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Background: Intervertebral disc degeneration (IDD) is a major cause of lower back pain (LBP), in which inflammatory is frequently 
involved. Amygdalin (AMD) is a naturally occurring compound that exerts anti-fibrotic, anti-inflammatory, analgesic, and immuno
modulatory effects in various diseases. The purpose of this study was to investigate the therapeutic effects and molecular mechanisms 
of AMD on Lumbar spine instability (LSI)-induced IDD in mice.
Methods: In this study, we first explored the effects of AMD in vivo, and then further explored the mechanism of its effects both 
in vivo and in vitro. Ten-week-old male C57BL/6J mice were administrated with AMD. At 10 weeks after LSI, spinal were collected 
for tissue analyses, including histology, micro-CT, and immunohistochemistry for Col2, Mmp-13, TNF-α, and p-P65. Additionally, we 
also evaluated the mRNA and protein expression level of p-P65 and p-IKBα after being treated with AMD in vitro.
Results: Histological staining, micro-CT and immunohistochemical analysis showed that AMD treatment significantly inhibited the 
expression of TNF-α and Mmp-13, increased the expression of Col2 as well as attenuated the calcification of cartilage endplates, 
eventually to delayed the progression of IDD. Meanwhile, in vivo and in vitro fluorescence imaging revealed that AMD markedly 
inhibited the AMD significantly inhibited the LSI-induced increase in TNF-α expression and P65and IKBα phosphorylation.
Discussion: Our findings suggest that AMD partly inhibits the activation of NF-κB signaling pathway to reduce the release of 
inflammatory mediators and delay the degeneration of cartilage endplate in IDD model mice. Therefore, AMD may be a potential 
candidate for the treatment of IDD.
Keywords: intervertebral disc degeneration, amygdalin, cartilage endplate, inflammatory processes, NF-κB pathway

Introduction
Low back pain (LBP) is one of the common orthopaedic diseases in daily life, and its prevalence is increasing with age, 
and it is also related to excessive exercise.1,2 This not only affects people’s quality of life but also increases the burden of 
social medical resources.3 As research has found, disc degeneration is closely linked to LBP and is one of the main 
causes of LBP.4 However, the exact mechanism of Intervertebral disc degeneration (IDD) has not yet been elucidated.5 

The intervertebral disc (IVD) is a fibrocartilaginous disc between two adjacent pyramids, consisting of the nucleus 
pulposus (NP), the annulus fibrosus (AF), and the upper and lower cartilage endplates (CEP). Modern studies have found 
that IDD is mainly manifested in the reduction of the number of NP cells, abnormal ECM metabolism, reduction of type 
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II collagen, and calcification and death of endplate chondrocytes, etc.6 Nowadays, the therapeutic strategies to treat IVD 
degeneration and assuage IDD-related pain include conservative treatments, such as anti-inflammatory drugs. When these 
treatments prove themselves inefficient, radical surgical interventions (eg disc removal and spinal fusion) are considered. 
These changes are closely related to the inflammatory response mediated by cellular inflammatory factors. Inflammation 
not only reduces the synthesis of extracellular matrix such as proteoglycans and type II collagen but also promotes the 
expression of matrix metalloproteinases (MMPs), which further reduces the biological properties of cartilage endplates 
and eventually leads to IDD.7–9 For example, administration of Chlorogenic Acid (CGA) mitigated cartilaginous endplate 
degeneration and postponed IDD development accompanying a decrease of inflammatory and catabolic mediators.10

The Nuclear Factor-κB (NF-κB) transcription factor has long-term been considered as a causative factor of IDD, NF- 
κB signaling is very important for maintenance of IVD homeostasis.11,12 In the process of IDD, multiple factors 
(inflammation, oxidative stress, mechanical loading, etc.) activating NF-κB signaling induce the expression of matrix 
degrading enzymes, thus accelerating the catabolism of ECM.13,14 Activation of the NF-κB signaling pathway can 
increase the expression levels of many inflammatory mediators and chemokines, creating a vicious cycle and further 
accelerating the progression of IDD.15 It has been shown that knockdown by injection of specific NF-κB p65 siRNA in 
an NP degeneration model reduces degeneration of NP caused by injury.16 However, the effect of NF-κB signaling on 
cartilage endplates is unclear.

