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Abstract 

The human intervertebral disc (IVD) is the largest 

avascular organ in the human body, creating an extraordinary 

biological paradigm where resident cells operate at the extreme 

threshold of metabolic survival. Lacking a direct microvascular 

network within the central nucleus pulposus (NP) and inner 

annulus fibrosus (AF), the IVD relies almost exclusively on 

passive molecular diffusion from capillary beds terminating at 

the cartilaginous endplates (CEPs) and outer AF margins. These 

structural constraints establish severe physiological gradients: 

oxygen tension, glucose concentration, and extracellular pH 

diminish precipitously toward the disc center, compelling 

resident cells to depend heavily on anaerobic glycolysis for 

adenosine triphosphate (ATP) production. This narrative 

literature review synthesizes current evidence on the 

physiological and pathological nutrient transport mechanisms 

within the IVD and explores how biological diffusion limits 

drive the onset and progression of Degenerative Disc Disease 

(DDD). Pathologic changes such as calcification of the CEP, 

sclerosis of the subchondral bone, dehydration of the matrix and 

continuous mechanical compression reduce the diffusivity of 

solutes and increase the resistance to transport. This 

microenvironmental deprivation triggers a detrimental 

biochemical cascade characterized by severe intracellular 

acidosis, reactive oxygen species (ROS) accumulation, 

expression of catabolic enzymes (MMPs and ADAMTS), 

cellular senescence, and various forms of regulated cell death 

(apoptosis, pyroptosis, necroptosis, and ferroptosis). 

Understanding diffusion-driven degenerative mechanisms is of 

utmost importance for early biomarker identification and 

regenerative therapy development that can survive the hostile 

metabolic environment of the degenerating disc.

 

Keywords: Intervertebral Disc Degeneration, Avascular Organ, Passive Diffusion, Cartilage 

Endplate, Metabolic Stress, Cellular Senescence, Extracellular Matrix Degradation 
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Introduction 

Degenerative Disc Disease (DDD) is one 

of the most important causes of chronic low 

back pain and spinal disability worldwide, 

with enormous socioeconomic costs, and 

reduction of workforce 

productivity(Gradisnik, Kocivnik, Maver, & 

Velnar, 2025). Anatomically, the 

intervertebral disc (IVD) is a complex, highly 

specialized fibrocartilaginous structure 

situated between adjacent vertebral 

bodies(Yurube, Takeoka, Kanda, Kuroda, & 

Kakutani, 2023). Spinal motion is allowed, 

axial compressive loads are transmitted, and 

the biomechanical alignment is retained 

through the motion segments(Qiao, Zhang, & 

Zhao, 2025). It serves as a dynamic 

mechanical shock absorber. 

The IVD consists of three distinct 

anatomical compartments that function 

together: 

1. The Nucleus Pulposus (NP): The 

gel-like innermost part of the disc, 

rich in proteoglycans (mainly 

aggrecan) and type II collagen fibers. 

The dense negative charge of 

glycosaminoglycan (GAG) side 

chains has a high fixed charge density, 

which creates osmotic swelling 

pressure, retaining water and 

dissipating hydrostatic 

compression(Kos, Gradisnik, & 

Velnar, 2019; Urban & Roberts, 

2003). 

2. The Annulus Fibrosus (AF): A 

multilaminated peripheral ring of 

concentric collagenous lamellae. It is 

characterized by the presence of 

organized type I collagen fibers 

secreted by fibroblast-like cells, 

which give it high tensile strength. 

The inner AF changes to a 

fibrocartilaginous phenotype 

containing type II collagen. 

3. The Cartilaginous Endplates 

(CEPs): Thin horizontal layers of 

hyaline cartilage (0.5 to 1.0 mm) that 

cover the superior and inferior aspects 

of the disc and are in direct contact 

with the subchondral bone of the 

adjacent vertebral bodies(Urban & 

Roberts, 2003).  

The most fundamental physiological 

hallmark of the mature human IVD being its 

position as the largest avascular organ of the 

human body. Transient vascular channels in 

the endplates are early embryonic and infant 

precursors that regress during early childhood 

and disappear by adolescence(Dowdell et al., 

2017; Murphy, Lufkin, & Kraus, 2023). 

