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Abstract

Although painkillers could alleviate some of the symptoms, there are no drugs that
really cope with the intervertebral disc degeneration (IDD) at present, so it is urgent
to find a cure that could prevent or reverse the progression of IDD. During the devel-
opment of IDD, the cartilaginous end plates (EPs) become hypertrophic and porous
by the increase of osteoclast activities, which hinder the penetration of nutrition. The
compositional and structural degeneration of the EP may cause both nutritional as
well as mechanical impairment to the nucleus pulposus (NP) so that developing drugs
that target the degenerating EP may be another option in addition to targeting the
NP. In the lumbar spine instability mouse model, we found increased porosity in the
cartilaginous EP, accompanied by the decrease in total intervertebral disc volume.
Panax notoginseng saponins (PNS), a traditional Chinese patent drug with anti-
osteoclastogenesis effect, could alleviate IDD by inhibiting aberrant osteoclast acti-
vation in the porous EP. Further in vitro experiment validated that PNS inhibit the
receptor activator of nuclear factor kappa-B ligand-induced osteoclast differentia-
tion, while the transcriptional activation of PAX6 may be involved in the mechanism,
which had been defined as an inhibitory transcription factor in osteoclastogenesis.

These findings may provide a novel therapeutic strategy for IDD.

KEYWORDS
anti-osteoclastogenesis, end plate sclerosis, intervertebral disc degeneration, lumbar spine
instability, Panax notoginseng saponins

1 | INTRODUCTION

Low back pain (LBP) is a common musculoskeletal disorder around the
world, occurring in all ages from children to the elderly.* The number
of disabled due to LBP increased by 54% from 1990 to 2015, and the
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global prevalence of activity-limiting LBP reached 7.3% in 2015,
imposing a huge social and economic burden worldwide.? The patho-
genesis of LBP is complicated, and the intervertebral disc degenera-

tion (IDD) is the primary pathological mechanism,?

accounting for
approximately 40% of all LBP cases.*

The nucleus pulposus (NP) of the intervertebral disc (IVD) is avas-
cular throughout life, and its nutritional supply rely on the diffusion
from the bony end plates (EPs) vascular network or blood vessels in
the outer annulus fibrosis (AF).>® The cartilaginous EP acts as a semi-
permeable barrier to control the exchange of nutrients or metabolic
waste between the NP and the bony EP, which makes it very difficult
for macromolecular drugs to diffuse into NP.” Besides, the axial
pressure from vertebral body is first transmitted to the EP and then
to the NP.8 Therefore, the compositional and structural degenera-
tion of the EP may cause both nutritional as well as mechanical
impairment to the NP. Although, in most studies, the deterioration
of NP tissue architectures were considered as the beginning and

core issue of IDD,%°

our previous study found that degenerative
changes in the EP may occur earlier than the NP, which could
be quantified by T2 mapping, a special quantitative magnetic
resonance imaging (MRI) sequence.!? Thus, developing drugs that
target the degenerating EP may be another option in addition to
the strategy of targeting the NP.

The aberrant stress distribution caused by spine instability is one
of the initial factor of IDD. The aberrant mechanical loading leads to
lesions and inflammation within the EP, which could be described
as modic changes in MRI imaging clinically.!? If the inflammatory
irritation persists, released cytokines and osteoclastic factors such
as tumor necrosis factor alpha, interleukin 6, macrophage colony-
stimulating factor, and receptor activator of nuclear factor kappa-B
ligand (RANKL) could cause osteoclast activation and high bone turn-
over in the EP.23 In a mouse lumber spine instability (LSI) model
established by resection of partial posterior ligamentous complex, the
abnormal bone remodeling results in increased porosity of the EP,
which could be historically characterized by the surrounding tartrate-
resistant acid phosphatase (TRAP*) osteoclasts.'* The porosity in the
EP could subsequently exacerbate stress anomaly and nutrient diffu-
sion disorder of the NP> and finally accelerate the whole IDD.
Besides, a previous study has showed that osteoclasts within the
porous EP induce sensory innervation by secreting Netrin-1, which
mediates PGE2-induced spinal hypersensitivity and LBP in mice.'®
Thus, the activation of osteoclasts in the EP is a key part of the patho-
genesis of IDD. Therefore, we speculate that the use of anti-
osteoclastogenesis drugs targeting the degenerated EP may reduce
the EP porosity and alleviate IDD.