Amygdalin (AMD), also known as vitamin B17, is one of the main pharmacological components in almonds and is 
widely distributed in the seeds of Rosaceae plants such as peach, plum, apple, and bayberry.17,18 The pharmacological 
activities of AMD have been well documented over the years, including anti-fibrotic, anti-inflammatory, analgesic, and 
immunomodulatory.19–22 More importantly, AMD exerts anti-inflammatory effects by inhibiting the expression of 
inflammatory factors and regulating NF-κB signaling pathway.23,24 Likewise, AMD has been reported to inhibit LPS- 
induced TNF-α and IL-1β mRNA expression and alleviate carrageenan-induced arthritis in rats.21 Meantime, AMD could 
inhibit the degeneration of the endplate chondrocytes derived from intervertebral discs of rats induced by IL-1beta.25 

Therefore, the above findings suggest that AMD may exert a chondroprotective effect by inhibiting the inflammatory 
response.

Based on the above studies, we hypothesized that AMD could ameliorate inflammation-related chondrocyte patho
logical changes and serve as a potential drug therapy for IDD. In the present study, we evaluated the therapeutic effect of 
AMD in IDD and explored its potential mechanism of action through in vivo and in vitro experiments.

Materials and Methods
Animals
18 10-week-old male C57BL / 6J mice were provided by the Animal Center of Zhejiang University of Traditional 
Chinese Medicine (Hangzhou). NF-κB-GFP-luciferase (NGL) mice used for cellular localization of NF-κB activation 
and quantification were purchased from Jackson Laboratory (Bar Harbor, Maine, USA). All mice in this study were 
housed in the pathogen-free laboratory of Zhejiang University of Traditional Chinese Medicine Animal Center 
(Hangzhou), with 6 mice per cage, and had free access to clean food and water. All experiments were carried out 
after being approved by the Animal Experiment Ethics Committee of Zhejiang University of Traditional Chinese 
Medicine (Hangzhou) and complied with the guidelines of the Care and Use of Laboratory Animals (LZ12H27001).

Experimental Grouping and Administration
The experimental mice were randomly divided into a sham operation group (Sham), a Lumbar spine instability (LSI) 
model group (LSI), and an Amygdalin group (Amygdalin, CAS NO. 29883–15-6, purity ≥ 97.0%, Sigma, St. Louis, MO, 
USA). Six mice were sampled 12 weeks after surgery. According to previous studies, a mouse model of lumbar 
instability was used to induce IDD in lumbar spine degeneration surgery.26,27 That is, mice anesthetized with sodium 
pentobarbital were placed in a prone position, and the supraspinous ligament, interspinous ligament, and spinous process 
between the second and sixth lumbar vertebrae were freed, the supraspinous ligament, interspinous ligament and spinous 
process between the third lumbar vertebrae to the fifth lumbar vertebrae were then removed with a machete. At the same 
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time, only the paraspinal muscle tissue was removed from the mice in the sham operation group, and the sampling time 
of the mice was the same as that of the mice in the operation group. Finally, the incision was closed with antibiotics to 
prevent infection, and the mice were returned to the cage. Mice in the amygdalin group received AMD (0.1 mg/kg) 
intraperitoneal injection from the 4th week after LSI, once a day for 8 weeks. The sham operation group and the model 
group were given the same amount of normal saline at the same time.

DigiGait Imaging System Analysis
The Gait of the mice in each group was recorded and analyzed with the DigiGait imaging system. Measurements were 
taken before surgical induction, 4 weeks, 8 weeks, and 12 weeks after surgery. Briefly, mice were run on a transparent 
conveyor belt at a fixed speed (18 cm/sec) while images were acquired with a high-speed camera from the abdomen. 
Animals ran for a maximum of 20 seconds per measurement, and 5-second segments (over 10 consecutive strides) were 
selected for analysis. Animals stopped on the track or ran back and forth as failed experiments. Meanwhile, the paw 
swing time, standing time, and contact area were used as reference items for previously reported models of intervertebral 
disc injury and paravertebral muscles for gait analysis.28,29

In vivo Fluorescence Imaging
First, the NF-κB Luciferase reporter mice were anesthetized with isoflurane, and then the luminescent agent D-luciferin 
(1.5 mg/10 g) dissolved in normal saline was injected intraperitoneally. According to previous studies, the peak taste 
signal is 10 minutes after D-luciferin injection.10,26 Whole body images were acquired using Living Image Software 
(Andor Newton, DZ436) with an exposure time of approximately 10 seconds. Three 10-week-old male mice per group.