Consequently, the mature NP and inner AF 

possess no direct microvascular supply, 

leaving central disc cells up to 7 to 8 

millimeters away from the nearest functional 

blood vessel(Nishida et al., 1999). 

This avascular architecture obligates the 

IVD to rely almost entirely on passive 

molecular diffusion across matrix gradients 

to receive vital nutritional solutes—such as 

glucose and oxygen—and to evacuate toxic 

metabolic byproducts like lactic acid. This 

delicate diffusive equilibrium is absolutely 

essential for cellular survival and 

extracellular matrix (ECM) homeostasis, and 

any physical or structural impediment to 

nutrient transport results in severe metabolic 

stress. This literature review delves into the 

inherent biological limitations of nutrient 

diffusion in the IVD, the pathophysiological 

processes leading to impaired solute transport 

and the long term nutritional deprivation that 

drives the cellular and matrix destruction that 

is characteristic of Degenerative Disc 

Disease(Urban, Smith, & Fairbank, 2004). 

 

1. Vascular Architecture and solute 

transport pathways 

Because the interior compartments of the 

IVD lack direct vascularization, solute supply 

and waste elimination depend on two 

peripheral microvascular routes: 
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1. The Cartilaginous Endplate (CEP) 

Route: This represents the primary 

and most critical nutritional pathway 

for the central NP and inner AF. Blood 

supply arises from segmental spinal 

arteries that branch into vertebral 

body marrow spaces, forming dense 

capillary plexuses that terminate 

immediately adjacent to the bony-

cartilaginous endplate junction. 

Solutes extravasate from these 

terminal capillary beds, cross 

microscopic marrow contact 

channels, and permeate the hyaline 

matrix of the CEP to enter the 

NP(Roughley, 2004). 

2. The Peripheral Annulus Fibrosus 

Route: Microvessels from 

surrounding soft tissue arteries only 

penetrate into the outermost lamellae 

of the outer AF. The nutrient supply to 

the outer AF cells is solely through 

radial diffusion, and the central 

NP(Zhu, Gao, Levene, Brown, & Gu, 

2016). 

 

Solutes are transported in the dense 

ECM of the IVD by two physical 

mechanisms: passive molecular diffusion and 

convective fluid flow. Passive diffusion is 

based on Fick’s laws and driven by the 

concentration gradients across the 

tissue(Hickman, Rathan-Kumar, & Peck, 

2022). It is the major transport pathway for 

uncharged low molecular weight solutes such 

as glucose (~ 180 Da), dissolved oxygen (~ 

32 Da) and lactate (~ 89 Da)(De Geer, 2018). 

Convective fluid transport, driven by 

hydraulic pressure gradients generated during 

cyclic biomechanical loading, plays a 

secondary role for small solutes but is critical 

for transporting larger macromolecules, 

including growth factors, cytokines, and 

enzymes(De Geer, 2018). 

The central nucleus pulposus, as seen 

in Figure 1, is mainly dependent on passive 

diffusion through the microvasculature of the 

cartilage endplate, resulting in significant 

solute gradients from the periphery to the 

core that depend on distance. Transport 

efficiency of small solutes is governed by 

effective diffusion coefficient (Deff) and 

partition coefficient (K) that are strongly 

modulated by tissue hydration, fixed charge 

density and structural anisotropy(Jackson, 

Yuan, Huang, Brown, & Gu, 2012). 

Experimental measurements in 

human AF tissue indicate that the diffusivity 

of nutrients is highly anisotropic, i.e. the rates 

of diffusion depend on the spatial orientation. 

In particular, the radial diffusivity of solute is 

significantly smaller than in the axial or 

circumferential directions(Jackson et al., 

2012). This directional diffusion is related to 

the highly organized lamellar structure of the 

AF in which the parallel collagen fiber 

bundles and interlamellar microtubes provide 

preferential transport pathways along the 

axial and circumferential planes while radial 

transport across the concentric lamellae is 

highly resistant(Urban, Holm, Maroudas, & 

Nachemson, 1982). Hence the radial 

diffusion from the peripheral AF is 

fundamentally inefficient in satisfying the 

metabolic demands of the central NP when 

the CEP route is compromised during 

disease(Nachemson, Lewin, Maroudas, & 

Freeman, 1970). 