Panax notoginseng (Burk) F. H. Chen, a widely used traditional
Chinese medicine, has been evaluated with various pharmacological

1819 anti-oxidation,2° and inhibi-

values,'” such as anti-inflammatory,
tion of platelet aggregation, 2! whose main active ingredient is Panax
notoginseng saponins (PNS). By using high-performance liquid chro-
matography and spectrophotometry, Ginsenosides Ra3, Rg1, Rb1, and
Rd and notoginsenoside R1 were determined as main ingredients of

the total saponins of Panax notoginseng.?? After oral administration

of PNS in rat, blood drug concentration of ginsenosides Ra3, Rb1, and
Rd was significantly higher than other compounds.2® Several studies
had showed that PNS exert anti-osteoporosis effect in radiation-
induced and ovariectomy-induced osteoporotic mice by dual action:
stimulation of bone formation and inhibition of bone resorption.?42>
Another study found that n-Butanol extracts of Panax notoginseng,
which contained 24.1% ginsenoside Rb1 and 8.4% notoginsenoside
R1, inhibited osteoclastogenesis in LPS-activated RAW264.7 cells by
suppressing MAPK signaling pathway.2® However, whether PNS could
play a positive role in IDD remain unknown. In this study, we investi-
gated whether PNS could prevent the loss of IVD volume in an LSI
mouse model. And we hypothesized that PNS may reduce the EP
porosity by inhibiting the osteoclastic activities and therefore attenu-
ate IDD.

2 | MATERIALS AND METHODS

21 | Materials

PNS, the total saponins of Panax notoginseng, were purchased from
KPC Xuesaitong Pharmaceutical Co. Ltd. (China); C57BL/6J mice were
purchased from SPF Biotechnology Co. Ltd. (China); Raw 264.7 cells
were purchased from ATCC (USA). Recombinant mouse TRANCE/
RANKL/TNFSF11 (462-TEC) was purchased from R&D Co. Ltd.
(USA); TRAP Staining Kit (294-67001) was purchased from Wako
Co. Ltd. (Japan); culture and cytotoxicity assay (CCK-8) Cell Counting
Kit (A311) was purchased from Vazyme Co. Ltd. (China); HiScript llI
First Strand cDNA Synthesis Kit (R312) was purchased from Vazyme
Co. Ltd. (China); ChamQ SYBR gPCR Master Mix (Q311) was pur-
chased from Vazyme Co. Ltd. (China); PAX6 antibody (#60433) was
purchased from Cell Signaling Technology, Inc. (USA); Poly-HRP sec-
ondary antibody (PR30009) was purchased from Proteintech Group,
Inc. (USA); DAB (ZLI-9017) was purchased from ZSGB-BIO Co. Ltd.
(China).

2.2 | LSI model and PNS treatment

The animal study was approved by the Institutional Review Board and
Animal Care Committee of Guangzhou Huateng Bio-medical Technol-
ogy Co., Ltd (Approval Number: HTSW201014), and the samples were
further analyzed in the First Affiliated Hospital of Sun Yat-sen Univer-
sity. Thirty 12-week-old female C57BL/6J mice were housed in indi-
vidual ventilated cages under controlled conditions (temperature,
20-26°C; humidity, 40%-70%) for a 12-hour light-dark cycle and were
allowed free access to water and food. After 1-week adaptation
period, 30 mice were randomly divided into five equal groups (six in
one cage): (1) Sham operation group, (2) LSI mouse model, (3) LSI
+ low dose (40 mg/kg/d) PNS, (4) LSI 4 middle dose (80 mg/kg/d)
PNS, and (5) LSI + high dose (160 mg/kg/d) PNS. LSI and sham opera-
tion were performed under pentobarbital sodium (90 mg/kg, ip) anes-

thesia. In each mouse, a longitudinal incision was made in the middle
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of the back. While sham operation group was only detached the pos-
terior paravertebral muscles from the lumbar second to fifth vertebrae
(L3-L5) vertebrae, classical LS| model was established by resecting
partial spinous process, the spinous, supraspinous, and interspinous
ligaments from the L3-L5 vertebrae (Figure 1B).**

One week after the operation, mice in PNS-treated groups were
orally administered with different dosages for 8 weeks, while mice in
the sham group and the LSI group were also orally administered with
normal saline in the same volume (0.4 ml equally in each group)
according to in vivo experiment design (Figure 1A). In clinics, the rec-
ommended dose of PNS for human adults is 150-600 mg/d so that
the translation dosage for mice is approximately 30-120 mg/kg/d
according to the body surface area normalization method.?” In this
study, we applied 40 and 80 mg/kg/d as low and middle doses, which
were within the recommended dose range. And we also applied a high
dose of 160 mg/kg/d, which was a little higher than the rec-
ommended maximum dose (120 mg/kg/d) and had been reported in
previous study.?®

