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Background: Intervertebral disc (IVD) degeneration (IVDD) is highly prevalent among the elderly population and stands as a leading 
cause of low back pain. Our prior studies have highlighted the therapeutic potential of Gubi decoction (GBD) in alleviating knee 
osteoarthritis, however, but the specific mechanism of GBD in treating IVDD is not clear.
Objective: To ascertain the clear mechanism of GBD for enhancing its therapeutic efficacy in treating lVDD, through comparison of 
its effects across different doses of GBD and clinical positive control drugs using a mouse IVDD model.
Methods: In this study, 8-week-old male mice were treated with lumbar spine instability (LSI) surgery to construct IVDD model 
mice. From day 3 post-LSI surgery, mice in the loxoprofen sodium tablets (LST), GBD-L, GBD-M and GBD-H groups were gavage 
administration with LST (23.1 mg/kg) and GBD (6.1, 12.2 and 24.4 g/kg body weight, respectively) 5 times a week for 4 and 8 weeks 
separately. After 8 weeks of LSI modeling, the therapeutic efficacy on IVDD was evaluated through changes in lumbar spine function, 
histopathological morphology, extracellular matrix (ECM) metabolism, nucleus pulposus (NP) cell viability, and cartilage endplate 
(CEP) cell pyroptosis; at 4 weeks after modeling, the activation of NF-κB signaling was detected.
Results: GBD can attenuate the progression of IVDD in mice, resulting in substantially increases disc height index (DHI) and 
NP matrix, reduced the degree of annulus fibrosus (AF) tear and the formation of cavity in CEP. In parallel, GBD significantly 
improved the matrix metabolism-related indexes of IVD at 8 weeks after modeling. Mechanically, GBD inhibited the expression 
of pyroptosis-related indicators NOD-like receptor thermal protein-domain associated protein 3 (NLRP3), cysteinyl aspartate 
specific-proteinase-1 (CASPASE1), gasdermin D (GSDMD), interleukin-1β (IL-1β) and interleukin-18 (IL-18) in CEP. 
Furthermore, GBD suppressed nuclear translocation of P65 protein, and decreased the amount of p-I-κB in CEP at 4 weeks 
after modeling.
Conclusion: In summary, GBD can effectively inhibit the activation of NF-κB signaling and pyroptosis of ECP, relieve the porosity 
of ECP, and then delay the IVDD process. GBD may serve as a potential therapeutic agent for IVDD treatment.
Keywords: GBD, pyroptosis, NF-κB signaling, IVDD

Introduction
GBD, as a tailoring prescription, derived from the Bushen Huoxue formula in Shang Ke Da Cheng, is one of the most 
important formula used in traditional Chinese medicine (TCM) and has been clinically used for long time in degenerative 
knee osteoarthrosis treatment.1 The prescription consists of seven herbs: Shu Dihuang (Radix Rehmanniae Preparata), Du 
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Zhong (Eucommiae Cortex), Mo Yao (Myrrha), Hong Hua (Carthami Flos), Ying Yanghuo (Herba Epimedii), Chuan 
Niuxi (Radix Cyathulae), and Wu Shaoshe (Zaocys dhumnades), and has the functions of tonifying kidney, strengthening 
bones, promoting blood circulation and dredging collaterals. However, the potential mechanism of GBD in the treatment 
of IVDD has not been completely determined. Several studies have shown that the Bushen Huoxue formula exhibits 
various biological effects, including neuroprotective, and cardioprotective effects, along with anti-inflammatory,2 anti- 
oxidative, anti-pyroptosis, pro-angiogenesis3 and pro-osteogenic differentiation activities.4 As a tailoring prescription for 
Bushen Huoxue formula, we suggest that the anti-inflammatory properties of the formula may indicate a potential 
beneficial effect on IVDD treatment.

The IVD is composed of NP, AF, and CEP, with NP in the center, it is a proteoglycan-rich hydrophilic gel-like ECM 
composed mainly of type II collagen and proteoglycans, which are surrounded by a thin sheet of concentric collagen 
rings composed of type I fibers.5 CEP is permeable through a thin layer bright cartilage fixes the upper and lower discs to 
the bony endplate of adjacent discs.6 IVDD is a chronic process, including a progressive reduction of proteoglycan and 
hydration in NPs, fiber ring tears, and accompanied by sustainable mechanical unstability and loss of shock absorber 
function, which subsequently leads to osteophyte formation and restrict the movement of the spine.7 IVDD is character
ized by fissure formation of the AF, decreased water in the IVD, decreased elasticity, narrowing of the intervertebral 
space, and edema, fatation, or sclerosis of the subplated bone.8 Typically, IVDD occurs due to the ECM is stronger in 
catabolism than anabolism. An important pathologic feature of IVDD is the presence of pro-inflammatory mediators9 and 
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the progressive loss of the number of active NP or AF cells, ECM as well as altering the phenotype of normal IVD 
cells.10 In addition, many factors can induce the abnormality of CEP, including oxidative stress,11 apoptosis,12 

inflammation,13,14 etc. Ectopic ossification and porosity of CEP are basic phenotypes in the process of IVDD and 
aging.15,16 CEP degeneration is thought to begin with abnormal calcification,17 a process where calcium crystals salts are 
deposited into pores of CEP. The calcified CEP undergoes ossification and are eventually replaced with bone.18,19 The 
progressive appearance of porosity in CEP is a basic factor to induce IVDD.15