 

2. The metabolism microenvironment of 

the Intervertebral disc 

The IVD's unique avascular anatomy 

leads to an extreme microenvironment with 

severe nutrient deprivation, chronic hypoxia, 

hyperosmolality and acidic pH. Resident disc 

cells are under severe metabolic constraints, 

and they need to adapt their bioenergetics to 

survive on the edge of biological 

viability(Nishida et al., 1999). 

Glucose Gradients and Bioenergetics 

Glucose is the main substrate for 

energy production in the cells of the
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Figure 1. Mechanism of nutrient exchange in lumbar inter-vertebral disc. This schematic 

diagram shows how nutrients (oxygen and glucose) diffuse from the subchondral capillary 

networks and the outer annulus fibrosus, through the cartilaginous endplates into the core of 

the nucleus pulposus.You see the concentration gradients here: nutrients decline toward the 

avascular center (red > blue), and the lactic acid gradient (blue > red). 

 

intervertebral disc. In normal adults, the 

physiological concentration of glucose in the 

outer periphery of the AF and CEP interface 

is around 5.0 mM, and in the central NP it is 

0.5 to 1.0 mM(Zhang et al., 2022). Oxygen 

levels are extremely low in the central NP, so 

disc cells generate almost all of their 

adenosine triphosphate (ATP) through 

anaerobic glycolysis. Glycolysis is the 

process in which each molecule of glucose is 

converted into two molecules of lactic acid 

and produces only 2 ATP molecules instead 

of 36 ATP molecules produced through 

oxidative phosphorylation(Urban et al., 

2004). 

 

As shown in the Figure 2, nucleus 

pulposus cells rely on anaerobic glycolysis to 

convert glucose to ATP and lactic acid. This 

process is highly sensitive to the drop of 

extracellular pH and exhaustion of glucose. 

Healthy NP has a relatively low cell density 

(~4,000 cells/mm3), compared to the AF 

(~9,000 cells/mm3), an evolutionary 

adaptation to limit total metabolic demand 

over long diffusion distances(Johnson, 

Stephan, & Roberts, 2008). 

Survival of cells in this low-glucose 

environment is determined by strict 

biological thresholds: 

• Glucose Deprivation Threshold: 

Resident NP cells experience 

irreversible cell death when 

extracellular glucose concentrations 

drop below a critical threshold of 0.5 

mM (0.5 mmol/L) for longer than a 

few days (Naqvi & Buckley, 2015). 

• Severe Starvation: When glucose 

levels are below 0.2 mM, cells 

throughout the entire NP population 

die rapidly and completely(Horner & 

Urban, 2001). 

Hypoxia and Oxygen Tension 

Oxygen partial pressure declines 

sharply from approximately 10% to 13% at 

the disc margins to 1% to 2% (approx. 1.0 to 

3.6 kPa) in the center of the NP. A unique 

molecular machinery is possessed by the
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Figure 2. Metabolic acidosis and ASIC activation in nucleus pulposus cells. Diagram of a 

chondrocyte-like nucleus pulposus cell in a matrix rich in proteoglycans. Anaerobic glycolysis 

leads to the production of ATP and lactic acid, which results in an acidic extracellular 

microenvironment (pH 6.5-5.7). This acidity triggers Acid-Sensing Ion Channels (ASICs) that 

cause an intracellular calcium influx and downstream catabolic signaling, resulting in matrix 

degeneration. 

 

resident NP cells to survive in this hypoxic 

niche, with it being mainly driven by the 

constitutive expression of Hypoxia Inducible 

Factor 1-alpha (HIF-1α)(Karchevskaya, 

Poluektov, & Korolishin, 2023; Oichi, 

Taniguchi, Oshima, Tanaka, & Saito, 2020). 