After 8-week PNS treatment, all mice were euthanized. PBS and
paraformaldehyde were perfused into the whole body through the
left ventricle. The lower thoracic, whole lumbar spine, and part of
sacrum from mice were dissected and stored at 4% paraformalde-
hyde at 4°C. For the next microcomputed tomography (micro-CT)
and histological analysis, IVDs from L2/L3, L3/L4, and L4/L5 in each
mice were used for examination. So that in each cohort, six mice
with 18 IVD samples were examined. Eight weeks after operation,

LS| lumbar spines exhibited narrower intervertebral space than sham
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control (Figure 1C), which indicates the IDD LS| mouse model was

established successfully.

2.3 | Micro-CT scanning and analysis

Each lumbar spine from mice was scanned using a desktop Micro-CT
SkyScan1275 (Bruker Micro CT, Belgium). The micro-CT scanner was
operated at a voltage of 49 kVp and a current of 200 pA to measure
the IVD and cartilage EP. And the spatial scanning resolution was set
at 6.8 pm per pixel for optimal image contrast. Coronal and sagittal
images of the L2-L5 IVD were used to reconstruct and process for
three-dimensional histomorphometric analyses of IVD and cartilage
EP through softwares NRecon and DataViewer (Bruker micro-CT,
Belgium). Three-dimensional model analyses of spine were carried
out using software CTvox (Bruker micro-CT, Belgium) while three-
dimensional image analyses of IVD and cartilage EP were recon-
structed with software CTAn (Bruker micro-CT, Belgium). To further
examine the degeneration of different regions, all IVDs (L2/3-L4/L5),
and adjacent upper (toward the head), lower (toward the tail) EPs
were divided into ventral (toward the abdomen), middle, and dorsal
(toward the back) sections for the analysis (Figure 1B,C). IVD volume
was defined by a free-drawing region of interest (ROIl) that cover the
whole invisible space between each lumber vertebrae. EP volume
was defined by a free-drawing ROI that was positioned over the visi-
ble bony plate close to the vertebral body, separated by the growth

plate. Then, the tissue volume (mm?&; TV) of IVD and the bone volume

(A) (B) LS|
Twelve-week-old female C57BL/6J mice — Week 0
n=30
Week 1
Sham operation LSI operation — ) )
n=6 h= 4 Surgical operation
Week 2
NS NS PNS-L PNS-M PNS-H — Oral gavage
n=6 n=6 n=6 n=6 n=6 for 8 weeks
Euthanize and sampling — Week 10 (C) Ventral Middle Dorsal Ventral Middle Dorsal

v v

Micro-CT analysis

Histological assessment

FIGURE 1

Lumbar spine instability (LSI) mouse model and in vivo experiment. (A) Protocol design for in vivo experiment. (B) Sagittal view of

micro-CT reconstructed volume blending image of lumbar spine. The spinous process and the adjacent soft tissues (yellow-dotted line area) were
resected in the LSI model. (C) Sagittal view of micro-CT reconstructed image of intervertebral disc (IVD) volume and adjacent end plates. All IVDs
(red area) and upper end plates and lower end plates (dotted area) were divided into ventral, middle, and dorsal sections for analysis, respectively.
Micro-CT, Microcomputed tomography; NS, normal saline; PNS, Panax notoginseng saponins; PNS-H, 160 mg/kg/d; PNS-L, 40 mg/kg/d PNS;

PNS-M, 80 mg/kg/d
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fraction (BV/TV; %) or porosity (1-BV/TV; %) of cartilage EP were cal-
culated by assigning a threshold content within 90 continuous slices
through software CTAn (Bruker micro-CT, Belgium), which was used
to analyze parameters to measure the IVD and cartilage EP. Finally,
three-dimensional models of volume of interest were reconstructed
with model visualization software CTVol (Bruker micro-CT, Belgium)
for morphologic measurements. The operators and researchers con-
ducting the micro-CT analysis were both blinded to the treatments

associated with samples.

