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Low back pain (LBP) is a common musculoskeletal disorder, and its pathological 
basis is closely related to intervertebral disc degeneration (IVDD). Although 
commonly used conservative treatments and surgical interventions can alleviate 
symptoms, they are difficult to fundamentally delay or reverse the process 
of IVDD. In recent years, biological treatment strategies centered on cell 
therapy, targeting the initiating mechanisms of IVDD, have provided new 
directions for the fundamental treatment of this disease. Among them, 
mesenchymal stem cells (MSCs) are regarded as ideal candidate cell types 
for achieving intervertebral disc regeneration due to their immunomodulatory 
properties and multidifferentiation potential. The discovery of endogenous 
stem cells within the intervertebral disc further reveals the tissue’s own 
repair potential. As the “soil” upon which “seed” cells depend for survival, 
the intervertebral disc microenvironment, composed of cell niches and their 
surrounding biochemical and physical factors, plays a key regulatory role in 
the proliferation, differentiation, and functional expression of stem cells and 
endogenous cells. However, the intervertebral disc is naturally in extreme 
conditions such as low oxygen, low nutrition, acidic pH, and high mechanical 
load. This microenvironment further deteriorates during the degeneration 
process, not only severely affecting the survival and function of resident 
cells but also posing severe challenges for stem cell transplantation therapy. 
This article systematically reviews the characteristics of the intervertebral disc 
microenvironment under physiological and degenerative states, focusing on 
the impact of the degenerative microenvironment on the biological behavior 
of stem cells. It summarizes key strategies for enhancing MSC adaptability 
and therapeutic efficacy and proposes standardized parameters for optimizing 
clinical applications, aiming to provide a theoretical basis and path support 
for advancing the clinical translation of stem cell therapy in intervertebral disc 
regeneration.
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1 Introduction

Low back pain (LBP) is a common musculoskeletal disorder, 
affecting over 500 million people globally, with a trend towards 
younger onset age. It has become a significant public health issue 
that imposes a heavy socio-economic burden (Ma et al., 2025). 
Its pathological basis is primarily associated with intervertebral 
disc degeneration (IVDD) (Liu et al., 2025). The hallmarks of 
IVDD include a reduction in nucleus pulposus cells, degradation 
of the extracellular matrix (ECM), activation of an inflammatory 
microenvironment, and loss of biomechanical function, 
accompanied by structural changes such as annulus fibrosus 
rupture, nucleus pulposus dehydration, and endplate calcification 
(Zhu et al., 2023; Xia et al., 2024). Current conventional clinical 
treatments (such as non-steroidal anti-inflammatory drugs, physical 
therapy, and surgical intervention), while capable of providing short-
term symptomatic relief, cannot reverse the degenerative process or 
achieve tissue regeneration (Krut et al., 2021).

In recent years, regenerative medicine strategies centered on 
cell therapy have provided new directions for the fundamental 
treatment of IVDD. Among these, mesenchymal stem cells (MSCs) 
have become the most promising therapeutic tools due to their self-
renewal, multilineage differentiation potential, low immunogenicity, 
and immunomodulatory properties (Ogaili et al., 2025). The 
basic strategy is to implant MSCs to promote the repair and 
functional reconstruction of degenerated tissue (Lu et al., 2021). 
Numerous studies have shown (Li et al., 2025; Tang et al., 2025; 
Zhao et al., 2025) that MSCs can not only directly differentiate 
into nucleus pulposus-like cells, replenishing the missing cell 
population (Li et al., 2025), but also play a key role through 
paracrine actions: on one hand, by secreting growth factors (such 
as TGF-β, IGF-1) to activate anabolic pathways and promote ECM 
synthesis (Tang et al., 2025); on the other hand, releasing anti-
inflammatory factors (such as IL-10) and inhibiting the destructive 
effects of pro-inflammatory factors (such as IL-1β, TNF-α), thereby 
effectively improving the local microenvironment and delaying or 
even reversing the process of IVDD (Zhao et al., 2025). Notably, 
researchers have identified endogenous progenitor cells in multiple 
regions of the intervertebral disc, including the nucleus pulposus, 
annulus fibrosus, and endplate (Lyu et al., 2019; Hu et al., 2018). 
These cells not only express typical MSC surface markers but also 
have expression levels of pluripotency markers (such as OCT3/4, 
NANOG) that reach or even exceed those of MSCs, and possess 
trilineage (osteogenic, chondrogenic, adipogenic) differentiation 
capacity as well as self-renewal potential (Hu et al., 2018). These 
cells usually reside quiescently in specific stem cell niches within 
the intervertebral disc and can be activated under conditions of 
tissue injury or degeneration, differentiating into chondrocytes, 
osteoblasts, and adipocytes, indicating that the intervertebral disc 
possesses a certain self-repair potential, providing a new cell source 
for regenerative medicine (Shen et al., 2015).

However, as an avascular tissue, the intrinsic microenvironment 
of the intervertebral disc is characterized by extreme features such 
as hypoxia, low nutrient levels, high acidity, hyperosmolarity, 
and sustained mechanical stress (Zhang et al., 2022). During 
degeneration, this microenvironment further deteriorates, 
accompanied by the accumulation of inflammatory factors, 
increased protease activity, and abnormal biomechanical properties 

(Ikwuegbuenyi et al., 2025), severely affecting the survival, 
proliferation, differentiation, and functional expression of 
resident cells (including both endogenous cells and transplanted 
cells). Although some clinical studies have shown certain 
improvements from stem cell therapy (Munda and Velnar, 2024; 
Beall et al., 2020), the negative impact of the degenerative 
microenvironment on their biological behavior remains a major 
challenge, often leading to inconsistent efficacy or even treatment 
failure. Furthermore, different types of MSCs (such as bone 
marrow-derived, adipose-derived, disc-derived) exhibit significant 
differences in their response to microenvironmental stress 
(Wu et al., 2017; Xia et al., 2022), but the related mechanisms have 
not yet been systematically elucidated.

Therefore, when formulating regenerative treatment strategies, 
the adverse microenvironment of the degenerated intervertebral 
disc must be fully considered. With the progression of degeneration, 
the imbalance between catabolism and anabolism and the 
continuous deterioration of the microenvironment may further 
inhibit the activity of stem/progenitor cells, placing higher demands 
on treatment strategies. This article aims to systematically review 
the main characteristics and dynamic evolution of the intervertebral 
disc microenvironment under physiological and pathological 
conditions, focusing on analyzing the impact of the degenerative 
microenvironment on the biological behavior of exogenous MSCs 
and endogenous progenitor cells. It will also summarize current 
strategies to enhance MSC adaptability, survival rate, and functional 
expression, including genetic regulation, biomaterial-assisted 
transplantation, and microenvironment modulation, to provide 
a theoretical basis and feasible path for promoting the clinical 
translation of stem cell therapy in intervertebral disc regeneration. 

2 Anatomy of the intervertebral disc 
and degeneration

The intervertebral disc (IVD) is a fibrocartilaginous structure 
located between adjacent vertebral bodies, composed of the outer 
annulus fibrosus (AF), the central nucleus pulposus (NP), and 
the superior and inferior cartilage endplates (CEP). It is the 
core structure for distributing mechanical loads, enabling bending 
movements, and providing shock absorption in the spine, with 
its good elasticity and osmotic properties providing flexibility and 
stability to the spine (Cassidy et al., 1989).

Anatomically, the annulus fibrosus tightly encircles the nucleus 
pulposus in a lamellar fashion. The collagen fiber type transitions 
gradually from the outer to the inner layers—the outer layer is 
primarily composed of tension-resistant type I collagen, while 
moving inward, it gradually mixes with type II collagen extending 
to the edge of the nucleus pulposus, forming a tough ring structure 
that provides mechanical support to the disc by restricting NP 
displacement and resisting compressive loads. The nucleus pulposus, 
as the functional core of the disc, is gel-like, rich in water (80%–90% 
of wet weight) and an ECM primarily composed of type II 
collagen and proteoglycans. Among these, proteoglycans adsorb 
large amounts of water through glycosaminoglycan side chains and 
form aggrecan complexes by binding with hyaluronic acid, creating 
a high osmotic pressure environment that maintains the highly 
hydrated state of the NP. This is a key component for ensuring 
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disc height, distributing spinal physical loads, and facilitating the 
exchange of nutrients and metabolites (Adams and Green, 1993). 
The cartilage endplate, composed of hyaline cartilage, covers the 
upper and lower surfaces of the disc. It not only anchors the disc 
to the vertebral body and transmits vertical mechanical loads but 
also serves as a critical interface for disc metabolism, facilitating 
the exchange of nutrients and metabolic waste between the disc 
and the terminal vessels of the vertebral body through permeation. 
It is noteworthy that the entire intervertebral disc exists in a 
special microenvironment that is avascular, hypoxic (oxygen tension 
5–150 mmHg), hyperosmotic (osmolarity 430–496 mOsm/L), and 
characterized by slow metabolism. Its function is highly dependent 
on the integrity of the ECM—the loss or destruction of the ECM 
will directly trigger intervertebral disc degeneration (IVDD) and 
structural changes (Zehra et al., 2015).

The occurrence of IVDD results from the combined effects 
of genetic and environmental factors. Aging, smoking, infection, 
genetic predisposition, abnormal biomechanical loading (such 
as long-term bending or heavy lifting), and reduced nutrient 
supply through the cartilage endplate are all inducing factors 
(Wu et al., 2021). From a pathological evolution perspective, 
IVDD begins with the progressive destruction of the nucleus 
pulposus: the early stage is characterized by increased degradation 
of proteoglycans, leading to decreased water content in the NP 
and weakened biomechanical performance (reduced compressive 
load capacity), transferring more stress to the annulus fibrosus. 
The annulus fibrosus, having significantly weaker compression 
resistance than tensile resistance, gradually develops structural 
damage under continuous high pressure, manifesting as overall 
bulging beyond the endplate boundaries (visible as disc bulging 
on imaging). As the pathology progresses, the inner annulus 
fibrosus ruptures first, leading to localized protrusion of the nucleus 
pulposus (contained herniation); if the outer annulus fibrosus 
subsequently ruptures, the nucleus pulposus completely extrudes 
(non-contained herniation), potentially protruding into the spinal 
canal or lateral recess, compressing the cauda equina and nerve 
roots, causing pain or motor dysfunction (Buckwalter, 1995). At 
the microscopic level, IVDD manifests as deterioration of the 
disc microenvironment (hypoxia, low pH, inflammatory factor 
infiltration), a sharp reduction in cell number (necrosis, apoptosis, 
or pyroptosis), and imbalance in ECM metabolism (catabolism 
greater than anabolism). Macroscopically, it presents features such 
as annulus fibrosus deformation/rupture, nucleus pulposus water 
loss/fibrosis, cartilage endplate calcification, neovascularization and 
nerve ingrowth, vertebral osteophyte formation, and decreased 
disc height (Figure 1). Due to the lack of blood supply, once 
degeneration or injury occurs, the self-repair capacity of the 
disc is very poor, ultimately leading to clinical symptoms such 
as discogenic low back pain or sciatica associated with nerve
compression.

3 Physiological characteristics and 
degenerative changes of the 
intervertebral disc microenvironment

The intervertebral disc is an avascular tissue, and its 
microenvironment has unique physiological characteristics. The 

distance from the blood supply can be up to 8 mm or more 
(Brodin, 1955). Nutrients can only slowly permeate from the 
capillaries in the adjacent vertebral body through the endplate (CEP) 
to the nucleus pulposus (NP), and the clearance of metabolic waste 
is also significantly restricted (Holm et al., 1981), resulting in cells 
existing in an extremely impoverished state.

Under normal physiological conditions, the center of the 
nucleus pulposus primarily relies on anaerobic glycolysis for 
metabolism, forming a nutrient gradient from the periphery 
to the center, characterized by a microenvironment with low 
glucose (approximately 1 mmol/L) and high lactate (approximately 
5 mmol/L) (Mokhbi Soukane et al., 2009; Bartels et al., 1998). The 
pH of a healthy intervertebral disc ranges between 7.0 and 7.2 
(Ichimura et al., 1991), about 0.5 units lower than the surrounding 
tissue fluid (Urban, 2002). The oxygen partial pressure ranges 
between 5 and 150 mm Hg, with an average oxygen concentration of 
about 2% (Bartels et al., 1998), significantly lower than most human 
tissues. The extracellular matrix (ECM) is primarily composed of 
type II collagen and aggrecan, the latter accounting for about 50% of 
the dry weight in the pediatric nucleus pulposus, endowing the tissue 
with high osmotic pressure (approximately 430–496 mOsm/L) 
(Ishihara et al., 1997; Urban and Roberts, 2003), and providing 
mechanical support, water retention capacity, and compressive 
resistance.

During degeneration, the intervertebral disc microenvironment 
deteriorates significantly. The endplate gradually calcifies and 
thins, further hindering substance exchange, leading to a drop 
in glucose concentration that can reach as low as half that of the 
healthy state (Holm et al., 1981; Jackson et al., 2011). The pH 
decreases to 5.7–6.5 due to proton accumulation (Kitano et al., 1993; 
Diamant et al., 1968), and oxygen tension drops to approximately 
1% (Bartels et al., 1998). The degenerated disc presents a state 
of chronic inflammation, with upregulated expression of various 
inflammatory factors, including IL-1, TNF-α, MMPs (such as 
MMP10, MMP12), COX-2, IL-8, among others. (Peng and 
Lv, 2015; Lyu et al., 2021), among which IL-1 plays a central 
role in promoting matrix degradation and pain generation 
(Phillips et al., 2015). Simultaneously, the mechanical properties 
of the ECM change significantly: the shear stiffness of the human 
nucleus pulposus increases from 12.5 kPa in Pfirrmann grade 
1–16.5 kPa in grade V (Walter et al., 2017), collagen fibers thicken 
and become disorganized (Leung et al., 2014), its aggrecan synthesis 
decreases while degradation increases (Antoniou et al., 1996), 
and osmotic pressure drops to about 300 mOsm/L
(Wuertz et al., 2007) (Table 1).

In summary, intervertebral disc degeneration manifests as a 
comprehensive deterioration of the microenvironment, including 
increased ECM stiffness, reduced nutrients, increased acidity, 
hypoxia, and exacerbated inflammatory response. These changes 
collectively promote the progressive decline of disc structure 
and function. 

4 Traditional treatments for IDD

Current treatments for intervertebral disc degeneration 
(IDD/IVDD) include conservative therapy and surgical intervention 
(Lu et al., 2021). Conservative treatment aims to relieve low back 
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FIGURE 1
The intervertebral disc in healthy and pathological tissues (Lu et al., 2021). The healthy intervertebral disc (IVD) comprises three distinct regions: the 
gelatinous nucleus pulposus (NP), the annulus fibrosus (AF), and the cartilaginous endplate (CEP). Intervertebral disc degeneration (IVDD) is 
characterized by various structural changes including NP dehydration and inflammation, extracellular matrix metabolic imbalance, ingrowth of nerve 
fibers and blood vessels, annular bulging, and osteophyte formation at the CEP. TIMPs: Tissue Inhibitor of Metalloproteinases, MMPs: Matrix 
Metalloproteinases, ADAMTs: A Disintegrin and Metalloproteinase with Thrombospondin Motifs, GDF: Growth Differentiation Factor, TGF-β: 
Transforming Growth Factor-β, BMP: Bone Morphogenetic Protein, IL-1: Interleukin-1, IL-6: Interleukin-6, IL-8: Interleukin-8, TNF-α: Tumor 
Necrosis Factor-α.

pain (LBP) and typically adopts a stepped analgesic strategy (Deyo 
and Weinstein, 2001): starting with non-steroidal anti-inflammatory 
drugs, potentially escalated to weak opioids if ineffective, and 
considering strong opioids only for severe, refractory pain. For 

patients with neuropathic pain components, antidepressants can be 
combined for synergistic analgesia and mood improvement. Local 
transdermal patches and epidural steroid injections can also provide 
temporary symptom relief for a certain period, but the latter, being 
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TABLE 1  Characteristics of the intervertebral disc microenvironment under physiological and degenerative conditions.

Condition Healthy IVD IVDD

Vascularity Avascular tissue with blood supply distances exceeding 
8 mm; nutrients slowly permeate from adjacent 

vertebral body capillaries through the CEP to the NP, 
with significantly restricted metabolic waste clearance

Progressive calcification and thinning of the CEP 
further impede substance exchange, exacerbating 

nutrient supply difficulties

Hypoxia Oxygen partial pressure ranges from 5 to 150 mmHg, 
with an average concentration of ∼2%; the central NP 

region can be as low as 0.65%

Oxygen tension further decreases to ∼1%, intensifying 
the hypoxic state

Low glucose concentration Glucose concentration decreases from the boundaries 
towards the NP center, forming a nutrient gradient; 

central concentration is ∼1 mmol/L

Glucose concentration drops significantly, potentially 
to half that of healthy levels, worsening nutritional 

deprivation

Acidity Due to anaerobic glycolysis and lactic acid production 
(∼5 mmol/L), average pH is 7.0–7.2, approximately 0.5 

units lower than surrounding tissue fluid

The local pH drops to 5.6–6.5 due to nutrient 
depletion and lactic acid accumulation, forming a 

significantly acidic microenvironment

Hyperosmolarity High aggrecan concentration confers tissue 
hyperosmolarity (430–496 mOsm/L)

Reduced synthesis and increased degradation of 
aggrecan lead to a drop in osmolarity to ∼300 mOsm/L

Mechanical loading Mechanical stimuli(flexion, torsion, shear, and 
compression)regulate IVD cell activity and 
metabolism within a physiological range of 

0.1–2.5 MPa

The loss of structural integrity in the IVDD 
precipitates pathological loading patterns throughout 

the spinal motion segment, ultimately resulting in 
tissue damage and cellular overstress

Inflammation Pro-inflammatory cytokines and chemokines are 
potential contributors to key events in IVD 

development, including the recruitment of local 
progenitor cell populations

Elevated levels of proinflammatory cytokines promote 
a cascade of pathological events, including cellular 

apoptosis, senescence, autophagy, extracellular matrix 
breakdown, and ultimately, discogenic low back pain

CEP, cartilaginous end plate; NP, nucleus pulposus; IVD, intervertebral disc; IVDD, intervertebral disc degeneration.

an invasive procedure, carries associated risks and its efficacy is 
difficult to sustain. Conservative treatment is often combined with 
physical therapy. Surgical intervention is suitable for patients with 
severe symptoms, failure of conservative treatment, and significant 
limitations in daily function. Options include minimally invasive 
procedures (such as radiofrequency ablation) and open surgeries 
(such as discectomy, fusion, and arthroplasty, etc.) (Xin et al., 2022). 
Although surgery can improve function to some extent, it remains 
essentially a palliative measure that cannot reverse the degenerative 
process, and it may be accompanied by a series of intraoperative and 
postoperative risks, such as infection, bleeding, and implant failure.

Overall, existing clinical treatment methods primarily focus 
on symptom control and do not intervene in the fundamental 
pathological mechanisms of disc degeneration. Although many 
patients respond well in the short term, long-term outcomes 
remain unsatisfactory. In recent years, emerging strategies in 
regenerative medicine, such as stem cell therapy, dedicated to 
restoring disc structure and function at the cellular and molecular 
levels, have brought new hope for achieving disease-modifying 
therapies (Table 2).

5 Stem cells in intervertebral disc 
repair

The most important pathological features of IVDD include 
metabolic imbalance of proteoglycans and type II collagen in the 

extracellular matrix (ECM), and a reduction in the number of 
nucleus pulposus cells (NPCs) (Kepler et al., 2013). Therefore, many 
therapeutic strategies aim to increase the number of NPCs, promote 
matrix metabolism and protein synthesis, thereby enhancing the 
mechanical load-bearing capacity of the disc and delaying or 
improving the process of IVDD (Xin et al., 2022). Stem cells, due 
to their high self-renewal capacity, multidifferentiation potential, 
wide range of sources, and ease of isolation and culture, show broad 
application prospects in regenerative medicine (Krut et al., 2021). 
In recent years, stem cell-based therapeutic strategies have made 
significant progress in IDD, providing new avenues for restoring disc 
structure and function by differentiating into nucleus pulposus-like 
cells and promoting ECM synthesis.

Previous studies have shown (Li et al., 2025; Xia et al., 2022; 
Haufe and Mork, 2006) that stem cells participate in IVDD 
repair through multiple mechanisms: they can differentiate into 
nucleus pulposus cells, annulus fibrosus cells, etc., in a suitable 
microenvironment, and regulate differentiation and ECM synthesis 
through signaling pathways such as TGF-β and Wnt/β-catenin 
(Li et al., 2025); they exert paracrine actions, secreting various 
cytokines and exosomes to modulate local inflammation, inhibit 
cell apoptosis, and promote ECM regeneration (Xia et al., 2022); 
they also directly participate in the structural reconstruction of the 
ECM, improving the elasticity and height of the intervertebral disc 
(Haufe and Mork, 2006). Notably, since transplanting stem cells into 
the degenerative intervertebral disc (IVD) is an invasive procedure, 
research focus is gradually shifting towards the possibility of 
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TABLE 2  Comparison of stem cell therapy and traditional treatments.

Treatment 
method

Advantages Indications Limitations Clinical application 
cases

Minimally 
invasive surgery

• Minimal trauma, less 
bleeding, reduced pain

• Short hospital stay, 
rapid recovery

• Precise operation, 
minimizing damage to 
surrounding tissues

• Contained disc herniation 
refractory to 
conservative treatment

• Spinal stenosis, lumbar 
spondylolisthesis, etc.

• Selected cases of adjacent 
segment disease (ASD)

• Not suitable for severe, 
multi-level spinal 
degeneration

• Risk of complications like 
remnant nucleus, 
recurrence, or infection

Mature and commonly used 
techniques, such as UBE, 
endoscopic discectomy. Future 
involves continuous 
technological iteration and 
gradual expansion of 
indications

Open surgery • Provides definitive 
decompression of neural 
elements, with significant 
and durable effects

• Can reconstruct 
spinal stability

• Severe neurological 
compression (e.g., severe 
spinal stenosis)

• Cervical disc herniation 
causing radiculopathy, 
unresponsive to 
conservative care

• Severe lumbar 
spondylolisthesis

• Significant trauma and long 
recovery period

• Long-term risks such as 
adjacent segment 
disease (ASD)

Clinically well-established as 
the definitive solution for severe 
organic pathologies. Future 
focuses on integration with 
minimally invasive techniques 
and developing solutions for 
complications like ASD.

Open surgery • Provides definitive 
decompression of neural 
elements, with significant 
and durable effects

• Can reconstruct 
spinal stability

• Severe neurological 
compression (e.g., severe 
spinal stenosis)

• Cervical disc herniation 
causing radiculopathy, 
unresponsive to 
conservative care

• Severe lumbar 
spondylolisthesis

• Significant trauma and long 
recovery period

• Long-term risks such as 
adjacent segment 
disease (ASD)

Clinically well-established as 
the definitive solution for severe 
organic pathologies. Future 
focuses on integration with 
minimally invasive techniques 
and developing solutions for 
complications like ASD.

Stem cell 
therapy

• Minimally invasive with the 
potential to repair or reverse 
degenerative structures, 
rather than merely 
alleviating symptoms

• Mediates tissue regeneration 
through dual mechanisms: 
cell differentiation and 
paracrine signaling

• Exerts immunomodulatory 
effects that suppress local 
inflammation and 
inhibit apoptosis

Primarily in the clinical research 
stage for chronic pain due to disc 
degeneration

• Low cell survival rates 
attributable to the harsh IVD 
milieu (hypoxia, acidity)

• Concerns regarding 
potential tumorigenicity and 
unresolved ethical issues

• Absence of standardized 
treatment protocols and 
long-term safety profiles

Emerging as a promising 
direction with demonstrated 
potential for pain relief and 
functional recovery in 
early-stage trials
The therapeutic prospect lies in 
its combination with 
biomaterials (e.g., hydrogels) or 
active herbal compounds to 
enhance cell delivery and 
viability

Stem cell + 
exosome 
therapy

• Functions as critical 
paracrine mediators by 
enhancing stem cell viability 
and promoting 
reparative signaling

• Offers a cell-free therapeutic 
strategy with comparable 
regenerative potential to 
stem cells yet reduced risks

• Multi-targeted actions: 
balancing ECM 
anabolism/catabolism and 
mitigating inflammatory, 
and lleviating 
oxidative damage

In the pre-clinical research stage as 
a regenerative strategy to delay or 
repair disc degeneration

• Major challenges in 
large-scale production and 
quality control

• Unsolved issues with 
targeted delivery 
efficiency in vivo

• Very limited 
clinical evidence

An emerging research 
direction, considered a 
promising future direction for 
cell-free regenerative therapy. 
Future lies in developing 
engineered exosomes (e.g., 
genetically modified) and smart 
delivery systems (e.g., 
hydrogels) to enhance efficacy

IVD: Intervertebral disc; Adjacent Segment Disease (ASD); ECM: extracellular matrix.
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utilizing exogenous or endogenous MSC homing to the IVD 
(Croft et al., 2021). MSC homing refers to the process by 
which cells migrate from their original niche to injured or 
pathological tissue, a process mediated by various growth factors 
and chemokines (Wangler et al., 2019). However, endogenous repair 
strategies for IDD are still in the preclinical research stage and 
require further in-depth study.

Based on cell source, stem cells used for the biological treatment 
of IDD can be divided into two major categories: endogenous and 
exogenous. The first category is intervertebral disc endogenous 
stem cells, residing located within the disc. Under ideal conditions, 
tissue repair or reversal of degeneration could be achieved by 
activating and inducing their proliferation and differentiation 
(Hu et al., 2019). Intervertebral disc tissue-specific stem/progenitor 
cells (IVDSPCs) and their residing “niche” structure are distributed 
in specific anatomical regions, typically in a quiescent state and can 
be activated by signals such as tissue injury to participate in repair 
(Lyu et al., 2019). This niche is a specific structure that maintains 
stem cell quiescence, composed of a special extracellular matrix and 
neighboring cells, precisely regulating stem cell proliferation and 
differentiation (Gao et al., 2022) (Figure 2). Henriksson et al. (2009) 
first identified niches in the annulus fibrosus-ligament junction 
zone and perichondrium in a rabbit model using BrdU 
labeling, where slow-cycling cells expressed β1 integrin and 
epithelial-mesenchymal transition-related transcription factors 
SNAI1/SNAI2. By anatomical location, IVDSPCs can be divided 
into nucleus pulposus-derived progenitor cells (NPSPCs), annulus 
fibrosus-derived progenitor cells (AFSPCs), and cartilage endplate-
derived progenitor cells (CESPCs) (Hu et al., 2019). Although 
progenitor cells from different regions of the disc exist, recent 
research suggests they may share a common biological origin and 
characteristics. Multiple studies have confirmed their existence 
and differentiation potential: Risbud et al. (2007) identified 
a cell population with trilineage differentiation capacity in 
the human annulus fibrosus; Sakai et al. (2012) discovered 
Tie2-positive (Tie2+) and disialoganglioside 2-positive (GD2+) 
progenitor cell populations in the nucleus pulposus of mice 
and humans, which formed spheroid colonies expressing type II 
collagen and aggrecan. Furthermore, Kim et al. (2003) proposed 
that rabbit notochordal cells could promote the migration of 
cartilage endplate cells to the nucleus pulposus, driving the 
transition from notochord to a fibrocartilaginous phenotype; the 
Liu et al. (2017) and Xiong et al. (2012) also isolated multipotent 
CEPSCs from the human cartilage endplate and found their 
migration ability regulated by specific factors.