Pyroptosis is a new programmed form of cell death characterized by its dependence on CASPASE1 and the release of 
a large number of pro-inflammatory factors.20 The NLRP3 inflammasome is a key factor in pyroptosis containing the 
sensor molecule NLRP3, adaptor apoptosis associated speck-like protein containing a CARD (ASC), and the effector 
protease CASPASE1. In the presence of inflammation, NLRP3 is activated by transcriptional translation, and ASCs are 
recruited through interactions, which allow ASCs to assemble into large speckle structures, after which ASCs recruit pro- 
CASPASE1 through interactions and hydrolyze them into active CASPASE1, which is made by active CASPASE1, 
which in turn cleaves pro-IL-1β and pro-IL-18 into IL-1β and IL-18. Then, IL-1β and IL-18 can combine with IL-1βR 
and IL-18R to mediate inflammation, Gasdermin D (GSDMD) can also be cleaved by CASPASE1 and induce 
pyroptosis.21 To date, there is limited literature on the involvement of NLRP3 in the pathogenesis of IVDD and its 
potential uses. Studies have shown that NLRP3 inflammasomes are involved in the pathogenesis of IVDD,22,23 However, 
it is not known whether GBD prevents IVDD by inhibiting pyroptosis.

It is widely accepted that the NF-κB signaling pathway plays a strong role in the multiple inflammatory responses of 
the many diseases, which is composed of receptors and receptor proximal signal adaptor proteins, IκB kinase complexes, 
IκB proteins, and NF-κB dimers.24,25 When cells are subjected to various intracellular and extracellular stimuli, IκB 
kinase is activated, resulting in phosphorylation and ubiquitination of IκB protein, followed by degradation of IκB 
protein and release of NF-κB dimer.26 NF-κB dimers are further activated through various post-translational modifica
tions and transferred to the nucleus. In the nucleus, it binds to the gene of interest to facilitate transcription of the gene of 
interest. For example, matrix metalloproteinase 13 (MMP13) and ADAM metallopeptidase with thrombospondin type 1 
motif 5 (ADAMTS-5), etc.27 Due to its close relationship with chondrocytes, including IVDs, NF-κB signaling has been 
identified as a prospective target.28 At the same time, NF-κB signaling is also an upstream activator of NLRP3 
inflammasome, which initiates pyroptosis by regulating the expression of inflammasomes.29

At present, the correlation between GBD and IVDD treatment has not been reported, but our team has long used GBD 
to treat knee osteoarthritis in clinical patients, and its efficacy and safety have been recognized. Based on the great 
similarity in the pathogenesis of osteoarthritis, we studied the relationship between GBD and IVDD for the first time 
from the perspective of expanding the indications of drugs in the way of “old drugs are used for new purposes”. In this 
study, we found that GBD has a protective effect on IVDD model mouse by attenuating cartilage degradation and 
inhibiting chondrocyte pyroptosis through inhibition of NF-κB signaling.

Materials and Methods
Chemicals and Reagent
Primary antibodies against phospho-NF-κB P65/RELA (Ser276) (p-P65, Cat# RLP0187), and Collagen II/COL2A1 (COL 
II, Cat# RLT1022) were from Ruiying Biotechnology Co., Ltd. Primary antibodies against CASPASE1 (Cat# 22915-1-AP) 
were obtained from Proteintech Co., Ltd. Primary antibodies against IL-1β (Cat# bs-6319R) and IL-18 (Cat# bs-0529R) 
were provided by Bioss. Primary antibodies against Aggrecan (AGC) (Cat# ab186414), ADAMTS-5 (Cat# ab231595), 
GSDMD (Cat# ab219800), MMP13 (Cat# ab219620) were ordered from Abcam. Immunohistochemical kit (Cat# PV- 
9001) was purchased from Zhongshan Golden Bridge Biotechnology Co., Ltd. (China) and Dylight 488 conjugated Goat 
Anti Rabbit IgG (Cat# RS23220) was from Immunoway. GBD was purchased from the Second Clinical Medical College of 
Zhejiang Chinese Medical University (Hangzhou, China) and was authenticated by the authors. LST was purchased from 
LEAD CHEMICAL CO., LTD (Shanghai, China) and a voucher specimen has been deposited at The Second Affiliated 
Hospital of Zhejiang Chinese Medical University (Hangzhou, China). Unless otherwise indicated, all other biochemicals 
and chemicals were supplied by Sigma-Aldrich (St. Louis, MO, USA).
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Mice and IVDD Model
Seventy-two male C57BL/6J mice (8 weeks old, weighing 22 ± 2 g) were provided by the Animal Experimental Center 
of Zhejiang University of Traditional Chinese Medicine (SPF grade, SCXK (Shanghai): 2021–0012). All mice were kept 
in animal care facilities without specific pathogens, and were placed in a room at 23°C ± 2°C, with a light/dark cycle of 
12–12 hours. All experimental schemes were approved by the Animal Experimental Ethics Committee of Zhejiang 
University of Traditional Chinese Medicine (IACUC-20230508-20). They are in accordance with the guidelines of the 
Asian Federation of Laboratory Animal Science Associations and the National Regulations for the Administration of 
Affairs Concerning Experimental Animals. All investigations complied to the principles of the Declaration of Helsinki.