24 | Histological assessment

After micro-CT analysis, all spine specimens were prefixed at 4% para-
formaldehyde for 48 hours, decalcified in 10% EDTA (pH 7.4) for
21 days at 4°C, dehydrated and embedded in paraffin; 4-pm-thick
coronal-oriented (longitudinally) sections of L2-L5 were processed.
Safranin O-Fast Green staining was performed for the analysis of IVD
microstructure. TRAP staining for sections of the lumbar of each
mouse was performed using a standard protocol to identify activated
osteoclasts (TRAP Staining Kit, Wako Co. Ltd., 294-67001).%% The
images were observed and captured by an image scanning microscope
(Leica, Germany). The TRAP" cells were obtained by counting the
number of positive staining cells in the cavities of the EP region. And
then, we applied a quantitative mouse IVD histopathological scoring
system to evaluate the IDD from Safranin O-Fast Green sections.?’
The scoring system analyzed 14 key histopathological features from
NP, AF, EP, and AF/NP/EP interface regions. The total score ranges
from O to 36, classifying normal (0-6), mild (7-13), moderate (14-25),
and severe IDD (26-35). Two blinded raters scored each image inde-
pendently, and average of the two raters was used for further analy-
sis. For immunochemistry, the sections were incubated at 4°C
overnight with primary antibodies anti-PAX6 (#60433, Cell Signaling
Technology, 1:200); the Poly-HRP secondary antibodies (PR30009,
Proteintech Group) were added onto the sections for 1 hour at room

TABLE 1  Primer sequences used for real-time PCR
Forward primer Reverse primer sequence

Gene sequence (5'-3') (5'-3')

CTSK CTCGGCGTTTAATT TCGAGAGGGAGGTA
TGGGAGA TTCTGAGT

MMP9 GCAGAGGCATACTT TGATGTTATGATGG
GTACCG TCCCACTTG

NFATC1 GGAGAGTCCGAGAA TTGCAGCTAGGAAG
TCGAGAT TACGTCT

PAX6 CTTCAGTACCAGGG TGGCCCTTCGATTAGAAA
CAACCC ACCA

GAPDH GCTCACTGGCATGG GTGGGCCATGAGGT
CCTTCCG CCACCAC

Abbreviations: CTSK, Cathepsin K; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; MMP9, matrix metallopeptidase 9; NFATC1, nuclear
factor of activated T cells 1; PAX6, paired box protein; PCR, polymerase
chain reaction.

temperature; slides were stained with DAB (ZLI-9017, Origene) and

then counterstained with hematoxylin (Sigma-Aldrich).

2.5 | Invitro osteoclast CCK8

Raw264.7 were monocyte/macrophage-derived cells, obtained from
ATCC. Cells were cultured in Dulbecco's modified Eagle medium (high glu-
cose formulation) containing 10% fetal bovine serum and 1% penicillin/
streptomycin and then stay in a humidified environment of 5% carbon
dioxide, 21% oxygen, and 37°C environment. Cells were seeded in a
96-well plate at a density of 5 x 10° cells/well in 100 pl of culture
medium in an incubator at 37°C. After 24 hours, the culture medium was
refreshed with different concentration of PNS (0, 0.1, 0.2, 0.4, 0.8, and
1.6 mg/ml), referring to previous studies.2*3%%1 |n the next 24, 48, and
72 hours, 10 pl of CCK8 solution was added to each well using a repeat-
ing pipettor. After Incubating for 2 hours in the incubator, the absorbance
of each well was measured at 450 nm using a microplate reader (BioTek).

2.6 | Invitro osteoclast differentiation and real-
time quantitative polymerase chain reaction (RT-
gPCR) Assays

Raw264.7 cells were seeded in six-well plates (1 x 10° cells/well) for
24 hours and then were stimulated with 50 ng/ml RANKL for 7 days
to induce osteoclastogenesis. To verify inhibitory effect of PNS on
osteoclastogenesis, cells in six-well plates were treated with or with-
out PNS (0.4 mg/ml) and were divided into three groups: (1) Blank
control group, (2) RANKL group, and (3) RANKL + PNS (0.4 mg/ml)
group. The medium was refreshed every 2 days, and after 7-day
induction, the total RNA was extracted using TRIzol reagent, and

HiScript Il First Strand cDNA Synthesis Kit was used for reverse

#H
*
26 1
-~ Sham #
2 24+ = LS| *
) -+ LSI+PNS-L
£ 221 —+ LSI+PNS-M
2 —~ LSI+PNS-H
Q 20
m
18 I I I 1 1 I 1 1 I I I
01 2 3 45 6 7 8 9 10
|
Operation Daily PNS gavage
Weeks
FIGURE 2 Body weight of mice in vivo experiment. Significance