Micro-Computed Tomography (μCT) Analysis
The spinal tissues from the thirteenth thoracic vertebra to the first sacral vertebra were collected from 12-week-old mice, 
and the muscle tissue around the spine was peeled off and fixed in 4% cell tissue fixative for three days. The fixed tissue 
samples were placed in the μCT mice bed along the sagittal direction for X-ray scanning. The scanning parameters are as 
follows: the scanning software SkyScan1176, the resolution is 8.73 μm, the voltage is 42 kV, the current is 555 μA, the 
exposure time is 786 ms, the filter is Al 0.2 mm, the spiral scan is 180°, and 2 images are captured every 0.3° on average. 
After scanning, the airborne NRecon reconstruction software and CTvox graphics software were used for 3D reconstruc
tion and 3D image establishment to observe the size of lumbar intervertebral disc tissue and the formation of endplate 
ossification. Finally, the Region of Interest (ROI) was quantitatively analyzed using the airborne bone micro morpho
metric analysis software CTAn.26

Histomorphological Staining
After fixation, the samples were washed with running water and the residual fixative on the surface was immersed in 14% 
EDTA solution for decalcification for 14 days. Then, the surface was washed with running water to decalcify and then 
put into graded alcohol for dehydration and subsequent paraffin embedding. The paraffin tissue was stained in 3 μm thick 
sections. After the sections were deparaffinized and rehydrated, Alcian Blue/Hematoxylin & Orange G staining (ABH 
staining) was used to observe the morphology of the lumbar intervertebral disc tissue. According to the ABH staining 
results and the histological evaluation scale of lumbar intervertebral disc tissue, the data of each histological variable in 
the structure of the IVD and cartilage endplate were evaluated respectively.30

Immunohistochemical Staining (IHC)
For IHC detection, sections were treated with 0.01 M citrate buffer (Solarbio, Beijing, China) at 60 °C for 4 h after 
completion of deparaffinization and rehydration as antigen retrieval. Next, sections were incubated in Col2, Mmp-13, 
TNF-α, and p-P65 primary antibodies overnight at 4°C. After incubation with the homologous secondary antibody for 20 
minutes on the next day, positive staining was detected with diaminobenzidine (DAB) solution and counterstained with 
hematoxylin. Positive staining was assessed semi-quantitatively using Image-Pro Plus software (Media Cybernetics, 
Silver Spring, USA).
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Cell Culture
Primary chondrocytes were obtained from two-week-old C57BL/6J mice. The mice were sacrificed and sterilized by 
immersion in 75% alcohol, and the lumbar endplate cartilage was aseptically isolated. Then, the tissue was washed three 
times with phosphate-buffered saline, transferred to DMEM/F12 medium containing 0.25% collagenase, and digested 
overnight in a cell incubator. The next day, the digested primary chondrocytes were cultured in DMEM/F12 medium 
containing 10% FBS and 1% streptomycin/penicillin, and incubated at 37°C and 5% CO2 in an incubator for subsequent 
experiments.

Quantitative Real-Time PCR (qPCR) Detection
The primary chondrocytes cultured in vitro were added with 500 μL Trizol solution, and RNA was extracted and reverse 
transcribed according to the operating instructions of RNeasy Mini Kit (QIAGEN) and All-in-One cDNA Synthesis 
SuperMix (Bimake). Then, qPCR detection was performed with 2x SYBR Green qPCR Master Mix (Low ROX) 
(Bimake) reagent. Quantitative analysis was performed using β-actin as a control gene. Table 1 showed the primer 
sequences of target genes used in the current study.