The mouse IVDD model induced by LSI surgery was established as described previously.30 In short, mice were 
anesthetized with isoflurane and prone on the operating table make a longitudinal incision along the dorsal midline to 
separate the posterior para vertebral muscles adjacent to L3~L5 vertebrae and expose the lumbar vertebrae. The spinous 
process, supraspinous ligament and interspinous ligament in L3~L5 segments were removed. The Sham operation group 
(placebo operation) is a Sham operation intervention, which omits the key steps of the IVDD model. Therefore, the mice in 
the sham operation group only received the operation to separate the para vertebral posterior muscles from L3~L5 
vertebrae.

Experimental Design and Treatments
All mice were divided into groups according to the random number table method and intervened according to the single 
blind method. These mice were divided into six groups (n=12 per group): Sham group, Model group (LSI), GBD-L, 
GBD-M, GBD-H and LST group. All mice except those in the Sham group underwent IVDD modeling. From day 3 post- 
LSI surgery, mice in the LST, GBD-L, GBD-M and GBD-H. LST group were gavaged with LST (as a positive control 
drug, 23. 1 mg/kg) and GBD (6.1, 12.2 and 24.4 g/kg body weight, respectively) 5 times a week for 8 weeks separately. 
Animals were sacrificed by cervical dislocation at 4-week or 8-week post LSI surgery and the L3~L5 vertebrae of mice 
were collected for further evaluation the severity of IVDD.

Micro-CT (μCT) Analysis
Before histological treatment, we first evaluated paraformaldehyde (PFA) fixed vertebrae by μCT analysis, as mentioned 
above.31,32 By using high-resolution μCT (SkyScan 1176; Bruker μCT, Kontich, Belgium) scanned the vertebrae with a 
resolution of 9 μm using a 90 kV source and a current of 300 μA. Setting of main scanning parameters: Source Voltage 
(kV)= 45; Source Current (uA)= 500; Filter=Al 0.2 mm; Exposure (ms)=750; Rotation Step (deg)=0.300; Angular Step 
(deg)=0.3000; Smoothing=2. The 3D model visualization software CTVol v2.0 (SkyScan company, San Jose, ca, USA) 
was used to analyze the parameters of L4~L5 IVD, and the L4~L5 vertebrae were half height. In order to quantify the 
IVD space, we used Image Pro Plus 4.5 (Media Cybernetics, Silver Spring, USA) to measure the distance between L4 
and L5 from μCT images. Describe the TV of L5 vertebral body to calculate the medial septum except cortical bone, 
transverse process and spinous process. Three-dimensional structural parameters analysis includes: bone mineral density 
(BMD), trabecular number (Tb. N), trabecular thickness (Tb. Th), trabecular separation (Tb. Sp).

Histological Staining, Immunohistochemistry (IHC) and Immunofluorescence (IF)
The tissues were fixed in 4% buffered PFA for 72 h, decalcifed in 14% EDTA (pH 7.2~7.4) for 3 weeks at room 
temperature, dehydrated and then embedded in paraffin. The lumbar tissues were processed into 5 μm thick coronal- 
oriented sections for hematoxylin–eosin (H&E) staining. Briefly, sections were incubated with primary antibodies to 
AGC (1:300, Abcam, Cambridge, UK), COL II (1:500, Ruiying biological, Suzhou, China), MMP13 (1:300, Ruiying 
biological, Suzhou, China), ADAMTS-5 (1:300, Abcam, Cambridge, UK), NLRP3 (1:800, Proteintech, Wuhan, China), 
CASPASE1 (1:300, Proteintech, Wuhan, China), GSDMD (1:500, Abcam, USA), IL-1β (1:800, Bioss, Woburn, MA, 
USA), and IL-18 (1:400, Ruiying biological, Suzhou, China) at 4°C overnight. For IHC staining, a horseradish 
peroxidase streptavidin detection system (ZSGB-BIO, Beijing, China) was subsequently used to detect the immunoac
tivity, followed by counter staining with hematoxylin (Sigma-Aldrich, St. Louis, MO, USA). For IF analysis, the slides 
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were incubated with secondary antibodies conjugated with fluorescence at room temperature for 1 h. The morphometric 
study was performed using the Image Analysis System (Olympus, Japan). Triplicates of each sample were used for 
staining.

Quantitative histomorphometric analysis was conducted in a blinded manner with Image-Pro Plus Software version 
6.0 (Media Cybernetics Inc, Rockville, Maryland, USA) as we previously described. Histological score was graded in a 
blind fashion using the definition established by Norcross et al, with some modification stological.

Rearing Frequency Test
The 5-minute rearing test was conducted to assess the rearing ability of mice, serving as an indirect indicator of lumbar 
discomfort. Before the formal testing, mice were acclimated to the experimental environment for at least 30 minutes. 
Each mouse was then gently placed into a 2 L breathable glass jar, with a camera positioned directly overhead to record 
its behavior. The experiment was programmed using the Smartv3.0 system, which included a 15-minute acclimation 
period followed by a 5-minute continuous recording of rearing behaviors. During the test, the frequency of rearing 
behaviors observed in the open field setup was carefully documented. To maintain objectivity, a single-blind protocol was 
implemented. After each test, the mouse was returned to its cage, and the open field area was thoroughly sanitized using 
75% alcohol to remove any residual excreta or odors from the prior animal. This procedure ensured that subsequent tests 
were unaffected by lingering traces and that the environment remained dry. The same protocol was applied consistently 
for all test subjects.

