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Purpose: Intervertebral disc (IVD) degeneration, associated with aging, may cause low back pain and disability, with obesity as 
a significant risk factor. In a prior study, we found a positive correlation between IVD degeneration and levels of matrix metallopro-
teinase-1 (MMP-1) and leptin. Yet, the interaction between MMP-1 and leptin in IVD degeneration is unclear. Our research seeks to 
explore leptin’s influence on MMP-1 expression and the underlying mechanisms in human intervertebral disc cartilage endplate- 
derived stem cells, specifically SV40 cells.
Methods: The mRNA and protein expression in leptin-stimulated SV40 cells were assessed using RT-real-time PCR and Western 
blotting or ELISA, respectively. We examined leptin-mediated RhoA activation through a GTP-bound RhoA pull-down assay. 
Furthermore, the phosphorylation levels of mitogen-activated protein kinases and AKT in leptin-stimulated SV40 cells were analyzed 
using Western blotting. The activation of NF-κB by leptin was investigated by assessing phosphorylation of IKKα/β, IκBα, and NF-κB 
p65, along with the nuclear translocation of NF-κB p65. To understand the underlying mechanism behind leptin-mediated MMP-1 
expression, we employed specific inhibitors.
Results: Leptin triggered the mRNA and protein expression of MMP-1 in SV40 cells. In-depth mechanistic investigations uncovered that 
leptin heightened RhoA activity, promoted ERK1/2 phosphorylation, and increased NF-κB activity. However, leptin did not induce phosphor-
ylation of JNK1/2, p38, or AKT. When we inhibited RhoA, ERK1/2, and NF-κB, it resulted in a decrease in MMP-1 expression. Conversely, 
inhibition of reactive oxygen species and NADPH oxidase did not yield the same outcome. Additionally, inhibiting RhoA or ERK1/2 led to 
a reduction in leptin-induced NF-κB activation. Moreover, inhibiting RhoA also decreased leptin-mediated ERK1/2 phosphorylation.
Conclusion: These results indicated that leptin induced MMP-1 expression in SV40 cells through the RhoA/ERK1/2/NF-κB axis. 
This study provided the pathogenic role of leptin and suggested the potential therapeutic target for IVD degeneration.
Keywords: intervertebral disc degeneration, leptin, matrix metalloproteinase, intervertebral disc cartilage endplate-derived stem cells, 
RhoA, ERK1/2

Introduction
Intervertebral disc (IVD) degeneration is believed to be an age-related process resulting from the depletion of proteo-
glycans in the central core of the vertebral disc. This depletion ultimately reduces the disc’s ability to withstand 
compressive forces.1 This condition is commonly observed in the cervical and lumbar spine, especially among the 
elderly population. Patients suffering from IVD degeneration often experience low back pain, which can lead to 
disability.2 Although the pathophysiology of IVD degeneration is intricate and not yet fully understood, several risk 
factors have been identified as significant contributors to the process. These factors include aging,3 genetics,4 smoking,5 
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and physically demanding occupational activities.6 Furthermore, mounting evidence suggests that IVD degeneration is 
associated with profound disruptions in metabolic balance, such as obesity and diabetes.7,8

Obesity stands as a global health crisis primarily stemming from excessive food consumption and a sedentary 
lifestyle, impacting over 600 million individuals across the globe.9 Reports have indicated a substantial and direct 
correlation between obesity and the severity of IVD degeneration.10–12 Moreover, obesity is a recognized pivotal risk 
factor that triggers the onset of type 2 diabetes mellitus through the induction of insulin resistance.13 IVD degeneration is 
further exacerbated by diabetes due to the creation of pathogenic conditions. For instance, elevated blood glucose levels 
prompt the apoptosis of cartilaginous end-plate cells by elevating the production of reactive oxygen species (ROS).14 

Additionally, advanced glycation end-products stimulate matrix degradation by upregulating the expression of metallo-
proteinases in nucleus pulposus cells.15 Adipose tissue comprises adipocytes, fibroblasts, endothelial cells, and various 
types of immune cells, functioning not only as an energy reservoir but also as an endocrine organ. In the context of 
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obesity and diabetes, this adipose tissue becomes an overproducer of adipokines and pro-inflammatory cytokines by 
adipocytes and immune cells, respectively.16 Adipokines constitute a class of cytokine-like hormones, including leptin, 
adiponectin, resistin, interleukin (IL)-6, and tissue necrosis factor, while pro-inflammatory cytokines such as tumour 
necrosis factor α (TNF-α) and IL-1β contribute to the chronic low-grade inflammation observed in obese and diabetic 
individuals.17,18 While it is hypothesised that the pathogenic process of disc degeneration is significantly influenced by 
chronic low-grade inflammation driven by pro-inflammatory cytokines and adipokines released from adipose tissue and 
immune cells of obese and diabetic individuals, the precise mechanisms linking these factors remain elusive.18–20