was determined using repeated measures one-way analysis of
variance with post hoc Tukey honestly significant difference test. LSI,
Lumber spine instability; PNS, Panax notoginseng saponins; PNS-H,
160 mg/kg/d; PNS-L, 40 mg/kg/d PNS; PNS-M, 80 mg/kg/d. Body
weight of 10 weeks vs O week, ##P < .01; *P < .05
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transcription to generate cDNA. cDNA was used as a template for dehydrogenase was used as the internal reference. Relative mRNA
RT-gPCR analysis using the ChamQ SYBR qPCR Master Mix according expression of target genes was calculated using the 2722t method.
to manufacturer's protocols, and glyceraldehyde 3-phosphate The primer sequences used are shown in Table 1.
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FIGURE 3 PNS increased lumbar intervertebral disc volume and reduced lower end plate porosity. (A) Representative view of reconstructive
intervertebral disc (IVD) volume showed PNS increased IVD volume (red area) in LS| mouse model. White dotted line separates intervertebral disc
and adjacent end plates into three equal section, dorsal, middle, and ventral, respectively, for analysis. (B) Coronal view of 3D reconstructed image
of adjacent lower middle end plates showed PNS reduced lower end plate porosity in LS| mouse model. (C) PNS, especially PNS-M increased IVD
volume in LSI mouse model. (D) PNS-M reduced end plate porosity in LS| mouse model. D, Dorsal; EP, end plate; LS|, lumbar spine instability; ns,
no significance; PNS, Panax notoginseng saponins; PNSH, 160 mg/kg/d; PNS-L, 40 mg/kg/d PNS; PNS-M, 80 mg/kg/d; V, ventral. Significance
was determined using one-way analysis of variance with post hoc Tukey honestly significant difference test. LSl and PNS-treated groups vs sham,
*P < .05; **P < .01; ***P < .001; ****P < .0001. PNS-treated groups vs LS|, #P < .05; ##P < 0.01; ###P < .001; ####P < .0001
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2.7 | Statistic

All data analyses were performed using Prism software (Version 9.1.0).
Data are presented as means + standard deviations. For comparisons
between five groups' quantitative data, we used one-way analysis
of variance with post hoc Tukey honestly significant difference test after
the evaluation of normal distribution and homogeneity of variance. For
comparisons between five groups' qualitative data, we used y? (and Fish-
er's exact) tests. For all experiments, P < .05 was considered to be signifi-
cant. All inclusion/exclusion criteria were preestablished, and no samples
or animals were excluded from the analysis. No statistical method was
used to predetermine the sample size. The experiments were randomized,
and the investigators were blinded to allocation during experiments and

outcome assessment. The same sample was not measured repeatedly.

3 | RESULTS

3.1 | PNS treatment attenuates IVD volume loss
and reduces the EP porosity in LSI model

In this study, we first examine whether PNS treatment can alleviate

or postpone lumbar spine, especially EP and IDD in vivo by using

(A) Sham (B) LSl

(C) LS|+ PNS-L (D)

an LSl mouse model. As the procedure aforementioned, all animals
underwent satisfactory anesthesia, proper surgical handling, and
hematischesis during operation to ensure postoperative recovery,
no wound infection and death were observed throughout the
in vivo experiment. There's no significant difference in mice's
behavior and activities compared with those before operation. All
mice showed a consistent, slightly increasing body weight
during the observed period (Figure 2). However, mice in sham
and LS| group gained significantly increased body weight than
those in the PNS-treated groups after housing for 10 weeks. We
inferred that daily gavage of PNS may have a negative impact on
the appetite of mice, resulting in less significant body weight gain
than those in PBS-treated groups. However, no significant
body weight difference is observed between groups at every time
points in this study.

Progressively more porous EPs with narrowed IVD space are
major characteristics of IDD.323% Analysis of LS| EPs by micro-CT
scanning showed decreased IVD volume and height of inter-
vertebral space as well as increased EP porosity in comparison with
sham-control 9 weeks after operation (Figure 3A,B). After oral
administration of PNS for 8 weeks, LS| lumbar spines showed gen-
erally higher IVD volume and intervertebral space than LSI-