Additionally, IVDSPCs share similar surface markers with 
bone marrow mesenchymal stem cells (MSCs), expressing 
CD105, CD73, and CD90, while not expressing hematopoietic 
lineage markers such as CD14, CD34, CD45, or HLA-DR 
(Kim et al., 2003). They may also express stemness markers 
such as SOX2, OCT3/4, NANOG, CD133, and nestin, possessing 
osteogenic, adipogenic, and chondrogenic differentiation 
capabilities (Xiong et al., 2012). Notably, Sakai et al. (2012) proposed 
that Tie2+ and GD2+ are specific surface markers for NPSPCs, 
providing a new basis for distinguishing IVDSPCs from ordinary 
disc cells.

The second category is exogenous mesenchymal stem cells 
(MSCs), isolated from other tissues in the body, with a wide range 

of sources, including bone marrow, adipose tissue, umbilical cord 
blood, etc. Common types include umbilical cord mesenchymal 
stem cells (UCMSCs), bone marrow mesenchymal stem cells 
(BMSCs), and adipose-derived stem cells (ADSCs), as well as less 
common like umbilical cord blood-derived MSCs (UCB-MSCs), 
and synovial or peripheral blood-derived MSCs (Zhang et al., 2022). 
These MSCs each have advantages and limitations in treating IDD 
(Table 3). Exogenous MSCs typically possess strong proliferation 
and multidifferentiation capacity, low immunogenicity, and anti-
inflammatory functions, and can regulate nucleus pulposus cell 
behavior through direct contact, indirect signaling, or non-contact 
co-culture (Lu et al., 2021). Currently, MSCs are the most commonly 
used stem cell type in IVDD treatment, with BMSCs being the most 
widely studied. 

6 The impact of the disc 
microenvironment on MSCs and disc 
progenitor cells

As the “soil” upon which “seed” cells depend for survival, the 
impact of the microenvironment on the function of mesenchymal 
stem cells in disease states and during treatment is increasingly 
garnering attention. Although exogenous stem/progenitor cell 
transplantation is considered a potential strategy for treating 
intervertebral disc degeneration (IVDD), its efficacy is severely 
constrained by the aforementioned microenvironment. It is 
noteworthy that different types of stem/progenitor cells exhibit 
significant differences in their response and tolerance to various 
microenvironmental stress factors. Systematically analyzing the 
impact of these microenvironmental factors on MSCs and their 
mechanisms will help in developing effective strategies to promote 
endogenous MSC-targeted repair and exogenous MSC-mediated 
disc regeneration. The following sections will systematically 
elaborate on the specific effects of different microenvironmental 
factors on transplanted stem cells (Figure 3).

6.1 Avascularity and nutrient deficiency

The intervertebral disc (IVD) is the largest avascular tissue 
in the human body, and its cells depend on the diffusion of 
nutrients from surrounding blood vessels through the cartilage 
endplate (CEP) into the tissue interior. Glucose, as a key substrate 
for energy metabolism, exhibits a concentration gradient in the 
normal IVD, decreasing from about 5 mM in the outer annulus 
fibrosus (AF) to about 1 mM in the central nucleus pulposus 
(NP) (Shirazi-Adl et al., 2010). After IVD degeneration (IDD), 
due to CEP calcification and reduced vertebral blood supply, 
the glucose concentration in the NP further decreases, with an 
average concentration in degenerated human NP being only 0.603 
± 0.108 mM (Yin et al., 2020), approaching the minimum threshold 
required for IVD cell survival (0.5 mM) (Guehring et al., 2009). 
Besides glucose, growth factors and proteins contained in serum are 
also important nutritional sources for maintaining cell function.

Under low glucose conditions, mesenchymal stem cells (MSCs) 
exhibit certain adaptive responses. Studies (Wuertz et al., 2008; 
Liang et al., 2012) show that an IVD-like low glucose environment 
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FIGURE 2
IVD progenitor cells and the stem cell niche. Progenitor cells have been identified in the nucleus pulposus, annulus fibrosus, and cartilaginous 
endplates of the intervertebral disc, and its stem cell niche is suggested to be located in the perichondrium adjacent to the epiphyseal plate and the 
outer annulus fibrosus.

(approximately 1–5.5 mM) mildly inhibits cell viability but can 
promote the expression of chondrogenic differentiation-related 
genes like aggrecan and slightly enhance proliferation. For example, 
rat bone marrow MSCs (BMSCs) cultured in 1 mg/mL glucose 
produced higher yields of aggrecan and collagen I in the extracellular 
matrix compared to the high glucose group (Wuertz et al., 2008); 
human adipose-derived MSCs (AD-MSCs) in low glucose had 
viability reduced to 73%, but aggrecan production increased to 
170% (Liang et al., 2012). In contrast, very low glucose (e.g., 1 mM 
or 0.25 mg/mL) significantly inhibits cell viability, proliferation, 
and glycosaminoglycan synthesis, and promotes apoptosis (Naqvi 
and Buckley, 2015; Stolzing et al., 2006). Notably, NP-derived 
MSCs (NP-MSCs) also show inhibited proliferation and increased 
apoptosis under severe nutrient deprivation (Junger et al., 2009; 
Tian et al., 2020). Serum deprivation has a more pronounced effect 
on MSCs. Serum-free conditions generally inhibit cell viability, 
proliferation, and multipotency, but can enhance chondrogenic 
differentiation potential (Parker et al., 2007; Wan et al., 2016; 
Pang et al., 2021). AD-MSCs maintain relatively good survival 
rates and chondrogenic capacity under serum deprivation and show 
higher tolerance compared to BMSCs (Takahashi et al., 2018). 
However, serum deprivation can also induce apoptosis, particularly 
evident in BMSCs and CEP progenitor cells (Zhu et al., 2006; 
Fu et al., 2015; He et al., 2017). Interestingly, NP progenitor cells 

under serum-free conditions only show transient morphological 
changes (semi-adherent morphology), and most survive after serum 
restoration, suggesting low serum dependence (Turner et al., 2016).

Under physiological states, hypoxia often coexists with nutrient 
deficiency in the degenerated intervertebral disc (IVD), forming 
a complex stress microenvironment. Oxygen-glucose deprivation 
(OGD) or its combination with serum deprivation (OGSD) can 
significantly inhibit the viability, proliferation, migration, and 
multidifferentiation capacity of mesenchymal stem cells (MSCs), 
and induce oxidative stress and apoptosis (Turner et al., 2016; 
Ghorbani et al., 2018; Abdolmaleki et al., 2020; Pan et al., 2022; 
Li C. et al., 2018; Yang et al., 2022). For example, in AD-MSCs, 
OGD treatment not only inhibits adipogenic differentiation but also 
reduces their migration capacity (Yang et al., 2022); in NP-MSCs, 
the combined effect of hypoxia and nutrient deprivation inhibits 
cell proliferation, induces apoptosis, enhances caspase-3 activity, 
and downregulates functional genes (e.g., proteoglycan, collagen-
I and -II) and stem cell-related genes (including Oct4, Nanog, 
Jagged, and Notch1) (Tian et al., 2020). Additionally, some studies 
have focused on the effects of hypoxia and serum deprivation on 
rare types of MSCs. Huang YC. et al. (2009), Huang et al. (2010) 
reported that hypoxia significantly promoted the proliferation of 
placenta-derived MSCs (PMSCs), while serum deprivation inhibited 
their growth. Notably, in PMSCs, combined hypoxia and serum 
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FIGURE 3
Schematic diagram of the effects of six IVD microenvironmental factors on transplanted MSCs.

deprivation did not significantly induce apoptosis, a phenomenon 
potentially related to the upregulation of BCL-2 expression under 
serum deprivation conditions (Huang YC. et al., 2009). These 
results suggest that PMSCs have certain application potential in 
ischemia-related tissue engineering. To enhance MSC adaptability 
in ischemic microenvironments, various protective strategies have 
been proposed. Small molecule compounds like berberine reduce 
autophagy and apoptosis by activating the AMPK signaling 
pathway (Pang et al., 2021; Ghorbani et al., 2018); acetyl-
L-carnitine (ALC) can regulate the balance of survival/death 
signals (Abdolmaleki et al., 2020; Pan et al., 2022); exogenous 
factors like TGF-β3 inhibit apoptosis by promoting DNA repair 
(Wu F. et al., 2018; Li et al., 2019), and IGF-1 alleviates functional 
inhibition of NP-MSCs via the PI3K pathway (Tian et al., 2020). 
Furthermore, inhibiting RIP3 can improve the viability and 
migration of AD-MSCs under OGD and reduce inflammatory 
responses (Yang et al., 2022).

Notably, moderate nutritional stress may also have positive 
significance for maintaining stem cell stemness. Serum starvation 
can induce NP-MSCs to enter a quiescent state, which is 
conducive to stemness maintenance (Li et al., 2019); low glucose 
environments enhance the expression of pluripotency markers 
(e.g., SOX-2, OCT-4) in AD-MSCs, although high glucose 
generally promotes their senescence and reduces stemness 
(Stolzing et al., 2006; Chen et al., 2016; Stolzing et al., 2010; 

Stolzing et al., 2012; Liu et al., 2020). These seemingly contradictory 
results suggest that glucose concentration and exposure duration 
have complex effects on MSC behavior, requiring further analysis in 
conjunction with in vivo microenvironment characteristics.

In summary, IVD-like low glucose and serum-deficient 
environments, while posing challenges to MSC survival, may 
promote their chondrogenic differentiation and maintain some 
stemness. However, severe nutrient deprivation or combination 
with hypoxia will significantly impair cell function. Enhancing MSC 
stress adaptability through pharmacological or factor interventions 
may provide new strategies for improving the efficacy of cell 
transplantation therapy for IDD. 

6.2 Hypoxia

In the normal adult intervertebral disc (IVD), oxygen partial 
pressure gradually decreases from about 10% in the outer annulus 
fibrosus to less than 1% in the central region, placing the entire 
disc in a state of continuous hypoxia, which may further decrease 
during degeneration (Urban, 2002). Although mesenchymal stem 
cells (MSCs) are typically assessed for their therapeutic potential 
under normoxic conditions, they will be subjected to severe hypoxia 
after transplantation.
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Studies indicate that hypoxia can promote the viability, 
proliferation, and migration of bone marrow-derived MSCs 
(BMSCs) (Grayson et al., 2006; Grayson et al., 2007; Tsai et al., 2011; 
Wang W. et al., 2018), and inhibit senescence and maintain stemness 
by downregulating E2A–p21 via the HIF-1α–Twist pathway to 
upregulate telomerase activity (Grayson et al., 2007; Tsai et al., 2011); 
however, some studies also report that hypoxia may inhibit BMSC 
migration through HIF-1α and RhoA pathways (Fotia et al., 2015). 
Furthermore, hypoxia can alleviate the interleukin-1β (IL-
1β)-induced inhibition of BMSC chondrogenic differentiation 
(Kanichai et al., 2008), improve the quality of extracellular matrix 
(ECM) synthesis (Risbud et al., 2004; Felka et al., 2009), and 
promote their differentiation towards a nucleus pulposus (NP)-like 
phenotype (Muller et al., 2011; Stoyanov et al., 2011), with HIF-
1α being a key molecule mediating this chondrogenic promotion 
effect (Kanichai et al., 2008). These findings support the use of 
hypoxic preconditioning to enhance the ability of BMSCs to repair 
degenerated discs (Wang W. et al., 2018; Peck et al., 2021).

For adipose-derived MSCs (AD-MSCs), hypoxia can promote 
migration (Hwang et al., 2020) and chondrogenic differentiation, 
but results regarding cell viability and proliferation are controversial 
(Wan et al., 2016; Merceron et al., 2010; Schiller et al., 2013). Most 
studies show that hypoxia enhances their viability and proliferation 
(Fotia et al., 2015; Hwang et al., 2020; Jurgens et al., 2012; 
Wan et al., 2017), and their tolerance is better than that of BMSCs 
(Takahashi et al., 2018); however, some studies show that hypoxia 
inhibits the viability and proliferation of AD-MSCs and NP-MSCs 
while promoting chondrogenic differentiation (Li et al., 2013; 
Chung et al., 2012), or enhances mechanical resistance by activating 
autophagy (He et al., 2021). Additionally, hypoxia can also promote 
the proliferation and migration of umbilical cord mesenchymal 
stem cells (UC-MSCs) (Lee et al., 2015). The aforementioned 
controversies may stem from differences in experimental 
protocols, culture medium composition, oxygen tension 
levels, and donor heterogeneity, requiring further research for
clarification.

Other MSCs such as placenta-derived (PMSCs), annulus 
fibrosus-derived (AF-MSCs), and peripheral blood-derived (PB-
MSCs) also show enhanced proliferation, migration, or stemness 
under hypoxia (Ni et al., 2014; Choi et al., 2016; Li et al., 2017; 
Kwon et al., 2017; Casciaro et al., 2020; Wang P. et al., 2022), 
while synovial MSCs (SMSCs) exhibit enhanced chondrogenic 
differentiation capacity (Silva et al., 2020).

Notably, MSCs exhibit strong tolerance to hypoxic 
environments: Huang S. et al. (2013) found that monkey BMSCs 
cultured in 3.5% O2 for 10 days did not undergo apoptosis; 
human AD-MSCs in 1.5%–2% O2 had lower apoptosis rates 
(Wan et al., 2017; Feng et al., 2015). Short-term hypoxia (2%–5% 
O2, 48 h) can enhance the proliferation of human and porcine 
BMSCs (Antebi et al., 2018), although medium-term culture may 
temporarily slow the proliferation of rat AD-MSCs (Li et al., 2013) 
and human BM-MSCs (Grayson et al., 2006; Antebi et al., 2018), 
the total cell number can recover to normoxic levels after long-
term culture (30 days), and differentiation capacity is maintained 
even after multiple passages (Grayson et al., 2007). Furthermore, 
hypoxia also enhances the expression of stemness markers (Oct4, 
Rex1) and colony formation without inducing tumorigenicity 
(Grayson et al., 2006; Tsai et al., 2011; Fotia et al., 2015; 

Choi et al., 2014). Regarding differentiation, hypoxia promotes 
chondrogenesis in rat, porcine BM-MSCs, and rat AT-MSCs 
(Kanichai et al., 2008; Li et al., 2013; Meyer et al., 2010), but its effects 
on osteogenic and adipogenic differentiation are inconsistent: some 
studies show increased osteogenic/adipogenic marker expression 
(Grayson et al., 2006; Valorani et al., 2012; Yu et al., 2018), while 
others report inhibition (Wan et al., 2016; Merceron et al., 2010; 
Schiller et al., 2013; Choi et al., 2014; D'Ippolito et al., 2006; 
Potier et al., 2007). Additionally, hypoxia enhances the anti-
inflammatory capacity of BM-MSCs, such as inhibiting IL-8 and 
increasing IL-1ra and GM-CSF expression (Antebi et al., 2018). 
In contrast, disc progenitor cells under short-term hypoxia may 
have stimulated proliferation, but long-term hypoxia leads to their 
apoptosis (Li et al., 2013; Huang S. et al., 2013); also, similar 
to MSCs, the differentiation potential of disc progenitor cells is 
affected by hypoxia: hypoxia promotes chondrogenic differentiation 
of NP progenitor cells and inhibits osteogenic differentiation 
of human endplate (CEP) progenitor cells (Li et al., 2013; 
Yao et al., 2017; Yao et al., 2016).

In summary, hypoxia regulates MSC survival, proliferation, 
migration, stemness maintenance, differentiation direction, and 
anti-inflammatory function through the HIF-1α/HIF-2α signaling 
pathway, playing a positive role in disc repair. Although current 
results show some heterogeneity, hypoxic preconditioning remains a 
potential strategy to improve stem cell transplantation adaptability. 
Particularly for disc-derived stem cells (e.g., NP-MSCs), moderate 
hypoxia (e.g., 2% O2) may be beneficial for maintaining their 
stemness and bioactivity, but further research is needed to clarify 
the optimal conditions and mechanisms. 

6.3 pH

In the avascular environment of the intervertebral disc (IVD), 
energy metabolism primarily relies on glycolysis, producing large 
amounts of lactic acid, placing the healthy nucleus pulposus (NP) 
in an acidic environment (pH 7.0–7.2). With the development 
of intervertebral disc degeneration (IDD), the pH can drop to 
6.5 or even 5.6–5.7 (Kitano et al., 1993; Diamant et al., 1968), 
severely affecting the survival and function of endogenous or 
transplanted cells.

Acidic conditions significantly inhibit the viability, proliferation, 
and extracellular matrix (ECM) synthesis of mesenchymal stem 
cells (MSCs) (Diamant et al., 1968). Studies show that at pH ≤ 
6.8, the expression of aggrecan and collagen II in BMSCs and AD-
MSCs decreases, and cell viability and proliferation are impaired 
(Wuertz et al., 2008; Liang et al., 2012; Li et al., 2012), but changes 
in collagen I expression are inconsistent (Wuertz et al., 2008; 
Liang et al., 2012). In contrast, nucleus pulposus-derived MSCs (NP-
MSCs) exhibit stronger acid tolerance, with less inhibition of their 
activity, proliferation, and matrix synthesis in acidic environments 
(Liu et al., 2017; Han et al., 2014).

Acid-sensing ion channels (ASICs), particularly ASIC1a 
and ASIC3, play a key role in this process (Swain et al., 2012; 
Ding et al., 2021). ASICs are a class of cation channels activated 
by extracellular protons (Yermolaieva et al., 2004), among which 
ASIC1a and ASIC3 are expressed in both MSCs and NP-MSCs 
(Ding et al., 2021; Li et al., 2014a; Cuesta et al., 2014). Acidic 
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activation of ASICs causes Ca2+ influx, triggering mitochondrial 
pathway apoptosis (Ding et al., 2021; Cai et al., 2019). Inhibiting 
ASICs or the Notch signaling pathway (e.g., using Sa12b peptide) 
can enhance the survival ability of NP-MSCs under low pH 
(Wang Z. et al., 2022). TGF-β3 pretreatment can also improve 
the survival and matrix accumulation of BMSCs in acidic 
environments (Gansau and Buckley, 2021).

Notably, the duration and degree of acidic exposure may 
have dual effects: short-term acidic treatment (pH 6.5–6.8, 
1–7 days) can enhance the stemness of BMSCs, promoting 
spheroid colony formation (Massa et al., 2017); but long-
term exposure significantly impairs osteogenic differentiation 
capacity and inhibits ECM accumulation (Wuertz et al., 2008; 
Massa et al., 2017). Furthermore, lactate, as the main metabolic 
product of the acidic microenvironment, has concentration-
dependent effects: low concentrations (5–10 mmol) may have anti-
inflammatory and anti-apoptotic effects, while high concentrations 
(≥15 mmol) promote inflammatory factor expression and cell 
apoptosis (Schneider et al., 2012). This suggests that lactate 
accumulation in severely degenerated discs may further impair 
cell function.

In summary, the acidic microenvironment hinders the 
regenerative effects of MSCs and disc progenitor cells by inhibiting 
cell activity, proliferation, and ECM synthesis, with NP-MSCs 
exhibiting relatively stronger adaptability. Interventions targeting 
ASICs and cell preconditioning strategies may help improve the 
efficacy of cell therapy in low pH environments. 

6.4 Osmotic pressure

In intervertebral disc (IVD) tissue, the normal extracellular 
osmotic pressure is maintained at a high level (430–496 mOsm/L), 
primarily due to the hyperosmotic environment created by the 
ECM rich in negatively charged aggrecan (Liang et al., 2012; 
van Dijk et al., 2011; Johnson et al., 2014; Lai et al., 2000). During 
disc degeneration, osmotic pressure gradually decreases due to 
proteoglycan loss, potentially dropping to about 300 mOsm in 
severe cases (Ishihara et al., 1997; Sadowska et al., 2018).

Multiple studies indicate that hyperosmotic environments 
inhibit the viability, proliferation, and ECM synthesis of various 
stem cells. Wuertz et al. (2008) and Liang et al. (2012) found 
that compared to standard culture conditions (280 mOsm), IVD-
level hyperosmolarity (485 mOsm) significantly inhibited the cell 
viability, proliferation, and expression of aggrecan and collagen 
I in BMSCs and AD-MSCs. Li H. et al. (2018) cultured NP-
MSCs under osmotic pressures simulating different degrees of 
degeneration (300–500 mOsm) and found that hyperosmotic 
environments (430 and 500 mOsm) inhibited their proliferation and 
chondrogenic differentiation capacity, while mild hypo-osmolarity 
(400 mOsm) was beneficial for cell proliferation and differentiation. 
Tao et al. (2013) also reported that hyperosmolarity inhibited 
the viability, proliferation, and expression of SOX-9, aggrecan, 
and collagen II in NP-MSCs and NPCs, but NP-MSCs exhibited 
stronger tolerance than NPCs. Furthermore, the culture model 
significantly influences the cellular response in hyperosmotic 
environments: AD-MSCs showed stronger tolerance in monolayer 
culture, but their tolerance to hyperosmotic environments was 

significantly reduced in 3D suspension or hydrogel cultures
(Potocar et al., 2016).

Regarding chondrogenic/NP-like differentiation, existing 
research results show some divergence. Most studies report that 
hyperosmolarity inhibits differentiation-related gene and protein 
expression (Tao et al., 2013; Potocar et al., 2016); however, some 
studies indicate that moderate hyperosmolarity (around 400 mOsm) 
may promote the differentiation of AD-MSCs and BMSCs towards 
a chondrogenic phenotype and upregulate markers such as collagen 
II and aggrecan (Caron et al., 2013; Ahmadyan et al., 2018). 
Zhang Y. et al. (2020) further proposed the existence of an 
“optimal osmotic pressure window,” where 400 mOsm promotes 
NP-like differentiation of AD-MSCs, while 300 or 500 mOsm 
produces inhibitory effects. NFAT5 (TonEBP), as a key osmosensing 
transcription factor, participates in differentiation regulation by 
modulating Sox9 (Caron et al., 2013). Ahmadyan et al. (2018) 
compared the effects of different osmolytes (NaCl, sorbitol, 
PEG) and found that hyperosmolarity generally enhanced 
chondrogenesis, with NaCl potentially promoting hypertrophy, 
while sorbitol and PEG had superior effects and inhibited 
hypertrophy, with NFAT5 playing a key role in different osmotic 
adaptations. Additionally, mechanistically, hyperosmolarity can 
trigger cell cycle arrest (G1/G2 phase), reduce DNA synthesis, 
activate the p38 MAPK and ATM–p53–p21 signaling pathways, 
and may also induce a DNA damage response (Mavrogonatou and 
Kletsas, 2009).

In summary, the IVD hyperosmotic environment typically 
inhibits cell growth and anabolism, but a moderate increase in 
osmotic pressure may induce chondrogenic/NP-like differentiation. 
The decrease in osmotic pressure due to degeneration may be 
more conducive to cell proliferation and function, with the NFAT5 
signaling pathway playing a key role in mediating osmotic pressure 
response and differentiation. 

6.5 Mechanical stress

In intervertebral disc (IVD) tissue, cells are continuously 
subjected to various mechanical stresses including compression, 
tension, shear, torsion, and hydrostatic pressure. The intensity, 
frequency, duration, and direction of these forces significantly 
influence the metabolic behavior and fate determination of IVD 
cells and implanted stem cells (Xiang et al., 2024; Gao X. et al., 2016). 
Generally, dynamic loading (e.g., cyclic compression) often 
promotes anabolism, while static loading mostly leads to 
catabolic responses and cell dysfunction (Dudek et al., 2023; 
Liu et al., 2024; Gullbrand et al., 2015). These mechanical 
environments not only regulate the metabolism of the disc tissue 
itself but also profoundly affect the biological behavior of implanted 
mesenchymal stem cells (MSCs).

Cyclic compressive loading can promote the differentiation of 
MSCs towards a chondrogenic/NP-like phenotype. Studies show 
that such loading can upregulate TGF-β expression and enhance 
chondrogenesis in BMSCs (Huang et al., 2005; Huang et al., 2004; 
Mouw et al., 2007). For AD-MSCs, low-magnitude (5%) 
dynamic compression promotes ECM synthesis by inhibiting 
the TRPV4 channel without affecting cell viability; while higher 
magnitudes produce inhibitory effects (Gan et al., 2018). Dynamic 
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compression can also produce additive effects when combined with 
exogenous Sox9, further promoting chondrogenic differentiation 
(Zhang et al., 2015). Similarly, cyclic hydrostatic pressure enhances 
the chondrogenic differentiation of BMSCs (Angele et al., 2003; 
Miyanishi et al., 2006) and AD-MSCs (Ogawa et al., 2009) in a dose- 
and time-dependent manner, and shows synergistic effects when co-
cultured with nucleus pulposus cells (Dai et al., 2014). The molecular 
mechanism involves regulation of the Wnt signaling pathway: 
120 kPa hydrostatic pressure can activate both the canonical Wnt/β-
catenin and non-canonical Wnt/Ca2+ pathways (Cheng et al., 2022). 
However, excessively high stress (e.g., 1.0 MPa hydrostatic pressure) 
can induce apoptosis in NP-MSCs, but hypoxic conditions can 
mitigate this damage (Jiang et al., 2018; Li Z. et al., 2018).

In contrast, static loading generally produces negative effects. 
Static compression significantly inhibits the viability, migration, 
clonogenicity, and multidifferentiation potential of NP-MSCs and 
reduces their stemness, suggesting it may play an important 
role in hindering endogenous disc repair (Liang et al., 2018). 
Abnormally high compressive stress also leads to decreased 
mitochondrial membrane potential, ATP depletion, and reactive 
oxygen species accumulation in NP-MSCs, ultimately promoting 
apoptosis (Li Z. et al., 2018; Huang et al., 2020). Besides compressive 
loads, cyclic tensile strain (e.g., 10%, 1 Hz) can specifically 
promote collagen I synthesis in BMSCs, inducing fibrocartilage-
like differentiation, but has no significant effect on collagen II 
and aggrecan (Connelly et al., 2010; Baker et al., 2011). Co-
culturing AD-MSCs with articular chondrocytes at a 1:3 ratio 
combined with tensile stimulation significantly enhanced cartilage 
ECM production (Abusharkh et al., 2021).

Furthermore, the physical properties of the substrate (such as 
stiffness and fiber alignment) also significantly regulate stem cell 
differentiation. Softer substrates promote chondrogenesis in MSCs 
and NP progenitor cells, upregulating aggrecan, Sox9, and collagen 
II expression (Olivares-Navarrete et al., 2017; Park et al., 2011a; 
Navaro et al., 2015); whereas stiffer substrates promote osteogenic 
differentiation (Navaro et al., 2015; Li et al., 2014b; Lin et al., 2018). 
Scaffolds with aligned fibers can enhance the expression of collagen 
I and aggrecan in AF progenitor cells (Liu et al., 2015). Increased 
material elasticity stimulates collagen I expression but inhibits 
collagen II and aggrecan (Zhu et al., 2016), indicating that the 
mechanical properties of the substrate are important regulators of 
directed differentiation.