Matrix metalloproteinases (MMPs) form a family of extracellular proteinases responsible for breaking down collagens and 
aggrecan, which are implicated in the development of various diseases.21 It has been established that the expression levels of 
MMPs in degenerative IVD tissue significantly exceed those in normal IVD tissue.22,23 Leptin, a 16 kDa non-glycosylated 
adipokine derived from adipose tissue and encoded by the obese (ob) gene, plays a crucial role in maintaining energy balance 
and also holds significance in human physiology and pathophysiology.24,25 In a previous study, we demonstrated a positive 
correlation between the histological degeneration score of IVD degeneration and immunohistochemical scores for leptin and 
MMP-1.26 Leptin has been shown to enhance MMPs expression in bovine intervertebral disc cells and human osteoarthritic 
cartilage.27,28 However, the impact of leptin on the intracellular signaling of human intervertebral disc cartilage endplate- 
derived stem cells, which governs MMP-1 expression, remains unclear. In this study, we elucidate that leptin triggers MMP-1 
expression through the RhoA/ERK1/2/NF-κB pathway in human intervertebral disc cartilage endplate-derived stem cells.

Materials and Methods
Chemicals and Reagents
Recombinant human leptin protein (398-LP) was obtained from R&D Systems (Minneapolis, MN). The ELISA kit for human 
MMP-1 and enhanced chemiluminescence (ECL) substrates were procured from Thermo Fisher Scientific (Waltham, MA). 
The Coomassie stain kit (iBlue) was purchased from GeneDireX (Taoyuan, Taiwan). We acquired the antibody against human 
MMP-1 from GeneTex (Irvine, CA). Antibodies against phospho-p38 (T180/Y182), phospho-JNK1/2/3 (T183/Y185), JNK1/ 
2/3, phospho-AKT (T308), AKT, ERK1/2, and phospho-NF-κB p65 (Ser536) were sourced from Taiclone (Taipei, Taiwan). 
Antibodies against phospho-ERK1/2, phospho-IKKα/β, phospho-IκBα, p38, NF-κB p65, and GAPDH were obtained from 
Cell Signaling Technology (Danvers, MA). We acquired Nuclear Matrix Protein p84 from ABclonal (Boston, USA). Prigrow 
IV medium (TM004) and fetal bovine serum were purchased from Applied Biological Materials (BC, Canada). Rho Assay 
Reagent (Rhotekin RBD, agarose) and Amicon® Ultra-4 Centrifugal Filter Unit (UFC801024) were procured from Merck 
(Taipei, Taiwan). The Nuclear/Cytosol Fractionation Kit was purchased from BioVision (Milpitas, CA). N-acetyl-l-cysteine 
(NAC) and diphenyleneiodonium (DPI) were sourced from Sigma-Aldrich (St. Louis, MO).

Cell Culture
The human intervertebral disc cartilage endplate-derived stem cell line (SV40 cells) was procured from Applied 
Biological Materials (BC, Canada). SV40 cells were cultivated and subcultured every 2–3 days in Prigrow IV medium, 
supplemented with 10% heat-inactivated FBS, and maintained at 37 °C in a 5% CO2 incubator.