Western Blot
Add an appropriate amount of RIPA lysis solution (containing protease inhibitors, currently used) to the primary 
chondrocytes cultured in vitro. After repeated shaking on ice for 30 minutes, centrifuge at 12,000 rpm for 10 minutes 
at 4°C, and aspirate the supernatant into a new 1.5mL centrifuge tube. First, use a BCA protein quantification kit to 
measure the protein concentration of each histone, then add a certain volume of 5× loading buffer to the remaining 
protein supernatant (to make the final concentration 1×), and boil for 15 min at 100°C for denaturation. Then, proteins 
(20 μg/lane) were separated by 8% SDS-PAGE gel and transferred to the PVDF membrane. After 1-hour incubation with 
5% skim milk, IKBα (1:1000 dilution, HuaBio), p-IKBα (1:1000 dilution, HuaBio), P65 (1:1000 dilution, Cell Signaling 
Technology), p-P65 (1:1000 dilution, Cell Signaling Technology), and β-actin (1:10,000 dilution, Sigma-Aldrich) and 
other primary antibodies were incubated at 4°C for 12 hours. Afterward, it was incubated with the corresponding 
homologous secondary antibody for 1 hour at room temperature, and finally, the visualization of protein bands was 
performed with Image Quant LAS 4000 (EG, United States). Using β-actin as an internal reference, the gray value of the 
protein band was calculated by Image-Pro Plus 6.0 software, and the expression of the target protein among each group 
was analyzed.

Statistical Analysis
All experimental data of this subject were analyzed by GraphPad Prism software version 8.0, and the statistical results of 
measurement data were expressed as mean ± standard deviation. One-way analysis of variance (One-way ANOVA) was 

Table 1 Primer Sequences for Quantitative RT-PCR

Primer Name Primer Sequence (5’→3’)

Aggrecan Forward CAGTGCGATGCAGGCTGGCT

Aggrecan Reverse CCTCCGGCACTCGTTGGCTG
TNFα Forward CCCTCACACTCAGATCATCTTCT

TNFα Reverse GCTACGACGTGGGCTACAG

Mmp-13 Forward TTTGAGAACACGGGGAAGA
Mmp-13 Reverse ACTTTGTTGCCAATTCCAGG

Col2 Forward TGGTCCTCT GGGCATCTCAGGC

Col2 Reverse GGTGAACCTGCTGTTGCCCTCA
β-actin Forward GGAGATTACTGCCCTGGCTCCTA

β-actin Reverse GACTCATCGTACTCCTGCTTGCTG
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used for comparison between different groups, and Dunnett’s T3 test was used if the variance was not homogeneous. The 
difference was statistically significant with P<0.05.

Results
AMD Alleviates LSI Surgery-Induced NF-κB Activity and Pain
Previous studies have shown that AMD plays an important role in anti-inflammatory, while NF-κB activity is associated 
with inflammation in IDD (Figure 1A). Therefore, we used NF-κB Luciferase reporter mice to detect AMD in the early 
stage of IDD anti-inflammatory effect. In this study, we used the LSI mouse model to simulate the progression of IDD. 
Subsequently, luminescence observation was performed on the 14th postoperative day, and the images showed that the 
NF-κB activity of the lumbar spine in the surgical area was significantly higher than that of other parts of the spine, and 
more importantly, AMD treatment significantly inhibited the NF-κB activity in the LSI surgical area. Then, quantitative 
analysis showed that high-dose (0.5 mg/kg) AMD treatment reduced NF-κB activity by about half compared with the 
normal saline group, while NF-κB activity was almost completely after low-dose (0.1 mg/kg) AMD treatment dis
appeared, suggesting that the anti-inflammatory effect of AMD may be counteracted by its toxicological effects with 
increasing dose (Figure 1B and C). Based on the above experiments, we performed subsequent in vivo experiments using 
an AMD dose of 0.1 mg/kg. Taken together, these results suggest that AMD can inhibit LSI surgery-induced NF-κB 
activity and possibly suppress the inflammatory response during IDD progression.