TWL Test
Behavioral tests were performed under rigorously controlled conditions of room temperature and humidity within enclosed 
chambers fitted with raised metal mesh floors. Heat hyperalgesia was evaluated by measuring the TWL, which quantifies 
the nociceptive response to a thermal stimulus. Following a 30-minute acclimation period, each mouse was placed on the 
glass platform of a Hargreaves apparatus. A radiant heat source was applied to the plantar surface of the hind paw, and the 
latency to a withdrawal response—such as paw withdrawal, licking, or lifting—was recorded. All behavioral assessments 
were conducted using a blinded protocol to ensure the accuracy and impartiality of the results.

Gait Analysis
Gait analysis was performed using the DigiGait imaging system to record and evaluate the gait patterns of mice in each 
group. Measurements were conducted at the 4 th and 8 th weeks post-surgery. To prepare for testing, mice underwent 
training the day prior to familiarize themselves with traversing the track. On the testing day, mice were allowed at least 
30 minutes to acclimate to the experimental environment. During the test, mice freely traversed the treadmill, and each 
was required to complete a minimum of three valid runs. The treadmill was set to a fixed speed of 18 cm/s, and a high- 
speed camera positioned beneath the transparent treadmill captured the movements of the mice, specifically tracking the 
color patterns of their four paws.

Statistical Analysis
All numerical data were presented as means ± SD. The statistical analysis was performed using GraphPad Prism software 
(San Diego, CA, United States). One-way analysis of variance test was performed to compare the means among groups, 
and multiple comparisons were performed using the least significant difference (LSD) test. A P-value less than 0.05 was 
statistically significant.

Results
GBD Can Effectively Improve CEP Porosity in IVDD Model Mice
To investigate the effect of GBD on mouse IVDD model induced by LSI surgery, we first performed H&E staining 
(Figure 1A and B) 8 weeks after LSI modeling. The results showed that compared with Sham group, there were more 
heterotopic ossification and cavities in CEP of mice in LSI group, NP shriveled and flattened, AF cracks increased 
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Figure 1 GBD can effectively improve the CEP porosity in IVDD model mice. From day 3 post-LSI surgery, mice in the LST, GBD-L, GBD-M and GBD-H groups were 
intraperitoneally injected with LST (23.1 mg/kg) and GBD (6.1, 12.2 and 24.4 g/kg body weight, respectively) 5 times a week for 8 weeks separately. H&E staining (A) and 
corresponding histomorphological scores (B) of IVD between L4-L5 in mice were observed after 8 weeks at post-LSI surgery. The black arrow indicates the position where 
the lesion appears in the process of IVDD. μCT images (C) and quantification of the bone morphological parameters (DHI, BMD, Tb.Th, Tb.N and Tb.Sp) (D) of CEP 
between L4~L5 in mice were observed after 8 weeks at post-LSI surgery. The DHI between the L3~L4 vertebrae was calculated based on measurements of adjacent L3~L4 
vertebrae. Yellow lines represent the distances (β1~β3) between the adjacent vertebra, and red lines represent adjacent vertebral body heights (α1~α3 and γ1~γ3). DHI was 
calculated using the following equation: DHI=2(β1+β2+β3)/(α1+α2+α3+γ1+γ2+γ3). The yellow triangle arrow is the porous place in the CEP. The black arrow indicates the 
positive expression. Data are expressed as mean ± SD, **Denotes a significant difference compared with the Sham group (**P < 0.01); # Means a significant difference 
compared with the LSI group (#P < 0.05, ##P < 0.01); †Indicates a significant difference compared with the LST group (†P < 0.05, ††P < 0.01); aDenotes a significant difference 
compared with the GBD-L group (aP < 0.05, aaP < 0.01); bIndicates a significant difference compared with the GYB-M group (bP < 0.05); n = 6 per group. 
Abbreviations: GBD, Gubi decoction; IVDD, intervertebral disc degeneration; LSI, lumbar spine instability; LST, loxoprofen sodium tablets; DHI, disc height index; NP, 
nucleus pulposus; AF, annulus fibrosus; CEP, cartilage endplate, BMD, bone mineral density; Tb. N trabecular number; Tb. Th, trabecular thickness; Tb. Sp, trabecular 
separation.
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obviously, and the overall morphological score was worse. Compared with LSI group, LST group effectively improved 
ectopic ossification and cavity in CEP, and NP height increased, but the degree of AF tear was not improved obviously. In 
addition, we also found that compared with LSI group, low-dose and medium-dose GBD can effectively improve the 
degenerative phenotype of CEP and NP, while medium-dose and high-dose GBD can effectively improve the degen
erative phenotype of NP and AF, and low-dose GBD has no obvious improvement on AF and high-dose GBD has no 
obvious improvement on CEP. Then, we detected the effect of GBD on CEP in LSI mice (Figure 1C and D) by μCT. The 
results showed that at the same time, we detected bone morphology-related indexes in CEP of mice, including BMD, Tb. 
Th, Tb.N and Tb.Sp. Compared with Sham group, LSI group showed a lower DHI score, in which LST group and GBD 
group with medium and high dose could effectively improve DHI of mice. In addition, compared with Sham group, the 
differences of BMD, Tb.Th and Tb.N in each group are not obvious, while compared with Sham group, LSI group can 
have larger Tb.Sp; compared with LSI group, LST group and middle and high dose GBD group all effectively improved 
the value of Tb.Sp.

Based on the above results, we found that GBD can effectively improve the degenerative phenotype of IVDD model 
mice, and the middle-dose of GBD is better.