Unlike peripheral cells that degrade HIF-1α 

under normoxia conditions, NP cells 

constantly stabilize HIF-1α, which 

transactivates critical glycolytic enzymes, 

glucose transporters and extracellular matrix 

genes including aggrecan(Luo et al., 2021). 

Oxygen is not the major determinant 

of disc cell survival but is an important 

regulatory factor in extracellular matrix 

biosynthesis. Matrix production, i.e. 

synthesis of sulfated glycosaminoglycans 

(sGAG) and protein complexes, occurs most 

rapidly at an optimal oxygen concentration of 

5%. At oxygen tensions <5% and in extreme 

hypoxia (<1%) matrix synthesis rates are 

reduced significantly compromising tissue 

repair potential(Grunhagen, Wilde, Soukane, 

Shirazi-Adl, & Urban, 2006). 

Acidic Microenvironment and 

Accumulation of Lactic Acid 

A direct consequence of intense 

anaerobic glycolysis in an avascular tissue is 

the generation and retention of lactic acid. 

Protons and lactate ions exported into the 

narrow intercellular spaces cannot be rapidly 

cleared due to long diffusion distances. A 

healthy young IVD maintains the 

extracellular pH at a slightly acidic pH of 7.0 

to 7.2. However, early degeneration causes an 

impairment in the clearance of metabolic 

waste, resulting in the accumulation of lactic 

acid and a decrease of local extracellular pH 

to 6.5 and 5.7 in the moderately and severely 

degenerated discs respectively(Horner & 

Urban, 2001; Murphy et al., 2023). 

The extracellular acidification has 

devastating catabolic and cytotoxic 

consequences: 
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1. ECM biosynthesis inhibition: 

proteoglycan and collagen synthesis 

rates are reduced by > 50% at 

extracellular pH < 6.8(Murphy et al., 

2023). 

2. Activation of Proteolytic Enzymes: 

This leads to increased matrix 

degradation by activation of pH-

dependent matrix metalloproteinases 

and aggrecanases(Veronesi et al., 

2026). 

3. Synergistic Cytotoxicity: Cell 

tolerance to glucose deprivation is 

strongly reduced at low pH resulting 

in rapid cell death in combination 

with glucose < 0.5mM(De Geer, 

2018). 

4. Induction of Acid-Sensing Ion 

Channels (ASICs): Lactic acid 

accumulation induces expression of 

ASIC1a and ASIC3 in disc cells. 

Activation of ASICs causes calcium 

influx into the cell leading to 

activation of NF-κB, release of 

inflammatory cytokines (IL-1β, IL-6, 

TNF-α) and pyroptotic cell 

death(Ohnishi, Novais, & Risbud, 

2020). 

 

3. Etiology of diffusion barriers and 

metabolic stress in DDD 

Degenerative Disc Disease begins 

and progresses when the delicate balance 

between the supply of nutrients and the 

demand from cells is upset. Convergence of 

structural, mechanical and systemic factors 

impairs matrix permeability and creates 

physical barriers that choke off solute 

diffusion(Chan, Sze, Samartzis, Leung, & 

Chan, 2011). 

Cartilage Endplate (CEP) Structural 

Pathology 

Because the CEP is the primary 

gateway for solute transport into the NP, 

morphological alterations in the CEP 

represent a critical initiating trigger for disc 

degeneration. With advancing age and 

pathological stress, the hyaline matrix of the 

CEP undergoes progressive calcification, 

mineralization, and endochondral-like 

ossification(Nishida et al., 1999). 

This pathological remodeling consists of: 

• Occlusion of Marrow Contact 

Channels: Microscopic vascular 

channels linking the vertebral marrow 

spaces with the CEP hyaline cartilage 

are obliterated by subchondral bone 

sclerosis and mineral 

deposition(Yurube et al., 2023). 

• Matrix Sclerosis and Fibrosis: The 

hydrated hyaline matrix with 

abundant proteoglycans is replaced 

by dense, calcified fibrocartilage 

leading to significant decrease in the 

porosity of tissue (Chan et al., 2011). 