Figure 1 AMD suppressed NF-κB activity at low back in LSI mice. (A) The chemical structure of Amygdalin. (B) Representative images of NF-κB luciferase activity at days 
14 after operation. Red dashed box indicated ROI for assessments. (C) Quantitative analysis of relative-change of NF-κB activity in ROI. Data were presented as means ± S. 
D. **P < 0.01; ***P < 0.001, n = 3 in each group.
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AMD Delays Gait Abnormalities in LSI Surgery-Induced IDD Mice Model
Discogenic low back pain is one of the causes of non-specific LBP, and non-specific LBP is one of the major problems 
associated with bipedal walking.31,32 Previous studies have also reported changes in mouse gait behavior in a model of 
IDD.29 Therefore, Gait was used to determine whether AMD could alleviate LBP caused by LSI surgery-induced IDD 
(Figure 2A and B). As shown in Figure 2C and E, LSI surgery induced an increase in standing time and paw contact area 
and a decrease in swing time in mice compared with the sham-operated group. AMD treatment significantly increased 
swing time and decreased standing time and contact area in IDD model mice. These results suggest that AMD can 
improve discogenic low back pain and alleviate gait impairment caused by LSI.

AMD Attenuates LSI-Induced Disc Degeneration and Endplate Porosity
Loss of disc height is one of the typical features of IDD, and we first observed the spatial changes in the lumbar 
intervertebral space. The coronal lumbar spine scan images showed that the LSI procedure resulted in a significant 
narrowing of the intervertebral space between L4-L5. Interestingly, LSI-induced intervertebral space stenosis could be 
ameliorated after AMD treatment (Figure 3A and B). In addition, we performed 3D reconstruction of the IVD and 
cartilaginous endplates, and consistent with the trend of intervertebral space size changes, AMD treatment prevented LSI 
surgery-induced reduction of L4-L5 intervertebral disc height (Figure 3C). At the same time, the 3D reconstruction map 
also showed that the cavity in the ossified area of the endplate was the main reason for the reduction of the volume of the 
IVD, while the cartilage endplate of the sham-operated mice remained relatively intact. Importantly, the porosity of the 
cartilage endplates of mice after 8 weeks of AMD treatment was significantly reduced compared with the model group 
(Figure 3D). These data suggest that AMD can ameliorate the progression of LSI surgery-induced IDD.

Figure 2 AMD alleviates gait impairment in LSI mice. (A) Top view of mouse gait; (B) trajectory diagram of mouse paws; (C–E) statistical analysis of swing time, standing 
time, and paw basking area in mice 0, 4, 8, and 12 weeks after LSI surgery gait analysis, respectively Data were presented as means ± S.D. *P < 0.05; **P < 0.01; ***P < 0.001; 
ns, significant difference, n = 6 in each group.
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AMD Protects Against LSI-Induced Cartilage Endplate Calcification and Degeneration
The radiographic findings have suggested that AMD can improve IDD. We next explored the effect of AMD on cartilage 
endplates using ABH staining to assess the degree of endplate degeneration. Compared with the mice in the sham group, 
the mice in the model group had severe cartilage matrix loss, obvious endplate calcification, and increased bone marrow 
cavity 12 weeks after surgery (Figure 4A). Consistent with the μCT results, AMD treatment significantly improved LSI 
surgery-induced cartilage endplate calcification and degeneration (Figure 4A). Meanwhile, the IVD and endplate scores 
of the AMD treatment group were significantly lower than those of the model group (Figure 4B and C). For changes in 
endplate thickness, we found that AMD treatment did not delay an LSI-induced increase in the thickness of cartilage 
endplates (Figure 4D and E). Likewise, the endplate thickness of the sham-operated group was not statistically different 
from that of the model group (Figure 4D and E). This may be due to slight changes in IVD with age. In a pooled analysis 
of the above data, AMD treatment protected the degeneration of cartilage endplates in the LSI surgical model.