operated control. Importantly, PNS-M (80 mg/kg/d) group showed

LSI + PNS-M

Histopathological assessment Histopathological assessment
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FIGURE 4 PNS inhibits lumbar intervertebral disc and end plate degeneration. Coronal sections of IVD and end plate stained by Safranin O/Fast
Green in sham group (A), LSI group (B), LSI + PNS-L group (C), LSI + PNS-M group (D), and LSI + PNS-H group (E), red indicates proteoglycan, green/
blue stains calcified cavities. (F-H) Combined IVD score, EP score, and NP score of each group. Scale bar in A-E represents 500 um (upper image) and
100 pm (lower image), respectively. Quantitative measurements represent mean + SD. Significance was determined using one-way analysis of variance
with post hoc Tukey honestly significant difference test. EP, End plate; IVD, intervertebral disc; LSI, lumbar spine instability; NP, nucleus pulposus; PNS,
Panax notoginseng saponins; PNS-H: 160 mg/kg/d; PNS-L: 40 mg/kg/d PNS; PNS-M: 80 mg/kg/d. LS| and PNS-treated groups vs sham, *P < .05; **P
<.01; ***P < .001; ****P < .0001. PNS-treated groups vs LS|, #P < .05; ##P < .01; ###P < .001; ####P < .0001
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FIGURE 5 PNS inhibits osteoclast activity in LS| lower end plates. Coronal sections stained by TRAP of end plate in sham animals
(A), LSl animals (B), LSl + PNS-L animals (C), LSl + PNS-M animals (D), and LSI + PNS-H animals (E). Violet represents TRAP

staining positive. (F) Counting of TRAP (+) staining cells (black arrow). Scale bar in A-E represents 500 pm (upper image) and 100 pm
(lower image), respectively. Quantitative measurements represent mean + SD. Significance was determined using one-way analysis of
variance with post hoc Tukey honestly significant difference test. EP, End plate; LSI, lumbar spine instability; PNS, Panax

notoginseng saponins; PNS-H: 160 mg/kg/d; PNS-L, 40 mg/kg/d PNS; PNS-M, 80 mg/kg/d; TRAP, tartrate-resistant acid phosphatase.

***P <.001; ****P <.0001

significantly higher total IVD volume and lower EP porosity rate
than LSI group, similar to those of the sham-control (Figure 3C,D).
In addition, PNS-M showed effective decrease only in lower middle
and dorsal EP porosity but not in lower ventral EP. However, no sig-
nificant difference was found in upper EP between each group
(data not shown). Meanwhile, the effect of PNS on LS| degenerative
spine wasn't entirely dose dependent, low dose (40 mg/kg/d)
showed mild effect on IVD and lower EP recovery without signifi-
cance, while high dose (160 mg/kg/d) had no effect on both. Thus,
PNS with appropriate dose (80 mg/kg/d) plays a preventive role in
IVD volume decrease and EP porosity increase in LSI mouse. All the
statistical parameters of IVD volume and EP porosity rate of each
cohort could be found in Tables S1 and S2.

3.2 | PNS delay IDD by inhibiting aberrant
osteoclast activation in sclerotic EP

The LSI mouse model develops lumbar IDD by increasing porosity and
hypertrophy in EPs at an early stage, decreasing IVD volume, shrink-
age in NP at later period.** Our micro-CT analysis has indicated recov-
ery of microstructure in EP and IVD volume in PNS-M group. Thus, to
further examine the effect of PNS on LS| model, we mainly focused
on pathological changes in L2/3-L4/5 IVDs and adjacent lower EPs.
Safranin-O/Fast Green staining of coronal sections of LSI and LSI
+ PNS IVD and EP evidenced disc degeneration of varying severity in
control. NP

was characterized by increased matrix fibrosis, less NP cells, and

comparison  with  sham tissue  degeneration
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FIGURE 6 PNS inhibits osteoclastogenesis in vitro. (A) Cytotoxicity assay of PNS against RAW264.7 at different concentrations.

(B) Quantitative analysis of the expression of Cathepsin K (CTSK), matrix metallopeptidase 9 (MMP9), nuclear factor of activated T cells

1 (NFATC1), and paired box protein (PAX6) in RAW264.9 at Day 7 determined by qRT-PCR. (C) Immunohistochemistry staining of PAX6 (black
arrow) in IVD sections. Scale bar in A-E represents 500 pm (upper image) and 100 um (lower image), respectively. Quantitative measurements
represent mean + SD. Significance was determined using one-way analysis of variance with post hoc Tukey honestly significant difference test;
CCKS8, Culture and cytotoxicity assay; LSI, lumbar spine instability; ns, not significant; PNS, Panax notoginseng saponins at 0.4 mg/ml; PNS-H,
160 mg/kg/d; PNS-L, 40 mg/kg/d PNS; PNS-M, 80 mg/kg/d; qRT-PCR, real-time quantitative polymerase chain reaction; RANKL, receptor
activator of nuclear factor kappa-B ligand at 50 ng/ml. **P < .01; ***P < .001; ****P < .0001

rearrangement of cells into a honeycomb-like pattern (Figure 4B,C,E).
Discs with degeneration showed loss of Safranin-O and less NP cells
in the narrower NP compartment, suggesting fibrosis of the matrix
and loss of proteoglycan. In addition, a demarcation between normal
cartilage EP (CEP) and growth plate (GP) was evident with clear ossifi-
cation of CEP stained by fast green as well as porous bone marrow