• Reduction of Diffusive Flux: 

Calcification renders the permeable 

CEP an impermeable physical barrier. 

Solute diffusivity has been found to 

be inversely related to endplate 

calcification in studies. Severe 

endplate sclerosis reduces the 

transport of glucose into the central 

NP by over 60% to 80% and causes 

catastrophic cell starvation(Von 

Forell, Nelson, Samartzis, & Bowden, 

2014). 

Anisotropy, compression and mechanical 

loading 

The kinetics of solute transport is 

highly dependent on mechanical loading. 

During diurnal loading cycles of daytime 

weight bearing, IVD can lose up to 20% of its 

fluid volume that is typically replenished 

during nighttime rest. However, abnormal, 

excessive or sustained static compressive 

loading results in extrusion of interstitial 

water from the ECM and matrix 

compaction(De Geer, 2018; Jackson et al., 

2012; Murphy et al., 2023). 
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As in the Figure 3, structural 

calcification of the cartilage endplates and 

compression-induced matrix compaction 

severely restrict solute diffusion into the 

central nucleus pulposus. Compaction 

reduces the effective pore size of the 

extracellular matrix. Because solute 

diffusivity is directly proportional to tissue 

water content and pore dimensions, 

compression-induced fluid exudation 

significantly lowers the diffusion coefficients 

of both glucose and oxygen. Further, radial 

diffusion across concentric AF lamellae is 

intrinsically slower due to the structural 

anisotropy and static compression further 

compromises periannular solute delivery, 

making the central and posterior regions of 

the disc highly prone to nutrient 

deprivation(Jackson et al., 2012). 

Systemic Risk Factors and Microvascular 

Injury 

Systemic conditions that impair 

microvascular blood flow to the vertebrae 

increase diffusion distances in the disc: 

• Atherosclerosis and 

Vasoconstriction: Occlusion of 

lumbar segmental arteries leads to 

reduction in blood volume supplied to 

vertebral subchondral capillary beds 

and a reduction in the driving 

concentration gradient for 

diffusion(Urban et al., 2004). 

• Cigarette Smoking: Nicotine causes 

a profound vasoconstriction of the 

microvasculature, reducing blood 

flow to the endplates. Thus, carbon 

monoxide in tobacco smoke 

decreases systemic oxygen saturation 

and thus significantly decreases 

oxygen transport to the hypoxic disc 

matrix(De Geer, 2018). 

• Diabetes Mellitus and Metabolic 

Syndrome: Chronic hyperglycemia 

results in the accumulation of 

Advanced Glycation End-products 

(AGEs) in the collagenous matrix of 

the CEP and AF. AGEs cause non-

enzymatic covalent cross-links 

between collagen triple helices, 

resulting in extreme stiffening of 

tissue, loss of hydraulic permeability, 

and reduced solute 

diffusivity(Gradisnik et al., 2025). 

Finite element modeling: Computational 

insights 

Combination of theories of mechano-

electrochemical transport with three-

dimensional finite element models has 

provided key spatial insights into how 

patterns of degeneration are dictated by 

specific pathway impairments: 

• Isolated impairment of the CEP-NP 

pathway: Simulation of selective 

closure of the endplate route predicts 

that only in the central NP glucose 

levels drop below the critical viability 

threshold (0.5 mM). Cell death starts 

at the absolute center of the NP and 

propagates outward while the outer 

AF remains intact(Zhu et al., 2016). 

• Isolated AF Pathway Impairment: 

Simulation of selective loss of 

periannular AF blood supply with 

localized cell death restricted to the 

outer AF lamellae, with viable central 

NP. 

• Combined Pathway Impairment: 

When the nutrient delivery through 

both the CEP and AF boundaries is 

less than 50% of the physiological 

reference baseline levels, massive, 

widespread cellular death ensues 

throughout the whole NP and inner-

to-middle AF with complete 

structural collapse of the motion 

segment(Zhu et al., 2016). 