AMD Delays LSI Surgery-Induced Degradation of Cartilage Matrix
ECM is an important tissue structure for the IVD to bear the pressure load, and CEP, as an important structural 
component of the IVD, can not only relieve and disperse the axial pressure on the NP but also the way of transporting 
nutrients in the internal tissue of the IVD. Given that AMD can alleviate the degeneration of cartilage endplates in mice 
after LSI surgery, we further confirmed whether it affects the metabolism of the cartilage matrix in IDD progression. 
Col2 is the main component of ECM and CEP cells. The expression of Mmp-13 directly determines the degree of Col2 
degradation. The expression levels of the two can indirectly indicate the degradation of ECM and CEP. Using IHC to 

Figure 3 AMD mitigated intervertebral disc degeneration in LSI mice. (A) Representative micro-CT images of a midsagittal plane at L4-L5. (B) Representative 3D- 
reconstruction images of L4-L5 endplate with the coronal plane. The red area indicated IVD space. (C) Quantitative analysis of disc height at L4–L5. (D) Quantitative analysis 
of the endplate porosity at L4–L5. Data were presented as means ± S.D. *P < 0.05; **P < 0.01, n = 6 in each group.
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detect its spatial expression, the results showed that the expression of Col2 in the IVD tissue of the mice in the model 
group was significantly reduced, and the expression of Mmp-13 was significantly increased (Figure 5A–D). On the 
contrary, AMD intervention could significantly inhibit the down-regulation of Col2 expression and the increase of Mmp- 

Figure 4 AMD attenuated cartilaginous endplate calcification in LSI mice. (A) Alcian Blue Hematoxylin/Orange G staining of cranial L4–L5 endplate (top panels, high 
magnification), caudal L4–L5 endplate (bottom panels, high magnification), and the whole L4–L5 IVD (middle panels, low magnification) at 12 weeks after operations. (B and 
C) Quantitative analysis of L4–L5 endplate score and IVD score at 12 weeks post-operation. (D and E) Quantitative analyses of cranial or caudal L4–L5 endplate thickness. 
Data were presented as means ± S.D. **P < 0.01; ***P < 0.001; ns: significant difference, n = 6 in each group.
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13 expression in the IVD tissue of mice (Figure 5A–D). These data provide new insights into the anti-degradation of 
cartilage matrix in AMD to delay IDD.

AMD Inhibits the Expression of Inflammatory Factors and the Activation of NF-κB 
Signaling Pathway in the Endplate of IDD
The intervention of inflammatory cytokines is one of the main factors leading to the degenerative changes of the IVD and 
the normal metabolic imbalance of the IVD. Moreover, studies have found that inflammatory cytokines can accelerate the 
decomposition of ECM, and TNF-α is closely related to IDD.33 Therefore, we next examined its expression by IHC. As 
expected, AMD suppressed LSI manipulation-induced elevation of TNF-α (Figure 6A and B). In addition, there is also 
a close relationship between TNF-α and NF-κB signaling pathways.34,35 Although we reported increased NF-κB activity 
in the lumbar dorsum after LSI surgery by NF-κB Luciferase reporter mice and significantly attenuated its activity by 
AMD (0.1 mg/kg) treatment, whether AMD could inhibit NF-κB activity in endplate chondrocytes NF-κB signaling is 
not well defined. Therefore, we examined the phosphorylation levels of P65 using IHC to assess the AMD response to 
NF-κB signaling. It was found that AMD significantly inhibited LSI-induced phosphorylation of P65 in endplate 
chondrocytes in IDD (Figure 6C and D). These data suggest that AMD-delayed IDD progression is closely related to 
the inhibition of NF-κB signaling pathway activation and inflammatory factor secretion.

AMD Abolished the Activation, Catabolism, and Inflammation of NF-κB Signaling 
Pathway in Chondrocytes Induced by IL-1β Treatment in vitro
The above data suggest that AMD can alleviate the degeneration of endplate chondrocytes in vivo. Therefore, we used 
primary chondrocytes to investigate the effect of AMD on IL-1β treatment of primary chondrocytes in vitro. First, we 
performed qRT-PCR assays, and the data showed that AMD significantly decreased the mRNA expression of Mmp-13 
and TNF-α, while increasing the expression levels of Col2 and Aggrecan genes, which was consistent with the trend of 
in vivo IHC results (Figure 7A–D). Then, the changes of these protein expression levels of p-P65 and p-IKBα, the key 

