of patients included in the normal group was younger than
that in the degenerative group. Although there were significant
differences in the age of the patients included in each group,
the difference in age did not affect the present conclusions,
thus statistical tests for age were not performed. Given that
LOX is important in the inflammatory phase, the increase of
the LOX following skin injury has been documented (10,22).
Consequently, incorporating patients with spinal trauma into
the control group in our research could potentially affect the
results of LOX detection, representing a limitation of the
present study; the control group consisted of 4 young patients
with the need of surgically removing the IVD due to lumbar
vertebra fracture caused by sudden trauma. Patients in the
control group had no history of low back pain and spinal canal
surgery and had pathological reports after operation showing
normal IVD. This method has also been reported (23).

In conclusion, the aforementioned results suggested that
the expression of LOX was closely associated with generation
of herniated NP and the decreases of LOX content might be
a key factor in the IVD degeneration. The attempt to increase
the expression level of LOX in NP or inhibit the decrease of
LOX content provides new ideas and methods for delaying and
treating the IVD degeneration.
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