 

4. Molecular and cellular cascade in 

response to nutrient depletion 

When solute diffusion is below 

critical physiological thresholds, resident disc 

cells experience a series of catastrophic 
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Figure 3. Healthy vs. Degenerated Intervertebral Disc Interface. A side-by-side illustration 

comparing a healthy intervertebral disc with open marrow channels and active nutrient 

diffusion (left) to a degenerated disc exhibiting subchondral bone sclerosis, calcified endplates, 

compacted collagen fibers, and blocked diffusion pathways leading to nutrient depletion 

(right). 

 

fate transitions. Starving, acidotic cells shift 

from anabolic extracellular matrix 

maintenance to active catabolism, 

inflammatory signaling, and programmed 

cell death(Urban, 2002). 

 

ECM Homeostasis Shift: Catabolic 

Dominance 

In response to severe nutrient stress 

disc cells downregulate a number of key 

anabolic transcription factors, most notably 

SOX9, resulting in a dramatic reduction in 

synthesis of aggrecan and type II collagen. 

Concomitantly, cells upregulate the 

expression of catabolic proteases such as 

Matrix Metalloproteinases (MMP-1, MMP-

3, MMP-13), and A Disintegrin and 

Metalloproteinase with Thrombospondin 

Motifs (ADAMTS-4, ADAMTS-5)(Wu, 

Kim, & Jang, 2020). 

These catabolic enzymes cleave the 

core protein of aggrecan, releasing 

hydrophilic glycosaminoglycan side-chains 

into the tissue. The fixed charge density and 

the osmotic swelling pressure of the NP 

decrease as the GAG content decreases. The 

NP loses its hydration and hydrostatic 

pressurization resulting in a reduction of disc 

height and redistribution of axial compressive 

loads directly onto the fibrotic annulus 

fibrosus. When exposed to altered 

mechanical strain, the cells remaining switch 

from the synthesis of type II to type I 

collagen, and the gel-like NP becomes 

disorganized, fibrotic scar tissue(Shnayder et 

al., 2023). 

Cellular Senescence and SASP Escalation 

Resident disc cells undergo stress-

induced premature senescence (SIPS) as a 

consequence of chronic metabolic stress, 

DNA damage and ROS accumulation. 

Senescent cells are characterized by an 

irreversible cell-cycle arrest that is mediated 

by upregulation of the cyclin-dependent 

kinase inhibitors, p16INK4a and 

p21CIP1/WAF1 via the p53-p21-Rb pathway 

(Wang, Cai, Shi, Wang, & Wu, 2016). 

Senescent cells are metabolically active but 
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non- dividing cells that adopt a Senescence 

Associated Secretory Phenotype (SASP).  

The Senescence Associated Secretory 

Phenotype (SASP) secretome is 

characterized by an increased secretion of a 

variety of factors including: 

• Pro-inflammatory Cytokines: 

Interleukin-1 beta (IL-1β), 

Interleukin-6 (IL-6), and Tumor 

Necrosis Factor-alpha (TNF-

α)(Gradisnik et al., 2025). 

• Matrix-Degrading Enzymes: MMP-

1, MMP-3, MMP-13, ADAMTS-4, 

and ADAMTS-5(Oichi et al., 2020). 

• Pro-angiogenic and Neurotrophic 

Factors: Vascular Endothelial 

Growth Factor (VEGF), Nerve 

Growth Factor (NGF), and Brain-

Derived Neurotrophic Factor 

(BDNF)(Murphy et al., 2023). 

Moreover, SASP factors induce 

senescence of the adjacent healthy cells by 

autocrine and paracrine signaling, which 

further promotes the degradation of the 

extracellular matrix in local area and 

generates a self-feedback inflammatory 

microenvironment(Gradisnik et al., 2025). 

 

Altered Cell Death Pathways 

As in the Figure 4, Chronic nutrient 

deprivation initiates multiple cell death 

pathways and secretion of catabolic enzymes 

that maintain a cycle of tissue degeneration. 