In summary, the effects of mechanical stress on MSCs and 
intervertebral disc-derived stem cells exhibit dependency on loading 
mode, specific parameters, and microenvironmental context. 
Dynamic and moderate mechanical stimulation generally promotes 
chondrogenic differentiation and matrix synthesis, whereas static 
or excessive loading tends to inhibit cellular functions and induce 
apoptosis. These findings provide a critical biomechanical rationale 
for optimizing tissue engineering strategies and regenerative 
therapies. 

6.6 Inflammatory cytokines and 
proteinases

During intervertebral disc degeneration (IDD), the formation of 
an inflammatory microenvironment is a core pathological feature 

(Chen et al., 2023). The healthy nucleus pulposus (NP) tissue is in an 
immune-privileged state due to being encapsulated by the annulus 
fibrosus (AF) and cartilage endplate (CEP) (Zheng et al., 2024), but 
when the AF is damaged, NP antigens are exposed, activating an 
autoimmune response, leading to infiltration of immune cells such 
as macrophages and T lymphocytes, and the release of numerous 
inflammatory mediators (Wang et al., 2024; Xu et al., 2024), thereby 
accelerating IDD progression.

The inflammatory milieu within the degenerated intervertebral 
disc (IVD) not only drives tissue degeneration but also critically 
modulates the fate and function of therapeutic mesenchymal stem 
cells (MSCs). Key pro-inflammatory cytokines, including TNF-
α, IL-1β, IL-6, and IL-17, are significantly upregulated in the 
degenerative nucleus pulposus (NP) (Risbud and Shapiro, 2014). 
They promote the expression of catabolic enzymes (e.g., 
MMP-1, -2, -3, -13, and ADAMTS-4/5) and inhibit anabolic 
proteins like aggrecan and collagen II by activating signaling 
pathways such as NF-κB, MAPK, and Toll-like receptors (TLR), 
ultimately leading to ECM degradation and tissue destruction 
(Lyu et al., 2021; Yang et al., 2025; Zhang GZ. et al., 2021). 
Simultaneously, anti-inflammatory cytokines such as TGF-β, GDF-
5, GDF-6, IL-4, and IL-10 are also present in the degenerative 
environment and can, to some extent, delay degeneration 
and alleviate pain (Wang et al., 2016), with their balance 
potentially closely related to the polarization state of macrophages 
(Yamamoto et al., 2022; Djuric et al., 2020).

These inflammatory factors significantly influence the biological 
behavior of MSCs in a manner that is both concentration- 
and cell source-dependent. For example, IL-1β promotes 
BMSC migration via the NF-κB pathway but inhibits their 
chondrogenic differentiation—an effect that can be alleviated 
under hypoxic conditions (Felka et al., 2009; Carrero et al., 2012; 
Teixeira et al., 2018). Low concentrations of TNF-α (0.1–10 ng/mL) 
promote the proliferation and migration of NP-MSCs but 
inhibit their differentiation, whereas high concentrations 
(50–200 ng/mL) induce apoptosis (Cheng et al., 2019). IL-
6 inhibits BMSC chondrogenic differentiation and limits 
proliferation via the JAK/STAT pathway (Yang et al., 2018; 
Kasprzycka et al., 2019; Huang H. et al., 2009), while IL-17 promotes 
BMSC proliferation, migration, and osteogenic differentiation 
through a process involving ROS and the p38/ERK-MAPK 
signaling pathway (Huang H. et al., 2009; Mojsilovic et al., 2011). 
Notably, IL-17 pretreatment enhances the homing ability and 
immunomodulatory function of BMSCs, suggesting potential 
therapeutic value (Ma et al., 2018). On the other hand, anti-
inflammatory factors also play key regulatory roles. Members 
of the TGF-β superfamily (TGF-β1/2/3, GDF-5, and GDF-6) 
can all promote MSC differentiation towards NP-like cells, with 
GDF-6 having a particularly significant effect, inducing richer 
proteoglycan ECM synthesis, and showing more pronounced 
effects in AD-MSCs compared to BMSCs (Stoyanov et al., 2011; 
Tao et al., 2015; Clarke et al., 2014; Colombier et al., 2016; 
Gantenbein-Ritter et al., 2011). Mechanistically, TGF-β3 
promotes chondrogenic differentiation via the Wnt5a/β-
catenin signaling pathway (Jin et al., 2006; Li et al., 2020). 
IL-4, another important anti-inflammatory cytokine in vivo, 
improves MSC migration upon pretreatment, thereby positively 
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influencing their regenerative function (Kasprzycka et al., 2019; 
Archacka et al., 2020; Zimowska et al., 2020).

Interestingly, different types of MSCs exhibit distinct 
responses to inflammatory stimuli. Notably, in adipose-
derived MSCs (AD-MSCs), high concentrations of IL-1β and 
TNF-α promote proliferation and osteogenic differentiation 
while concurrently inhibiting chondrogenic and adipogenic 
differentiation (Brandt et al., 2018). Moreover, the combination 
of IFN-γ and TNF-α can further significantly enhance their 
proliferation (Mohammadpour et al., 2016). In contrast, placenta-
derived MSCs (PMSCs) demonstrate a concentration-dependent 
response: low concentrations of IL-1, IL-6, and IL-8 enhance 
proliferation, whereas high concentrations of IL-1β upregulate 
PD-L1 via the JAK/NF-κB pathway, thereby inhibiting their 
adhesion and proliferation (Li et al., 2007; Zhang A. et al., 2020). 
Comparative analyses further highlight these source-dependent 
disparities, revealing that the chondrogenic potential of both 
BMSCs and AD-MSCs in the presence of TGF-β3 exceeds that 
of annulus fibrosus-derived MSCs (AF-MSCs) (Park et al., 2011b). 
Furthermore, under inflammatory conditions, AD-MSCs display 
more pronounced proliferation enhancement and simultaneous 
chondrogenic inhibition compared to amniotic fluid-derived 
MSCs (AMSCs) (Borem et al., 2019), further underscoring 
the critical influence of cellular origin on MSC fate in a 
degenerative niche.

Besides cytokines, matrix metalloproteinases (MMPs) also 
play a key role in the inflammatory microenvironment. MMPs 
(such as MMP-1, -2, -3, -7, -9, -13, −14, and ADAMTS-4) are 
upregulated in IDD and correlate with the severity of degeneration 
(Huang YC. et al., 2013; Zhang C. et al., 2020), influencing MSC 
function by regulating ECM metabolism. Membrane-type MMP-
1 (MT1-MMP) promotes BMSC proliferation, migration, and 
differentiation towards an NP-like phenotype via Wnt signaling 
(Neth et al., 2006; Ries et al., 2007; Lu et al., 2010). MMP-2 and 
MMP-9 also promote the proliferation and migration of UC-MSCs 
and AD-MSCs, respectively (Gao F. et al., 2016; He et al., 2019; 
Marquez-Curtis et al., 2014). Conversely, MMP-3 overexpression 
reduces collagen I levels in AD-MSCs (Rong et al., 2020), and its 
downregulation promotes NP-MSC chondrogenic differentiation 
(Zhang Q. et al., 2021). Studies also suggest that during MSC 
chondrogenic differentiation, MMP-3 expression decreases 
(An et al., 2010), and MMP-2 might be a potential marker for the 
differentiation process (Arai et al., 2016).

Unlike MSCs, which generally possess anti-inflammatory 
properties (Chen XX. et al., 2019; Pedrazza et al., 2017; Li and 
Zhao, 2016), disc progenitor cells are more susceptible to damage 
in inflammatory environments. IL-1β can induce apoptosis in 
rat NP progenitor cells, inhibit proliferation, and reduce Sox9 
and aggrecan expression (Lyu, 2022); furthermore, inflammatory 
conditions may promote the differentiation of NP progenitor cells 
towards a neurogenic lineage, participating in the generation of 
discogenic pain (Navone et al., 2012).

In summary, the inflammatory microenvironment in IDD 
is extremely complex, with different cytokines and proteases 
regulating the survival, proliferation, migration, and differentiation 
fate of MSCs and disc progenitor cells in a concentration- and 
cell-dependent manner. A deep understanding of these effects and 

their mechanisms is crucial for optimizing MSC-based regenerative 
therapy strategies for the intervertebral disc. 

7 Clinical trials of cell therapy for 
intervertebral disc regeneration

Although a clear biological foundation has not yet been 
established, direct tissue replacement therapies are gradually losing 
appeal. The biochemical interactions between transplanted cells and 
recipient cells are crucial, and elucidating the signaling pathways 
involved is both a challenging and critical task. Progress in 
evaluating cell therapies depends on an in-depth understanding of 
the disease itself and the treatment process. As clinical trials of 
cell therapies for intervertebral disc degeneration gain increasing 
attention, a comprehensive assessment of the biological elements of 
degeneration and regeneration has become particularly essential.

As of January 2025, 18 registered strategies involving MSC-
based treatments for lumbar intervertebral disc degeneration have 
been documented (Table 4), providing important references for the 
development of cell therapies for disc degeneration. Among these, 
13 clinical trials focus on bone marrow-derived MSCs (BM-MSCs), 
three studies investigate adipose-derived stem cells (ADSCs), and 
two other studies explore the use of umbilical cord-derived MSCs in 
the treatment of lumbar intervertebral disc degeneration.

8 Strategies to improve the 
therapeutic effect of MSCs for IVDD 
and their challenges in clinical 
application

The microenvironment plays a decisive role in MSC-mediated 
intervertebral disc regeneration. Whether for endogenous repair 
or exogenous transplantation, its efficacy is strictly regulated by 
the microenvironment. To improve treatment efficiency, current 
strategies mainly focus on three directions: first, enhancing the 
tolerance of MSCs to the degenerative microenvironment to 
maintain their regenerative capacity; second, preconditioning or 
remodeling the degenerative microenvironment to create favorable 
conditions for their function; third, developing cell-free therapeutic 
strategies based on the MSC secretome or extracellular vesicles. 
Recent studies have validated the feasibility of these directions, 
providing new pathways for advancing disc regeneration therapy. 

8.1 Gene modification of MSCs

Genetic modification of mesenchymal stem cells (MSCs) 
using viral or non-viral vectors can induce the overexpression 
of functional proteins and soluble factors, thereby enhancing 
stemness, differentiation, migration and homing capabilities, 
immunomodulation, and other repair-related functions (in vitro and 
in vivo), and improving their resistance to harsh microenvironments 
and apoptosis. Researchers utilize a range of genes related to 
the therapeutic capacity of MSCs to improve cell survival and 
therapeutic efficacy. The SDF-1/CXCR4 chemotactic signaling 
axis plays an important role in regulating stem cell-based tissue 
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TABLE 3  Summary of the characteristics of stem cells from different sources.

Stem cell source Types Advantages Disadvantages

Intervertebral disc-derived stem cells Nucleus pulposus stem cells (NPSCs)
Annulus fibrosus stem cells (AFSCs)

Cartilaginous endplate stem cells 
(CESCs)

Exhibits enhanced compatibility with 
the demanding microenvironment of 

the intervertebral disc

Lack of standard, reliable and efficient 
separation and purification methods

Mesenchymal stem cells (MSCs)

Bone marrow mesenchymal stem cells 
(BM-MSCs)

High chondrogenic differentiation 
potential

The acquisition process is cumbersome 
and traumatic, and the density of MSCs 

in bone marrow aspirate is low

Adipose-derived mesenchymal stem 
cells (AD-MSCs)

Easy to obtain in large quantities, low 
morbidity at the donor site and high 

proliferation rate

Chondrogenic differentiation potential 
is not as good as that of BM-MSCs

Umbilical cord mesenchymal stem cells 
(HUC-MSCs)

Easy to obtain, low immunogenicity, 
suitable for use in allogeneic stem cell 

transplantation

Ethical issues, insufficient 
differentiation potential

Pluripotent stem cells (PSCs)

Embryonic stem cells (ESCs) Can differentiate into all cell types of 
the three germ layers

Ethical issues, possible immune 
rejection after transplantation, risk of 

teratoma formation

Induced pluripotent stem cells (iPSCs) Can differentiate into all cell types of 
the three germ layers, less immune 

rejection and ethical issues

Risk of teratoma formation

regeneration. Wei et al. (2016) prepared MSCs overexpressing 
CXCR4 (CXCR4-MSCs) via lentiviral transfection, enhancing 
MSC migration and improving the efficiency of intervertebral disc 
(IVD) regeneration. Furthermore, Feng et al. (2020) designed a 
novel delivery system using nanofiber sponge microspheres loaded 
with rabbit-derived MSCs and anti-miR-199a, which continuously 
released anti-miR-199a to promote stem cell-mediated nucleus 
pulposus regeneration and inhibit calcification.

Additionally, SOX9 and TGFβ1, as key regulators maintaining 
disc homeostasis and promoting chondrogenesis (Lv et al., 2016; 
Liu C. et al., 2021), are receiving widespread attention in genetic 
engineering. Studies show that human umbilical cord-derived MSCs 
(hUC-MSCs) transfected with SOX9 and TGFβ1 have significantly 
enhanced chondrogenic capacity and effectively promote disc 
regeneration (Khalid et al., 2023). Building on this, Lee et al. (2025) 
used the CRISPR/Cas9 system to stably integrate SOX9 and 
TGFβ1 into the AAVS1 “safe harbor” locus of human MSCs, 
successfully engineering tonsil-derived MSCs (ToMSCs). These 
cells effectively enhanced ECM repair capacity and suppressed 
inflammation in degenerated discs. Similar studies also confirmed 
(Khalid et al., 2022) that hUC-MSCs transfected with Sox-9 and 
Six-1 significantly upregulated key genes such as TGF-β1, BMP, and 
aggrecan, exhibited superior homing and integration capabilities 
after transplantation, and successfully differentiated into functional 
nucleus pulposus cells. Furthermore, overexpression of the Bcl-2 
and Wnt-11 genes has also been shown to significantly improve the 
survival and differentiation efficiency of stem cells in the harsh disc 
microenvironment (Fang et al., 2013; Chen et al., 2017).

Besides gene overexpression, regulation of stem cells can 
also be achieved through silencing approaches. Studies have 
shown that silencing the anti-chondrogenic factor miR-221 can 
efficiently promote human BMSC chondrogenesis in vitro and in 

vivo, even without the need for the chondrogenic inducer TGF-
β (Lolli et al., 2016).

Although some gene therapy applications have shown initial 
success, and the emergence of new gene editing technologies has 
brought IDD treatment to a new starting point, many obstacles still 
need to be overcome, such as safety concerns, high cost, and low 
transfection efficiency. 

8.2 Endogenous repair

Given the limitations of exogenous MSC/disc stem cell 
transplantation, strategies to activate endogenous nucleus pulposus-
derived stem cells (NPMSCs) to participate in intervertebral disc 
degeneration (IDD) repair have become a research hotspot. This 
strategy aims to reduce NPMSC apoptosis and senescence, enhance 
their proliferation and differentiation capacity, thereby promoting 
endogenous repair.

Several studies focus on drugs and small molecule compounds 
that can enhance NPMSC tolerance to the degenerative 
microenvironment. Liang et al. (2018) found that cyclosporine 
A, an inhibitor of the mitochondrial permeability transition pore, 
could inhibit stress-induced NPMSC apoptosis by alleviating 
mitochondrial dysfunction and oxidative stress. Hu et al. (2019) 
reported that pioglitazone could also reduce stress-induced cell 
apoptosis by inhibiting oxidative stress and mitochondrial damage, 
a mechanism potentially related to the reduction of ROS and 
malondialdehyde production and the decrease in mitochondrial 
membrane potential. Huang et al. (2020) confirmed in vitro and in 
vivo that puerarin could alleviate stress-induced NPMSC apoptosis 
by activating the PI3K-Akt signaling pathway.
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Furthermore, naringin could protect rat NPMSCs from 
hydrogen peroxide-induced apoptosis through ROS-mediated 
PI3K-Akt pathway activation (Nan et al., 2020a); 6-gingerol not 
only reduced the apoptosis rate and intracellular ROS levels in 
human NPMSCs but also protected the extracellular matrix, 
possibly related to autophagy and PI3K-Akt pathway activation 
(Nan et al., 2020b). Simvastatin, at appropriate concentrations, could 
promote NPMSC proliferation and induce the expression of NP 
cell-like ECM components, potentially via the hypoxia-inducible 
factor-1α signaling pathway (Huang et al., 2019). These studies 
suggest that some traditional Chinese medicine components and 
small molecule compounds hold promise for reducing NPMSC 
apoptosis under mechanical and oxidative stress.

Bioactive cytokines and enzymes have also been found 
to regulate NPMSC function. Tao et al. (2015) reported that 
transforming growth factor-β3 and insulin-like growth factor-1 
could synergistically enhance the viability, differentiation capacity 
towards nucleus pulposus cells, and ECM synthesis in rat NPMSCs. 
Cheng et al. (2019) showed that low concentrations of tumor 
necrosis factor-α, while promoting rat NPMSC proliferation 
and migration, inhibited their differentiation towards nucleus 
pulposus cells, a process potentially involving the NF-κB 
signaling pathway. Another study found that heme oxygenase-
1 could inhibit oxidative stress-induced NPMSC apoptosis and 
decreased viability, reduce ROS generation, through autophagy-
related pathways (Chen et al., 2020). These results indicate that 
specific cytokines and enzymes play important roles in regulating 
the biological behavior of NPMSCs. 

8.3 Microenvironment-based strategies

Addressing the issue of oxidative stress in IVDD, some studies 
have attempted to use various metal or non-metal nanomaterials to 
simulate endogenous ROS-degrading enzymes for ROS clearance. 
For example, Conley et al. (2023) and Yang et al. (2024) found 
that MnO2 nanosheets or nanoparticles could be used as ROS-
scavenging materials. Similarly, Sun et al. (2024) reported that 
carbonized manganese-containing nanodots (MCD) made from 
manganese gluconate and L-aspartic acid could serve as nanozyme 
particles for ROS clearance. Lee et al. (2022) found that a manganese 
porphyrin analog, BuOE (MnTnBuOE-2-PyP5+), could be added 
as a superoxide dismutase mimetic to methacrylated chondroitin 
sulfate A microparticles to provide ROS-scavenging properties. 
Han et al. (2023) utilized cerium-modified mesoporous silica 
nanoparticles within a developed composite hydrogel system to 
achieve antioxidant properties. Furthermore, Zhou et al. (2024) 
designed and fabricated antioxidant polyphenol nanoparticles by 
leveraging the reactive oxygen species (ROS)-scavenging properties 
of polyphenol-based structures. Bai et al. (2020) developed ROS-
unstable linkers that also possessed ROS-scavenging ability using a 
quaternization reaction of phenylboronic acid). As IVDD worsens, 
disordered glycolysis metabolism in disc cells increases lactic acid, 
making the microenvironment weakly acidic (pH 6.2–6.8). Inspired 
by this, some material studies attempt to reverse the environment 
or alter cellular responses to resist the acidic environment. For 
instance, Peng et al. (2024) immersed MnO2 nanozymes loaded with 
lactate oxidase into glucose-rich decellularized nucleus pulposus 

hydrogel microspheres, endowing them with the ability to improve 
cellular glucose metabolism and the acidic microenvironment while 
providing antioxidant effects. Based on biomimetic mineralization 
and microfluidic technology, Zheng et al. (2024) developed 
hydrogen ion-capturing hydrogel microspheres composed of 
mineralized TGFβ and catalase nanoparticles, neutralizing the 
acidic microenvironment by capturing excess hydrogen ions 
via the calcium carbonate mineralization layer. Considering the 
exacerbation of acidic stress on disc cells, Han et al. (2022) 
designed and synthesized acid-sensitive ion channel inhibitor 
Sa12b-delivering functionalized peptides that self-assemble under 
acidic conditions, enhancing the bioactivity of nucleus pulposus 
stem cells by inhibiting acid-sensing ion channels. Similarly, 
Bian et al. (2021) covalently conjugated the ASIC-3 acid channel 
inhibitor APETx2 to injectable hydrogel microspheres, combined 
with nucleus pulposus cells to create “peptide-cell-hydrogel” 
regenerative microspheres that inhibit acidic stimulation and local 
inflammatory cytokine storms, enabling controlled release for over 
28 days in an acidic environment. Additionally, Xia et al. (2023) 
utilized esterase activation under acidic conditions to design 
esterase-responsive nanomicelles delivering ibuprofen, allowing 
on-demand regulation of the adverse effects of the local acidic 
environment on intradiscal cells.

Furthermore, the disc microenvironment contains abundant 
pro-inflammatory and pro-neurogenic factors. Inspired by this, 
Peng et al. (2023) loaded the hydrophobic core of amphiphilic 
polycarbonate cationic nanoparticles with the nerve growth 
factor receptor antagonist TrkA-IN-1 and incorporated the drug-
loaded nanoparticles into a decellularized annulus fibrosus matrix 
(DAF) hydrogel, which could inhibit the formation of a chronic 
inflammatory microenvironment by pro-inflammatory factors and 
nerve growth factor-induced nerve ingrowth into the annulus 
fibrosus. Recently, Yang et al. (2024) using membrane coating 
technology, coated MnO2 nanoparticles with nerve growth factor 
receptor-overexpressing macrophage membranes, endowing them 
with the ability to bind inflammatory factors and nerve growth 
factor, effectively improving IVDD-related inflammation and pain. 

8.4 Hydrogels

Hydrogels are three-dimensional polymeric materials with 
extensive hydrophilic structures, capable of providing a suitable 
aqueous environment for disc cells and promoting cell proliferation. 
Additionally, hydrogels possess adjustable biochemical and 
mechanical properties, giving them great prospects in the field 
of IDD treatment. Currently, using hydrogels as scaffolds to load 
seed cells is a widely applied therapeutic strategy. In animal 
studies of intervertebral disc degeneration, cell-based therapeutic 
strategies have shown that injecting mesenchymal stem cells 
(MSCs) into the nucleus pulposus can allow them to survive for 
months and induce ECM production. By loading seed cells, the 
number of nucleus pulposus cells within the disc can be directly 
supplemented, or they can be differentiated into NP-like cells, 
increasing the ECM content within the disc and delaying disc 
degeneration. This can also, to some extent, restore the mechanical 
properties of the disc. While providing mechanical strength, using 
hydrogels as scaffolds can also load cells and provide a good growth 
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environment. This suggests that in situ injection of hydrogel-
loaded bone marrow mesenchymal stem cells may be a clinically 
feasible, minimally invasive treatment strategy for intervertebral disc 
degeneration (Clark et al., 2020; Ukeba et al., 2020; Zeng et al., 2015; 
Chen P. et al., 2019; Luo et al., 2022; Yu et al., 2021).

Furthermore, in the field of intervertebral disc tissue 
engineering, cell-free therapeutic strategies based on hydrogels 
primarily include drug delivery, controlled release of cytokines, and 
gene therapy. The degenerative process of intervertebral discs is often 
accompanied by the overexpression of matrix metalloproteinases 
(MMP3, MMP13) and inflammatory factors (IL-1, IL-6, IL-8, 
PEG2, TNF-α) (Wang et al., 2020). To address this pathological 
characteristic, hydrogels have emerged as ideal intervention carriers 
due to their superior controlled-release capabilities. For example, 
aspirin-loaded hydrogels can alleviate postoperative inflammation 
(Liu Y. et al., 2021). Rapamycin-loaded hydrogels reduce ROS levels 
and promote M2 macrophage polarization (Bai et al., 2020), while 
bevacizumab-incorporated thermosensitive hydrogels delay IDD 
progression by inhibiting VEGF expression (Chen Q. et al., 2022). 
In the realm of growth factor delivery, thiol-modified hyaluronic 
acid hydrogels enable sustained release of PDGF-BB, improving 
degenerative markers (Masuda and An, 2004). Additionally, 
pullulan microsphere-cellulose composite hydrogels facilitate the 
prolonged release of TGF-β1 and GDF-5 (Henry et al., 2017). 
Regarding gene therapy, aldehyde hyaluronic acid/siRNA composite 
hydrogels enable targeted intervention in the STING signaling 
pathway (Chen J. et al., 2022). Thermosensitive poloxamer hydrogels 
can also control the release of rAAV-sox9 vectors to enhance 
chondrogenic capacity (Madry et al., 2020). Collectively, these 
studies demonstrate the significant potential of hydrogels as 
multifunctional delivery systems in the treatment of intervertebral 
disc degeneration.

Single components often fail to meet the complex structural 
and functional needs of the intervertebral disc, while multiple 
components assembled through certain strategies often 
achieve higher therapeutic effects than single components. 
Therefore, researchers are committed to combining multiple 
bioactive substances to achieve synergistic therapeutic effects. 
Kim et al. (2020) paired human bone marrow mesenchymal 
stem cells with TGF-β3, creating a favorable environment 
for chondrogenic differentiation, and effectively induced disc 
regeneration in a canine model; Ma et al. (2024) combined growth 
factors, NPMSCs, and hydrogels, demonstrating good repair effects 
on rat IDD in vitro and in vivo; Mohd Isa et al. (2023) developed 
a three-dimensional hydrogel based on NPC extracellular matrix 
components, successfully guiding human mesenchymal stem cells 
to differentiate into NPCs. Sun et al. (2021) used polycaprolactone 
material as a mechanical support framework, loaded with 
CTGF or TGF-β3 polydopamine nanoparticles and mixed with 
mesenchymal stem cells (BMSCs) to promote nucleus pulposus and 
annulus fibrosus cell regeneration. Xia et al. (2023) used esterase-
responsive copolymer ibuprofen-PEG-PIB nanomicelles to modify 
progenitor cells, thereby achieving a synergistic effect of ibuprofen 
on the transplanted progenitor cells. These studies all indicate 
that combined therapeutic strategies integrating multiple active 
components through hydrogels show significant advantages over 
single therapies, making hydrogels a promising biomaterial in IDD 
treatment. 

8.5 Cell-free strategies

In recent years, researchers have discovered that extracellular 
vesicles (EVs) secreted by stem cells, such as exosomes and 
microvesicles, possess immunomodulatory functions similar to 
stem cells (Ha et al., 2020). EVs are membrane-bound particles 
released by cells and belong to one component of the stem cell 
secretome (Elahi et al., 2020). According to physical size, nanoscale 
EVs are defined as small extracellular vesicles. They can regulate the 
phenotype of target cells and are important mediators of intercellular 
communication (Mendt et al., 2019; Yu et al., 2014). Currently, stem 
cell vesicle therapy is gradually developing as an alternative to cell 
therapy and has gained widespread attention in intervertebral disc 
degeneration (IDD) repair.

As a “cell-free” therapeutic system, EVs exhibit good stability 
both in vitro and in vivo and possess strong tolerance to adverse 
microenvironments (Wu P. et al., 2018). Their carried active 
components, such as proteins, nucleic acids, and lipids, are 
protected by a bilayer membrane structure and can be delivered 
to target cells via membrane fusion, participating in intercellular 
communication (Chang et al., 2018; Keshtkar et al., 2018). 
Compared to mesenchymal stem cells (MSCs), EVs are easier 
to isolate from cell supernatants, have higher yields, lower 
costs for preparation, storage, and transportation, and carry no 
risk of malignant differentiation (Zhao et al., 2019). Overall, 
MSC-derived EVs have multifaceted application advantages; 
however, their functional mechanisms are not fully elucidated, 
and clinical application strategies still require systematic
optimization.