GBD Can Effectively Improve the Matrix Degradation in IVDD Model Mice
Generally speaking, the stable matrix content maintains the physiological function of IVD. AGC and COL II are the main 
components in IVD tissue, and ADAMTS-5 and MMP13 are considered as the key degrading enzymes for AGC and 
COL II, respectively. In order to clarify the effect of GBD on matrix metabolism of LSI mice, we detected the expression 
of matrix metabolism indexes in IVD of mice 8 weeks after LSI modeling (Figure 2A–C). The results show that LSI 
group shows lower AGC content than Sham group. Compared with LSI group, LST group and middle and high dose 
GBD group all effectively improved the expression of AGC. Then, we detected the expression of ADAMTS-5, a 
proteoglycan degrading enzyme. The results showed that there was no significant difference in the expression of 
ADAMTS-5 in LSI group compared with Sham group. Compared with LSI group, the expression of ADAMTS-5 
increased in LST group and middle and high dose GBD group, but there was no significant difference in the expression 
of ADAMTS-5 in middle and high dose GBD group.

At the same time, we also detected the expression of COL II in AF and CEP. The results showed that compared with 
Sham group, the expression of COL II in LSI group decreased, and LST and GBD groups with different doses improved 
the expression of COL II in AF to varying degrees. Among them, LST group and middle-dose GBD group are better than 
low-dose GBD group, and there is no statistical difference between them. Compared with LSI group, we also found that 
LST and GBD groups with different doses can improve the expression level of MMP13 in AF to varying degrees. In CEP, 
compared with Sham group, LSI group can reduce the expression of COL II. Compared with LSI group, LST group and 
middle and high dose GBD group can effectively improve the expression of COL II in CEP. However, the improvement 
of COL II in low-dose GBD group was not obvious. Then, we also found in CEP that the expression of MMP13 in LSI 
group was significantly higher than that in Sham group, while LST group and GBD group with different doses could 
effectively reduce the expression of MMP13 in CEP.

Based on the above results, our results show that GBD can effectively improve the matrix degradation of IVDD mice.

GBD Has No Obvious Improvement Effect on Motor Function of IVDD Model Mice
In order to clarify the effect of GBD on the motor function of LSI-induced IVDD mice, we then detected the time of 5- 
minute upright, TWL and gait analysis indexes [including swing time, stride length and paw area] (Figure 3A–E) at 4 th 
and 8 th weeks after LSI modeling. The results showed that there was no statistical difference in the functional indexes of 
the above groups in LSI group compared with Sham group. Compared with LSI group, LST group can effectively 
improve the 5-minute upright times of LSI model 4 W mice. Compared with the LST group, the low-dose GBD group 
can effectively reduce the 5-minute upright times of mice. Moreover, compared with the low-dose GBD group, the high- 
dose GBD group can improve the 5-minute upright times of mice. At 8 W after modeling, there was no statistical 
difference in each group.
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Figure 2 Continued.
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Figure 2 GBD can effectively improve the matrix degradation in IVDD model mice. (A–C) ECM components (AGC, COL II) and corresponding degrading enzymes (ADAMTS- 
5 and MMP13) in IVDs tissues of IVDD mice were determined by IHC analysis. The black arrow indicates the positive expression. The red box indicates NP, the purple box 
indicates AF and the blue box indicates CEP. Data are expressed as mean ± SD, **Denotes a significant difference compared with the Sham group (**P < 0.01); #Means a 
significant difference compared with the LSI group (#P < 0.05, ##P < 0.01); †Indicates a significant difference compared with the LST group (†P < 0.05, ††P < 0.01); aDenotes a 
significant difference compared with the GBD-L group (aP < 0.05, aaP < 0.01 vs); bbIndicates a significant difference compared with the GBD-M group (bbP < 0.01); n = 6 per group. 
Abbreviations: GBD, Gubi decoction; ECM, extracellular matrix; IVD, Intervertebral disc; LSI, lumbar spine instability; LST, loxoprofen sodium tablets; NP, Nucleus 
pulposus; AF, annulus fibrosus; CEP, cartilage endplate; ADAMTS-5, ADAM metallopeptidase with thrombospondin type 1 motif 5; AGC, Aggrecan; COL II, Collagen II; 
MMP13, matrix metalloproteinase 13; IHC, Immunohistochemical.

Figure 3 GBD did not significantly improve the motor function of IVDD model mice. (A–E) The behavioral test indexes including number of standing upright in 5 
minutes (times), TWL (s), and gait analysis (including swing duration (ms), stride length (cm), paw area (cm2)), were carried out in 4 and 8 weeks after the IVDD mice 
model. Data are expressed as mean ± SD, *Denotes a significant difference compared with the Sham group (*P < 0.05); #Means a significant difference compared with the 
LSI group (#P < 0.05, ##P < 0.01); †Indicates a significant difference compared with the LST group (†P < 0.05, ††P < 0.01); aDenotes a significant difference compared with 
the GBD-L group (aP < 0.05); bIndicates a significant difference compared with the GBD-M group (bP < 0.05); n = 6 per group. 
Abbreviations: GBD, Gubi decoction; LSI, lumbar spine instability; LST, loxoprofen sodium tablets; TWL, thermal withdrawal latency.
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At the same time, we tested the index of TWL, and the results showed that at 4 weeks after LSI modeling, 
compared with LSI group, LST group and high-dose GBD group, the TWL of mice could be improved. Compared 
with LST group, low and middle doses of GBD can reduce the threshold of heat withdrawal in mice, and there is no 
statistical difference between low and middle doses of GBD. However, high-dose of GBD can effectively promote 
the TWL in mice. 8 W after modeling, compared with Sham group, the TWL of LSI group decreased. Compared 
with LSI group, LST group and high-dose GBD group can promote the TWL of mice, but there is no statistical 
difference between low-dose and middle-dose GBD group. And compared with LST group, we found that the 
middle-dose group can reduce the swinging time of mice only 4 weeks after modeling. Compared with LSI group, 
we also found that LST group and middle-dose GBD group can promote the stride length of mice, but there is no 
statistical difference between low and high dose GBD group. Four weeks after LSI modeling, compared with LSI 
group, the middle-dose of GBD group can reduce the paw area of mice. Compared with the middle-dose GBD 
group, the high-dose GBD group can promote the paw area of mice during exercise. After 8 weeks, compared with 
the LST group, both low and high doses of GBD can reduce the paw area of mice during exercise.