Regulated cell death involves four types and 

is induced by severe glucose withdrawal and 

acidic microenvironmental stress, which 

exceed cellular repair mechanisms: 

1. Apoptosis: Under severe nutrient 

deprivation, the outer mitochondrial 

membrane becomes permeable and 

releases cytochrome C into the 

cytosol, which activates the effector 

Caspase-3 cascade(Yurube et al., 

2023). ROS overload and activation 

of Caspase-12 induced ER stress at 

the same time. 

2. Pyroptosis: Acidosis and crystal 

accumulation activate the NLRP3 

inflammasome leading to pro-

caspase-1 cleavage to active caspase-

1. Caspase-1 cleaves gasdermin D 

(GSDMD) and pores are formed in 

the plasma membrane leading to rapid 

cell swelling, osmotic lysis and large 

release of mature IL-1β and IL-

18(Karchevskaya et al., 2023; 

Veronesi et al., 2026). 

3. Necroptosis: Inflammatory ligation 

of TNFR1 under nutrient stress 

activates Receptor-Interacting Protein 

Kinase 3 (RIPK3) and Mixed Lineage 

Kinase Domain Like (MLKL) 

through MyD88 signaling which 

leads to plasma membrane rupture 

and neuroinflammation(Li et al., 

2018). 

4. Ferroptosis: Metabolic stress that 

reduces activity of Glutathione 

Peroxidase 4 (GPX4) and expression 

of ferritin heavy chain triggers 

ferroptosis, resulting in iron-

dependent accumulation of lethal 

lipid reactive oxygen species and 

membrane lipid 

peroxidation(Maldonado et al., 2013). 

 

Autophagy as a Failing Survival 

Mechanism 

Early mild nutrient deprivation 

triggers autophagy, an intracellular self-

cannibalization and recycling pathway, in 

disc cells to clear damaged organelles and 

produce transient ATP. PI3K/Akt/mTOR 

pathway is a regulator of autophagic flux. 

Mild starvation induces autophagy to protect 

NP cells from apoptosis. However, when 

degeneration advances to the stage of 

complete nutrient deprivation, autophagic 

capacity is depleted or dysregulated and 

cannot block cell death(Yurube et al., 2023). 
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Figure 4. Pathways of Nucleus Pulposus Degeneration. The flowchart illustrates the 

molecular phenomena of nucleus pulposus cells under severe microenvironmental stress (low 

glucose, hypoxia, acidic pH). It shows how mechanical and nutritional stimuli induce 

intracellular stress, different modes of cell death and the subsequent loss of aggrecan and type 

II collagen. 

    

Neovascularization, Innervation, and 

Nociception 

Healthy adult discs have a dense 

matrix structure and endogenous anti-

angiogenic/anti-neurogenic factors (e.g., 

Aggrecan fixed charge, Semaphorin-3A) that 

inhibit blood vessel and nerve 

ingrowth(Karchevskaya et al., 2023). But 

nutrient starvation causes loss of aggrecan 

and secretion of SASP factors such as VEGF, 

NGF and BDNF which results in vascular and 

neural fibers growing in from peripheral 

tissues through annular fissures and calcified 

endplates. Vascular ingrowth exposes the 

immune-privileged NP matrix to the systemic 

circulation and induces autoimmune 

responses and macrophage infiltration. Local 

IL-1β, TNF-α and acidic pH sensitize non-

myelinated nociceptive nerve fibers that 

follow these vascular channels deep into the 

degenerated disc generating chronic 

discogenic low back pain(Murphy et al., 

2023; Veronesi et al., 2026). 

 

Discussion 

The synthesis of literature presented 

in this review establishes that the strictly 

avascular architecture of the human 

intervertebral disc represents a double-edged 

evolutionary trade-off. While avascularity 

and high swelling pressure enable the IVD to 

withstand massive, dynamic mechanical 

loads across a lifespan, it leaves resident cells 

operating at the absolute margin of 

bioenergetic viability(Urban et al., 2004). 

The primary initiating event in poor-

nutrition-related DDD is a reduction in solute 

transport below critical biological thresholds. 