cavity (Figure 4B-E). Although LSI model developed more calcification

in the lower EP, with oral administration of PNS, especially with
medium dose (PNS-M, 80 mg/kg/d), porosity of the EP and formation
of bone marrow cavities in sclerotic EP were reduced significantly
(Figure 4B-E). In line with a quantitative mouse VD histopathological
scoring system previously described to evaluate the whole degenera-
tive IVD,%’ we scored the NP, AF, EP, and AF/NP/EP boundary
regions in every single IVD of each group. The combined IVD score
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showed that all of the LSI operation groups had a significant higher
score than the sham operation group, while the PNS-M-treated group
scored slightly lower than the LSI group (Figure 4F). Specifically,
PNS-M treatment had lower EP and NP score than LS| group but
showed no difference in AF and boundary regions (Figure 4G-H and
Table S3). Taken together, PNS-M treatment reduced cavities in scle-
rotic EP and attenuated the degeneration of the whole IVD, especially
in the NP and EP regions.

The formation of cavities in degenerative EP and sensory nerve
innervation are closely related to the activation of osteoclasts by spi-
nal instability.**34 PNS were proved capable of suppressing osteoclast
turnover and bone resorption in vivo.243> We sought to demonstrate
whether PNS inhibit the cavity formation in sclerotic EP by affecting
osteoclast activity and bone resorption. Coronal sections of instable
spines showed that aberrant osteoclast activity of bone resorption
in the sclerotic EP inner cavity wall was significantly higher than
that in the sham control (Figure 5A,B). Medium-dose PNS (PNS-M,
80 mg/kg/d) also evidently inhibited activation of osteoclast
(Figure 5D), which was confirmed by TRAP (+) cell counting (Figure 5F),
in consistence with less porosity and bone marrow cavities in the scle-
rotic EPs. Low (40 mg/kg/d) and high (160 mg/kg/d) dose did not show
any improvements. These results verified the suppression of osteoclast
activity is the key process for PNS to delay the degeneration of the
sclerotic EP.

3.3 | PNS suppress osteoclastogenesis in vitro
Previous studies showed that PNS exert anti-osteoclastogenesis
effect in LPS-induced RAW264.7 cells in vitro; however, its
potential mechanism has not been revealed. We first evaluated
the optimized concentration of PNS in vitro against RAW264.7
cells. CCK8 cytotoxicity assays indicated coculture with PNS
alone at concentrations of 1.6 mg/ml or lower for 24 hours did
not affect RAW264.7 cell viability, but the viability decreased at a
concentration of 0.8 mg/ml at 48 hours (Figure 6A) or more. Thus,
we used 0.4 mg/ml as the optimal concentration. We further
observed the effect of PNS on the expression of osteoclastogenic
marker genes, including Cathepsin K, matrix metallopeptidase
9, nuclear factor of activated T cells 1 (NFATC1), and paired box
protein, in RAW264.7 after cocultured with or without RANKL or
RANKL+PNS using qRT-PCR (Figure 6B). Matrix degradation-
related genes, including CTSK, MMP9, and well-known osteoclasto-
genic transcription factor NFATC1 were all significantly lower in
RANKL coculture with 0.4 mg/ml PNS than those with RANKL alone,
which demonstrated osteoclastogenesis was inhibited by PNS in vitro.
Surprisingly, the recently known anti-osteoclastogenic transcription
factor PAX6 was over 3-fold higher in RANKL+PNS than RANKL
alone, suggesting PAX6 plays an essential role in PNS' anti-
osteoclastogenic effect. Immunochemistry of PAX6 in the IVD sec-
tions also showed PNS treatment increased PAX6 expression in the
cavities of the EPs while no differences were observed in NP and
AF cells (Figure 6C).
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4 | DISCUSSION

Currently, there are no drugs that cope with the IDD in the clinic, and
the ultimate solution for IDD patients is spinal fusion, so it is urgent
to find a cure that could delay or reverse the progression of IDD. Dur-
ing the development of IDD, aberrant bone remodeling emerges in
the EP, resulting in abnormal mechanical stress and nutritional distur-
bance of the NP. In the LS| model, TRAP" osteoclasts appear in the
cavities within the degenerate EP, which could lead to sensory inner-
vation in porous EPs by secreting Netrin-1, one of the axon-guidance
molecules.?” Therefore, inhibiting the aberrant osteoclasts activities
within the EP may be an effective way to treat IDD.