As key mediators of intercellular communication, EVs can 
deliver bioactive molecules such as nucleic acids, proteins, and 
lipids to recipient cells, thereby regulating cell metabolism, 
microenvironment homeostasis, and physiological functions 
(Gao et al., 2018). The cargo of EVs can reflect the pathological 
state of the source cells, covering different disease types and 
stages (Kalluri and LeBleu, 2020), thus holding potential value in 
the diagnosis and treatment of various diseases, including IDD. 
Studies show that MSC-EVs can alleviate local inflammation by 
inhibiting inflammatory responses and reducing the release of 
inflammatory factors (Harting et al., 2018). Simultaneously, MSCs-
EVs promote the proliferation and differentiation of disc cells, 
enhance the synthesis of collagen and other ECM components, 
and drive tissue reconstruction (Lan et al., 2019). Moreover, MSC-
EVs play a crucial role in mediating communication between 
MSCs and nucleus pulposus (NP) cells. They have been shown 
to not only promote NP cell proliferation and enhance metabolic 
function (DiStefano et al., 2022), but also improve cell survival 
through the regulation of gene expression (Zhu L. et al., 2020). 
Furthermore, by delivering antioxidant proteins, MSC-EVs can 
inhibit NP cell apoptosis, thereby delaying the progression 
of intervertebral disc degeneration (IDD) in organ culture 
models (Liao et al., 2019). The miRNAs carried within MSC-
EVs are closely associated with the initiation and progression 
of IDD, suggesting their potential as novel therapeutic targets
(Zhu G. et al., 2020).

Although the therapeutic advantages of EVs are evident, 
there are still shortcomings in practical application, such as low 
therapeutic efficiency and rapid degradation rates (He et al., 2018). 
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Natural EVs contain limited amounts of bioactive substances, 
and due to the complex pathogenesis of diseases, the targeting 
of EV therapy still needs improvement (Sterzenbach et al., 2017; 
Wang X. et al., 2018). Furthermore, during cellular uptake and 
metabolic absorption, EVs themselves degrade quickly or are 
actively cleared by the body, leading to a high degradation rate 
(Luan et al., 2017). In response to these issues, EVs are increasingly 
being functionalized using engineering strategies, including 
membrane modification and cargo loading. This functionalization 
enables engineered EVs to achieve targeted therapy or exhibit 
enhanced stability (Bellavia et al., 2018; Tran et al., 2020).

To further enhance therapeutic efficacy, engineered extracellular 
vesicle technology has emerged. This technology involves genetic 
modification of parent cells, membrane modification, or in vitro
modification of isolated vesicles to enhance their therapeutic efficacy 
or compensate for the limitations of natural EVs. Engineering 
strategies mainly include two directions: in vivo modification and 
in vitro modification. 

8.5.1 In vivo modification
Genetic engineering of parent cells is currently the most 

commonly used method for in vivo editing. For example, 
introducing exogenous mRNA into parent cells can be packaged 
into EVs and then delivered to target cells to induce specific 
gene expression (Zomer et al., 2015; Ridder et al., 2014). 
Similar strategies also include loading non-coding RNAs such as 
miRNA or small interfering RNA into EVs (Akao et al., 2011; 
Yang et al., 2011). Furthermore, through fusion gene design, 
target proteins (such as targeting peptides) can be enriched on 
the EV membrane surface, effectively enhancing their tissue 
targeting. Researchers have successfully achieved neural targeting 
of EVs using the fusion expression of the RVG peptide and the 
vesicle membrane protein LAMP2B (Tian et al., 2014; Alvarez-
Erviti et al., 2011). Some scholars have also used the more stable 
glycosylphosphatidylinositol (GPI) anchor system instead of 
LAMP2B to improve expression stability (Kooijmans et al., 2016). 
Other fusion sites such as the PDGF receptor (Ohno et al., 2013) 
and the lactadherin C1C2 domain (Rountree et al., 2011) 
have also been widely used in the construction of
functionalized EVs. 

8.5.2 In vitro modification
In vitro modification is performed directly on purified 

EVs, offering advantages such as operational controllability 
and high yield. Membrane modification strategies include 
covalent conjugation methods, such as bioconjugation and 
click chemistry reactions, as well as non-covalent approaches 
like multivalent electrostatic interactions or receptor-ligand 
binding. For instance, the association of cationic lipids with EV 
membranes can enhance cellular uptake efficiency (Nakase and 
Futaki, 2015), while transferrin-conjugated superparamagnetic 
particles can endow EVs with magnetic responsiveness for 
imaging-guided therapy (Correia Carreira et al., 2016; Neubert 
and Glumm, 2016; Silva et al., 2015). In terms of cargo 
loading, membrane permeabilization techniques including 
electroporation, saponin treatment, and osmotic dialysis are 
widely employed to load exogenous siRNA, small-molecule drugs, 
and other therapeutic agents into EVs (Fuhrmann et al., 2015; 

Wassler et al., 1987; Gutierrez Millan et al., 2004). Although 
these methods may cause some degree of membrane disruption, 
optimization of experimental conditions can effectively preserve EV 
integrity and functionality.

In summary, engineered extracellular vesicles, through precise 
functional design, show significant advantages in improving 
targeting, optimizing drug loading, and enhancing therapeutic 
effects, providing new technological pathways for the treatment 
of intervertebral disc degeneration. With in-depth research on 
their biological characteristics and engineering methods, EVs 
are expected to become the next-generation therapeutic strategy 
replacing stem cell therapy. 

9 Standards need to be developed for 
clinical applications

Over the past few decades, research and therapy based on 
mesenchymal stem cells (MSCs) have made significant progress due 
to their advantages such as immune evasion capability, diversity of 
source tissues, ease of isolation, rapid expansion, and tissue repair 
and immunomodulatory functions. However, the development of 
MSC products has been relatively slow, partly due to the lack 
of precise standards. Numerous key parameters affect the efficacy 
of MSCs, covering aspects such as the type of transplanted cells, 
cell source, culture and expansion conditions, transplantation 
route, cell number, patient selection, and efficacy evaluation
indicators. 

9.1 Cell type

In intervertebral disc regeneration therapy, the choice of 
ideal cell type requires comprehensive consideration of its 
adaptability, function, and availability. Nucleus pulposus cells, while 
theoretically most advantageous due to their ability to adapt to 
the harsh intradiscal environment and synthesize specific matrix, 
are limited in number in degenerated discs, their acquisition is 
invasive, and they are difficult to use for repairing the annulus 
fibrosus and endplate, limiting clinical application. Allogeneic 
disc cells or functionally similar chondrocytes can serve as 
alternative options. MSCs have become a research hotspot due 
to their multidifferentiation potential and immunomodulatory 
capabilities (Naji et al., 2019). Although small-scale clinical 
trials have confirmed their safety, efficacy remains limited. The 
future requires further screening for the optimal cell source, 
while considering accessibility, environmental adaptability, and 
duration of action. 

9.2 Cell leakage problem

The intervertebral disc is an avascular tissue with low 
cell clearance; however, substantial cell loss occurs following 
transplantation (Vadala et al., 2012). The primary causes of leakage 
include reduced cell adhesion due to high osmotic pressure 
and physical damage to the annulus fibrosus. Injection volume 
must also be carefully controlled, as animal studies indicate that 
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reducing the volume can lower the risk of nucleus pulposus 
protrusion. Additionally, alternative delivery routes such as 
transvertebral or adjacent vertebral body approaches remain under
investigation. 

9.3 Cell source

The selection of cell sources necessitates a careful trade-
off between the advantages and disadvantages of autologous 
versus xeno-/allogeneic cells. Autologous cells present a low 
risk of immune rejection but involve complex harvesting 
procedures, whereas allogeneic cells also carry a relatively low 
immunological risk owing to the immune-privileged nature of 
intervertebral discs, in addition to offering the advantage of 
scalable production (Ganguly et al., 2017). In clinical trials, neither 
allogeneic chondrocytes nor MSCs have triggered significant 
immune responses; however, their therapeutic efficacy remains 
subject to individual variability. 

9.4 Number of transplanted cells

In existing studies, the number of cells injected per disc ranges 
from 1 × 106 to 132 × 106, and the optimal dose has not reached 
a consensus. Some studies suggest a positive correlation between 
dose and efficacy, but subsequent studies have found no difference 
(Centeno et al., 2017; Kumar et al., 2017). Excessive transplantation 
may lead to nutrient competition exacerbating degeneration, while 
insufficient numbers may fail to achieve effective repair. Therefore, 
establishing a reasonable range for the number of transplanted cells, 
considering the degree of disc degeneration, is necessary to promote 
clinical translation. 

9.5 Patient selection

The success of cell therapy largely depends on the precise 
selection of patients. It is necessary to define the applicable 
population and the intervenable stage of disc degeneration, 
rather than surgical indications. The ideal treatment timing 
is the early stage of degeneration, when the disc structure is 
relatively intact (annulus fibrosus not ruptured, endplate not 
calcified), and functional cells remain. Accurately identifying 
this stage relies on more advanced examination techniques 
to non-invasively and rapidly assess the intradiscal structure 
and biological status. To control research heterogeneity, patient 
inclusion should be limited to specific, well-defined indications. 
Future clinical research will still be needed to establish 
non-invasive assessment systems for accurate judgment of 
pain sources, immune microenvironment, and regenerative
potential. 

9.6 Efficacy evaluation standards

The heterogeneity in the efficacy of cell transplantation is 
largely due to the lack of unified evaluation standards. Existing 

evaluations mostly rely on subjective clinical symptom scores or 
semi-quantitative imaging indicators using MRI and X-rays, making 
it difficult to accurately reflect the actual function of transplanted 
cells. Although quantitative MRI techniques can provide more 
objective assessment data, their results still lack histological 
validation (Smith et al., 2018; Thorpe et al., 2018). Therefore, 
establishing an objective, unified, and biologically meaningful 
efficacy evaluation system is key to accurately assessing the value of
cell therapy. 

10 Conclusion and future perspectives

MSCs have emerged as the most promising cellular therapeutic 
candidates for IVDD due to their distinctive advantages. However, 
various physicochemical and biological factors within the IVD 
microenvironment, such as pH, osmotic pressure, hypoxia, 
inflammation, and mechanical stress, severely compromise the 
survival and function of transplanted cells. Consequently, the 
systematic regulation of this microenvironment is a critical 
prerequisite for clinical translation. Existing clinical trials have 
demonstrated encouraging outcomes, leading to the development of 
various efficacy-enhancing strategies, including tissue engineering, 
genetic modification, endogenous repair activation, and cell-
free therapies. Nevertheless, the efficacy and safety of these 
strategies require further in-depth validation, and their clinical 
translation potential remains to be clarified. Concurrently, multiple 
aspects ranging from cell preparation to clinical intervention, 
encompassing cell quality, type selection, dosage regimens, 
and personalized efficacy assessment, necessitate systematic
optimization.

To overcome these bottlenecks and advance this therapy towards 
clinical application, stem cell-based regenerative treatment for IVD 
is entering a new phase, with future efforts focusing on the following 
key directions:

First, personalized therapy will become the cornerstone. 
Given the high heterogeneity of IVDD, it is essential to utilize 
novel biomarkers or radiomics for precise subtyping based on 
a patient’s specific microenvironmental characteristics, such 
as inflammation level or acidosis severity. This will enable 
the matching of the most suitable stem cell type, engineered 
vesicles, or composite biomaterials for each individual. Second, 
multimodal combination therapy represents the inevitable path to 
breakthrough efficacy. Integrating multiple intervention modalities 
to simultaneously address the multifaceted pathological factors 
within the degenerative microenvironment is crucial. For instance, 
combining genetically-enhanced MSCs with smart materials 
capable of modulating the microenvironment, or synergizing 
engineered extracellular vesicles with pathology-responsive scaffold 
systems, can achieve superimposed and optimized therapeutic 
effects. Third, technological innovation is the fundamental driver 
of field progression. This includes the development of next-
generation biomaterials capable of dynamically responding to 
the pathological microenvironment, such as enzymes, pH, or 
mechanical forces, and the establishment of standardized, scalable 
production platforms for engineered extracellular vesicles to ensure
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quality control and targeted delivery. Finally, successful clinical 
translation hinges on internationally unified quality standards 
and clinical protocols. This involves defining Critical Quality 
Attributes for therapeutic products, adopting clinical trial designs 
based on precise stratification, and implementing objective efficacy 
endpoints, thereby translating the potential of basic research into 
definitive clinical treatments.

In summary, by focusing on the four major directions of 
personalization, combination strategies, technological innovation, 
and translational research, this field holds the promise to 
fundamentally reshape the therapeutic landscape for intervertebral 
disc degeneration.

Author contributions

HW: Software, Conceptualization, Writing – review and editing, 
Investigation, Resources, Writing – original draft, Validation, Data 
curation, Methodology. AX: Investigation, Funding acquisition, 
Writing – original draft, Resources, Formal Analysis, Validation, 
Data curation, Writing – review and editing, Methodology. WH: 
Writing – original draft, Data curation, Methodology. JM: Data 
curation, Methodology, Writing – original draft, Software. JZ: 
Writing – original draft, Data curation, Methodology. XM: Writing 
– original draft, Formal Analysis, Investigation, Methodology. LL: 
Software, Resources, Visualization, Funding acquisition, Project 
administration, Methodology, Writing – review and editing, 
Conceptualization, Investigation. 

Funding

The authors declare that financial support was received for the 
research and/or publication of this article. This work was supported 
by the Health Commission of Hubei Province Scientific Research 
Project [HNJG-250005 (LL)], the National Science Foundation of 

Hubei Province [No. 2024AFB206 (LL) and No. 2022CFB639 (AX)], 
the National Natural Science Foundation of China [No. 82200226 
(LL)], Key Project of Hubei Association of Higher Education [No. 
2023XA040 (LL)], the Comprehensive Reform Project for Quality 
Construction of Undergraduate Education in Wuhan University 
[No. 2024ZG223 (LL)], and Undergraduate Training Programs for 
Innovation of Wuhan University [W202510486414 (LL)].

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Generative AI was used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References

Abdolmaleki, A., Ghayour, M. B., and Behnam-Rassouli, M. (2020). Protective 
effects of acetyl-L-carnitine against serum and glucose deprivation-induced apoptosis 
in rat adipose-derived mesenchymal stem cells. Cell Tissue Banking 21 (4), 655–666. 
doi:10.1007/s10561-020-09844-1

Abusharkh, H. A., Mallah, A. H., Amr, M. M., Mendenhall, J., Gozen, B. A., Tingstad, 
E. M., et al. (2021). Enhanced matrix production by cocultivated human stem cells and 
chondrocytes under concurrent mechanical strain. Vitro Cellular and Developmental 
Biology Animal 57 (6), 631–640. doi:10.1007/s11626-021-00592-4

Adams, M. A., and Green, T. P. (1993). Tensile properties of the annulus fibrosus. I. 
The contribution of fibre-matrix interactions to tensile stiffness and strength. Eur. Spine 
Journal Official Publication Eur. Spine Soc. Eur. Spinal Deformity Soc. Eur. Sect. Cerv. 
Spine Res. Soc. 2 (4), 203–208. doi:10.1007/BF00299447

Ahmadyan, S., Kabiri, M., Hanaee-Ahvaz, H., and Farazmand, A. (2018). 
Osmolyte type and the osmolarity level affect chondrogenesis of mesenchymal stem 
cells. Appl. Biochemistry Biotechnology 185 (2), 507–523. doi:10.1007/s12010-017-
2647-5

Akao, Y., Iio, A., Itoh, T., Noguchi, S., Itoh, Y., Ohtsuki, Y., et al. (2011). 
Microvesicle-mediated RNA molecule delivery system using monocytes/macrophages. 
Mol. Therapy The Journal Am. Soc. Gene Ther. 19 (2), 395–399. doi:10.1038/mt.
2010.254

Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S., and Wood, M. J. (2011). 
Delivery of siRNA to the mouse brain by systemic injection of targeted exosomes. Nat. 
Biotechnology 29 (4), 341–345. doi:10.1038/nbt.1807

An, C., Cheng, Y., Yuan, Q., and Li, J. (2010). IGF-1 and BMP-2 induces 
differentiation of adipose-derived mesenchymal stem cells into chondrocytes-like cells. 
Ann. Biomedical Engineering 38 (4), 1647–1654. doi:10.1007/s10439-009-9892-x

Angele, P., Yoo, J. U., Smith, C., Mansour, J., Jepsen, K. J., Nerlich, M., et al. 
(2003). Cyclic hydrostatic pressure enhances the chondrogenic phenotype of human 
mesenchymal progenitor cells differentiated in vitro. J. Orthopaedic Research 21 
451–457. doi:10.1016/S0736-0266(02)00230-9

Antebi, B., Rodriguez, L. A., 2nd, Walker, K. P., 3rd, Asher, A. M., Kamucheka, 
R. M., Alvarado, L., et al. (2018). Short-term physiological hypoxia potentiates the 
therapeutic function of mesenchymal stem cells. Stem Cell Research and Therapy 9 (1), 
265. doi:10.1186/s13287-018-1007-x

Antoniou, J., Steffen, T., Nelson, F., Winterbottom, N., Hollander, A. P., Poole, 
R. A., et al. (1996). The human lumbar intervertebral disc: evidence for changes 
in the biosynthesis and denaturation of the extracellular matrix with growth, 
maturation, ageing, and degeneration. J. Clinical Investigation 98 (4), 996–1003. 
doi:10.1172/JCI118884

Arai, Y., Park, S., Choi, B., Ko, K. W., Choi, W. C., Lee, J. M., et al. (2016). 
Enhancement of matrix Metalloproteinase-2 (MMP-2) as a potential chondrogenic 
marker during chondrogenic differentiation of human adipose-derived stem cells. Int. 
Journal Molecular Sciences 17 (6), 963. doi:10.3390/ijms17060963

Archacka, K., Bem, J., Brzoska, E., Czerwinska, A. M., Grabowska, I., Kasprzycka, P., 
et al. (2020). Beneficial effect of IL-4 and SDF-1 on myogenic potential of mouse and 
human adipose tissue-derived stromal cells. Cells 9 (6), 1479. doi:10.3390/cells9061479

Frontiers in Cell and Developmental Biology 21 frontiersin.org

https://doi.org/10.3389/fcell.2025.1719332
https://doi.org/10.1007/s10561-020-09844-1
https://doi.org/10.1007/s11626-021-00592-4
https://doi.org/10.1007/BF00299447
https://doi.org/10.1007/s12010-017-2647-5
https://doi.org/10.1007/s12010-017-2647-5
https://doi.org/10.1038/mt.2010.254
https://doi.org/10.1038/mt.2010.254
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1007/s10439-009-9892-x
https://doi.org/10.1016/S0736-0266(02)00230-9
https://doi.org/10.1186/s13287-018-1007-x
https://doi.org/10.1172/JCI118884
https://doi.org/10.3390/ijms17060963
https://doi.org/10.3390/cells9061479
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Wang et al. 10.3389/fcell.2025.1719332

Bai, J., Zhang, Y., Fan, Q., Xu, J., Shan, H., Gao, X., et al. (2020). Reactive 
oxygen species-scavenging scaffold with rapamycin for treatment of intervertebral disk 
degeneration. Adv. Healthcare Materials 9 (3), e1901186. doi:10.1002/adhm.201901186

Baker, B. M., Shah, R. P., Huang, A. H., and Mauck, R. L. (2011). Dynamic 
tensile loading improves the functional properties of mesenchymal stem cell-laden 
nanofiber-based fibrocartilage. Tissue Engineering Part A 17 (9-10), 1445–1455. 
doi:10.1089/ten.TEA.2010.0535

Bartels, E. M., Fairbank, J. C., Winlove, C. P., and Urban, J. P. (1998). Oxygen and 
lactate concentrations measured in vivo in the intervertebral discs of patients with 
scoliosis and back pain. Spine 23 (1), 1–8. doi:10.1097/00007632-199801010-00001

Beall, D. P., Wilson, G. L., Bishop, R., and Tally, W. (2020). VAST clinical trial: safely 
supplementing tissue lost to degenerative disc disease. Int. Journal Spine Surgery 14 (2), 
239–253. doi:10.14444/7033

Bellavia, D., Raimondi, L., Costa, V., De Luca, A., Carina, V., Maglio, M., 
et al. (2018). Engineered exosomes: a new promise for the management of 
musculoskeletal diseases. Biochimica Biophysica Acta General Subj. 1862 (9), 
1893–1901. doi:10.1016/j.bbagen.2018.06.003

Bian, J., Cai, F., Chen, H., Tang, Z., Xi, K., Tang, J., et al. (2021). Modulation of 
local overactive inflammation via injectable hydrogel microspheres. Nano Letters 21 
(6), 2690–2698. doi:10.1021/acs.nanolett.0c04713

Borem, R., Madeline, A., Bowman, M., Gill, S., Tokish, J., and Mercuri, J. (2019). 
Differential effector response of Amnion- and adipose-derived mesenchymal stem cells 
to inflammation; implications for intradiscal therapy. J. Orthopaedic Research Official 
Publication Orthop. Res. Soc. 37 (11), 2445–2456. doi:10.1002/jor.24412

Brandt, L., Schubert, S., Scheibe, P., Brehm, W., Franzen, J., Gross, C., et al. 
(2018). Tenogenic properties of mesenchymal progenitor cells are compromised 
in an inflammatory environment. Int. Journal Molecular Sciences 19 (9), 2549. 
doi:10.3390/ijms19092549

Brodin, H. (1955). Paths of nutrition in articular cartilage and intervertebral discs. 
Acta Orthopaedica Scand. 24 (3), 177–183. doi:10.3109/17453675408988561

Buckwalter, J. A. (1995). Aging and degeneration of the human intervertebral disc. 
Spine 20 (11), 1307–1314. doi:10.1097/00007632-199506000-00022

Cai, F., Hong, X., Tang, X., Liu, N. C., Wang, F., Zhu, L., et al. (2019). ASIC1a activation 
induces calcium-dependent apoptosis of BMSCs under conditions that mimic the 
acidic microenvironment of the degenerated intervertebral disc. Biosci. Reports 39 (11). 
doi:10.1042/BSR20192708

Caron, M. M., van der Windt, A. E., Emans, P. J., van Rhijn, L. W., Jahr, H., and 
Welting, T. J. (2013). Osmolarity determines the in vitro chondrogenic differentiation 
capacity of progenitor cells via nuclear factor of activated T-cells 5. Bone 53 (1), 94–102. 
doi:10.1016/j.bone.2012.11.032

Carrero, R., Cerrada, I., Lledo, E., Dopazo, J., Garcia-Garcia, F., Rubio, M. P., et al. 
(2012). IL1β induces mesenchymal stem cells migration and leucocyte chemotaxis 
through NF-κB. Stem Cell Reviews Reports 8 (3), 905–916. doi:10.1007/s12015-012-
9364-9

Casciaro, F., Borghesan, M., Beretti, F., Zavatti, M., Bertucci, E., Follo, M. Y., 
et al. (2020). Prolonged hypoxia delays aging and preserves functionality of human 
amniotic fluid stem cells. Mech. Ageing Development 191, 111328. doi:10.1016/j.mad.
2020.111328

Cassidy, J. J., Hiltner, A., and Baer, E. (1989). Hierarchical structure 
of the intervertebral disc. Connect. Tissue Research 23 (1), 75–88. 
doi:10.3109/03008208909103905

Centeno, C., Markle, J., Dodson, E., Stemper, I., Williams, C. J., Hyzy, M., et al. (2017). 
Treatment of lumbar degenerative disc disease-associated radicular pain with culture-
expanded autologous mesenchymal stem cells: a pilot study on safety and efficacy. J. 
Translational Medicine 15 (1), 197. doi:10.1186/s12967-017-1300-y

Chang, Y. H., Wu, K. C., Harn, H. J., Lin, S. Z., and Ding, D. C. (2018). Exosomes 
and stem cells in degenerative disease diagnosis and therapy. Cell Transplantation 27 
(3), 349–363. doi:10.1177/0963689717723636

Chen, X., Zhu, L., Wu, G., Liang, Z., Yang, L., and Du, Z. (2016). A comparison 
between nucleus pulposus-derived stem cell transplantation and nucleus pulposus cell 
transplantation for the treatment of intervertebral disc degeneration in a rabbit model. 
Int. Journal Surgery 28, 77–82. doi:10.1016/j.ijsu.2016.02.045

Chen, H. T., Huang, A. B., He, Y. L., Bian, J., and Li, H. J. (2017). Wnt11 overexpression 
promote adipose-derived stem cells differentiating to the nucleus pulposus-like 
phenotype. Eur. Review Medical Pharmacological Sciences 21 (7), 1462–1470.