Computational simulations and experimental 

transport studies show that cellular repair 

mechanisms catastrophically fail at glucose 

concentrations below 0.5 mM or extracellular 

pH below 6.5. Loss of functional cells leads 

to an irreversible reduction in proteoglycan 

production, dehydration of the matrix, loss of 

disc height and mechanical disequilibrium, 

which propagates injury to adjacent spinal 

structures(Chan et al., 2011). 
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Translational Implications for 

Regenerative Medicine. 

The design of successful biological and 

cell-based therapies for DDD requires a 

thorough understanding of the strict 

biological limits of nutrient diffusion: 

1. The Starvation Barrier in Cell 

Transplantation: Injection of 

exogenous stem cells (e.g., 

Mesenchymal Stem Cells, MSCs) or 

re-engineered NP cells into a severely 

degenerated, nutrient deprived disc 

often fails in the clinic because the 

transplanted cells rapidly starve and 

die. If the CEP permeability is 

calcified and the local glucose is < 0.5 

mM, the transplanted cells cannot 

survive (Shirazi-Adl, Taheri, & 

Urban, 2010). 

2. Restoring Endplate Permeability 

First: Regenerative strategies need to 

focus on restoring nutrient supply 

routes, for instance, by employing 

pharmacological agents (e.g., calcium 

channel blockers such as Nimodipine) 

or enzymatic clearing to clear out 

sclerotic endplate channels, prior to, 

or in conjunction with, cell 

delivery(Qiao et al., 2025). 

3. Pre-conditioning of transplanted 

cells: Cells for IVD repair should be 

pre-conditioned ex vivo in hypoxic 

(1–2% O2), low glucose (1.0 mM) and 

acidic (pH 6.7) conditions to 

upregulate survival genes (HIF-1α, 

AMPK, Gpx4) and autophagy 

pathways prior to intradiscal 

injection(Shirazi-Adl et al., 2010). 

4. Biomaterial Scaffold Design: 

Tissue-engineered constructs and 

hydrogels should be designed with 

high porosity and anisotropic micro-

channels to mimic the natural 

transport properties of the AF and 

CEP without the artificial diffusion 

barrier(Jackson et al., 2012). 

Current literature limitations and 

directions for future 

Despite the great progress in 

understanding the IVD transport biology, 

there are still a few limitations with current 

research: 

• In Vitro vs. In Vivo Complexity: 

Most mechanobiological studies are 

performed in vitro in standard cell 

culture media under non-

physiological glucose (25 mM), 

atmospheric oxygen (21%) and 

neutral pH (7.4) which do not mimic 

the harsh microenvironment of the 

degenerating disc (Shirazi-Adl et al., 

2010). 

• Species-Specific Differences: 

Animal models (mice, rats, rabbits, 

dogs) maintain notochordal NP cells 

into adulthood, but have reduced disc 

sizes and shorter diffusion distances 

than humans, limiting direct 

translational equivalency(Yurube et 

al., 2023). 

• Diagnostic Biomarker Deficits: 

Non-invasive clinical imaging tools 

(e.g. advanced quantitative MRI, 

T1rho, T2 mapping, diffusion 

weighted imaging) need to be further 

standardized to detect early CEP 

calcification and subclinical nutrient 

diffusion drop before irreversible 

structural collapse(Nishida et al., 

1999). 

 

Conclusion 

The intervertebral disc exists at the 

ultimate boundary of biological transport 

constraint. As the largest avascular organ in 

the human body, its structural survival is 

intrinsically bound to passive molecular 

diffusion across matrix gradients. 

Pathological calcification of the cartilage 

endplates, mechanical compaction under 

sustained compressive loading, and systemic 

microvascular compromise disrupt solute 
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diffusivity, starving resident cells of glucose 

and oxygen while trapping acidic metabolic 

byproducts. This microenvironment failure 

triggers a destructive molecular cascade that 

involves catabolic protease dominance, 

stress-induced cellular senescence, 

inflammatory amplification by SASP and 

multiple regulated cell death pathways. 

Future therapeutic breakthroughs in 

Degenerative Disc Disease will depend on 

strategies that restore matrix permeability and 

overcome nutrient diffusion limits, creating a 

viable biological niche for true tissue 

regeneration.
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