In this study, 8 weeks after the LSI surgery, mice showed signifi-
cant reduction in IVD volume, accompanied by obvious porosity in
the cartilage EP. While most studies do not analyze the upper and
lower EP separately, we observed that the degenerate porosity
changes only occurred in the lower EP between the LSI group and
sham operation group, particularly in the lower middle EP and lower
dorsal EP. Interestingly, our previous study in rhesus monkeys found
that lower EP degeneration was positively associated with NP degen-
eration, especially in the lower middle EP.1> These may explain why
the lower EP is more vulnerable than upper EP, which has been con-
firmed by several studies.>®” In our LS| model, the posterior ligamen-
tous complex and spinous process were removed, so the axial stress
would be more concentrated on the lower middle and dorsal EP,
which explains why the lower ventral EP did not develop degenerate
changes. After the LS| surgery, we applied PNS, a drug with anti-
osteoclastic activity for preventive therapy. It showed that medium
doses of PNS (80 mg/kg/d) were effective in reducing the porosity
rate and osteoclasts count in the lower EP and restoring IVD volume.
The lack of therapeutic effect at low doses (40 mg/kg/d) may be due
to the low blood concentration reaching the EP while the lack of ther-
apeutic effect at high-dose PNS (160 mg/kg/d) may be due to the
cytotoxicity at high blood concentration, which had been confirmed in
our previous study that high-dose PNS intake could impair liver and
kidney function to some extent.? It is also possible that the high dose
of PNS caused toxicity to the NP cells, but the present study failed to
test whether the effective constituent of PNS could penetrate
through the cartilage EP to reach the NP, which is a major limitation
of this paper. In addition, it is important to note that we only applied
female mice in this study mainly to reduce the animal individual differ-
ence. Although it's still unclear whether gender has an effect on disc
degeneration,®®%? the findings of this study are currently limited for
females.

Another limitation comes from the animal model. Although previ-
ous study had considered mouse lumbar IVD as the animal model
most geometrically similar to the human IVD,*® no animal model can
perfectly simulate the IDD because of the inherent complexity of the
human IVD. The notochordal cells in human are completely absent
from the NP by early adulthood, but in mice, they persist throughout
life.** Besides, human IVDs bear much more mechanical forces than
quadrupedal animal due to the upright posture; thus, whether the

PNS treatment could work in human require more evidence from
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bipedal primates animal (eg, rhesus monkey) experiments and clinical
trials.

PNS is the major component of Xuesaitong, a very widely used
Chinese patent medicine, whose mainly pharmacological effect is
improving microcirculation. Besides, several studies including our pre-
vious study had proved its function in anti-osteoporosis,2*?>3> but no
studies have investigated its function in IDD. The present study dem-
onstrated for the first time that appropriate doses of PNS can effec-
tively inhibit EP degeneration and attenuate the decline of IVD
volume. However, because there was only one observation time point
in our experiment, it's still unclear whether the effects seen are restor-
ative or preventative, and further in vivo study based on middle and
later stage of IDD model is required.

Our in vitro study revealed that PNS effectively inhibited RANKL-
induced osteoclastic activation and had a boost effect on the expres-
sion of transcription factor PAX6. Previous studies have shown that
overexpression of PAX6 in osteoclast precursor cells significantly
inhibited osteoclastogenesis by selectively inhibiting the p38/MAPK
signaling pathway,*? so the inhibitory effect of PNS on osteoclast for-
mation may be mediated by specific activation of PAX6 and the inhibi-
tion of p38/MAPK signaling pathway. However, there are still many
questions that need to be further addressed in future studies. For
example, the total saponins of Panax notoginseng mainly include
ginsenosides Ra3, Rgl, Rb1, Rd, and notoginsenoside R1, and which
specific component of PNS plays a major role in inhibiting the osteo-
clasts activities? Besides, which receptor on the osteoclast and what
intracellular signaling pathway are responsible for mediating the acti-
vation of PAX6? In addition, does the active component have access
to the NP in addition to acting in the EP? We believe that future stud-
ies will further explain these remaining questions and provide more
molecular evidence for the clinical application of PNS in treating IDD
as well as LBP.

5 | CONCLUSION

In summary, we demonstrated that appropriate dose of PNS inhibited
the formation of cavities in sclerotic EP, increased VD volume, and
attenuated the degeneration of NP, EP, as well as the whole IVD.
Moreover, the inhibition of overactive osteoclast within sclerotic EP
may be a key process for PNS to prevent EP porositization, which
requires more mechanistic investigation in the future. These findings

may provide a potential novel therapeutic strategy for IDD.
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