Chen, X. X., Tang, L., Han, Z. H., Wang, W. J., and Meng, J. G. (2019a). Coculture with 
bone marrow-derived mesenchymal stem cells attenuates inflammation and apoptosis 
in lipopolysaccharide-stimulated alveolar epithelial cells via enhanced secretion of 
keratinocyte growth factor and angiopoietin-1 modulating the Toll-like receptor-4 
signal pathway. Mol. Medicine Reports 19 (3), 1891–1902. doi:10.3892/mmr.2019.9836

Chen, P., Ning, L., Qiu, P., Mo, J., Mei, S., Xia, C., et al. (2019b). Photo-crosslinked 
gelatin-hyaluronic acid methacrylate hydrogel-committed nucleus pulposus-like 
differentiation of adipose stromal cells for intervertebral disc repair. J. Tissue Engineering 
Regenerative Medicine 13 (4), 682–693. doi:10.1002/term.2841

Chen, S., Liu, S., Zhao, L., Lin, H., Ma, K., and Shao, Z. (2020). Heme Oxygenase-
1-Mediated autophagy protects against oxidative damage in rat nucleus pulposus-
derived mesenchymal stem cells. Oxidative Medicine Cellular Longevity 2020, 9349762. 
doi:10.1155/2020/9349762

Chen, Q., Wang, J., Xia, Q., Wu, L., Chen, F., Li, L., et al. (2022a). Treatment 
outcomes of injectable thermosensitive hydrogel containing bevacizumab in 
intervertebral disc degeneration. Front. Bioengineering Biotechnology 10, 976706. 
doi:10.3389/fbioe.2022.976706

Chen, J., Zhu, H., Zhu, Y., Zhao, C., Wang, S., Zheng, Y., et al. (2022b). Injectable 
self-healing hydrogel with siRNA delivery property for sustained STING silencing 
and enhanced therapy of intervertebral disc degeneration. Bioact. Materials 9, 29–43. 
doi:10.1016/j.bioactmat.2021.08.003

Chen, X., Wang, Z., Deng, R., Yan, H., Liu, X., and Kang, R. (2023). Intervertebral 
disc degeneration and inflammatory microenvironment: expression, pathology, and 
therapeutic strategies. Inflamm. Res. Official J. Eur. Histamine Res. Soc. [et al] 72 (9), 
1811–1828. doi:10.1007/s00011-023-01784-2

Cheng, S., Li, X., Jia, Z., Lin, L., Ying, J., Wen, T., et al. (2019). The inflammatory 
cytokine TNF-α regulates the biological behavior of rat nucleus pulposus mesenchymal 
stem cells through the NF-κB signaling pathway in vitro. Journal of Cellular Biochemistry
120 (8), 13664–13679. doi:10.1002/jcb.28640

Cheng, B., Feng, F., Shi, F., Huang, J., Zhang, S., Quan, Y., et al. (2022). Distinctive roles 
of wnt signaling in chondrogenic differentiation of BMSCs under coupling of pressure 
and platelet-rich fibrin. Tissue Engineering and Regenerative Medicine 19 (4), 823–837. 
doi:10.1007/s13770-022-00456-2

Choi, J. R., Pingguan-Murphy, B., Wan Abas, W. A., Noor Azmi, M. A., Omar, S. 
Z., Chua, K. H., et al. (2014). Impact of low oxygen tension on stemness, proliferation 
and differentiation potential of human adipose-derived stem cells. Biochemical and 
Biophysical Research Communications 448 (2), 218–224. doi:10.1016/j.bbrc.2014.04.096

Choi, J. H., Lim, S. M., Yoo, Y. I., Jung, J., Park, J. W., and Kim, G. J. (2016). 
Microenvironmental interaction between hypoxia and endothelial cells controls the 
migration ability of placenta-derived mesenchymal stem cells via α4 integrin and rho 
signaling. Journal of Cellular Biochemistry 117 (5), 1145–1157. doi:10.1002/jcb.25398

Chung, D. J., Hayashi, K., Toupadakis, C. A., Wong, A., and Yellowley, C. E. (2012). 
Osteogenic proliferation and differentiation of canine bone marrow and adipose tissue 
derived mesenchymal stromal cells and the influence of hypoxia. Research in Veterinary 
Science 92 (1), 66–75. doi:10.1016/j.rvsc.2010.10.012

Clark, A. Y., Martin, K. E., Garcia, J. R., Johnson, C. T., Theriault, H. S., Han, W. M., 
et al. (2020). Integrin-specific hydrogels modulate transplanted human bone marrow-
derived mesenchymal stem cell survival, engraftment, and reparative activities. Nature 
Communications 11 (1), 114. doi:10.1038/s41467-019-14000-9

Clarke, L. E., McConnell, J. C., Sherratt, M. J., Derby, B., Richardson, S. M., and 
Hoyland, J. A. (2014). Growth differentiation factor 6 and transforming growth factor-
beta differentially mediate mesenchymal stem cell differentiation, composition, and 
micromechanical properties of nucleus pulposus constructs. Arthritis Research and 
Therapy. 16 (2), R67. doi:10.1186/ar4505

Colombier, P., Clouet, J., Boyer, C., Ruel, M., Bonin, G., Lesoeur, J., et al. 
(2016). TGF-β1 and GDF5 act synergistically to drive the differentiation of human 
adipose stromal cells toward nucleus pulposus-Like cells. Stem Cells 34 (3), 653–667. 
doi:10.1002/stem.2249

Conley, B. M., Yang, L., Bhujel, B., Luo, J., Han, I., and Lee, K. B. (2023). 
Development of a nanohybrid peptide hydrogel for enhanced intervertebral disc repair 
and regeneration. ACS Nano 17 (4), 3750–3764. doi:10.1021/acsnano.2c11441

Connelly, J. T., Vanderploeg, E. J., Mouw, J. K., Wilson, C. G., and Levenston, M. 
E. (2010). Tensile loading modulates bone marrow stromal cell differentiation and the 
development of engineered fibrocartilage constructs. Tissue Engineering Part A 16 (6), 
1913–1923. doi:10.1089/ten.TEA.2009.0561

Correia Carreira, S., Armstrong, J. P., Seddon, A. M., Perriman, A. W., Hartley-
Davies, R., and Schwarzacher, W. (2016). Ultra-fast stem cell labelling using cationised 
magnetoferritin. Nanoscale 8 (14), 7474–7483. doi:10.1039/c5nr07144e

Croft, A. S., Illien-Junger, S., Grad, S., Guerrero, J., Wangler, S., and Gantenbein, B. 
(2021). The application of mesenchymal stromal cells and their homing capabilities to 
regenerate the intervertebral disc. International Journal of Molecular Sciences 22 (7), 
3519. doi:10.3390/ijms22073519

Cuesta, A., Del Valle, M. E., Garcia-Suarez, O., Vina, E., Cabo, R., Vazquez, G., et al. 
(2014). Acid-sensing ion channels in healthy and degenerated human intervertebral 
disc. Connective Tissue Research 55 (3), 197–204. doi:10.3109/03008207.2014.884083

D’Ippolito, G., Diabira, S., Howard, G. A., Roos, B. A., and Schiller, P. C. (2006). Low 
oxygen tension inhibits osteogenic differentiation and enhances stemness of human 
MIAMI cells. Bone 39 (3), 513–522. doi:10.1016/j.bone.2006.02.061

Dai, J., Wang, H., Liu, G., Xu, Z., Li, F., and Fang, H. (2014). Dynamic compression 
and co-culture with nucleus pulposus cells promotes proliferation and differentiation 
of adipose-derived mesenchymal stem cells. Journal of Biomechanics 47 (5), 966–972. 
doi:10.1016/j.jbiomech.2014.01.023

Deyo, R. A., and Weinstein, J. N. (2001). Low back pain. The N. Engl. Journal of 
Medicine 344 (5), 363–370. doi:10.1056/NEJM200102013440508

Frontiers in Cell and Developmental Biology 22 frontiersin.org

https://doi.org/10.3389/fcell.2025.1719332
https://doi.org/10.1002/adhm.201901186
https://doi.org/10.1089/ten.TEA.2010.0535
https://doi.org/10.1097/00007632-199801010-00001
https://doi.org/10.14444/7033
https://doi.org/10.1016/j.bbagen.2018.06.003
https://doi.org/10.1021/acs.nanolett.0c04713
https://doi.org/10.1002/jor.24412
https://doi.org/10.3390/ijms19092549
https://doi.org/10.3109/17453675408988561
https://doi.org/10.1097/00007632-199506000-00022
https://doi.org/10.1042/BSR20192708
https://doi.org/10.1016/j.bone.2012.11.032
https://doi.org/10.1007/s12015-012-9364-9
https://doi.org/10.1007/s12015-012-9364-9
https://doi.org/10.1016/j.mad.2020.111328
https://doi.org/10.1016/j.mad.2020.111328
https://doi.org/10.3109/03008208909103905
https://doi.org/10.1186/s12967-017-1300-y
https://doi.org/10.1177/0963689717723636
https://doi.org/10.1016/j.ijsu.2016.02.045
https://doi.org/10.3892/mmr.2019.9836
https://doi.org/10.1002/term.2841
https://doi.org/10.1155/2020/9349762
https://doi.org/10.3389/fbioe.2022.976706
https://doi.org/10.1016/j.bioactmat.2021.08.003
https://doi.org/10.1007/s00011-023-01784-2
https://doi.org/10.1002/jcb.28640
https://doi.org/10.1007/s13770-022-00456-2
https://doi.org/10.1016/j.bbrc.2014.04.096
https://doi.org/10.1002/jcb.25398
https://doi.org/10.1016/j.rvsc.2010.10.012
https://doi.org/10.1038/s41467-019-14000-9
https://doi.org/10.1186/ar4505
https://doi.org/10.1002/stem.2249
https://doi.org/10.1021/acsnano.2c11441
https://doi.org/10.1089/ten.TEA.2009.0561
https://doi.org/10.1039/c5nr07144e
https://doi.org/10.3390/ijms22073519
https://doi.org/10.3109/03008207.2014.884083
https://doi.org/10.1016/j.bone.2006.02.061
https://doi.org/10.1016/j.jbiomech.2014.01.023
https://doi.org/10.1056/NEJM200102013440508
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Wang et al. 10.3389/fcell.2025.1719332

Diamant, B., Karlsson, J., and Nachemson, A. (1968). Correlation between lactate 
levels and pH in discs of patients with lumbar rhizopathies. Experientia 24 (12), 
1195–1196. doi:10.1007/BF02146615

Ding, J., Zhang, R., Li, H., Ji, Q., Cheng, X., Thorne, R. F., et al. (2021). ASIC1 
and ASIC3 mediate cellular senescence of human nucleus pulposus mesenchymal 
stem cells during intervertebral disc degeneration. Aging 13 (7), 10703–10723. 
doi:10.18632/aging.202850

DiStefano, T. J., Vaso, K., Danias, G., Chionuma, H. N., Weiser, J. R., and 
Iatridis, J. C. (2022). Extracellular vesicles as an emerging treatment option 
for intervertebral disc degeneration: therapeutic potential, translational pathways, 
and regulatory considerations. Advanced Healthcare Materials 11 (5), e2100596. 
doi:10.1002/adhm.202100596

Djuric, N., Lafeber, G. C. M., and Vleggeert-Lankamp, C. L. A. (2020). The 
contradictory effect of macrophage-related cytokine expression in lumbar disc 
herniations: a systematic review. European Spine Journal Official Publication of the 
European Spine Society, the European Spinal Deformity Society, and the European Section 
of the Cervical Spine Research Society 29 (7), 1649–1659. doi:10.1007/s00586-019-
06220-w

Dudek, M., Pathiranage, D. R. J., Bano-Otalora, B., Paszek, A., Rogers, N., Goncalves, 
C. F., et al. (2023). Mechanical loading and hyperosmolarity as a daily resetting cue for 
skeletal circadian clocks. Nature Communications 14 (1), 7237. doi:10.1038/s41467-023-
42056-1

Elahi, F. M., Farwell, D. G., Nolta, J. A., and Anderson, J. D. (2020). Preclinical 
translation of exosomes derived from mesenchymal stem/stromal cells. Stem Cells 38 
(1), 15–21. doi:10.1002/stem.3061

Fang, Z., Yang, Q., Luo, W., Li, G. H., Xiao, J., Li, F., et al. (2013). Differentiation 
of GFP-Bcl-2-engineered mesenchymal stem cells towards a nucleus pulposus-
like phenotype under hypoxia in vitro. Biochemical and Biophysical Research 
Communications 432 (3), 444–450. doi:10.1016/j.bbrc.2013.01.127

Felka, T., Schafer, R., Schewe, B., Benz, K., and Aicher, W. K. (2009). Hypoxia reduces 
the inhibitory effect of IL-1beta on chondrogenic differentiation of FCS-Free expanded 
MSC. Osteoarthritis and Cartilage 17 (10), 1368–1376. doi:10.1016/j.joca.2009.04.023

Feng, Y., Zhu, M., Dangelmajer, S., Lee, Y. M., Wijesekera, O., Castellanos, C. X., et al. 
(2015). Hypoxia-cultured human adipose-derived mesenchymal stem cells are non-
oncogenic and have enhanced viability, motility, and tropism to brain cancer. Cell Death 
and Disease 6 (6), e1797. doi:10.1038/cddis.2015.176

Feng, G., Zhang, Z., Dang, M., Rambhia, K. J., and Ma, P. X. (2020). Nanofibrous 
spongy microspheres to deliver rabbit mesenchymal stem cells and anti-miR-199a 
to regenerate nucleus pulposus and prevent calcification. Biomaterials 256, 120213. 
doi:10.1016/j.biomaterials.2020.120213

Fotia, C., Massa, A., Boriani, F., Baldini, N., and Granchi, D. (2015). Hypoxia 
enhances proliferation and stemness of human adipose-derived mesenchymal stem 
cells. Cytotechnology 67 (6), 1073–1084. doi:10.1007/s10616-014-9731-2

Fu, S., Jin, D., Liu, S., Wang, L., Wang, Z., Mei, G., et al. (2015). Protective 
effect of neuropeptide substance P on bone marrow mesenchymal stem cells against 
apoptosis induced by serum deprivation. Stem Cells International 2015, 270328. 
doi:10.1155/2015/270328

Fuhrmann, G., Serio, A., Mazo, M., Nair, R., and Stevens, M. M. (2015). Active 
loading into extracellular vesicles significantly improves the cellular uptake and 
photodynamic effect of porphyrins. Journal of Controlled Release Official Journal of the 
Controlled Release Society 205, 35–44. doi:10.1016/j.jconrel.2014.11.029

Gan, Y., Tu, B., Li, P., Ye, J., Zhao, C., Luo, L., et al. (2018). Low magnitude 
of compression enhances biosynthesis of mesenchymal stem cells towards nucleus 
pulposus cells via the TRPV4-Dependent pathway. Stem Cells International 2018, 
7061898. doi:10.1155/2018/7061898

Ganguly, P., El-Jawhari, J. J., Giannoudis, P. V., Burska, A. N., Ponchel, F., and Jones, E. 
A. (2017). Age-related changes in bone marrow mesenchymal stromal cells: a potential 
impact on osteoporosis and osteoarthritis development. Cell Transplantation 26 (9), 
1520–1529. doi:10.1177/0963689717721201

Gansau, J., and Buckley, C. T. (2021). Priming as a strategy to overcome detrimental 
pH effects on cells for intervertebral disc regeneration. European Cells and Materials 41, 
153–169. doi:10.22203/eCM.v041a11

Gantenbein-Ritter, B., Benneker, L. M., Alini, M., and Grad, S. (2011). Differential 
response of human bone marrow stromal cells to either TGF-β(1) or rhGDF-5. 
European Spine Journal Official Publication of the European Spine Society, the European 
Spinal Deformity Society, and the European Section of the Cervical Spine Research Society
20 (6), 962–971. doi:10.1007/s00586-010-1619-z

Gao, X., Zhu, Q., and Gu, W. (2016a). Prediction of glycosaminoglycan synthesis 
in intervertebral disc under mechanical loading. Journal of Biomechanics 49 (13), 
2655–2661. doi:10.1016/j.jbiomech.2016.05.028

Gao, F., Sun, M., Gong, Y., Wang, H., Wang, Y., and Hou, H. (2016b). MicroRNA-
195a-3p inhibits angiogenesis by targeting Mmp2 in murine mesenchymal stem cells. 
Molecular Reproduction and Development 83 (5), 413–423. doi:10.1002/mrd.22638

Gao, M., Gao, W., Papadimitriou, J. M., Zhang, C., Gao, J., and Zheng, M. 
(2018). Exosomes-the enigmatic regulators of bone homeostasis. Bone Research 6, 36. 
doi:10.1038/s41413-018-0039-2

Gao, B., Jiang, B., Xing, W., Xie, Z., Luo, Z., and Zou, W. (2022). Discovery and 
application of postnatal nucleus pulposus progenitors essential for intervertebral 
disc homeostasis and degeneration. Advanced Science 9 (13), e2104888. 
doi:10.1002/advs.202104888

Ghorbani, A., Baradaran Rahimi, V., Sadeghnia, H. R., and Hosseini, A. (2018). 
Effect of berberine on the viability of adipose tissue-derived mesenchymal stem 
cells in nutrients deficient condition. Natural Product Research 32 (5), 592–595. 
doi:10.1080/14786419.2017.1324965

Grayson, W. L., Zhao, F., Izadpanah, R., Bunnell, B., and Ma, T. (2006). Effects of 
hypoxia on human mesenchymal stem cell expansion and plasticity in 3D constructs. 
Journal of Cellular Physiology 207 (2), 331–339. doi:10.1002/jcp.20571

Grayson, W. L., Zhao, F., Bunnell, B., and Ma, T. (2007). Hypoxia enhances 
proliferation and tissue formation of human mesenchymal stem cells. Biochemical and 
Biophysical Research Communications 358 (3), 948–953. doi:10.1016/j.bbrc.2007.05.054

Guehring, T., Wilde, G., Sumner, M., Grunhagen, T., Karney, G. B., Tirlapur, U. K., 
et al. (2009). Notochordal intervertebral disc cells: sensitivity to nutrient deprivation. 
Arthritis and Rheumatism 60 (4), 1026–1034. doi:10.1002/art.24407

Gullbrand, S. E., Peterson, J., Mastropolo, R., Roberts, T. T., Lawrence, J. P., Glennon, 
J. C., et al. (2015). Low rate loading-induced convection enhances net transport into 
the intervertebral disc in vivo. The Spine Journal Official Journal of the North American 
Spine Society 15 (5), 1028–1033. doi:10.1016/j.spinee.2014.12.003

Gutierrez Millan, C., Zarzuelo Castaneda, A., Sayalero Marinero, M. L., and 
Lanao, J. M. (2004). Factors associated with the performance of carrier erythrocytes 
obtained by hypotonic dialysis. Blood Cells, Molecules and Diseases 33 (2), 132–140. 
doi:10.1016/j.bcmd.2004.06.004

Ha, D. H., Kim, H. K., Lee, J., Kwon, H. H., Park, G. H., Yang, S. H., et al. 
(2020). Mesenchymal stem/stromal cell-derived exosomes for immunomodulatory 
therapeutics and skin regeneration. Cells 9 (5), 1157. doi:10.3390/cells9051157

Han, B., Wang, H. C., Li, H., Tao, Y. Q., Liang, C. Z., Li, F. C., et al. (2014). 
Nucleus pulposus mesenchymal stem cells in acidic conditions mimicking degenerative 
intervertebral discs give better performance than adipose tissue-derived mesenchymal 
stem cells. Cells, Tissues, Organs 199 (5-6), 342–352. doi:10.1159/000369452

Han, L., Wang, Z., Chen, H., Li, J., Zhang, S., Zhang, S., et al. (2022). Sa12b-Modified 
functional self-assembling peptide hydrogel enhances the biological activity of nucleus 
pulposus mesenchymal stem cells by inhibiting acid-sensing ion channels. Frontiers in 
Cell and Developmental Biology 10, 822501. doi:10.3389/fcell.2022.822501

Han, F., Tu, Z., Zhu, Z., Liu, D., Meng, Q., Yu, Q., et al. (2023). Targeting endogenous 
reactive oxygen species removal and regulating regenerative microenvironment at 
annulus fibrosus defects promote tissue repair. ACS Nano 17 (8), 7645–7661. 
doi:10.1021/acsnano.3c00093

Harting, M. T., Srivastava, A. K., Zhaorigetu, S., Bair, H., Prabhakara, K. S., 
Toledano Furman, N. E., et al. (2018). Inflammation-stimulated mesenchymal stromal 
cell-derived extracellular vesicles attenuate inflammation. Stem Cells 36 (1), 79–90. 
doi:10.1002/stem.2730

Haufe, S. M., and Mork, A. R. (2006). Intradiscal injection of hematopoietic stem cells 
in an attempt to rejuvenate the intervertebral discs. Stem Cells and Development 15 (1), 
136–137. doi:10.1089/scd.2006.15.136

He, Z., Pu, L., Yuan, C., Jia, M., and Wang, J. (2017). Nutrition deficiency promotes 
apoptosis of cartilage endplate stem cells in a caspase-independent manner partially 
through upregulating BNIP3. Acta Biochimica et Biophysica Sinica 49 (1), 25–32. 
doi:10.1093/abbs/gmw111

He, C., Zheng, S., Luo, Y., and Wang, B. (2018). Exosome theranostics: biology and 
translational medicine. Theranostics 8 (1), 237–255. doi:10.7150/thno.21945

He, Y., Guo, Y., Xia, Y., Guo, Y., Wang, R., Zhang, F., et al. (2019). Resistin 
promotes cardiac homing of mesenchymal stem cells and functional recovery 
after myocardial ischemia-reperfusion via the ERK1/2-MMP-9 pathway. American 
Journal of Physiology Heart and Circulatory Physiology 316 (1), H233–H244. 
doi:10.1152/ajpheart.00457.2018

He, R., Wang, Z., Cui, M., Liu, S., Wu, W., Chen, M., et al. (2021). HIF1A alleviates 
compression-induced apoptosis of nucleus pulposus derived stem cells via upregulating 
autophagy. Autophagy 17 (11), 3338–3360. doi:10.1080/15548627.2021.1872227

Henriksson, H., Thornemo, M., Karlsson, C., Hagg, O., Junevik, K., Lindahl, A., 
et al. (2009). Identification of cell proliferation zones, progenitor cells and a potential 
stem cell niche in the intervertebral disc region: a study in four species. Spine 34 (21), 
2278–2287. doi:10.1097/BRS.0b013e3181a95ad2

Henry, N., Clouet, J., Fragale, A., Griveau, L., Chedeville, C., Veziers, J., et al. (2017). 
Pullulan microbeads/Si-HPMC hydrogel injectable system for the sustained delivery of 
GDF-5 and TGF-β1: new insight into intervertebral disc regenerative medicine. Drug 
Delivery 24 (1), 999–1010. doi:10.1080/10717544.2017.1340362

Holm, S., Maroudas, A., Urban, J. P., Selstam, G., and Nachemson, A. (1981). 
Nutrition of the intervertebral disc: solute transport and metabolism. Connective Tissue 
Research 8 (2), 101–119. doi:10.3109/03008208109152130

Hu, B., He, R., Ma, K., Wang, Z., Cui, M., Hu, H., et al. (2018). Intervertebral 
disc-derived stem/progenitor cells as a promising cell source for intervertebral disc 
regeneration. Stem Cells International 2018, 7412304. doi:10.1155/2018/7412304

Frontiers in Cell and Developmental Biology 23 frontiersin.org

https://doi.org/10.3389/fcell.2025.1719332
https://doi.org/10.1007/BF02146615
https://doi.org/10.18632/aging.202850
https://doi.org/10.1002/adhm.202100596
https://doi.org/10.1007/s00586-019-06220-w
https://doi.org/10.1007/s00586-019-06220-w
https://doi.org/10.1038/s41467-023-42056-1
https://doi.org/10.1038/s41467-023-42056-1
https://doi.org/10.1002/stem.3061
https://doi.org/10.1016/j.bbrc.2013.01.127
https://doi.org/10.1016/j.joca.2009.04.023
https://doi.org/10.1038/cddis.2015.176
https://doi.org/10.1016/j.biomaterials.2020.120213
https://doi.org/10.1007/s10616-014-9731-2
https://doi.org/10.1155/2015/270328
https://doi.org/10.1016/j.jconrel.2014.11.029
https://doi.org/10.1155/2018/7061898
https://doi.org/10.1177/0963689717721201
https://doi.org/10.22203/eCM.v041a11
https://doi.org/10.1007/s00586-010-1619-z
https://doi.org/10.1016/j.jbiomech.2016.05.028
https://doi.org/10.1002/mrd.22638
https://doi.org/10.1038/s41413-018-0039-2
https://doi.org/10.1002/advs.202104888
https://doi.org/10.1080/14786419.2017.1324965
https://doi.org/10.1002/jcp.20571
https://doi.org/10.1016/j.bbrc.2007.05.054
https://doi.org/10.1002/art.24407
https://doi.org/10.1016/j.spinee.2014.12.003
https://doi.org/10.1016/j.bcmd.2004.06.004
https://doi.org/10.3390/cells9051157
https://doi.org/10.1159/000369452
https://doi.org/10.3389/fcell.2022.822501
https://doi.org/10.1021/acsnano.3c00093
https://doi.org/10.1002/stem.2730
https://doi.org/10.1089/scd.2006.15.136
https://doi.org/10.1093/abbs/gmw111
https://doi.org/10.7150/thno.21945
https://doi.org/10.1152/ajpheart.00457.2018
https://doi.org/10.1080/15548627.2021.1872227
https://doi.org/10.1097/BRS.0b013e3181a95ad2
https://doi.org/10.1080/10717544.2017.1340362
https://doi.org/10.3109/03008208109152130
https://doi.org/10.1155/2018/7412304
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Wang et al. 10.3389/fcell.2025.1719332

Hu, Y., Huang, L., Shen, M., Liu, Y., Liu, G., Wu, Y., et al. (2019). Pioglitazone 
protects compression-mediated apoptosis in nucleus pulposus mesenchymal stem 
cells by suppressing oxidative stress. Oxidative Medicine and Cellular Longevity 2019, 
4764071. doi:10.1155/2019/4764071

Huang, C. Y., Hagar, K. L., Frost, L. E., Sun, Y., and Cheung, H. S. (2004). Effects 
of cyclic compressive loading on chondrogenesis of rabbit bone-marrow derived 
mesenchymal stem cells. Stem Cells 22 (3), 313–323. doi:10.1634/stemcells.22-3-313

Huang, C. Y., Reuben, P. M., and Cheung, H. S. (2005). Temporal expression patterns 
and corresponding protein inductions of early responsive genes in rabbit bone marrow-
derived mesenchymal stem cells under cyclic compressive loading. Stem Cells 23 (8), 
1113–1121. doi:10.1634/stemcells.2004-0202

Huang, Y. C., Yang, Z. M., Chen, X. H., Tan, M. Y., Wang, J., Li, X. Q., et al. 
(2009a). Isolation of mesenchymal stem cells from human placental decidua basalis 
and resistance to hypoxia and serum deprivation. Stem Cell Reviews and Reports 5 (3), 
247–255. doi:10.1007/s12015-009-9069-x

Huang, H., Kim, H. J., Chang, E. J., Lee, Z. H., Hwang, S. J., Kim, H. M., et al. (2009b). 
IL-17 stimulates the proliferation and differentiation of human mesenchymal stem cells: 
implications for bone remodeling. Cell Death and Differentiation 16 (10), 1332–1343. 
doi:10.1038/cdd.2009.74

Huang, Y. C., Yang, Z. M., Jiang, N. G., Chen, X. H., Li, X. Q., Tan, M. Y., et al. (2010). 
Characterization of MSCs from human placental decidua basalis in hypoxia and serum 
deprivation. Cell Biology International 34 (3), 237–243. doi:10.1042/CBI20090044

Huang, S., Leung, V. Y., Long, D., Chan, D., Lu, W. W., Cheung, K. M., et al. (2013a). 
Coupling of small leucine-rich proteoglycans to hypoxic survival of a progenitor 
cell-like subpopulation in rhesus macaque intervertebral disc. Biomaterials 34 (28), 
6548–6558. doi:10.1016/j.biomaterials.2013.05.027

Huang, Y. C., Leung, V. Y., Lu, W. W., and Luk, K. D. (2013b). The effects of 
microenvironment in mesenchymal stem cell-based regeneration of intervertebral disc. 
The Spine Journal Official Journal of the North American Spine Society 13 (3), 352–362. 
doi:10.1016/j.spinee.2012.12.005

Huang, Z., Cheng, X., Zhao, J., Liu, Z., Wang, J., Feng, X., et al. (2019). 
Influence of simvastatin on the biological behavior of nucleus pulposus-derived 
mesenchymal stem cells. Iranian Journal of Basic Medical Sciences 22 (12), 1468–1475. 
doi:10.22038/IJBMS.2019.14068

Huang, D., Peng, Y., Ma, K., Qing, X., Deng, X., Li, Z., et al. (2020). Puerarin relieved 
compression-induced apoptosis and mitochondrial dysfunction in human nucleus 
pulposus mesenchymal stem cells via the PI3K/Akt pathway. Stem Cells International
2020, 7126914. doi:10.1155/2020/7126914

Hwang, O. K., Noh, Y. W., Hong, J. T., and Lee, J. W. (2020). Hypoxia pretreatment 
promotes chondrocyte differentiation of human adipose-derived stem cells via vascular 
endothelial growth factor. Tissue Engineering and Regenerative Medicine 17 (3), 
335–350. doi:10.1007/s13770-020-00265-5

Ichimura, K., Tsuji, H., Matsui, H., and Makiyama, N. (1991). Cell culture of 
the intervertebral disc of rats: factors influencing culture, proteoglycan, collagen, 
and deoxyribonucleic acid synthesis. Journal of Spinal Disorders. 4 (4), 428–436. 
doi:10.1097/00002517-199112000-00004

Ikwuegbuenyi, C. A., Fidai, A. B., Cardenas, A., Willett, N., Robayo, A., Hamad, M., 
et al. (2025). Bioactive therapies for degenerative disc disease: current state of the art and 
clinical applications. World Neurosurgery 200, 124107. doi:10.1016/j.wneu.2025.124107