Induction of MMP-1 by Leptin
SV40 cells were exposed to 100 ng/mL leptin for 6–24 hours or a vehicle for 24 hours. Protein expression levels of 
MMP-1 in the supernatants or cell lysate were assessed using Western blotting and ELISA. Furthermore, SV40 cells were 
treated with 100 ng/mL leptin for 2–24 hours or a vehicle for 24 hours. The mRNA expression levels of MMP-1 were 
examined through reverse transcription and real-time polymerase chain reaction (RT-real-time PCR). To explore the 
impact of inhibitors on leptin-induced MMP-1 expression, SV40 cells were pre-incubated with the inhibitor or a vehicle 
for 0.5 hours and then stimulated with 100 ng/mL leptin for 2 hours (for mRNA expression) or 24 hours (for protein 
expression). Subsequently, both mRNA and protein expression levels of MMP-1 were analyzed using RT-real-time PCR 
and Western blotting, respectively.
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Activation of RhoA by Leptin
SV40 cells were exposed to 100 ng/mL leptin for 15–60 minutes or a vehicle for 60 minutes. The levels of GTP-bound RhoA 
were determined using the Rho Assay Reagent, following the manufacturer’s instructions. In a nutshell, 0.5 mL of cell lysates 
was mixed with 20 µg of Rho Assay Reagent (Rhotekin RBD, agarose) and incubated at 4 °C for 45 minutes with gentle 
shaking. GTP-bound RhoA was isolated through centrifugation for 10 seconds at 14,000 x g at 4 °C. The supernatant was 
discarded, and 500 µL of wash buffer was added. This centrifugation and washing procedure was repeated three times. After 
removing the supernatant during the final wash, 40 µL of 2X Laemmli buffer and 2 µL of 1M dithiothreitol were introduced 
and heated in boiling water for 5 minutes. The mixture was centrifuged for 5 minutes at 14,000 x g at 4 °C, and 20 µL of the 
supernatant was loaded onto SDS-PAGE for Western blotting using the RhoA antibody.

Activation of Mitogen-Activated Protein Kinases (MAPKs) and NF-κB by Leptin
SV40 cells were treated with 100 ng/mL leptin for 15–60 minutes or a vehicle for 60 minutes. We analyzed the 
phosphorylation levels of ERK1/2, JNK1/2/3, p38, IKKα/β, IκBα, and NF-κB p65 using Western blotting. To assess NF- 
κB p65 nuclear translocation, SV40 cells were exposed to 100 ng/mL leptin for 2–6 hours or a vehicle for 6 hours. 
Nuclear and cytosolic fractionation was performed following the manufacturer’s instructions. To investigate the impact 
of inhibitors on leptin-induced phosphorylation of ERK1/2, IKKα/β, and IκBα, SV40 cells were pre-incubated with the 
inhibitor or a vehicle for 0.5 hours and then stimulated with 100 ng/mL leptin for 30 minutes. The phosphorylation levels 
of ERK1/2, IKKα/β, and IκBα were analyzed using Western blotting.

ELISA and Western Blotting
ELISA was conducted according to the manufacturer’s instructions as described previously. Western blotting was 
performed as described previously.29

RT and Quantitative Real-Time PCR Analysis for MMP-1
SV40 cells were exposed to 100 ng/mL leptin for 2–24 hours, or they were pre-incubated with an inhibitor for 0.5 hours 
before being stimulated with 100 ng/mL leptin for 2 hours. RNA extracted from SV40 cells was reverse-transcribed prior 
to quantitative PCR analysis. Human MMP-1 mRNA expression data were presented as relative expression levels 
normalized to those of human glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The following primers were 
employed: MMP-1, forward: 5’-ATGCTTTTCAACCAGGCCCA-3’; MMP-1, reverse: 5’-AGTCCAAGAG 
AATGGCCGAG-3’; GAPDH, forward: 5’-TTCCAGGAGCGAGATCCCT-3’; GAPDH, reverse: 5’-CACCCATGA 
CGAACATGGG-3’.

Statistical Analysis
Statistical analysis involved two-tailed t-tests for two groups and ANOVA with Dunnett’s multiple comparison test for three or 
more groups. The error bars depict the standard deviation from three distinct experiments. The symbols *, **and *** 
correspond to p-values of < 0.05, < 0.01, and < 0.001, respectively.

Results
Leptin Induces MMP-1 Expression in SV40 Cells
To investigate whether leptin triggers MMP-1 expression, SV40 cells were exposed to leptin for 6–24 hours. We 
observed that intracellular MMP-1 levels increased between 6 and 12 hours, gradually returning to the baseline by the 24- 
hour mark (Figure 1A). Moreover, leptin induced the time-dependent release of MMP-1 into the supernatant (Figure 1B). 
The induction of MMP-1 by leptin was further validated through the detection of MMP-1 in the supernatant using ELISA 
(Figure 1C). Additionally, the mRNA levels of MMP-1 were elevated by leptin (Figure 1D). These findings demonstrate 
that leptin prompts MMP-1 expression at the transcriptional level and stimulates the extracellular release of MMP-1 in 
SV40 cells.
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Leptin Induces MMP-1 Expression Through RhoA-Dependent Pathways
Leptin triggers a reorganization of the cytoskeleton in chondrocytes and nucleus pulposus cells by engaging RhoA- 
dependent signaling pathways, as previously shown.30,31 These findings prompted us to investigate whether RhoA plays 
a role in MMP-1 expression in leptin-stimulated SV40 cells. To evaluate the impact of leptin on RhoA activity, we 
conducted a pull-down assay to measure the levels of GTP-bound RhoA (RhoA-GTP). Our results revealed a significant 
increase in RhoA-GTP levels in SV40 cells at 15 and 30 minutes after leptin activation, which declined at the 60-minute 
mark, while the total RhoA levels remained unchanged (Figure 2A). To further explore the involvement of RhoA 
activation in MMP-1 expression in leptin-activated SV40 cells, we examined the effects of Rhosin, a specific inhibitor of 
the RhoA subfamily of Rho GTPases, on MMP-1 expression. Our study demonstrated that Rhosin dose-dependently 
inhibited both MMP-1 mRNA (Figure 2B) and protein (Figure 2C) expression in leptin-activated SV40 cells. These 
results provide evidence that leptin induces MMP-1 expression in SV40 cells through RhoA-dependent pathways.