Based on the above results, we conclude that GBD has no obvious improvement on the motor function on IVDD 
model mice.

GBD Can Effectively Alleviate the Pyroptosis Signaling in IVDD Model Mice
In order to further explore the specific mechanism of GBD effectively improving LSI-induced IVDD mice, previous studies 
also found that pyroptosis signaling were involved in a variety of degenerative diseases of bone and joint, so we speculated 
that GBD might be effective in the pyroptosis index of IVDD mice. Then, 8 W after LSI modeling, we detected the related 
indexes of pyroptosis pathway, including NLRP3, CASPASE1, GSDMD, IL-1β and IL-18 (Figure 4A and B). The results 
show that compared with Sham group, a series of pyroptosis indicators can be activated in CEP in LSI group. Compared 
with LSI group, LST group and different doses of GBD can improve the index of pyroptosis in CEP, and the overall effect 
of middle dose GBD group is the best. In terms of inhibiting the expression of NLRP3, we found that only the middle dose 
of GBD group was better than that of LST group, while the low and high dose of GBD group was weaker than that of LST 
group. Compared with LSI group, the expressions of CASPASE1, GSDMD and IL-1β were decreased in LST group and 
GBD group with different doses, but there was no statistical difference among different doses. Compared with LSI group, 
only the middle and high dose of GBD can effectively improve the expression of IL-18, and there is no statistical difference 
between them. Based on this, we found that the activation of pyroptosis signaling can appear in IVDD mice induced by LSI, 
and GBD can effectively inhibit the activation of pyroptosis signaling, and the middle-dose of GBD group is the best.

GBD Can Effectively Inhibit the NF-κB Signaling in IVDD Model Mice
To confirm whether the protective effects of GBD on OA are related to its regulation of NF-κB signaling in IVD in the 
LSI model, we analyzed the location of P65, p-P65 and protein levels of p-IκBα, IκBα by IF (Figure 5A). The results 
showed that a significant increase in nuclear translocation of P65 and p-P65 protein was observed in LSI group and GBD 
suppressed nuclear translocation of P65 and p-P65 protein. As can be seen from the pictures and statistics, p-P65 and 
p-IκBα increased after LSI surgery, and decreased significantly after GBD-M, compared to taking LST, GBD-L and 
GBD-H (Figure 5B). The ratio of p-IκBα/IκB and p-P65/P65 indicates the degree of activation of the NF-κB signaling 
pathway, and in general, the higher the ratio, the higher the degree of pathway activation. It can be seen that GBD-M has 
the lowest degree of activation, which means that GBD-M effectively inhibits the NF-κB signaling pathway. Taken 
together, these results suggest that GBD-M is a potent suppressor of NF-κB activity in chondrocytes during IVDD 
development.

Discussion
In the present study, we have investigated the effect of GBD on IVDD in LSI-induced IVDD murine model. We also 
have observed in NF-κB signaling mechanism through IVDD model mice. Our data provided molecular evidences that 
GBD decelerates IVDD performed as a pyroptosis inhibitor via regulation of NF-κB signaling.
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Reproducing characteristics of IVDD in animals is critical to have a better understanding of disease mechanism. LSI 
surgical model is one of the most common models of IVDD in laboratory animals, and strongly associated with clinical 
process. IVDD model provided extremely good reproducibility and considered to be a gold standard in the field.33,34 

Histology demonstrated the matrix content of NP decreased, and the formation of AF tearing and heterotopic ossification 
of CEP increased developed 8 weeks after surgery.30,35–37 Consistent with the previous studies,30,35–37 IVDD-induced 
mice in our research exhibited remarkable a significant decrease in height of discs, vacuole sizes in NP, ectopic bone 
formation in CEP, accompanied by fissures and folds in the interlamellar of AF tissues 8-weeks post-surgery, indicating 
the success of model establishment.

IVDD is a complicated and multifactorial process, including the increase of inflammatory cytokines, the degradation 
of ECM and the loss of hydrophilic matrix molecules, structural and biomechanical changes, inward growth of nerves 
and the release of pain factors. At present, targeting common inflammatory factors and inflammation-related signaling 
pathways is still an effective means to treat and delay IVDD.38 Previous studies have demonstrated that excessive 
accumulation of abnormal stress accelerates the activation of IVDD process and up-regulated pyroptosis.30,39 Consistent 
with the previous research, we also found that pyroptosis can be activated 8 weeks in mouse CEP after LSI modeling. 
Several studies have confirmed that a significant increase in the expression of pyroptosis-related proteins, such as 
NLRP3, CASPASE-1, and GSDMD in IVD cells of IVDD patients and murine IVDD model.30,40 Moreover, other in 
vitro experiments demonstrated that exogenous stimuli, including LPS and H2O2, could induce inflammatory responses 
and degenerative phenotype of NP cells by activating NLRP3.41,42 Interestingly, the previous studies mainly focused on 
NP cell pyroptosis. The difference is that our study found that the phenotype of pyroptosis induced by LSI surgery 
mainly focused on CEP. From the CT results, it can be seen that LSI surgery increased the Tb.Sp of CEP, which may be 
related to the increased expression of pyroptosis in CEP.