Figure 5 The effect of AMD on LSI-induced anabolism and catabolism in cartilage endplate. (A) The representative images of immunohistochemical staining of Col2 in the 
caudal L4–L5 endplate at 12 weeks. (B) Immunostaining images evaluation of Mmp-13 expression in caudal L4–L5 endplate at 12 weeks post-operation. Red arrows indicated 
positive cells. (C and D) Quantitative analyses of the rate of positive areas. Data were presented as means ± S.D. *P < 0.05; **P < 0.01, n ≥ 4 in each group.
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factor in the NF-κB signaling pathway, were determined by Western blot. The data showed that these proteins’ 
expression levels of p-P65 and p-IKBα were significantly increased in IL-1β-treated chondrocytes, while AMD could 
inhibit the high expression of p-P65 and p-IKBα, showing a similar effect to BAY11-7082 (Figure 7E–G). These above 
experimental data validate the in vivo experiments showing that AMD partially inhibits the activation of NF-κB signaling 
pathway to protect chondrocytes from catabolism and inflammation.

Discussion
LBP is one of the most common symptoms in the human musculoskeletal system. Lumbar intervertebral disc degenera
tion is one of the most common causes of LBP, and the degree of LBP is closely related to the degree of IDD.36,37 There 
are many current treatments for LBP and IDD, but most of them only relieve the patient’s symptoms, and have no 
therapeutic effect on the underlying disease of IVD.38,39 In the present study, our results showed that AMD delayed ECM 
degradation and release of inflammatory factors, and calcification of cartilage endplates during IDD by partially 
inhibiting the activation of NF-κB signaling pathway. Therefore, these findings suggest that AMD may serve as 
a potential treatment for IDD.

A good animal model is one of the important guarantees for scientific research, which can provide an effective 
observational basis for understanding the pathophysiological changes of diseases and drug efficacy. In the present study, 
we simulated the progression of IDD using an LSI mouse model consistent with the radiological and histological features 
of human IDD.40 Previous studies have found reduced disc volume and altered endplate calcification in LSI-operated 
mice.26,41 Likewise, our data show that the thickening of cartilage endplate calcification in a mouse model of LSI surgery 
is positively associated with a reduction in disc volume, which is consistent with previous studies in mice.40 In addition, 
based on μCT and ABH staining in the current study, we found that AMD treatment was able to alleviate these structural 
changes induced by LSI surgery, thereby delaying the progression of IDD.

IVD is a complex tissue. Previous studies have mainly focused on the nucleus pulposus and annulus fibrosus, while 
changes in the cartilage endplate are rarely reported. With the in-depth study of the entire tissue of the intervertebral disc, 

Figure 6 AMD repressed LSI-induced activation of NF-κB signaling in endplate chondrocytes. (A and B) The representative images of immunohistochemical staining and 
quantifications of TNF-α in the caudal L4–L5 endplate at 12 weeks. Red arrows indicated positive cells. (C and D) The representative images of immunohistochemical 
staining and quantifications of phosphorylated-P65 in the caudal L4–L5 endplate at 12 weeks. Red arrows indicated positive cells. Data were presented as means ± S.D. *P < 
0.05; **P < 0.01; ***P < 0.001, n ≥ 4 in each group.
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cartilage endplate deformation has also been identified as a key factor in the pathogenesis of IDD.42 The cartilage 
endplate of the vertebral body is the main nutritional pathway of IVD, which plays a role in the nutritional supply and 
maintenance of the mechanical properties of IVD. Obstruction of the nutritional pathway of the endplate can lead to the 
occurrence of IDD.43 In the present study, ABH staining results showed that cartilage endplates were significantly 
calcified and thickened and increased porosity at 12 weeks of LSI surgery. But AMD treatment reversed these changes, 
suggesting that AMD can inhibit endplate calcification and slow the progression of IDD. In addition, CEP cells are 
chondrocytes embedded in the hyaline cartilage matrix. The mechanical function of the IVD is controlled by the 
extracellular matrix, which is mainly composed of two major macromolecules, collagen and proteoglycans, and 
maintaining the integrity of the extracellular matrix is essential for a healthy, normal IVD.44 Col2 is the main component 
of ECM and CEP cells. The expression of Mmp-13 directly determines the degree of Col2 degradation. The expression 
levels of the two can indirectly indicate the degradation of ECM and CEP. In the present study, the expression of Col2 
was increased and Mmp-13 was down-regulated in the cartilage endplates of AMD-treated mice compared with mice in 
the model group. Therefore, the therapeutic effect of AMD can be explained in part by inhibiting the imbalance of 
extracellular matrix metabolism to maintain the properties of cartilage endplates, thereby delaying endplate calcification 
and degeneration.