Figure 1 Effect of leptin on MMP-1 expression. (A–C) SV40 cells were exposed to 100 ng/mL of leptin for 6–24 hours. Subsequently, the MMP-1 protein expression in both 
cell lysates (A) and supernatants (B) was assessed through Western blotting. Additionally, (C) the MMP-1 protein expression in supernatants was quantified using ELISA. (D) 
In a separate experiment, SV40 cells were incubated with 100 ng/mL leptin for 2–24 hours, and the MMP-1 mRNA expression was determined via RT-real-time PCR. Data 
from the ELISA and RT-real-time PCR are presented as means ± SD from three distinct experiments. Images obtained from Western blotting are representative of individual 
experiments. The significance of the findings is denoted by ***p < 0.001 when compared to control cells.

Figure 2 Effect of RhoA on leptin-induced MMP-1 expression. (A) SV40 cells were exposed to 100 ng/mL of leptin for 15–60 minutes, and the levels of GTP-bound RhoA were assessed 
through pull-down and Western blotting. (B) To investigate the effect of Rhosin, SV40 cells were first incubated with Rhosin for 0.5 hours, followed by incubation with 100 ng/mL of leptin 
for 2 hours. Subsequently, MMP-1 mRNA expression was determined using RT-real-time PCR. (C) For a similar investigation, SV40 cells were first incubated with Rhosin for 0.5 hours, 
followed by incubation with 100 ng/mL of leptin for 24 hours. The MMP-1 protein expression in supernatants was then analyzed through Western blotting. Data obtained from RT-real- 
time PCR is presented as the means ± SD from three separate experiments. The Western blotting images are representative of individual experiments. The significance of the findings is 
indicated by ***p < 0.001 when compared to leptin-activated cells.
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Leptin Induces MMP-1 Expression Through ERK1/2-Dependent Pathways
MAPKs play a pivotal role in the intricate signaling network of leptin, governing its multifaceted biological functions.32 

However, their involvement in leptin-induced MMP-1 expression within SV40 cells has remained unexplored. Our 
investigation revealed that leptin substantially increased the phosphorylation levels of ERK1/2 at both the 15 and 30- 
minute marks after treatment, only to return to basal levels at the 60-minute point (Figure 3A). Conversely, leptin 
exhibited no ability to augment the phosphorylation levels of JNK1/2 (Figure 3B) or p38 (Figure 3C) in SV40 cells. To 
delve into whether leptin induces MMP-1 expression through ERK1/2-associated pathways, we tested the impact of 
PD98059, a selective MEK inhibitor that impedes the phosphorylation and activation of ERK1/2, on MMP-1 expression. 
Our findings demonstrated that PD98059 dose-dependently suppressed MMP-1 mRNA (Figure 3D) and protein 
(Figure 3E) expression in leptin-activated SV40 cells. These outcomes strongly suggest that leptin triggers MMP-1 
expression through ERK1/2-dependent pathways in SV40 cells. Moreover, leptin is known to induce AKT activation in 
various cell types.33–35 However, in SV40 cells, leptin did not elicit AKT phosphorylation (Figure 3F).