Ishihara, H., Warensjo, K., Roberts, S., and Urban, J. P. (1997). Proteoglycan synthesis 
in the intervertebral disk nucleus: the role of extracellular osmolality. The American 
Journal of Physiology 272 (5 Pt 1), C1499–C1506. doi:10.1152/ajpcell.1997.272.5.C1499

Jackson, A. R., Huang, C. Y., and Gu, W. Y. (2011). Effect of endplate calcification and 
mechanical deformation on the distribution of glucose in intervertebral disc: a 3D finite 
element study. Computer Methods in Biomechanics and Biomedical Engineering 14 (2), 
195–204. doi:10.1080/10255842.2010.535815

Jiang, Y. C., Jiao, H. L., Lee, M. S., Wang, T., Turng, L. S., Li, Q., et al. (2018). 
Endogenous biological factors modulated by substrate stiffness regulate endothelial 
differentiation of mesenchymal stem cells. Journal of Biomedical Materials Research Part 
A 106 (6), 1595–1603. doi:10.1002/jbm.a.36362

Jin, E. J., Park, J. H., Lee, S. Y., Chun, J. S., Bang, O. S., and Kang, S. S. (2006). Wnt-
5a is involved in TGF-beta3-stimulated chondrogenic differentiation of chick wing bud 
mesenchymal cells. The International Journal of Biochemistry and Cell Biology 38 (2), 
183–195. doi:10.1016/j.biocel.2005.08.013

Johnson, Z. I., Shapiro, I. M., and Risbud, M. V. (2014). Extracellular osmolarity 
regulates matrix homeostasis in the intervertebral disc and articular cartilage: evolving 
role of TonEBP. Journal of the International Society for Matrix Biology 40, 10–16. 
doi:10.1016/j.matbio.2014.08.014

Junger, S., Gantenbein-Ritter, B., Lezuo, P., Alini, M., Ferguson, S. J., and 
Ito, K. (2009). Effect of limited nutrition on in situ intervertebral disc cells 
under simulated-physiological loading. Spine 34 (12), 1264–1271. doi:10.1097/BRS.
0b013e3181a0193d

Jurgens, W. J., Lu, Z., Zandieh-Doulabi, B., Kuik, D. J., Ritt, M. J., and Helder, M. 
N. (2012). Hyperosmolarity and hypoxia induce chondrogenesis of adipose-derived 
stem cells in a collagen type 2 hydrogel. Journal of Tissue Engineering and Regenerative 
Medicine 6 (7), 570–578. doi:10.1002/term.464

Kalluri, R., and LeBleu, V. S. (2020). The biology, function, and biomedical 
applications of exosomes. Science 367 (6478), eaau6977. doi:10.1126/science.aau6977

Kanichai, M., Ferguson, D., Prendergast, P. J., and Campbell, V. A. (2008). Hypoxia 
promotes chondrogenesis in rat mesenchymal stem cells: a role for AKT and hypoxia-
inducible factor (HIF)-1Alpha. Journal of Cellular Physiology 216 (3), 708–715. 
doi:10.1002/jcp.21446

Kasprzycka, P., Archacka, K., Kowalski, K., Mierzejewski, B., Zimowska, M., 
Grabowska, I., et al. (2019). The factors present in regenerating muscles impact bone 
marrow-derived mesenchymal stromal/stem cell fusion with myoblasts. Stem Cell 
Research and Therapy 10 (1), 343. doi:10.1186/s13287-019-1444-1

Kepler, C. K., Ponnappan, R. K., Tannoury, C. A., Risbud, M. V., and Anderson, 
D. G. (2013). The molecular basis of intervertebral disc degeneration. The Spine 
Journal Official Journal of the North American Spine Society 13 (3), 318–330. 
doi:10.1016/j.spinee.2012.12.003

Keshtkar, S., Azarpira, N., and Ghahremani, M. H. (2018). Mesenchymal stem 
cell-derived extracellular vesicles: novel frontiers in regenerative medicine. Stem Cell 
Research and Therapy 9 (1), 63. doi:10.1186/s13287-018-0791-7

Khalid, S., Ekram, S., Salim, A., Chaudhry, G. R., and Khan, I. (2022). Transcription 
regulators differentiate mesenchymal stem cells into chondroprogenitors, and their in 
vivo implantation regenerated the intervertebral disc degeneration. World Journal of 
Stem Cells 14 (2), 163–182. doi:10.4252/wjsc.v14.i2.163

Khalid, S., Ekram, S., Ramzan, F., Salim, A., and Khan, I. (2023). Co-
regulation of Sox9 and TGFβ1 transcription factors in mesenchymal stem cells 
regenerated the intervertebral disc degeneration. Frontiers in Medicine 10, 1127303. 
doi:10.3389/fmed.2023.1127303

Kim, K. W., Lim, T. H., Kim, J. G., Jeong, S. T., Masuda, K., and An, H. S. 
(2003). The origin of chondrocytes in the nucleus pulposus and histologic findings 
associated with the transition of a notochordal nucleus pulposus to a fibrocartilaginous 
nucleus pulposus in intact rabbit intervertebral discs. Spine 28 (10), 982–990. 
doi:10.1097/01.BRS.0000061986.03886.4F

Kim, M. J., Lee, J. H., Kim, J. S., Kim, H. Y., Lee, H. C., Byun, J. H., 
et al. (2020). Intervertebral disc regeneration using stem cell/growth factor-loaded 
porous particles with a leaf-stacked structure. Biomacromolecules 21 (12), 4795–4805. 
doi:10.1021/acs.biomac.0c00992

Kitano, T., Zerwekh, J. E., Usui, Y., Edwards, M. L., Flicker, P. L., and Mooney, V. 
(1993). Biochemical changes associated with the symptomatic human intervertebral 
disk. Clinical Orthopaedics and Related Research 293, 372–377. doi:10.1097/00003086-
199308000-00050

Kooijmans, S. A., Aleza, C. G., Roffler, S. R., van Solinge, W. W., Vader, P., 
and Schiffelers, R. M. (2016). Display of GPI-anchored anti-EGFR nanobodies on 
extracellular vesicles promotes tumour cell targeting. Journal of Extracellular Vesicles
5, 31053. doi:10.3402/jev.v5.31053

Krut, Z., Pelled, G., Gazit, D., and Gazit, Z. (2021). Stem cells and 
exosomes: new therapies for intervertebral disc degeneration. Cells 10 (9), 2241. 
doi:10.3390/cells10092241

Kumar, H., Ha, D. H., Lee, E. J., Park, J. H., Shim, J. H., Ahn, T. K., et al. (2017). Safety 
and tolerability of intradiscal implantation of combined autologous adipose-derived 
mesenchymal stem cells and hyaluronic acid in patients with chronic discogenic low 
back pain: 1-year follow-up of a phase I study. Stem Cell Research and Therapy 8 (1), 
262. doi:10.1186/s13287-017-0710-3

Kwon, S. Y., Chun, S. Y., Ha, Y. S., Kim, D. H., Kim, J., Song, P. H., et al. (2017). 
Hypoxia enhances cell properties of human mesenchymal stem cells. Tissue Engineering 
and Regenerative Medicine 14 (5), 595–604. doi:10.1007/s13770-017-0068-8

Lai, W. M., Mow, V. C., Sun, D. D., and Ateshian, G. A. (2000). On the 
electric potentials inside a charged soft hydrated biological tissue: streaming potential 
versus diffusion potential. Journal of Biomechanical Engineering 122 (4), 336–346. 
doi:10.1115/1.1286316

Lan, W. R., Pan, S., Li, H. Y., Sun, C., Chang, X., Lu, K., et al. (2019). Inhibition of the 
Notch1 pathway promotes the effects of nucleus pulposus cell-derived exosomes on the 
differentiation of mesenchymal stem cells into nucleus pulposus-like cells in rats. Stem 
Cells International 2019, 8404168. doi:10.1155/2019/8404168

Lee, H. J., Ryu, J. M., Jung, Y. H., Oh, S. Y., Lee, S. J., and Han, H. J. (2015). Novel 
pathway for hypoxia-induced proliferation and migration in human mesenchymal stem 
cells: involvement of HIF-1α, FASN, and mTORC1. Stem Cells 33 (7), 2182–2195. 
doi:10.1002/stem.2020

Lee, F. S., Ney, K. E., Richardson, A. N., Oberley-Deegan, R. E., and Wachs, R. A. 
(2022). Encapsulation of manganese porphyrin in chondroitin Sulfate-A microparticles 
for long term reactive oxygen species scavenging. Cellular and Molecular Bioengineering
15 (5), 391–407. doi:10.1007/s12195-022-00744-w

Lee, S., Yu, Y., Kim, D. H., Bock, M., Kim, Y., An, S. B., et al. (2025). Enhanced 
disc regeneration through CRISPR/Cas9-mediated SOX9 and TGFβ1 coexpression in 
tonsil-derived mesenchymal stromal cells. Stem Cell Research and Therapy 16 (1), 501. 
doi:10.1186/s13287-025-04600-2

Leung, V. Y., Aladin, D. M., Lv, F., Tam, V., Sun, Y., Lau, R. Y., et al. (2014). 
Mesenchymal stem cells reduce intervertebral disc fibrosis and facilitate repair. Stem 
Cells 32 (8), 2164–2177. doi:10.1002/stem.1717

Frontiers in Cell and Developmental Biology 24 frontiersin.org

https://doi.org/10.3389/fcell.2025.1719332
https://doi.org/10.1155/2019/4764071
https://doi.org/10.1634/stemcells.22-3-313
https://doi.org/10.1634/stemcells.2004-0202
https://doi.org/10.1007/s12015-009-9069-x
https://doi.org/10.1038/cdd.2009.74
https://doi.org/10.1042/CBI20090044
https://doi.org/10.1016/j.biomaterials.2013.05.027
https://doi.org/10.1016/j.spinee.2012.12.005
https://doi.org/10.22038/IJBMS.2019.14068
https://doi.org/10.1155/2020/7126914
https://doi.org/10.1007/s13770-020-00265-5
https://doi.org/10.1097/00002517-199112000-00004
https://doi.org/10.1016/j.wneu.2025.124107
https://doi.org/10.1152/ajpcell.1997.272.5.C1499
https://doi.org/10.1080/10255842.2010.535815
https://doi.org/10.1002/jbm.a.36362
https://doi.org/10.1016/j.biocel.2005.08.013
https://doi.org/10.1016/j.matbio.2014.08.014
https://doi.org/10.1097/BRS.0b013e3181a0193d
https://doi.org/10.1097/BRS.0b013e3181a0193d
https://doi.org/10.1002/term.464
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1002/jcp.21446
https://doi.org/10.1186/s13287-019-1444-1
https://doi.org/10.1016/j.spinee.2012.12.003
https://doi.org/10.1186/s13287-018-0791-7
https://doi.org/10.4252/wjsc.v14.i2.163
https://doi.org/10.3389/fmed.2023.1127303
https://doi.org/10.1097/01.BRS.0000061986.03886.4F
https://doi.org/10.1021/acs.biomac.0c00992
https://doi.org/10.1097/00003086-199308000-00050
https://doi.org/10.1097/00003086-199308000-00050
https://doi.org/10.3402/jev.v5.31053
https://doi.org/10.3390/cells10092241
https://doi.org/10.1186/s13287-017-0710-3
https://doi.org/10.1007/s13770-017-0068-8
https://doi.org/10.1115/1.1286316
https://doi.org/10.1155/2019/8404168
https://doi.org/10.1002/stem.2020
https://doi.org/10.1007/s12195-022-00744-w
https://doi.org/10.1186/s13287-025-04600-2
https://doi.org/10.1002/stem.1717
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Wang et al. 10.3389/fcell.2025.1719332

Li, F., and Zhao, S. Z. (2016). Control of cross talk between angiogenesis and 
inflammation by mesenchymal stem cells for the treatment of ocular surface diseases. 
Stem Cells International 2016, 7961816. doi:10.1155/2016/7961816

Li, D., Wang, G. Y., Dong, B. H., Zhang, Y. C., Wang, Y. X., and Sun, B. C. 
(2007). Biological characteristics of human placental mesenchymal stem cells and their 
proliferative response to various cytokines. Cells, Tissues, Organs 186 (3), 169–179. 
doi:10.1159/000105674

Li, H., Liang, C., Tao, Y., Zhou, X., Li, F., Chen, G., et al. (2012). Acidic pH conditions 
mimicking degenerative intervertebral discs impair the survival and biological behavior 
of human adipose-derived mesenchymal stem cells. Experimental Biology and Medicine
237 (7), 845–852. doi:10.1258/ebm.2012.012009

Li, H., Tao, Y., Liang, C., Han, B., Li, F., Chen, G., et al. (2013). Influence of hypoxia 
in the intervertebral disc on the biological behaviors of rat adipose- and nucleus 
pulposus-derived mesenchymal stem cells. Cells, Tissues, Organs 198 (4), 266–277. 
doi:10.1159/000356505

Li, X., Wu, F. R., Xu, R. S., Hu, W., Jiang, D. L., Ji, C., et al. (2014a). Acid-
sensing ion channel 1a-mediated calcium influx regulates apoptosis of endplate 
chondrocytes in intervertebral discs. Expert Opinion on Therapeutic Targets 18 (1), 1–14. 
doi:10.1517/14728222.2014.859248

Li, X., Huang, Y., Zheng, L., Liu, H., Niu, X., Huang, J., et al. (2014b). Effect of substrate 
stiffness on the functions of rat bone marrow and adipose tissue derived mesenchymal 
stem cells in vitro. Journal of Biomedical Materials Research Part A 102 (4), 1092–1101. 
doi:10.1002/jbm.a.34774

Li, L., Jaiswal, P. K., Makhoul, G., Jurakhan, R., Selvasandran, K., Ridwan, K., 
et al. (2017). Hypoxia modulates cell migration and proliferation in placenta-derived 
mesenchymal stem cells. The Journal of Thoracic and Cardiovascular Surgery 154 (2), 
543–552.e3. doi:10.1016/j.jtcvs.2017.03.141

Li, C., Chen, K., Jia, M., Ding, X., Jiang, Z., Li, L., et al. (2018a). AMPK promotes 
survival and adipogenesis of ischemia-challenged ADSCs in an autophagy-dependent 
manner. Biochimica et Biophysica Acta Molecular and Cell Biology of Lipids 1863 (12), 
1498–1510. doi:10.1016/j.bbalip.2018.10.002

Li, H., Wang, J., Li, F., Chen, G., and Chen, Q. (2018b). The influence of 
hyperosmolarity in the intervertebral disc on the proliferation and chondrogenic 
differentiation of nucleus pulposus-derived mesenchymal stem cells. Cells, Tissues, 
Organs 205 (3), 178–188. doi:10.1159/000490760

Li, Z., Chen, S., Ma, K., Lv, X., Lin, H., Hu, B., et al. (2018c). CsA attenuates 
compression-induced nucleus pulposus mesenchymal stem cells apoptosis via 
alleviating mitochondrial dysfunction and oxidative stress. Life Sciences 205, 26–37. 
doi:10.1016/j.lfs.2018.05.014

Li, B., Sun, C., Sun, J., Yang, M. H., Zuo, R., Liu, C., et al. (2019). Autophagy mediates 
serum starvation-induced quiescence in nucleus pulposus stem cells by the regulation 
of P27. Stem Cell Research and Therapy 10 (1), 118. doi:10.1186/s13287-019-1219-8

Li, D., Ma, X., and Zhao, T. (2020). Mechanism of TGF-β3 promoting chondrogenesis 
in human fat stem cells. Biochemical and Biophysical Research Communications 530 (4), 
725–731. doi:10.1016/j.bbrc.2020.06.147

Li, Z. P., Li, H., Ruan, Y. H., Wang, P., Zhu, M. T., Fu, W. P., et al. (2025). Stem cell 
therapy for intervertebral disc degeneration: clinical progress with exosomes and gene 
vectors. World Journal of Stem Cells 17 (4), 102945. doi:10.4252/wjsc.v17.i4.102945

Liang, C., Li, H., Tao, Y., Zhou, X., Li, F., Chen, G., et al. (2012). Responses of 
human adipose-derived mesenchymal stem cells to chemical microenvironment of the 
intervertebral disc. Journal of Translational Medicine 10, 49. doi:10.1186/1479-5876-10-
49

Liang, H., Chen, S., Huang, D., Deng, X., Ma, K., and Shao, Z. (2018). Effect of 
compression loading on human nucleus pulposus-derived mesenchymal stem cells. 
Stem Cells International 2018, 1481243. doi:10.1155/2018/1481243

Liao, Z., Luo, R., Li, G., Song, Y., Zhan, S., Zhao, K., et al. (2019). Exosomes from 
mesenchymal stem cells modulate endoplasmic reticulum stress to protect against 
nucleus pulposus cell death and ameliorate intervertebral disc degeneration in vivo. 
Theranostics 9 (14), 4084–4100. doi:10.7150/thno.33638

Lin, C. H., Su, J. J., Lee, S. Y., and Lin, Y. M. (2018). Stiffness modification 
of photopolymerizable gelatin-methacrylate hydrogels influences endothelial 
differentiation of human mesenchymal stem cells. Journal of Tissue Engineering and 
Regenerative Medicine 12 (10), 2099–2111. doi:10.1002/term.2745

Liu, C., Zhu, C., Li, J., Zhou, P., Chen, M., Yang, H., et al. (2015). The effect of the 
fibre orientation of electrospun scaffolds on the matrix production of rabbit annulus 
fibrosus-derived stem cells. Bone Res. 3, 15012. doi:10.1038/boneres.2015.12

Liu, J., Tao, H., Wang, H., Dong, F., Zhang, R., Li, J., et al. (2017). Biological behavior of 
human nucleus pulposus mesenchymal stem cells in response to changes in the acidic 
environment during intervertebral disc degeneration. Stem Cells and Development 26 
(12), 901–911. doi:10.1089/scd.2016.0314

Liu, Y., Li, Y., Nan, L. P., Wang, F., Zhou, S. F., Wang, J. C., et al. (2020). The effect of 
high glucose on the biological characteristics of nucleus pulposus-derived mesenchymal 
stem cells. Cell Biochemistry and Function 38 (2), 130–140. doi:10.1002/cbf.3441

Liu, C., Liang, G., Deng, Z., Tan, J., Zheng, Q., and Lyu, F. J. (2021a). The upregulation 
of COX2 in human degenerated nucleus pulposus: the association of inflammation 

with intervertebral disc degeneration. Mediators of Inflammation 2021, 2933199. 
doi:10.1155/2021/2933199

Liu, Y., Du, J., Peng, P., Cheng, R., Lin, J., Xu, C., et al. (2021b). Regulation 
of the inflammatory cycle by a controllable release hydrogel for eliminating 
postoperative inflammation after discectomy. Bioactive Materials 6 (1), 146–157. 
doi:10.1016/j.bioactmat.2020.07.008

Liu, F., Chao, S., Yang, L., Chen, C., Huang, W., Chen, F., et al. (2024). Molecular 
mechanism of mechanical pressure induced changes in the microenvironment 
of intervertebral disc degeneration. Inflamm. Res. 73 (12), 2153–2164. 
doi:10.1007/s00011-024-01954-w

Liu, Q., Luo, J., Wang, H., and Cui, S. (2025). Bioactive silk fibroin hydrogel 
harnesses BMSCs-EVs to modulate inflammatory microenvironment in intervertebral 
disc degeneration. J. Extracell. Vesicles 14 (9), e70159. doi:10.1002/jev2.70159

Lolli, A., Narcisi, R., Lambertini, E., Penolazzi, L., Angelozzi, M., Kops, N., 
et al. (2016). Silencing of antichondrogenic MicroRNA-221 in human mesenchymal 
stem cells promotes cartilage repair in vivo. Stem Cells 34 (7), 1801–1811. 
doi:10.1002/stem.2350

Lu, C., Li, X. Y., Hu, Y., Rowe, R. G., and Weiss, S. J. (2010). MT1-MMP controls 
human mesenchymal stem cell trafficking and differentiation. Blood 115 (2), 221–229. 
doi:10.1182/blood-2009-06-228494

Lu, L., Xu, A., Gao, F., Tian, C., Wang, H., Zhang, J., et al. (2021). Mesenchymal 
stem cell-derived exosomes as a novel strategy for the treatment of intervertebral disc 
degeneration. Front. Cell Dev. Biol. 9, 770510. doi:10.3389/fcell.2021.770510

Luan, X., Sansanaphongpricha, K., Myers, I., Chen, H., Yuan, H., and Sun, D. (2017). 
Engineering exosomes as refined biological nanoplatforms for drug delivery. Acta 
Pharmacologica Sinica 38 (6), 754–763. doi:10.1038/aps.2017.12

Luo, L., Gong, J., Wang, Z., Liu, Y., Cao, J., Qin, J., et al. (2022). Injectable 
cartilage matrix hydrogel loaded with cartilage endplate stem cells engineered to release 
exosomes for non-invasive treatment of intervertebral disc degeneration. Bioactive 
Materials 15, 29–43. doi:10.1016/j.bioactmat.2021.12.007

Lv, F. J., Peng, Y., Lim, F. L., Sun, Y., Lv, M., Zhou, L., et al. (2016). 
Matrix metalloproteinase 12 is an indicator of intervertebral disc degeneration co-
expressed with fibrotic markers. Osteoarthritis and Cartilage 24 (10), 1826–1836. 
doi:10.1016/j.joca.2016.05.012

Lyu, F. J. (2022). Impact of microenvironmental changes during degeneration 
on intervertebral disc progenitor cells: a comparison with mesenchymal stem cells. 
Bioengineering 9 (4), 148. doi:10.3390/bioengineering9040148

Lyu, F. J., Cheung, K. M., Zheng, Z., Wang, H., Sakai, D., and Leung, V. Y. (2019). IVD 
progenitor cells: a new horizon for understanding disc homeostasis and repair. Nature 
Reviews Rheumatology 15 (2), 102–112. doi:10.1038/s41584-018-0154-x

Lyu, F. J., Cui, H., Pan, H., Mc Cheung, K., Cao, X., Iatridis, J. C., et al. (2021). Painful 
intervertebral disc degeneration and inflammation: from laboratory evidence to clinical 
interventions. Bone Research 9 (1), 7. doi:10.1038/s41413-020-00125-x

Ma, T., Wang, X., Jiao, Y., Wang, H., Qi, Y., Gong, H., et al. (2018). Interleukin 17 
(IL-17)-Induced mesenchymal stem cells prolong the survival of allogeneic skin grafts. 
Annals of Transplantation 23, 615–621. doi:10.12659/AOT.909381

Ma, T., Liu, C., Zhao, Q., Zhang, Y., and Xiao, L. (2024). Decellularized nucleus 
pulposus matrix/chitosan hybrid hydrogel combined with nucleus pulposus stem 
cells and GDF5-loaded microspheres for intervertebral disc degeneration prevention. 
Molecular Medicine 30 (1), 7. doi:10.1186/s10020-024-00777-z

Ma, L., Pan, J., Zhang, J., and Liu, F. (2025). Innovative strategies in combating 
intervertebral disc degeneration: pathological mechanisms and biomaterial 
advancements. Frontiers in Bioengineering and Biotechnology 13, 1643222. 
doi:10.3389/fbioe.2025.1643222

Madry, H., Gao, L., Rey-Rico, A., Venkatesan, J. K., Muller-Brandt, K., Cai, X., et al. 
(2020). Thermosensitive hydrogel based on PEO-PPO-PEO poloxamers for a controlled 
in situ release of recombinant adeno-associated viral vectors for effective gene therapy 
of cartilage defects. Advanced Materials 32 (2), e1906508. doi:10.1002/adma.201906508

Marquez-Curtis, L. A., Qiu, Y., Xu, A., and Janowska-Wieczorek, A. (2014). 
Migration, proliferation, and differentiation of cord blood mesenchymal stromal cells 
treated with histone deacetylase inhibitor valproic acid. Stem Cells International 2014, 
610495. doi:10.1155/2014/610495

Massa, A., Perut, F., Chano, T., Woloszyk, A., Mitsiadis, T. A., Avnet, S., et al. (2017). 
The effect of extracellular acidosis on the behaviour of mesenchymal stem cells in vitro. 
European Cells and Materials 33, 252–267. doi:10.22203/eCM.v033a19

Masuda, K., and An, H. S. (2004). Growth factors and the intervertebral disc. The 
Spine Journal Official Journal of the North American Spine Society 4 (6 Suppl. l), 
330S–340S. doi:10.1016/j.spinee.2004.07.028

Mavrogonatou, E., and Kletsas, D. (2009). High osmolality activates the G1 and G2 
cell cycle checkpoints and affects the DNA integrity of nucleus pulposus intervertebral 
disc cells triggering an enhanced DNA repair response. DNA Repair 8 (8), 930–943. 
doi:10.1016/j.dnarep.2009.05.005

Mendt, M., Rezvani, K., and Shpall, E. (2019). Mesenchymal stem cell-derived 
exosomes for clinical use. Bone Marrow Transplantation 54 (Suppl. 2), 789–792. 
doi:10.1038/s41409-019-0616-z

Frontiers in Cell and Developmental Biology 25 frontiersin.org

https://doi.org/10.3389/fcell.2025.1719332
https://doi.org/10.1155/2016/7961816
https://doi.org/10.1159/000105674
https://doi.org/10.1258/ebm.2012.012009
https://doi.org/10.1159/000356505
https://doi.org/10.1517/14728222.2014.859248
https://doi.org/10.1002/jbm.a.34774
https://doi.org/10.1016/j.jtcvs.2017.03.141
https://doi.org/10.1016/j.bbalip.2018.10.002
https://doi.org/10.1159/000490760
https://doi.org/10.1016/j.lfs.2018.05.014
https://doi.org/10.1186/s13287-019-1219-8
https://doi.org/10.1016/j.bbrc.2020.06.147
https://doi.org/10.4252/wjsc.v17.i4.102945
https://doi.org/10.1186/1479-5876-10-49
https://doi.org/10.1186/1479-5876-10-49
https://doi.org/10.1155/2018/1481243
https://doi.org/10.7150/thno.33638
https://doi.org/10.1002/term.2745
https://doi.org/10.1038/boneres.2015.12
https://doi.org/10.1089/scd.2016.0314
https://doi.org/10.1002/cbf.3441
https://doi.org/10.1155/2021/2933199
https://doi.org/10.1016/j.bioactmat.2020.07.008
https://doi.org/10.1007/s00011-024-01954-w
https://doi.org/10.1002/jev2.70159
https://doi.org/10.1002/stem.2350
https://doi.org/10.1182/blood-2009-06-228494
https://doi.org/10.3389/fcell.2021.770510
https://doi.org/10.1038/aps.2017.12
https://doi.org/10.1016/j.bioactmat.2021.12.007
https://doi.org/10.1016/j.joca.2016.05.012
https://doi.org/10.3390/bioengineering9040148
https://doi.org/10.1038/s41584-018-0154-x
https://doi.org/10.1038/s41413-020-00125-x
https://doi.org/10.12659/AOT.909381
https://doi.org/10.1186/s10020-024-00777-z
https://doi.org/10.3389/fbioe.2025.1643222
https://doi.org/10.1002/adma.201906508
https://doi.org/10.1155/2014/610495
https://doi.org/10.22203/eCM.v033a19
https://doi.org/10.1016/j.spinee.2004.07.028
https://doi.org/10.1016/j.dnarep.2009.05.005
https://doi.org/10.1038/s41409-019-0616-z
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Wang et al. 10.3389/fcell.2025.1719332