Chinese medicine acts as the promising alternative medicine as a therapeutic option for IVDD and might be easily 
accepted by clinicians and patients. GBD, as a common prescription for the treatment of degenerative knee joint diseases, 
is widely used in clinic because of its remarkable curative effect and safety. The composition of GBD skillfully combines 
the therapeutic principles of nursing vitality (tonifying Qi), promoting blood circulation, removing blood stasis, and 
dredging collaterals. In the prescription, Radix Rehmanniae Preparata tonifies kidney yin, tonifies essence and fills 
marrow; epimedium tonifies kidney yang, strengthens tendons and bones; carthamus tinctorius, myrrha and zaocys 
dhumnades promote blood circulation, dredge collaterals, relieve arthralgia and relieve pain. Zaocys dhumnades is also 
used to promote blood circulation, remove blood stasis and dredge collaterals. Early clinical investigation confirmed that 
GBD can effectively relieve the pain of patients, improve the activity function of knee joint, and significantly inhibit the 
objective indexes such as TNF-α and IL-1β. However, the precise molecular mechanisms of GBD against IVDD 
pathogenesis remain unclear.
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Figure 4 GBD can effectively alleviate the pyroptosis signaling in IVDD model mice. (A) Pyroptosis pathway indicators (NLRP3, CASPASE1, GSDMD, IL-1β and IL-18) were 
determined by IF staining and their statistical analysis of relative expression levels (B) were calculated in the CEP between L4~L5 in mice after 8 weeks at post-LSI surgery. 
The white arrow indicates the positive expression. The white box indicates CEP. Data are expressed as mean ± SD, **Denotes a significant difference compared with the 
Sham group (**P < 0.01); #Means a significant difference compared with the LSI group (##P < 0.01); †Indicates a significant difference compared with the LST group (†P < 0.05, 
††P < 0.01); aDenotes a significant difference compared with the GBD-L group (aP < 0.05, aaP < 0.01); n = 6 per group. 
Abbreviations: GBD, Gubi decoction; LSI, lumbar spine instability; LST, loxoprofen sodium tablets; NLRP3, NOD-like receptor thermal protein-domain associated protein 
3; CASPASE1, cysteinyl aspartate specific-proteinase-1; GSDMD, gasdermin D; 1L-1β, Interleukin-1β; 1L-18, Interleukin-18; IVD, intervertebral disc; CEP, cartilage endplate. 
The white box indicates CEP.
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In our study, GBD also suppressed the inflammatory reaction by decreasing the release of inflammatory cytokines 
(IL-1β and IL-18). Combining biochemical methods with IVDD models, we found that GBD had a protective effect on 
the IVD in the IVDD models, which is consistent with previous findings that kidney-tonifying and blood-activating 
traditional Chinese medicine can effectively alleviate the progression of IVDD. GBD not only exerts its role in protecting 
the IVD by reversing the height of the IVD, reducing the porosity of CEP, and reducing the matrix degradation and the 
index of pyroptosis 8 weeks after LSI modeling, and further mechanism study also found that the GBD can suppress NF- 
κB signal 4 W after modeling including a reduction in the phosphorylation status of IκB, which subsequently leads to the 
expression of nuclear p65.

Moreover, LST, as a commonly used anti-inflammatory and analgesic drug in clinic, is currently applicable to 
rheumatoid arthritis, osteoarthritis, lumbago, periarthritis of shoulder, neck-shoulder-wrist syndrome and so on. This 
study also discovered that the therapeutic effect of medium-dose GBD on CEP was significantly better than that of LST 
group and low and high dose GBD treatment group. Similarly, the mechanism of some commonly used western 
medicines in clinic to improve low back pain is also focused on the transformation process from ossified area of CEP 
to porous endplate. For example, Peng Xue et al found that low dose of celecoxib can maintain the expression level of 
PGE 2 in LSI-induced IVDD model, thus maintaining the intraosseous receptor mediated by PGE2/EP4 to reduce the 
porosity of cartilage endplate and relieve low back pain.32 However, there is no statistical difference in some experi
mental results of evaluating the behavior of low back pain in this study, so it is necessary to extend the observation time 
later. In addition, GBD, as a decoction for tonifying kidney and promoting blood circulation, has the effect of improving 
IVDD compared with many other prescriptions, but it plays a different role. For example, our previous study found that 
Liuwei Dihuang decoction (LWDHD) can inhibit pyroptosis but mainly delay the degeneration of NP and AF, but it has 
no effect on the transformation of CEP from ossification to porosity.37 This also shows that some traditional Chinese 
medicines with similar functions still have great differences in the actual position of action. Our team has recently 
identified several key components of GBD through UPLC-MS/MS analysis, including pinoresinol diglucoside, rehman
nioside D, hesperidin, liquiritin, baohuoside I, glycyrrhizic acid, kaempferol, and tangeretin.1 Later, we will make a 
comprehensive comparative study based on these monomers to clarify the key monomer of the transformation from 
ossified area to porous of CEP, and further clarify the exact mechanism of this monomer to delay porous CEP. Overall, 
our data show that GBD plays a unique role in improving porous CEP.