Leptin Induces MMP-1 Expression Through NF-κB-Dependent Pathways
We explored the involvement of NF-κB in MMP-1 expression within leptin-activated SV40 cells. Our findings revealed 
that leptin increased the phosphorylation levels of IKKα/β (Figure 4A), IκBα (Figure 4B), and NF-κB p65 (Figure 4C) in 

Figure 3 Effect of ERK1/2 on leptin-induced MMP-1 expression. (A-C) SV40 cells were treated with 100 ng/mL of leptin for 15–60 minutes. Subsequently, the phosphorylation levels of 
ERK1/2 (A), JNK1/2/3 (B), and p38 (C) in cell lysates were assessed through Western blotting. (D) To investigate the impact of PD98059, SV40 cells were pre-incubated with PD98059 
for 0.5 hours, followed by treatment with 100 ng/mL of leptin for 2 hours. The subsequent analysis focused on MMP-1 mRNA expression, which was evaluated via RT-real-time PCR. (E) 
In a similar experimental setup, SV40 cells were pre-incubated with PD98059 for 0.5 hours, followed by exposure to 100 ng/mL of leptin for 24 hours. This time, the analysis involved 
MMP-1 protein expression in supernatants, assessed using Western blotting. (F) In a different series of experiments, SV40 cells were treated with 100 ng/mL of leptin for 15–60 minutes, 
and the phosphorylation levels of AKT in cell lysates were examined through Western blotting. Data derived from RT-real-time PCR is presented as the means ± SD from three separate 
experiments. The Western blotting images represent individual experiments. Findings indicating significance are marked as *p < 0.05 and ***p < 0.001 in comparison to leptin-activated 
cells.
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Figure 4 Effect of NF-κB on leptin-induced MMP-1 expression. (A–C) SV40 cells were exposed to 100 ng/mL of leptin for 15–60 minutes. Following this, phosphorylation 
levels of IKKα/β (A), IκBα (B), and NF-κB p65 (C) in cell lysates were examined via Western blotting. (D) For an extended treatment period, SV40 cells were incubated with 
100 ng/mL of leptin for 2–6 hours, and the MMP-1 protein expression in both cytosolic and nuclear fractions was evaluated through Western blotting. (E) Investigating the 
impact of PDTC, SV40 cells were pre-treated with PDTC for 0.5 hours, followed by incubation with 100 ng/mL of leptin for 2 hours. The subsequent analysis focused on 
MMP-1 mRNA expression, assessed using RT-real-time PCR. (F) In a related experiment, SV40 cells were pre-treated with PDTC for 0.5 hours, followed by exposure to 100 
ng/mL of leptin for 24 hours. The analysis centered on MMP-1 protein expression in supernatants and was assessed by ELISA. (G) Another pre-treatment experiment 
involved SV40 cells being incubated with SN50 for 0.5 hours, followed by incubation with 100 ng/mL of leptin for 24 hours. MMP-1 protein expression in supernatants was 
examined through Western blotting. (H) A separate pre-treatment study had SV40 cells being incubated with NAC for 0.5 hours, followed by exposure to 100 ng/mL of 
leptin for 24 hours. The analysis focused on MMP-1 protein expression in supernatants and was assessed by Western blotting. (I) In a different pre-treatment setup, SV40 
cells were exposed to DPI for 0.5 hours, followed by incubation with 100 ng/mL of leptin for 24 hours. The subsequent analysis involved the assessment of MMP-1 protein 
expression in supernatants and was conducted through Western blotting. Data from ELISA and RT-real-time PCR are presented as the means ± SD from three separate 
experiments. The Western blotting images represent individual experiments. Findings denoting significance are marked as *p < 0.05 and ***p < 0.001 in comparison to leptin- 
activated cells.
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SV40 cells. Furthermore, leptin induced the translocation of NF-κB p65 into the cell nucleus (Figure 4D). To gain deeper 
insights into the role of NF-κB in leptin-mediated MMP-1 expression, we examined the impact of the NF-κB inhibitor 
PDTC on MMP-1 expression in SV40 cells. Our results indicated that PDTC significantly inhibited leptin-induced 
mRNA (Figure 4E) and protein (Figure 4F) expression of MMP-1. Furthermore, another NF-κB inhibitor, SN50, also 
confirmed the role of NF-κB in reducing MMP-1 protein expression (Figure 4G). These outcomes underscore that leptin 
induces MMP-1 expression through NF-κB-dependent pathways. Additionally, ROS are known to play crucial roles in 
leptin-mediated responses.36,37 However, we observed that the inhibition of ROS using NAC (Figure 4H) or the 
inhibition of the ROS production enzyme NADPH oxidase with DPI (Figure 4I) did not affect leptin-induced MMP-1 
expression in SV40 cells.