Merceron, C., Vinatier, C., Portron, S., Masson, M., Amiaud, J., Guigand, L., et al. 
(2010). Differential effects of hypoxia on osteochondrogenic potential of human 
adipose-derived stem cells. American Journal of Physiology Cell Physiology 298 (2), 
C355–C364. doi:10.1152/ajpcell.00398.2009

Meyer, E. G., Buckley, C. T., Thorpe, S. D., and Kelly, D. J. (2010). Low oxygen tension 
is a more potent promoter of chondrogenic differentiation than dynamic compression. 
Journal of Biomechanics 43 (13), 2516–2523. doi:10.1016/j.jbiomech.2010.05.020

Miyanishi, K., Trindade, M. C., Lindsey, D. P., Beaupre, G. S., Carter, D. R., 
Goodman, S. B., et al. (2006). Dose- and time-dependent effects of cyclic hydrostatic 
pressure on transforming growth factor-beta3-induced chondrogenesis by adult 
human mesenchymal stem cells in vitro. Tissue Engineering 12 (8), 2253–2262. 
doi:10.1089/ten.2006.12.2253

Mohammadpour, H., Pourfathollah, A. A., Nikougoftar Zarif, M., and Hashemi, S. 
M. (2016). Increasing proliferation of murine adipose tissue-derived mesenchymal stem 
cells by TNF-α plus IFN-γ. Immunopharmacology and Immunotoxicology 38 (2), 68–76. 
doi:10.3109/08923973.2015.1115519

Mohd Isa, I. L., Zulkiflee, I., Ogaili, R. H., Mohd Yusoff, N. H., Sahruddin, N. N., 
Sapri, S. R., et al. (2023). Three-dimensional hydrogel with human wharton jelly-derived 
mesenchymal stem cells towards nucleus pulposus niche. Frontiers in Bioengineering 
and Biotechnology 11, 1296531. doi:10.3389/fbioe.2023.1296531

Mojsilovic, S., Krstic, A., Ilic, V., Okic-Dordevic, I., Kocic, J., Trivanovic, D., 
et al. (2011). IL-17 and FGF signaling involved in mouse mesenchymal stem cell 
proliferation. Cell and Tissue Research 346 (3), 305–316. doi:10.1007/s00441-011-
1284-5

Mokhbi Soukane, D., Shirazi-Adl, A., and Urban, J. P. (2009). Investigation of 
solute concentrations in a 3D model of intervertebral disc. European Spine Journal 
Official Publication of the European Spine Society, the European Spinal Deformity Society, 
and the European Section of the Cervical Spine Research Society 18 (2), 254–262. 
doi:10.1007/s00586-008-0822-7

Mouw, J. K., Connelly, J. T., Wilson, C. G., Michael, K. E., and Levenston, M. E. 
(2007). Dynamic compression regulates the expression and synthesis of chondrocyte-
specific matrix molecules in bone marrow stromal cells. Stem Cells 25 (3), 655–663. 
doi:10.1634/stemcells.2006-0435

Muller, J., Benz, K., Ahlers, M., Gaissmaier, C., and Mollenhauer, J. (2011). 
Hypoxic conditions during expansion culture prime human mesenchymal stromal 
precursor cells for chondrogenic differentiation in three-dimensional cultures. Cell 
Transplantation 20 (10), 1589–1602. doi:10.3727/096368910X564094

Munda, M., and Velnar, T. (2024). Stem cell therapy for degenerative disc disease: 
bridging the gap between preclinical promise and clinical potential. Biomolecules and 
Biomedicine 24 (2), 210–218. doi:10.17305/bb.2023.9518

Naji, A., Eitoku, M., Favier, B., Deschaseaux, F., Rouas-Freiss, N., and Suganuma, 
N. (2019). Biological functions of mesenchymal stem cells and clinical implications. 
Cellular and Molecular Life Sciences CMLS 76 (17), 3323–3348. doi:10.1007/s00018-019-
03125-1

Nakase, I., and Futaki, S. (2015). Combined treatment with a pH-sensitive fusogenic 
peptide and cationic lipids achieves enhanced cytosolic delivery of exosomes. Scientific 
Reports 5, 10112. doi:10.1038/srep10112

Nan, L. P., Wang, F., Ran, D., Zhou, S. F., Liu, Y., Zhang, Z., et al. (2020a). 
Naringin alleviates H(2)O(2)-induced apoptosis via the PI3K/Akt pathway in rat 
nucleus pulposus-derived mesenchymal stem cells. Connective Tissue Research 61 (6), 
554–567. doi:10.1080/03008207.2019.1631299

Nan, L. P., Wang, F., Liu, Y., Wu, Z., Feng, X. M., Liu, J. J., et al. (2020b). 6-
gingerol protects nucleus pulposus-derived mesenchymal stem cells from oxidative 
injury by activating autophagy. World Journal of Stem Cells 12 (12), 1603–1622. 
doi:10.4252/wjsc.v12.i12.1603

Naqvi, S. M., and Buckley, C. T. (2015). Extracellular matrix production by nucleus 
pulposus and bone marrow stem cells in response to altered oxygen and glucose 
microenvironments. Journal of Anatomy 227 (6), 757–766. doi:10.1111/joa.12305

Navaro, Y., Bleich-Kimelman, N., Hazanov, L., Mironi-Harpaz, I., Shachaf, Y., Garty, 
S., et al. (2015). Matrix stiffness determines the fate of nucleus pulposus-derived stem 
cells. Biomaterials 49, 68–76. doi:10.1016/j.biomaterials.2015.01.021

Navone, S. E., Marfia, G., Canzi, L., Ciusani, E., Canazza, A., Visintini, S., et al. (2012). 
Expression of neural and neurotrophic markers in nucleus pulposus cells isolated from 
degenerated intervertebral disc. Journal of Orthopaedic Research Official Publication of 
the Orthopaedic Research Society 30 (9), 1470–1477. doi:10.1002/jor.22098

Neth, P., Ciccarella, M., Egea, V., Hoelters, J., Jochum, M., and Ries, C. (2006). Wnt 
signaling regulates the invasion capacity of human mesenchymal stem cells. Stem Cells
24 (8), 1892–1903. doi:10.1634/stemcells.2005-0503

Neubert, J., and Glumm, J. (2016). Promoting neuronal regeneration using 
extracellular vesicles loaded with superparamagnetic iron oxide nanoparticles. Neural 
Regeneration Research 11 (1), 61–63. doi:10.4103/1673-5374.175043

Ni, L., Liu, X., Sochacki, K. R., Ebraheim, M., Fahrenkopf, M., Shi, Q., et al. (2014). 
Effects of hypoxia on differentiation from human placenta-derived mesenchymal stem 
cells to nucleus pulposus-like cells. The Spine Journal Official Journal of the North 
American Spine Society 14 (10), 2451–2458. doi:10.1016/j.spinee.2014.03.028

Ogaili, R. H., Alassal, A., Za’aba, N. F., Zulkiflee, I., and Mohd Isa, I. L. (2025). 
Regenerative strategies for intervertebral disc degeneration. Journal of Orthopaedic 
Translation 53, 286–308. doi:10.1016/j.jot.2025.06.003

Ogawa, R., Mizuno, S., Murphy, G. F., and Orgill, D. P. (2009). The effect of hydrostatic 
pressure on three-dimensional chondroinduction of human adipose-derived stem cells. 
Tissue Engineering Part A 15 (10), 2937–2945. doi:10.1089/ten.TEA.2008.0672

Ohno, S., Takanashi, M., Sudo, K., Ueda, S., Ishikawa, A., Matsuyama, N., et al. (2013). 
Systemically injected exosomes targeted to EGFR deliver antitumor microRNA to breast 
cancer cells. Molecular Therapy The Journal of the American Society of Gene Therapy 21 
(1), 185–191. doi:10.1038/mt.2012.180

Olivares-Navarrete, R., Lee, E. M., Smith, K., Hyzy, S. L., Doroudi, M., Williams, J. K., 
et al. (2017). Substrate stiffness controls osteoblastic and chondrocytic differentiation 
of mesenchymal stem cells without exogenous stimuli. PloS One 12 (1), e0170312. 
doi:10.1371/journal.pone.0170312

Pan, T., Qian, Y., Li, T., Zhang, Z., He, Y., Wang, J., et al. (2022). Acetyl l-
carnitine protects adipose-derived stem cells against serum-starvation: regulation on 
the network composed of reactive oxygen species, autophagy, apoptosis and senescence. 
Cytotechnology 74 (1), 105–121. doi:10.1007/s10616-021-00514-y

Pang, H., Zhou, Y., Wang, J., Wu, H., Liu, X., Gao, F., et al. (2021). Berberine 
influences the survival of fat grafting by inhibiting autophagy and apoptosis of human 
adipose derived mesenchymal stem cells. Drug Design, Development and Therapy 15, 
4795–4809. doi:10.2147/DDDT.S337215

Park, J. S., Chu, J. S., Tsou, A. D., Diop, R., Tang, Z., Wang, A., et al. (2011a). 
The effect of matrix stiffness on the differentiation of mesenchymal stem cells 
in response to TGF-β. Biomaterials 32 (16), 3921–3930. doi:10.1016/j.biomaterials.
2011.02.019

Park, J. S., Shim, M. S., Shim, S. H., Yang, H. N., Jeon, S. Y., Woo, D. G., et al. 
(2011b). Chondrogenic potential of stem cells derived from amniotic fluid, adipose 
tissue, or bone marrow encapsulated in fibrin gels containing TGF-β3. Biomaterials 32 
(32), 8139–8149. doi:10.1016/j.biomaterials.2011.07.043

Parker, A., Shang, H., Khurgel, M., and Katz, A. (2007). Low serum and serum-
free culture of multipotential human adipose stem cells. Cytotherapy 9 (7), 637–646. 
doi:10.1080/14653240701508452

Peck, S. H., Bendigo, J. R., Tobias, J. W., Dodge, G. R., Malhotra, N. R., Mauck, R. L., 
et al. (2021). Hypoxic preconditioning enhances bone marrow-derived mesenchymal 
stem cell survival in a low oxygen and nutrient-limited 3D microenvironment. Cartilage
12 (4), 512–525. doi:10.1177/1947603519841675

Pedrazza, L., Cubillos-Rojas, M., de Mesquita, F. C., Luft, C., Cunha, A. A., Rosa, J. L., 
et al. (2017). Mesenchymal stem cells decrease lung inflammation during sepsis, acting 
through inhibition of the MAPK pathway. Stem Cell Research and Therapy 8 (1), 289. 
doi:10.1186/s13287-017-0734-8

Peng, Y., and Lv, F. J. (2015). Symptomatic versus asymptomatic 
intervertebral disc degeneration: is inflammation the key? Critical reviews 
in eukaryotic gene expression. Crit. Rev. Eukaryot. Gene Expr. 25 (1), 13–21. 
doi:10.1615/critreveukaryotgeneexpr.2015012369

Peng, Y., Chen, X., Rao, Z., Wu, W., Zuo, H., Chen, K., et al. (2023). Multifunctional 
annulus fibrosus matrix prevents disc-related pain via inhibiting neuroinflammation 
and sensitization. Acta Biomaterialia 170, 288–302. doi:10.1016/j.actbio.
2023.08.028

Peng, Y., Chen, X., Zhang, Q., Liu, S., Wu, W., Li, K., et al. (2024). Enzymatically 
bioactive nucleus pulposus matrix hydrogel microspheres for exogenous stem cells 
therapy and endogenous repair strategy to achieve disc regeneration. Advanced Science
11 (10), e2304761. doi:10.1002/advs.202304761

Phillips, K. L., Cullen, K., Chiverton, N., Michael, A. L., Cole, A. A., Breakwell, L. M., 
et al. (2015). Potential roles of cytokines and chemokines in human intervertebral disc 
degeneration: interleukin-1 is a master regulator of catabolic processes. Osteoarthritis 
and Cartilage 23 (7), 1165–1177. doi:10.1016/j.joca.2015.02.017

Potier, E., Ferreira, E., Andriamanalijaona, R., Pujol, J. P., Oudina, K., Logeart-
Avramoglou, D., et al. (2007). Hypoxia affects mesenchymal stromal cell osteogenic 
differentiation and angiogenic factor expression. Bone 40 (4), 1078–1087. 
doi:10.1016/j.bone.2006.11.024

Potocar, U., Hudoklin, S., Kreft, M. E., Zavrsnik, J., Bozikov, K., and Frohlich, M. 
(2016). Adipose-derived stem cells respond to increased osmolarities. PloS One 11 (10), 
e0163870. doi:10.1371/journal.pone.0163870

Ridder, K., Keller, S., Dams, M., Rupp, A. K., Schlaudraff, J., Del Turco, D., et al. 
(2014). Extracellular vesicle-mediated transfer of genetic information between the 
hematopoietic system and the brain in response to inflammation. PLoS Biology 12 (6), 
e1001874. doi:10.1371/journal.pbio.1001874

Ries, C., Egea, V., Karow, M., Kolb, H., Jochum, M., and Neth, P. (2007). MMP-2, 
MT1-MMP, and TIMP-2 are essential for the invasive capacity of human mesenchymal 
stem cells: differential regulation by inflammatory cytokines. Blood 109 (9), 4055–4063. 
doi:10.1182/blood-2006-10-051060

Risbud, M. V., and Shapiro, I. M. (2014). Role of cytokines in intervertebral disc 
degeneration: pain and disc content. Nature Reviews Rheumatology 10 (1), 44–56. 
doi:10.1038/nrrheum.2013.160

Frontiers in Cell and Developmental Biology 26 frontiersin.org

https://doi.org/10.3389/fcell.2025.1719332
https://doi.org/10.1152/ajpcell.00398.2009
https://doi.org/10.1016/j.jbiomech.2010.05.020
https://doi.org/10.1089/ten.2006.12.2253
https://doi.org/10.3109/08923973.2015.1115519
https://doi.org/10.3389/fbioe.2023.1296531
https://doi.org/10.1007/s00441-011-1284-5
https://doi.org/10.1007/s00441-011-1284-5
https://doi.org/10.1007/s00586-008-0822-7
https://doi.org/10.1634/stemcells.2006-0435
https://doi.org/10.3727/096368910X564094
https://doi.org/10.17305/bb.2023.9518
https://doi.org/10.1007/s00018-019-03125-1
https://doi.org/10.1007/s00018-019-03125-1
https://doi.org/10.1038/srep10112
https://doi.org/10.1080/03008207.2019.1631299
https://doi.org/10.4252/wjsc.v12.i12.1603
https://doi.org/10.1111/joa.12305
https://doi.org/10.1016/j.biomaterials.2015.01.021
https://doi.org/10.1002/jor.22098
https://doi.org/10.1634/stemcells.2005-0503
https://doi.org/10.4103/1673-5374.175043
https://doi.org/10.1016/j.spinee.2014.03.028
https://doi.org/10.1016/j.jot.2025.06.003
https://doi.org/10.1089/ten.TEA.2008.0672
https://doi.org/10.1038/mt.2012.180
https://doi.org/10.1371/journal.pone.0170312
https://doi.org/10.1007/s10616-021-00514-y
https://doi.org/10.2147/DDDT.S337215
https://doi.org/10.1016/j.biomaterials.2011.02.019
https://doi.org/10.1016/j.biomaterials.2011.02.019
https://doi.org/10.1016/j.biomaterials.2011.07.043
https://doi.org/10.1080/14653240701508452
https://doi.org/10.1177/1947603519841675
https://doi.org/10.1186/s13287-017-0734-8
https://doi.org/10.1615/critreveukaryotgeneexpr.2015012369
https://doi.org/10.1016/j.actbio.2023.08.028
https://doi.org/10.1016/j.actbio.2023.08.028
https://doi.org/10.1002/advs.202304761
https://doi.org/10.1016/j.joca.2015.02.017
https://doi.org/10.1016/j.bone.2006.11.024
https://doi.org/10.1371/journal.pone.0163870
https://doi.org/10.1371/journal.pbio.1001874
https://doi.org/10.1182/blood-2006-10-051060
https://doi.org/10.1038/nrrheum.2013.160
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Wang et al. 10.3389/fcell.2025.1719332

Risbud, M. V., Albert, T. J., Guttapalli, A., Vresilovic, E. J., Hillibrand, A. S., Vaccaro, A. 
R., et al. (2004). Differentiation of mesenchymal stem cells towards a nucleus pulposus-
like phenotype in vitro: implications for cell-based transplantation therapy. Spine 29 
(23), 2627–2632. doi:10.1097/01.brs.0000146462.92171.7f

Risbud, M. V., Guttapalli, A., Tsai, T. T., Lee, J. Y., Danielson, K. G., Vaccaro, A. R., et al. 
(2007). Evidence for skeletal progenitor cells in the degenerate human intervertebral 
disc. Spine 32 (23), 2537–2544. doi:10.1097/BRS.0b013e318158dea6

Rong, S., Li, C., Li, S., Wu, S., and Sun, F. (2020). Genetically modified adipose-
derived stem cells with matrix metalloproteinase 3 promote scarless cutaneous repair. 
Dermatologic Therapy 33 (6), e14112. doi:10.1111/dth.14112

Rountree, R. B., Mandl, S. J., Nachtwey, J. M., Dalpozzo, K., Do, L., Lombardo, J. R., 
et al. (2011). Exosome targeting of tumor antigens expressed by cancer vaccines can 
improve antigen immunogenicity and therapeutic efficacy. Cancer Research 71 (15), 
5235–5244. doi:10.1158/0008-5472.CAN-10-4076

Sadowska, A., Kameda, T., Krupkova, O., and Wuertz-Kozak, K. (2018). 
Osmosensing, osmosignalling and inflammation: how intervertebral disc 
cells respond to altered osmolarity. European Cells and Materials 36, 231–250. 
doi:10.22203/eCM.v036a17

Sakai, D., Nakamura, Y., Nakai, T., Mishima, T., Kato, S., Grad, S., et al. (2012). 
Exhaustion of nucleus pulposus progenitor cells with ageing and degeneration of the 
intervertebral disc. Nature Communications 3, 1264. doi:10.1038/ncomms2226

Schiller, Z. A., Schiele, N. R., Sims, J. K., Lee, K., and Kuo, C. K. (2013). Adipogenesis 
of adipose-derived stem cells may be regulated via the cytoskeleton at physiological 
oxygen levels in vitro. Stem Cell Research and Therapy 4 (4), 79. doi:10.1186/scrt230

Schneider, C. C., Ateschrang, A., Konigsrainer, I., Glatzle, J., Buhler, S., Schaefer, R., 
et al. (2012). Lactate influences the gene expression profile of human mesenchymal 
stem cells (hMSC) in a dose dependant manner. Cellular Physiology and Biochemistry 
International Journal of Experimental Cellular Physiology, Biochemistry, and 
Pharmacology 30 (6), 1547–1556. doi:10.1159/000343342

Shen, Q., Zhang, L., Chai, B., and Ma, X. (2015). Isolation and characterization of 
mesenchymal stem-like cells from human nucleus pulposus tissue. Science China Life 
Sciences 58 (5), 509–511. doi:10.1007/s11427-015-4839-y

Shirazi-Adl, A., Taheri, M., and Urban, J. P. (2010). Analysis of cell viability in 
intervertebral disc: effect of endplate permeability on cell population. Journal of 
Biomechanics 43 (7), 1330–1336. doi:10.1016/j.jbiomech.2010.01.023

Silva, A. K., Luciani, N., Gazeau, F., Aubertin, K., Bonneau, S., Chauvierre, C., et al. 
(2015). Combining magnetic nanoparticles with cell derived microvesicles for drug 
loading and targeting. Nanomedicine Nanotechnology, Biology, and Medicine 11 (3), 
645–655. doi:10.1016/j.nano.2014.11.009

Silva, J. C., Han, X., Silva, T. P., Xia, K., Mikael, P. E., Cabral, J. M. S., 
et al. (2020). Glycosaminoglycan remodeling during chondrogenic differentiation 
of human bone marrow-/synovial-derived mesenchymal stem/stromal cells under 
normoxia and hypoxia. Glycoconjugate Journal 37 (3), 345–360. doi:10.1007/s10719-
020-09911-5

Smith, L. J., Silverman, L., Sakai, D., Le Maitre, C. L., Mauck, R. L., Malhotra, N. 
R., et al. (2018). Advancing cell therapies for intervertebral disc regeneration from the 
lab to the clinic: recommendations of the ORS spine section. JOR Spine 1 (4), e1036. 
doi:10.1002/jsp2.1036

Sterzenbach, U., Putz, U., Low, L. H., Silke, J., Tan, S. S., and Howitt, J. 
(2017). Engineered exosomes as vehicles for biologically active proteins. Molecular 
Therapy The Journal of the American Society of Gene Therapy 25 (6), 1269–1278. 
doi:10.1016/j.ymthe.2017.03.030

Stolzing, A., Coleman, N., and Scutt, A. (2006). Glucose-induced replicative 
senescence in mesenchymal stem cells. Rejuvenation Research 9 (1), 31–35. 
doi:10.1089/rej.2006.9.31

Stolzing, A., Sellers, D., Llewelyn, O., and Scutt, A. (2010). Diabetes induced 
changes in rat mesenchymal stem cells. Cells, Tissues, Organs 191 (6), 453–465. 
doi:10.1159/000281826

Stolzing, A., Bauer, E., and Scutt, A. (2012). Suspension cultures of bone-marrow-
derived mesenchymal stem cells: effects of donor age and glucose level. Stem Cells and 
Development 21 (14), 2718–2723. doi:10.1089/scd.2011.0406

Stoyanov, J. V., Gantenbein-Ritter, B., Bertolo, A., Aebli, N., Baur, M., Alini, M., 
et al. (2011). Role of hypoxia and growth and differentiation factor-5 on differentiation 
of human mesenchymal stem cells towards intervertebral nucleus pulposus-like cells. 
European Cells and Materials 21, 533–547. doi:10.22203/ecm.v021a40

Sun, B., Lian, M., Han, Y., Mo, X., Jiang, W., Qiao, Z., et al. (2021). A 3D-
Bioprinted dual growth factor-releasing intervertebral disc scaffold induces nucleus 
pulposus and annulus fibrosus reconstruction. Bioactive Materials 6 (1), 179–190. 
doi:10.1016/j.bioactmat.2020.06.022

Sun, K., Yan, C., Dai, X., Shi, Y., Li, F., Chen, L., et al. (2024). Catalytic nanodots-
driven pyroptosis suppression in nucleus pulposus for antioxidant intervention 
of intervertebral disc degeneration. Advanced Materials 36 (19), e2313248. 
doi:10.1002/adma.202313248

Swain, S. M., Parameswaran, S., Sahu, G., Verma, R. S., and Bera, A. K. (2012). Proton-
gated ion channels in mouse bone marrow stromal cells. Stem Cell Research 9 (2), 59–68. 
doi:10.1016/j.scr.2012.04.005

Takahashi, A., Nakajima, H., Uchida, K., Takeura, N., Honjoh, K., Watanabe, S., et al. 
(2018). Comparison of mesenchymal stromal cells isolated from murine adipose tissue 
and bone marrow in the treatment of spinal cord injury. Cell Transplantation 27 (7), 
1126–1139. doi:10.1177/0963689718780309

Tang, Y., Lin, X., Som, A., and Zhang, M. (2025). Cell and hydrogel-integrated 
therapies for intervertebral disc regeneration. Advanced Healthcare Materials, e02354. 
doi:10.1002/adhm.202502354

Tao, Y. Q., Liang, C. Z., Li, H., Zhang, Y. J., Li, F. C., Chen, G., et al. (2013). Potential 
of co-culture of nucleus pulposus mesenchymal stem cells and nucleus pulposus cells 
in hyperosmotic microenvironment for intervertebral disc regeneration. Cell Biology 
International 37 (8), 826–834. doi:10.1002/cbin.10110

Tao, Y., Zhou, X., Liang, C., Li, H., Han, B., Li, F., et al. (2015). TGF-β3 and IGF-1 
synergy ameliorates nucleus pulposus mesenchymal stem cell differentiation towards 
the nucleus pulposus cell type through MAPK/ERK signaling. Growth Factors 33 (5-6), 
326–336. doi:10.3109/08977194.2015.1088532

Teixeira, G. Q., Pereira, C. L., Ferreira, J. R., Maia, A. F., Gomez-Lazaro, M., Barbosa, 
M. A., et al. (2018). Immunomodulation of human mesenchymal stem/stromal cells 
in intervertebral disc degeneration: insights from a proinflammatory/degenerative Ex 
Vivo model. Spine 43 (12), E673–E682. doi:10.1097/BRS.0000000000002494

Thorpe, A. A., Bach, F. C., Tryfonidou, M. A., Le Maitre, C. L., Mwale, F., 
Diwan, A. D., et al. (2018). Leaping the hurdles in developing regenerative treatments 
for the intervertebral disc from preclinical to clinical. JOR Spine 1 (3), e1027. 
doi:10.1002/jsp2.1027

Tian, Y., Li, S., Song, J., Ji, T., Zhu, M., Anderson, G. J., et al. (2014). A doxorubicin 
delivery platform using engineered natural membrane vesicle exosomes for targeted 
tumor therapy. Biomaterials 35 (7), 2383–2390. doi:10.1016/j.biomaterials.2013.11.083

Tian, D., Liu, J., Chen, L., Zhu, B., and Jing, J. (2020). The protective effects of 
PI3K/Akt pathway on human nucleus pulposus mesenchymal stem cells against hypoxia 
and nutrition deficiency. Journal of Orthopaedic Surgery and Research 15 (1), 29. 
doi:10.1186/s13018-020-1551-9

Tran, P. H. L., Xiang, D., Tran, T. T. D., Yin, W., Zhang, Y., Kong, L., et al. (2020). 
Exosomes and nanoengineering: a match made for precision therapeutics. Advanced 
Materials 32 (18), e1904040. doi:10.1002/adma.201904040

Tsai, C. C., Chen, Y. J., Yew, T. L., Chen, L. L., Wang, J. Y., Chiu, C. H., et al. 
(2011). Hypoxia inhibits senescence and maintains mesenchymal stem cell properties 
through down-regulation of E2A-p21 by HIF-TWIST. Blood 117 (2), 459–469. 
doi:10.1182/blood-2010-05-287508

Turner, S. A., Wright, K. T., Jones, P. N., Balain, B., and Roberts, S. (2016). 
Temporal analyses of the response of intervertebral disc cells and mesenchymal 
stem cells to nutrient deprivation. Stem Cells International 2016, 5415901. 
doi:10.1155/2016/5415901

Ukeba, D., Sudo, H., Tsujimoto, T., Ura, K., Yamada, K., and Iwasaki, N. (2020). 
Bone marrow mesenchymal stem cells combined with ultra-purified alginate gel as a 
regenerative therapeutic strategy after discectomy for degenerated intervertebral discs. 
EBioMedicine 53, 102698. doi:10.1016/j.ebiom.2020.102698

Urban, J. P. (2002). The role of the physicochemical environment in determining 
disc cell behaviour. Biochemical Society Transactions 30 (Pt 6), 858–864. 
doi:10.1042/bst0300858

Urban, J. P., and Roberts, S. (2003). Degeneration of the intervertebral disc. Arthritis 
Research and Therapy 5 (3), 120–130. doi:10.1186/ar629