ECM degradation and inflammatory factors are known as hallmarks of IDD, and they are interrelated and 
interdependent. Pro-inflammatory cytokines lead to the dysregulation of ECM metabolism by up-regulating the 
expression of ECM-degrading enzymes and down-regulating ECM structural components.45 Intrinsic degradation 
of the ECM leads to extracellular accumulation of ECM fragments that further stimulate the inflammatory 
response.46 Meanwhile, inflammatory cytokines and metalloproteinases are the two most important regulators in 

Figure 7 The effect of AMD on IL-1β-induced chondrocytes in vitro. (A–D) The gene expression of IL-1β-induced chondrocytes was treated with various concentrations of 
AMD for 24 h. (E–G) The NF-κB signaling pathway-related proteins expression of IL-1β-induced chondrocytes treated with various concentrations of AMD and NF-κB 
inhibitor (BAY 11–7082) for 24 h. Data were presented as means ± S.D. *P < 0.05; **P < 0.01; ***P < 0.001; ns, significant difference, n = 3 in each group.
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IDD and are closely related to NF-κB signaling.47 Based on previous studies, we used luciferase reporter mice to 
detect NF-κB activity in vivo.10 Our results are consistent with previous studies, confirming that both the LSI 
surgery model and other IDD models can induce an increase in the activity of NF-κB.48 In addition, previous 
studies have shown that inflammatory factors (such as IL-1β and TNF-α) are closely related to the NF-κB 
signaling pathway and are closely related to IDD.34,35 In the present study, AMD significantly inhibited the 
activation of NF-κB signaling pathway and the expression of inflammatory factor (TNF-α) induced by LSI surgery. 
It indicated that AMD may lead to the progression of IDD by inhibiting the NF-κB signaling pathway induced by 
inflammatory factors. In addition, in vitro experiments on chondrocytes treated with AMD and NF-κB inhibitors 
showed that the gene and protein expressions of Mmp-13, IL-1β, and TNF-α were similar, indicating that AMD 
may act as an inhibitor of NF-κB signaling pathway, while suppressing inflammation The release of factors, 
thereby delaying the IDD process.

Studies have shown that many traditional herbal medicines and their active ingredients have anti-inflammatory 
properties and are potential treatments for IDD.10,49,50 The anti-inflammatory effects of AMD in various diseases have 
been extensively studied as follows: Liver damage, lung damage, osteoarthritis, and asthma.21,24,51,52 Meantime, AMD 
could inhibit the degeneration of the endplate chondrocytes derived from intervertebral discs of rats induced by IL- 
1beta.29 This study confirmed that AMD slowed the progression of IDD by reducing the inflammatory response. In 
addition, pain is the result of inflammation, and analgesic effects have also been reported in AMD.20,53 These data 
suggest that AMD may relieve pain symptoms and slow disease progression in IDD by inhibiting the inflammatory 
response.

The current study has several limitations. First, we only used small animal models to study AMD therapeutic effects 
of IDD, the effect of AMD on large animals needs to be further investigated. Second, AMD has a strong toxicological 
effect. How to avoid and detect its damage to animal bodies. We will continue to study these contents deeply in the 
future.

Conclusions
In conclusion, this study elucidates that AMD alleviates pain symptoms and progression of IDD by partially inhibiting 
NF-κB signaling, preventing inflammatory factors, catabolism, endplate calcification, and endplate chondrocyte degen
eration. The course of the disease. Therefore, our study suggests that AMD may be a potential alternative therapy 
for IDD.
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