Leptin Activates NF-κB Through RhoA-ERK1/2 Axis
We established that RhoA operates upstream of ERK1/2, as the phosphorylation of ERK1/2 induced by leptin was 
significantly hindered by the RhoA inhibitor Rhosin (Figure 5A). Additionally, Rhosin inhibited the leptin-induced 
phosphorylation of IKKα/β (Figure 5B) and IκBα (Figure 5C), indicating that RhoA also functions upstream of NF-κB. 
To further unravel the interplay between ERK1/2 and NF-κB, we investigated the impact of the MEK inhibitor PD98059 
on NF-κB activation. Our findings revealed that PD98059 inhibited the leptin-induced phosphorylation of IKKα/β 
(Figure 5D) and IκBα (Figure 5E). Collectively, these results point to leptin’s activation of NF-κB through the RhoA- 
ERK1/2 axis in SV40 cells.

Discussion
Maintaining an appropriate extracellular matrix level is vital for the well-being of several physiological processes, 
particularly the health of the IVD. MMP-1, a pivotal enzyme responsible for extracellular matrix degradation in the IVD, 
plays a crucial role in this context. Studies have shown that MMP-1 levels in intervertebral disc tissues significantly 
increase in patients suffering from IVD degeneration, with higher expression levels observed in more severe cases.23,26 

Furthermore, experimentally induced scoliotic deformity can induce MMP-1, resulting in its over-expression in disc cells 
of the annulus fibrosus, potentially hastening the degeneration of the intervertebral disc.38 Additionally, infection by 
Propionibacterium acnes can elevate MMP-1 expression, contributing to the loss of aggrecan and collagen II in nucleus 

Figure 5 Leptin activates NF-κB through RhoA-ERK1/2 axis. (A–C) SV40 cells were pre-treated with Rhosin for 0.5 hours, followed by incubation with 100 ng/mL of leptin 
for 30 minutes. Subsequently, the phosphorylation levels of ERK1/2 (A), IKKα/β (B), and IκBα (C) in cell lysates were examined through Western blotting. (D and E) In 
a similar experimental setup, SV40 cells were pre-treated with Rhosin for 0.5 hours, followed by exposure to 100 ng/mL of leptin for 30 minutes. The subsequent analysis 
focused on the phosphorylation levels of IKKα/β (D) and IκBα (E) in cell lysates, which were assessed using Western blotting. The Western blotting images represent 
individual experiments.
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pulposus cells, underscoring the role of P. acnes infection as a risk factor for IVD degeneration.39 In this study, we 
present a groundbreaking finding that MMP-1 can be induced by leptin in human intervertebral disc cartilage endplate- 
derived stem cells. It’s worth noting that MMP-1 induction can result from various factors in different tissues. For 
instance, in human chondrosarcoma cells and articular chondrocytes, IL-1β and TNF-α have been found to increase 
MMP-1 expression.40 In another scenario, mechanical stretch has been shown to induce MMP-1 expression in human 
keratoconus fibroblasts, highlighting its significance in corneal extracellular matrix remodeling.41 Furthermore, up- 
regulation of MMP-1 has been observed in Mycobacterium tuberculosis-infected macrophages, where MMP-1 appears 
to promote M. tuberculosis infection.42 Understanding the mechanisms through which MMP-1 is upregulated in disease 
conditions holds promise for gaining better insights and targeting therapeutics for IVD degeneration and MMP- 
1-associated disorders.

RhoA, a small GTPase protein, assumes pivotal roles in orchestrating leptin-mediated responses across a range of cell 
types. It’s been shown that leptin activates RhoA, instigating cytoskeleton remodeling in chondrocytes and nucleus 
pulposus cells, underscoring its critical involvement in conditions like obesity-associated lumbar disc degeneration and 
osteoarthritis.30,31, Furthermore, RhoA has been identified as a regulator of leptin-induced cardiomyocyte hypertrophy in 
cultured neonatal rat ventricular myocytes.43,44 Notably, p38 MAPK serves as an important downstream signaling 
pathway of RhoA in controlling leptin-induced cardiomyocyte hypertrophy;43,44 however, we have demonstrated that 
ERK1/2, not p38 MAPK, serves as the downstream signal of RhoA that is indispensable for leptin-induced MMP-1 
expression in SV40 cells. ERK1/2 also participates in leptin-mediated osteoblastic differentiation of cartilage endplate 
cells.45 Moreover, serum leptin levels have shown a positive correlation not only with IVD degeneration syndrome but 
also with the increased presence of dysfunctional B cells in patients with systemic lupus erythematosus.26 This 
observation can be elucidated by the fact that leptin activates B cells to produce cytokines and induces B cell 
differentiation into plasma cells via the ERK1/2 pathway.46 These findings highlight ERK1/2 as a potential therapeutic 
target for conditions induced by leptin.