Vadala, G., Sowa, G., Hubert, M., Gilbertson, L. G., Denaro, V., and Kang, J. D. (2012). 
Mesenchymal stem cells injection in degenerated intervertebral disc: cell leakage May 
induce osteophyte formation. Journal of Tissue Engineering and Regenerative Medicine
6 (5), 348–355. doi:10.1002/term.433

Valorani, M. G., Montelatici, E., Germani, A., Biddle, A., D’Alessandro, D., Strollo, 
R., et al. (2012). Pre-culturing human adipose tissue mesenchymal stem cells under 
hypoxia increases their adipogenic and osteogenic differentiation potentials. Cell 
Proliferation 45 (3), 225–238. doi:10.1111/j.1365-2184.2012.00817.x

van Dijk, B., Potier, E., and Ito, K. (2011). Culturing bovine nucleus pulposus 
explants by balancing medium osmolarity. Methods 17 (11), 1089–1096. 
doi:10.1089/ten.TEC.2011.0215

Walter, B. A., Mageswaran, P., Mo, X., Boulter, D. J., Mashaly, H., Nguyen, X. V., 
et al. (2017). MR elastography-derived stiffness: a biomarker for intervertebral disc 
degeneration. Radiology 285 (1), 167–175. doi:10.1148/radiol.2017162287

Wan, S. W. K., Wong, C. W., Yong, K. W., Choi, J. R., Mat Adenan, N. A., Omar, 
S. Z., et al. (2016). The effects of hypoxia and serum-free conditions on the stemness 
properties of human adipose-derived stem cells. Cytotechnology 68 (5), 1859–1872. 
doi:10.1007/s10616-015-9939-9

Wan, S. W. K. Z., Choi, J. R., Yong, K. W., Ting, I., Mat Adenan, N. A., and 
Pingguan-Murphy, B. (2017). Hypoxia enhances the viability, growth and chondrogenic 
potential of cryopreserved human adipose-derived stem cells. Cryobiology 75, 91–99. 
doi:10.1016/j.cryobiol.2017.01.006

Wang, K., Bao, J. P., Yang, S., Hong, X., Liu, L., Xie, X. H., et al. (2016). A cohort study 
comparing the serum levels of pro- or anti-inflammatory cytokines in patients with 
lumbar radicular pain and healthy subjects. European Spine Journal Official Publication 
of the European Spine Society, the European Spinal Deformity Society, and the European 

Frontiers in Cell and Developmental Biology 27 frontiersin.org

https://doi.org/10.3389/fcell.2025.1719332
https://doi.org/10.1097/01.brs.0000146462.92171.7f
https://doi.org/10.1097/BRS.0b013e318158dea6
https://doi.org/10.1111/dth.14112
https://doi.org/10.1158/0008-5472.CAN-10-4076
https://doi.org/10.22203/eCM.v036a17
https://doi.org/10.1038/ncomms2226
https://doi.org/10.1186/scrt230
https://doi.org/10.1159/000343342
https://doi.org/10.1007/s11427-015-4839-y
https://doi.org/10.1016/j.jbiomech.2010.01.023
https://doi.org/10.1016/j.nano.2014.11.009
https://doi.org/10.1007/s10719-020-09911-5
https://doi.org/10.1007/s10719-020-09911-5
https://doi.org/10.1002/jsp2.1036
https://doi.org/10.1016/j.ymthe.2017.03.030
https://doi.org/10.1089/rej.2006.9.31
https://doi.org/10.1159/000281826
https://doi.org/10.1089/scd.2011.0406
https://doi.org/10.22203/ecm.v021a40
https://doi.org/10.1016/j.bioactmat.2020.06.022
https://doi.org/10.1002/adma.202313248
https://doi.org/10.1016/j.scr.2012.04.005
https://doi.org/10.1177/0963689718780309
https://doi.org/10.1002/adhm.202502354
https://doi.org/10.1002/cbin.10110
https://doi.org/10.3109/08977194.2015.1088532
https://doi.org/10.1097/BRS.0000000000002494
https://doi.org/10.1002/jsp2.1027
https://doi.org/10.1016/j.biomaterials.2013.11.083
https://doi.org/10.1186/s13018-020-1551-9
https://doi.org/10.1002/adma.201904040
https://doi.org/10.1182/blood-2010-05-287508
https://doi.org/10.1155/2016/5415901
https://doi.org/10.1016/j.ebiom.2020.102698
https://doi.org/10.1042/bst0300858
https://doi.org/10.1186/ar629
https://doi.org/10.1002/term.433
https://doi.org/10.1111/j.1365-2184.2012.00817.x
https://doi.org/10.1089/ten.TEC.2011.0215
https://doi.org/10.1148/radiol.2017162287
https://doi.org/10.1007/s10616-015-9939-9
https://doi.org/10.1016/j.cryobiol.2017.01.006
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Wang et al. 10.3389/fcell.2025.1719332

Section of the Cervical Spine Research Society 25 (5), 1428–1434. doi:10.1007/s00586-
015-4349-4

Wang, W., Wang, Y., Deng, G., Ma, J., Huang, X., Yu, J., et al. (2018a). Transplantation 
of hypoxic-preconditioned bone mesenchymal stem cells retards intervertebral disc 
degeneration via enhancing implanted cell survival and migration in rats. Stem Cells 
International 2018, 7564159. doi:10.1155/2018/7564159

Wang, X., Chen, Y., Zhao, Z., Meng, Q., Yu, Y., Sun, J., et al. (2018b). Engineered 
exosomes with ischemic myocardium-targeting peptide for targeted therapy in 
myocardial infarction. Journal of the American Heart Association 7 (15), e008737. 
doi:10.1161/JAHA.118.008737

Wang, Y., Che, M., Xin, J., Zheng, Z., Li, J., and Zhang, S. (2020). The role of IL-1β 
and TNF-α in intervertebral disc degeneration. Biomedicine and Pharmacotherapy = 
Biomedecine and Pharmacotherapie 131, 110660. doi:10.1016/j.biopha.2020.110660

Wang, P., Zhu, P., Yu, C., and Wu, J. (2022a). The proliferation and stemness 
of peripheral blood-derived mesenchymal stromal cells were enhanced by hypoxia. 
Frontiers in Endocrinology 13, 873662. doi:10.3389/fendo.2022.873662

Wang, Z., Han, L., Chen, H., Zhang, S., Zhang, S., Zhang, H., et al. (2022b). 
Sa12b improves biological activity of Human degenerative nucleus Pulposus 
mesenchymal stem cells in a severe acid environment by inhibiting acid-
sensitive ion channels. Frontiers in Bioengineering and Biotechnology 10, 816362. 
doi:10.3389/fbioe.2022.816362

Wang, H., Chen, S., Liu, Z., Meng, Q., Sobreiro-Almeida, R., Liu, L., et al. 
(2024). Preserving the immune-privileged niche of the nucleus pulposus: safeguarding 
intervertebral discs from degeneration after discectomy with synthetic mucin hydrogel 
injection. Advanced Science 11 (43), e2404496. doi:10.1002/advs.202404496

Wangler, S., Peroglio, M., Menzel, U., Benneker, L. M., Haglund, L., Sakai, D., et al. 
(2019). Mesenchymal stem cell homing into intervertebral discs enhances the Tie2-
positive progenitor cell population, prevents cell death, and induces a proliferative 
response. Spine 44 (23), 1613–1622. doi:10.1097/BRS.0000000000003150

Wassler, M., Jonasson, I., Persson, R., and Fries, E. (1987). Differential 
permeabilization of membranes by saponin treatment of isolated rat hepatocytes. 
Release of secretory proteins. The Biochemical Journal 247 (2), 407–415. 
doi:10.1042/bj2470407

Wei, J. N., Cai, F., Wang, F., Wu, X. T., Liu, L., Hong, X., et al. (2016). Transplantation of 
CXCR4 overexpressed mesenchymal stem cells augments regeneration in degenerated 
intervertebral discs. DNA and Cell Biology 35 (5), 241–248. doi:10.1089/dna.2015.3118

Wu, H., Zeng, X., Yu, J., Shang, Y., Tu, M., Cheang, L. H., et al. (2017). Comparison of 
nucleus pulposus stem/progenitor cells isolated from degenerated intervertebral discs 
with umbilical cord derived mesenchymal stem cells. Experimental Cell Research 361 
(2), 324–332. doi:10.1016/j.yexcr.2017.10.034

Wu, F., Ye, H., Lin, J., Xu, Y., Zhang, Z., Xiong, H., et al. (2018a). TGF-β3 reduces 
apoptosis in ischemia-induced adipose-derived stem cells by enhancing DNA repair. 
Experimental and Therapeutic Medicine 15 (5), 4400–4408. doi:10.3892/etm.2018.5980

Wu, P., Zhang, B., Shi, H., Qian, H., and Xu, W. (2018b). MSC-exosome: a 
novel cell-free therapy for cutaneous regeneration. Cytotherapy 20 (3), 291–301. 
doi:10.1016/j.jcyt.2017.11.002

Wu, Y., Loaiza, J., Banerji, R., Blouin, O., and Morgan, E. (2021). Structure-
function relationships of the human vertebral endplate. JOR Spine 4 (3), e1170. 
doi:10.1002/jsp2.1170

Wuertz, K., Urban, J. P., Klasen, J., Ignatius, A., Wilke, H. J., Claes, L., et al. (2007). 
Influence of extracellular osmolarity and mechanical stimulation on gene expression 
of intervertebral disc cells. Journal of Orthopaedic Research Official Publication of the 
Orthopaedic Research Society 25 (11), 1513–1522. doi:10.1002/jor.20436

Wuertz, K., Godburn, K., Neidlinger-Wilke, C., Urban, J., and Iatridis, J. C. 
(2008). Behavior of mesenchymal stem cells in the chemical microenvironment of the 
intervertebral disc. Spine 33 (17), 1843–1849. doi:10.1097/BRS.0b013e31817b8f53

Xia, Y., Yang, R., Hou, Y., Wang, H., Li, Y., Zhu, J., et al. (2022). Application 
of mesenchymal stem cell-derived exosomes from different sources in intervertebral 
disc degeneration. Frontiers in Bioengineering and Biotechnology 10, 1019437. 
doi:10.3389/fbioe.2022.1019437

Xia, K. S., Li, D. D., Wang, C. G., Ying, L. W., Wang, J. K., Yang, B., et al. (2023). 
An esterase-responsive ibuprofen nano-micelle pre-modified embryo derived nucleus 
pulposus progenitor cells promote the regeneration of intervertebral disc degeneration. 
Bioactive Materials 21, 69–85. doi:10.1016/j.bioactmat.2022.07.024

Xia, Q., Zhao, Y., Dong, H., Mao, Q., Zhu, L., Xia, J., et al. (2024). Progress 
in the study of molecular mechanisms of intervertebral disc degeneration. 
Biomedicine and Pharmacotherapy = Biomedecine and Pharmacotherapie 174, 
116593. doi:10.1016/j.biopha.2024.116593

Xiang, P., Luo, Z. P., and Che, Y. J. (2024). Insights into the mechanical 
microenvironment within the cartilaginous endplate: an emerging role in 
maintaining disc homeostasis and normal function. Heliyon 10 (10), e31162. 
doi:10.1016/j.heliyon.2024.e31162

Xin, J., Wang, Y., Zheng, Z., Wang, S., Na, S., and Zhang, S. (2022). Treatment 
of intervertebral disc degeneration. Orthopaedic Surgery 14 (7), 1271–1280. 
doi:10.1111/os.13254

Xiong, C. J., Huang, B., Zhou, Y., Cun, Y. P., Liu, L. T., Wang, J., et al. 
(2012). Macrophage migration inhibitory factor inhibits the migration of cartilage 
end plate-derived stem cells by reacting with CD74. PloS One 7 (8), e43984. 
doi:10.1371/journal.pone.0043984

Xu, T., Chen, G., Li, J., and Zhang, Y. (2024). Exploring causal correlations 
between inflammatory cytokines and intervertebral disc degeneration: a Mendelian 
randomization. JOR Spine 7 (3), e1349. doi:10.1002/jsp2.1349

Yamamoto, Y., Kokubo, Y., Nakajima, H., Honjoh, K., Watanabe, S., and Matsumine, 
A. (2022). Distribution and polarization of hematogenous macrophages associated 
with the progression of intervertebral disc degeneration. Spine 47 (4), E149–E158. 
doi:10.1097/BRS.0000000000004222

Yang, M., Chen, J., Su, F., Yu, B., Su, F., Lin, L., et al. (2011). Microvesicles secreted 
by macrophages shuttle invasion-potentiating microRNAs into breast cancer cells. 
Molecular Cancer 10, 117. doi:10.1186/1476-4598-10-117

Yang, C., Chen, Y., Li, F., You, M., Zhong, L., Li, W., et al. (2018). The biological 
changes of umbilical cord mesenchymal stem cells in inflammatory environment 
induced by different cytokines. Molecular and Cellular Biochemistry 446 (1-2), 171–184. 
doi:10.1007/s11010-018-3284-1

Yang, Z., Qi, Z., Yang, X., Gao, Q., Hu, Y., and Yuan, X. (2022). Inhibition 
of RIP3 increased ADSC viability under OGD and modified the competency of 
adipogenesis, angiogenesis, and inflammation regulation. Bioscience Reports 42 (3). 
doi:10.1042/BSR20212808

Yang, W., Li, K., Pan, Q., Huang, W., Xiao, Y., Lin, H., et al. (2024). An engineered 
bionic nanoparticle sponge as a cytokine trap and reactive oxygen species scavenger 
to relieve disc degeneration and discogenic pain. ACS Nano 18 (4), 3053–3072. 
doi:10.1021/acsnano.3c08097

Yang, W., Xu, Y., Tan, Y., Lin, J., Chen, H., Li, S., et al. (2025). Molecular mechanisms of 
intervertebral disc degeneration induced by Propionibacterium acnes. BioMed Research 
International 2025, 5513856. doi:10.1155/bmri/5513856

Yao, Y., Deng, Q., Song, W., Zhang, H., Li, Y., Yang, Y., et al. (2016). MIF plays 
a key role in regulating tissue-specific chondro-osteogenic differentiation fate of 
human cartilage endplate stem cells under hypoxia. Stem Cell Reports 7 (2), 249–262. 
doi:10.1016/j.stemcr.2016.07.003

Yao, Y., Deng, Q., Sun, C., Song, W., Liu, H., and Zhou, Y. (2017). A genome-
wide analysis of the gene expression profiles and alternative splicing events during the 
hypoxia-regulated osteogenic differentiation of human cartilage endplate-derived stem 
cells. Molecular Medicine Reports 16 (2), 1991–2001. doi:10.3892/mmr.2017.6846

Yermolaieva, O., Leonard, A. S., Schnizler, M. K., Abboud, F. M., and Welsh, M. J. 
(2004). Extracellular acidosis increases neuronal cell calcium by activating acid-sensing 
ion channel 1a. Proceedings of the National Academy of Sciences of the U. S. A. 101 (17), 
6752–6757. doi:10.1073/pnas.0308636100

Yin, X., Motorwala, A., Vesvoranan, O., Levene, H. B., Gu, W., and Huang, C. 
Y. (2020). Effects of glucose deprivation on ATP and proteoglycan production 
of intervertebral disc cells under hypoxia. Scientific Reports 10 (1), 8899. 
doi:10.1038/s41598-020-65691-w

Yu, B., Zhang, X., and Li, X. (2014). Exosomes derived from mesenchymal 
stem cells. International Journal of Molecular Sciences 15 (3), 4142–4157. 
doi:10.3390/ijms15034142

Yu, X., Wan, Q., Cheng, G., Cheng, X., Zhang, J., Pathak, J. L., et al. (2018). CoCl(2), 
a mimic of hypoxia, enhances bone marrow mesenchymal stem cells migration and 
osteogenic differentiation via STAT3 signaling pathway. Cell Biology International 42 
(10), 1321–1329. doi:10.1002/cbin.11017

Yu, L., Liu, Y., Wu, J., Wang, S., Yu, J., Wang, W., et al. (2021). Genipin cross-
linked decellularized nucleus pulposus hydrogel-like cell delivery system induces 
differentiation of ADSCs and retards intervertebral disc degeneration. Frontiers in 
Bioengineering and Biotechnology 9, 807883. doi:10.3389/fbioe.2021.807883

Zehra, U., Robson-Brown, K., Adams, M. A., and Dolan, P. (2015). Porosity and 
thickness of the vertebral endplate depend on local mechanical loading. Spine 40 (15), 
1173–1180. doi:10.1097/BRS.0000000000000925

Zeng, Y., Chen, C., Liu, W., Fu, Q., Han, Z., Li, Y., et al. (2015). Injectable 
microcryogels reinforced alginate encapsulation of mesenchymal stromal cells for leak-
proof delivery and alleviation of canine disc degeneration. Biomaterials 59, 53–65. 
doi:10.1016/j.biomaterials.2015.04.029

Zhang, Y., Tang, C. L., Chen, W. J., Zhang, Q., and Wang, S. L. (2015). Dynamic 
compression combined with exogenous SOX-9 promotes chondrogenesis of adipose-
derived mesenchymal stem cells in PLGA scaffold. European Review for Medical and 
Pharmacological Sciences 19 (14), 2671–2678.

Zhang, Y., Wang, Y., Zhou, X., Wang, J., Shi, M., Wang, J., et al. (2020a). Osmolarity 
controls the differentiation of adipose-derived stem cells into nucleus pulposus cells via
histone demethylase KDM4B. Molecular and Cellular Biochemistry 472 (1-2), 157–171. 
doi:10.1007/s11010-020-03794-8

Zhang, A., Xiong, Y., Xu, F., Wang, Z., Ma, J., Zhao, N., et al. (2020b). IL-1β enhances 
human placenta-derived mesenchymal stromal cells ability to mediate Th1/Th2 and 
Th1/CD4+IL-10+ T cell balance and regulates its adhesion, proliferation and migration 
via PD-L1. Cellular Immunology 352, 104113. doi:10.1016/j.cellimm.2020.104113

Frontiers in Cell and Developmental Biology 28 frontiersin.org

https://doi.org/10.3389/fcell.2025.1719332
https://doi.org/10.1007/s00586-015-4349-4
https://doi.org/10.1007/s00586-015-4349-4
https://doi.org/10.1155/2018/7564159
https://doi.org/10.1161/JAHA.118.008737
https://doi.org/10.1016/j.biopha.2020.110660
https://doi.org/10.3389/fendo.2022.873662
https://doi.org/10.3389/fbioe.2022.816362
https://doi.org/10.1002/advs.202404496
https://doi.org/10.1097/BRS.0000000000003150
https://doi.org/10.1042/bj2470407
https://doi.org/10.1089/dna.2015.3118
https://doi.org/10.1016/j.yexcr.2017.10.034
https://doi.org/10.3892/etm.2018.5980
https://doi.org/10.1016/j.jcyt.2017.11.002
https://doi.org/10.1002/jsp2.1170
https://doi.org/10.1002/jor.20436
https://doi.org/10.1097/BRS.0b013e31817b8f53
https://doi.org/10.3389/fbioe.2022.1019437
https://doi.org/10.1016/j.bioactmat.2022.07.024
https://doi.org/10.1016/j.biopha.2024.116593
https://doi.org/10.1016/j.heliyon.2024.e31162
https://doi.org/10.1111/os.13254
https://doi.org/10.1371/journal.pone.0043984
https://doi.org/10.1002/jsp2.1349
https://doi.org/10.1097/BRS.0000000000004222
https://doi.org/10.1186/1476-4598-10-117
https://doi.org/10.1007/s11010-018-3284-1
https://doi.org/10.1042/BSR20212808
https://doi.org/10.1021/acsnano.3c08097
https://doi.org/10.1155/bmri/5513856
https://doi.org/10.1016/j.stemcr.2016.07.003
https://doi.org/10.3892/mmr.2017.6846
https://doi.org/10.1073/pnas.0308636100
https://doi.org/10.1038/s41598-020-65691-w
https://doi.org/10.3390/ijms15034142
https://doi.org/10.1002/cbin.11017
https://doi.org/10.3389/fbioe.2021.807883
https://doi.org/10.1097/BRS.0000000000000925
https://doi.org/10.1016/j.biomaterials.2015.04.029
https://doi.org/10.1007/s11010-020-03794-8
https://doi.org/10.1016/j.cellimm.2020.104113
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Wang et al. 10.3389/fcell.2025.1719332

Zhang, C., Gullbrand, S. E., Schaer, T. P., Lau, Y. K., Jiang, Z., Dodge, G. R., 
et al. (2020c). Inflammatory cytokine and catabolic enzyme expression in a goat 
model of intervertebral disc degeneration. Journal of Orthopaedic Research Official 
Publication of the Orthopaedic Research Society 38 (11), 2521–2531. doi:10.1002/
jor.24639

Zhang, G. Z., Liu, M. Q., Chen, H. W., Wu, Z. L., Gao, Y. C., Ma, Z. J., et al. (2021a). 
NF-κB signalling pathways in nucleus pulposus cell function and intervertebral disc 
degeneration. Cell Proliferation 54 (7), e13057. doi:10.1111/cpr.13057

Zhang, Q., Shen, Y., Zhao, S., Jiang, Y., Zhou, D., and Zhang, Y. (2021b). 
Exosomes miR-15a promotes nucleus pulposus-mesenchymal stem cells 
chondrogenic differentiation by targeting MMP-3. Cellular Signalling 86, 110083. 
doi:10.1016/j.cellsig.2021.110083

Zhang, J., Zhang, W., Sun, T., Wang, J., Li, Y., Liu, J., et al. (2022). The 
influence of intervertebral disc microenvironment on the biological behavior 
of engrafted mesenchymal stem cells. Stem Cells International 2022, 8671482. 
doi:10.1155/2022/8671482

Zhao, T., Sun, F., Liu, J., Ding, T., She, J., Mao, F., et al. (2019). Emerging role of 
mesenchymal stem cell-derived exosomes in regenerative medicine. Current Stem Cell 
Research and Therapy 14 (6), 482–494. doi:10.2174/1574888X14666190228103230

Zhao, J., Li, S., Cheng, J., Xu, X., Bai, M., Yu, Y., et al. (2025). Trends 
and emerging frontiers of mesenchymal stem cells in intervertebral disc 
degeneration: a bibliometric analysis (2000-2024). Frontiers in Medicine 12, 
1601806. doi:10.3389/fmed.2025.1601806

Zheng, D., Chen, W., Chen, T., Chen, X., Liang, J., Chen, H., et al. (2024). Hydrogen 
ion capturing hydrogel microspheres for reversing inflammaging. Advanced Materials
36 (5), e2306105. doi:10.1002/adma.202306105

Zhou, H., Qian, Q., Chen, Q., Chen, T., Wu, C., Chen, L., et al. (2024). 
Enhanced mitochondrial targeting and inhibition of pyroptosis with multifunctional 

metallopolyphenol nanoparticles in intervertebral disc degeneration. Small 20 (13), 
e2308167. doi:10.1002/smll.202308167

Zhu, W., Chen, J., Cong, X., Hu, S., and Chen, X. (2006). Hypoxia and serum 
deprivation-induced apoptosis in mesenchymal stem cells. Stem Cells 24 (2), 416–425. 
doi:10.1634/stemcells.2005-0121

Zhu, C., Li, J., Liu, C., Zhou, P., Yang, H., and Li, B. (2016). Modulation 
of the gene expression of annulus fibrosus-derived stem cells using poly(ether 
carbonate urethane)urea scaffolds of tunable elasticity. Acta Biomaterialia 29, 228–238. 
doi:10.1016/j.actbio.2015.09.039

Zhu, L., Shi, Y., Liu, L., Wang, H., Shen, P., and Yang, H. (2020a). Mesenchymal stem 
cells-derived exosomes ameliorate nucleus pulposus cells apoptosis via delivering miR-
142-3p: therapeutic potential for intervertebral disc degenerative diseases. Cell Cycle 19 
(14), 1727–1739. doi:10.1080/15384101.2020.1769301

Zhu, G., Yang, X., Peng, C., Yu, L., and Hao, Y. (2020b). Exosomal miR-
532-5p from bone marrow mesenchymal stem cells reduce intervertebral disc 
degeneration by targeting RASSF5. Experimental Cell Research 393 (2), 112109. 
doi:10.1016/j.yexcr.2020.112109

Zhu, J., Sun, R., Sun, K., Yan, C., Jiang, J., Kong, F., et al. (2023). The deubiquitinase 
USP11 ameliorates intervertebral disc degeneration by regulating oxidative stress-
induced ferroptosis via deubiquitinating and stabilizing Sirt3. Redox Biology 62, 102707. 
doi:10.1016/j.redox.2023.102707

Zimowska, M., Archacka, K., Brzoska, E., Bem, J., Czerwinska, A. M., Grabowska, 
I., et al. (2020). IL-4 and SDF-1 increase adipose tissue-derived stromal cell ability to 
improve rat skeletal muscle regeneration. International Journal of Molecular Sciences 21 
(9), 3302. doi:10.3390/ijms21093302

Zomer, A., Maynard, C., Verweij, F. J., Kamermans, A., Schafer, R., Beerling, E., 
et al. (2015). In vivo imaging reveals extracellular vesicle-mediated phenocopying of 
metastatic behavior. Cell 161 (5), 1046–1057. doi:10.1016/j.cell.2015.04.042

Frontiers in Cell and Developmental Biology 29 frontiersin.org

https://doi.org/10.3389/fcell.2025.1719332
https://doi.org/10.1002/ jor.24639
https://doi.org/10.1002/ jor.24639
https://doi.org/10.1111/cpr.13057
https://doi.org/10.1016/j.cellsig.2021.110083
https://doi.org/10.1155/2022/8671482
https://doi.org/10.2174/1574888X14666190228103230
https://doi.org/10.3389/fmed.2025.1601806
https://doi.org/10.1002/adma.202306105
https://doi.org/10.1002/smll.202308167
https://doi.org/10.1634/stemcells.2005-0121
https://doi.org/10.1016/j.actbio.2015.09.039
https://doi.org/10.1080/15384101.2020.1769301
https://doi.org/10.1016/j.yexcr.2020.112109
https://doi.org/10.1016/j.redox.2023.102707
https://doi.org/10.3390/ijms21093302
https://doi.org/10.1016/j.cell.2015.04.042
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

	1 Introduction
	2 Anatomy of the intervertebral disc and degeneration
	3 Physiological characteristics and degenerative changes of the intervertebral disc microenvironment
	4 Traditional treatments for IDD
	5 Stem cells in intervertebral disc repair
	6 The impact of the disc microenvironment on MSCs and disc progenitor cells
	6.1 Avascularity and nutrient deficiency
	6.2 Hypoxia
	6.3 pH
	6.4 Osmotic pressure
	6.5 Mechanical stress
	6.6 Inflammatory cytokines and proteinases

	7 Clinical trials of cell therapy for intervertebral disc regeneration
	8 Strategies to improve the therapeutic effect of MSCs for IVDD and their challenges in clinical application
	8.1 Gene modification of MSCs
	8.2 Endogenous repair
	8.3 Microenvironment-based strategies
	8.4 Hydrogels
	8.5 Cell-free strategies
	8.5.1 In vivo modification
	8.5.2 In vitro modification


	9 Standards need to be developed for clinical applications
	9.1 Cell type
	9.2 Cell leakage problem
	9.3 Cell source
	9.4 Number of transplanted cells
	9.5 Patient selection
	9.6 Efficacy evaluation standards

	10 Conclusion and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