In recent years, numerous evidence have indicated that the NF-κB signaling pathway is pivotal in immune and 
inflammatory responses regulation.43 In IVDD, it is linked to inflammation and pain propagation.44 Our study highlights 
GBD’s impact on this pathway, offering novel therapeutic insights inhibition of IκBα phosphorylation: IκBα restrains 
NF-κB in the cytoplasm. Its phosphorylation leads to degradation, releasing NF-κB for nuclear translocation and pro- 
inflammatory gene transcription. GBD’s reduction of IκBα phosphorylation prevents NF-κB activation and translocation, 
thereby reducing inflammatory mediators’ transcription.45 P65, is vital for NF-κB target gene transcription, becomes 
more active upon phosphorylation. GBD’s reduction of p-P65 levels directly suppresses NF-κB transcriptional activity, 
decreasing pro-inflammatory cytokines and enzymes.46

GBD inhibits NF-κB activation, potentially lowering cytokines, chemokines, and enzymes involved in the inflam
matory process. This lessens the inflammatory environment, alleviating pain and possibly slowing IVDD progression. 
GBD’s modulation of NF-κB could protect disc cells, prevent pyroptosis, and support a viable cellular environment in 
IVDD. GBD’s NF-κB pathway inhibition suggests a novel, effective IVDD treatment approach. It offers therapeutic 
benefits over traditional anti-inflammatories by targeting a crucial pathway in the IVDD inflammatory cascade. This 
strategy could lead to more sustained, effective inflammation in IVDD. GBD’s NF-κB inhibition provides a molecular 
basis for its anti-inflammatory properties in IVDD treatment. Along with its potential to modulate pyroptosis and 
inflammation, GBD emerges as a promising therapeutic candidate for IVDD. Further research and clinical trials are 
necessary to fully understand and validate GBD’s clinical benefits in IVDD patients, and especially the potential of 
targeting NF-κB signaling pathway to treat IVDD. In addition, GBD, as a new use of old drugs, not only provides a 
treatment choice for patients with knee osteoarthritis, but also provides a treatment method for patients with IVDD. In the 
future, with the application of artificial intelligence and big data technology, the potential of new use of old drugs will be 
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further tapped. Although the new use of old drugs has great potential, there are still some challenges: the dosage of drug 
intervention varies from disease to disease, and the side effects of drugs need further careful consideration.

At the same time, this experiment also has several shortcomings, first of all, in terms of motor function detection, we 
used a series of indicators related to IVDs including number of standing upright in 5 minutes, TWL, and gait analysis 
(including swing duration, stride length and paw area). However, the results showed that there was no obvious correlation 
in total movement change, on the one hand, because the randomness of the experimental animals was relatively large, 
and the fact that these indicators did not have a definite relationship with the IVD. Secondly, in terms of drug dosage, the 
results showed that the treatment effect of medium-dose GBD was the best, which also needs to be further studied to 
explore the optimal dosage in IVDD patients. Then, although the relationship between NF-κB and pyroptosis was not 
confirmed in this experiment, some experiments have confirmed that NF-κB is the upstream signaling pathway of 
pyroptosis.47,48 Finally, there was no significant difference between the treatment and IVDD model groups on μCT, 
which may be a combined action of CEP porosity and CEP sclerosis,49 the dynamic changes between heterotopic 
ossification and porosity of CEP in IVDD process still needs further experimental study.

Conclusions
In conclusion, we found that GBD ameliorated IVDD progression in IVDD model mouse. GBD attenuated cartilage 
degradation, inhibited chondrocyte pyroptosis via inhibition of NF-κB activation. Thus, these results uncover NF-κB 
inactivation and subsequent attenuation of cartilage matrix catabolism and pyroptosis of chondrocytes in articular 
cartilage as a hitherto uncharacterized mechanism controlling GBD-mediated preventive effect on IVDD progression. 
GBD’s suppression of the NF-κB pathway underlines its anti-inflammatory and partial analgesic properties for IVDD 
treatment. Combined with its potential to regulate inflammatory, GBD emerges as a promising candidate for developing 
novel IVDD therapies. Further research and clinical trials are essential to fully validate GBD’s clinical efficacy in IVDD, 
particularly its influence on the NF-κB pathway.

Abbreviation
GBD, Gubi decoction; IVD, Intervertebral disc; lVDD, Intervertebral disc degeneration; LSI, lumbar spine instability; 
LST, loxoprofen sodium tablets; DHI, disc height index; NP, nucleus pulposus; AF, annulus fibrosus; CEP, cartilaginous 
endplate; NLRP3, NOD-like receptor thermal protein–domain associated protein 3; CASPASE1, cysteinyl aspartate 
specific-proteinase-1; GSDMD, gasdermin D; IL-1β, Interleukin-1beta; IL-18, Interleukin-18; TCM, traditional Chinese 
medicine; ASC, apoptosis associated speck-like protein containing a CARD; μCT, Micro-CT; BMD, bone mineral 
density; Tb. N, trabecular number; Tb. Th, trabecular thickness; Tb. Sp, trabecular separation; IHC, immunohistochem
istry; IF, immunofluorescence; LSD, least significant difference; TWL, thermal withdrawal latency; PFA, paraformalde
hyde; ADAMTS-5, ADAM metallopeptidase with thrombospondin type 1 motif 5; AGC, Aggrecan; COL II, Collagen II; 
MMP13, matrix metalloproteinase 13.
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