Excessive production of ROS can lead to oxidative damage. However, ROS also serve as critical elements in living 
organisms, functioning as signaling molecules and participating in defense against pathogens.47 In the context of IVD 
health, ROS can influence matrix metabolism, inflammatory processes, and autophagy in IVD cells, thereby promoting 
IVD degeneration.48 Additionally, leptin’s activation of the NLRP3 inflammasome, a key contributor to IVD degenera-
tion, occurs through ROS production in osteoarthritic chondrocytes.37 On the flip side, in certain scenarios, such as 
hyperglycemia-induced apoptosis in pheochromocytoma cells, leptin reduces cell death by mitigating ROS production.49 

It’s worth noting that in our study, we observed that the use of ROS scavengers like NAC and NADPH oxidase inhibitor 
DPI did not diminish MMP-1 expression in leptin-activated SV40 cells, suggesting that ROS play a less prominent role 
in this specific model. Furthermore, while leptin activates AKT, a regulator of various biological functions, in multiple 
cell types,33–35,50 we did not observe AKT activation in leptin-stimulated SV40 cells.

The inhibition of NF-κB had a significant impact on reducing the expression levels of MMP-3, MMP-9, and MMP-13 
in IL-1β-stimulated nucleus pulposus cells.51 Moreover, when NF-κB was systemically inhibited in a mouse model of 
accelerated aging, it resulted in an increase in disc proteoglycan synthesis and a reduction in the loss of disc cellularity 
and matrix proteoglycan.52 Our own research has demonstrated that leptin activates NF-κB, and inhibiting NF-κB 
significantly reduces leptin-induced MMP-1 expression in SV40 cells. These findings underscore the critical role of NF- 
κB as a key pathogenic factor in IVD degeneration. Consequently, targeting NF-κB represents a potential therapeutic 
strategy for mitigating IVD degeneration.53

In this study, we present evidence demonstrating the crucial roles of RhoA, ERK1/2, and NF-κB in regulating MMP-1 
expression in leptin-stimulated SV40 cells. Targeting molecules or pathways associated with RhoA, ERK1/2, and NF-κB 
holds the potential to modulate leptin-induced MMP-1 expression. Previous studies have shown various methods for the 
regulation of RhoA activity. For instance, RhoA activity can be negatively controlled by S-nitrosylation of cysteine 
residues in the GTP-binding domain of RhoA in smooth muscle cells,54 or through cAMP-mediated phosphorylation of 
serine residue 188 of RhoA in protein kinase A-activated human natural killer cells. This phosphorylation promotes 
a stable binding between RhoA-GTP and RhoGDIα, sequestering RhoA to the cytosol and eventually leading to RhoA 
inactivation.55 Activation of the G protein-coupled bile acid receptor TGR5 has been linked to the improvement of 
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diabetic retinopathy, as it inhibits the RhoA signaling pathway by stabilizing F-actin.56 Moreover, the exogenous 
expression of phospholipase Cδ3 has been shown to down-regulate RhoA protein and inhibit RhoA signaling in 
cerebellar granule cells, thereby promoting neurite extension.57 Long noncoding RNAs (lncRNAs) are significant 
regulators of signal transduction and gene expression in cells. For example, lncRNA-01126 was significantly increased 
in periodontitis patients, and overexpression of lncRNA-01126 reduced the migration of human periodontal ligament 
cells by reducing the phosphorylation levels of ERK1/2.58 Additionally, lncRNA-NEF has been found to suppress 
epithelial-mesenchymal transition in colorectal cancer cells in vitro and inhibit metastasis in vivo by inhibiting ERK1/ 
2.59 Rac1b depletion has been associated with increased ERK1/2 activation and an epithelial-mesenchymal transition 
phenotype in pancreatic ductal adenocarcinoma cells, suggesting that Rac1b negatively regulates ERK1/2 signaling.60 

Furthermore, negative regulation of NF-κB signaling can be achieved at multiple levels, including transcriptional, post- 
transcriptional, and post-translational levels.61 For instance, the pseudo-kinase interleukin 1 receptor-associated kinase 
(IRAK)-3 (also known as IRAK-M) inhibits NF-κB activation by reducing the phosphorylation of IRAK-1 and inhibiting 
TNF receptor-associated factors 6 (TRAF6) at the transcriptional level.62 MicroRNAs, a specific class of RNA 
molecules, are involved in targeting RNA for degradation. MicroRNA-146, for example, can be induced by inflammatory 
stimulation and binds to the 3’ untranslated regions of both IRAK-1 and TRAF6 mRNA, preventing their translation and 
thereby inactivating NF-κB.63 The zinc finger protein A20 (also known as TNF-α-induced protein 3) is an important 
negative feedback regulator of NF-κB at the post-translational level by inhibiting the ubiquitination of TRAF6.64 These 
results suggest that the induction or activation of negative regulators of RhoA, ERK1/2, or NF-κB could serve as 
important therapeutic targets for mitigating IVD degeneration.

In addition to the pathways we examined in this study, numerous molecules and pathways have been reported to 
regulate MMP-1 expression in various cell types under different conditions. For instance, leptin has been found to 
promote MMP-1 expression in rat nucleus pulposus cells through the JAK2/STAT3 pathway.65 Glycogen synthase 
kinase-3α/β (GSK-3α/β) has been shown to positively regulate MMP-1 expression in Mycobacterium tuberculosis- 
infected human THP-1 macrophages.42 Additionally, protein kinase C-α (PKC-α) is involved in the induction of MMP-1 
expression in response to phorbol ester 12-O-tetra-decanoylphorbol-13-acetate in MCF-7 breast cancer cells and heat 
shock-induced MMP-1 expression in human keratinocytes HaCaT cells.66,67 These findings suggest that JAK2/STAT3, 
GSK-3α/β, and PKC-α are potential targets that warrant further investigation to elucidate their roles in MMP-1 
expression in leptin-activated SV40 cells.

While our analysis of MMP-1 expression included ELISA, Western blotting, and RT-PCR, it is important to consider 
the inclusion of other relevant evaluation methodologies in future studies to further substantiate the reliability of our 
results. In addition to assessing mRNA and protein expression, quantitative measurements of MMP-1 enzyme activity 
can be performed using collagen zymography and fluorimetric assays.68,69 Moreover, intracellular MMP-1 expression 
can be visualized by employing a fluorescence-conjugated MMP-1 antibody and observed using a fluorescent 
microscope.70 Given the crucial role of ERK1/2 in leptin-mediated MMP-1 induction, evaluating the impact of leptin 
on ERK1/2 can involve not only the assessment of phosphorylation levels but also in vitro kinase assays.71 In our present 
study, we scrutinized the effect of leptin on NF-κB signaling by examining the phosphorylation levels of IKKα/β, IκBα, 
and NF-κB p65, as well as the nuclear translocation of NF-κB p65 in SV40 cells. To enhance our understanding, it would 
be worthwhile to investigate the influence of leptin on NF-κB transcriptional activity using a reporter assay.72

A limitation of this study lies in the absence of genetic inhibition to validate our findings, despite demonstrating the 
significance of RhoA, ERK1/2, and NF-κB in leptin-induced MMP-1 expression in SV40 cells through the use of specific 
inhibitors. Our attempts to downregulate the expression of RhoA, ERK1/2, and NF-κB in SV40 cells via shRNA were 
unsuccessful, as these proteins’ levels were not significantly reduced in antibiotics-selected SV40 cells. This suggests that 
SV40 may have low transfection efficiency when using liposome-based transfection methods. Another limitation is the 
absence of an animal model to provide in vivo confirmation. To address this limitation, the impact of leptin on MMP-1 
expression and IVD degeneration could be assessed in mice through weekly intraperitoneal injections of leptin over 
a 2-month period, with or without the administration of RhoA, ERK1/2, or NF-κB inhibitors. Subsequently, the L3-6 
segments of the mice can be collected, and MMP-1 expression in the cartilage endplate can be analyzed via immuno-
histochemistry, while the severity of IVD degeneration can be evaluated.73 Furthermore, aged mice (23 months old) 
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typically exhibit age-dependent IVD degeneration, marked by changes in phenotype and reduced viability of central 
nucleus pulposus cells.74 Investigating the impact of leptin on age-dependent IVD degeneration in mice could be 
achieved by reducing leptin in vivo using a leptin-neutralizing antibody administered intravenously.75

Conclusion
We conducted a comprehensive investigation into the function and regulatory mechanisms underlying leptin- 
mediated MMP-1 expression in human intervertebral disc cartilage endplate-derived stem cells. These findings 
have substantial potential for guiding the development of targeted therapeutic strategies for addressing intervertebral 
disc disease.
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