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Background: Degenerative disc disease (DDD) is a leading contributor to chronic low back pain and global
disability. Existing therapies, from conservative management to spinal fusion, do not reverse the underlying
molecular degeneration, leaving a critical treatment gap. Given its regenerative capabilities the advent of stem-
cell therapy may constitute an ideal solution to fulfill such a therapeutic gap.

Methods: This PRISMA-compliant systematic review evaluates stem cell-based strategies for intervertebral disc
regeneration by examining preclinical evidence, clinical translation, and future directions. Searches of PubMed,
Scopus, Web of Science, and related databases (from January 2000-May 2025) identified studies reporting on
pain (Visual Analogue Scale), function (Oswestry Disability Index), and structural outcomes (MRI).

Results: Preclinical models uniformly demonstrate meaningful regeneration, including restoration of disc height
and extracellular matrix. Clinical evidence, however, is limited: thirteen low to moderate-quality trials show
modest, albeit statistically significant, improvements in pain and disability, without compelling imaging proof of
biological repair. Short to mid-term safety appears acceptable.

Conclusions: The use of stem-cell therapy for treatment of degenerative disc disease is constrained by the
somewhat hostile and avascular microenvironment of the intervertebral disc. Existing trials exhibit significant
methodological weaknesses which substantially impair their application to the daily clinical practice. Future
progress will likely depend on incorporating biomaterial-assisted delivery systems, cell-free exosome approaches,
biological scaffolds and gene-editing technologies aimed at engineering the disc niche rather than simply focusing
on cell replacement.

Introduction
The pathophysiological cascade of degenerative disc disease

Intervertebral disc degeneration is a complex and progressive con-
dition influenced by many genetic, mechanical, and biological factors
[1,2]. It involves a cascade of cellular and molecular changes leading
to structural and functional failure of the disc [1,3]. The process begins
in the gelatinous nucleus pulposus (NP) with the critical loss of pro-
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teoglycans, particularly aggrecan [4,5]. Aggrecan, a large and highly
charged proteoglycan, attracts water into the disc, generating the os-
motic pressure required to resist axial load [6,7]. As aggrecan degrades
and fragments due to enzymatic activity, the disc dehydrates and loses
both turgor and height [4,6].

During the degenerative process the extracellular matrix (ECM) also
undergoes marked structural remodeling. The flexible Type II collagen
typical of a healthy nucleus pulposus (NP) is gradually replaced by
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stiffer and fibrous Type I collagen, reducing the disc’s shock-absorbing
capacity and blurring the boundary between the NP and the annulus
fibrosus (AF) [1,3,5]. This degradation occurs in an increasingly hos-
tile biochemical environment, characterized by elevated levels of pro-
inflammatory cytokines, such as interleukin-1 (IL-1) and tumor necrosis
factor-alpha (TNF-a), and catabolic enzymes, including matrix metallo-
proteinases (MMPs) and ADAMTS (a disintegrin and metalloproteinase
with thrombospondin motifs) [1,5,6]. These mediators accelerate ma-
trix breakdown, with TNF-« levels increasing up to 2- to 6-fold in some
cases [5].

This inflammatory environment, coupled with a limited nutrient sup-
ply in the largely avascular disc, contributes to widespread cell senes-
cence and apoptosis [3,8]. The resident disc cells, chondrocyte-like cells
in the NP and fibroblast-like cells in the AF, which are responsible for
maintaining matrix homeostasis, decline in number and function, ulti-
mately impairing matrix homeostasis [5]. In advanced stages, up to 50%
of the disc cells may become necrotic [5]. This decline in the cellular
population affects the disc intrinsic capacity for repair to delay the ongo-
ing degradation. This matrix loss has a profound impact upon the spinal
biomechanics, increasing mechanical stress, which in turn promotes fur-
ther cell death and inflammation, accelerating matrix breakdown in a
vicious cycle [1]. This results in the clinically relevant disc height loss,
annular fissures, bulging, and eventual herniation of nuclear material
into the spinal canal, causing nerve root compression and associated
inflammatory changes [4,6].

Ultimately disc degeneration is a dynamic disease process that ap-
pears to be exceptionally difficult to interrupt, highlighting why tradi-
tional treatments have proven insufficient.

Historical evolution of treatments

The historical evolution of treatment for degenerative disc dis-
ease (DDD) underscores a persistent therapeutic gap, which ultimately
prompted a turn towards modern regenerative medicine approaches.
From antiquity to the present, treatment paradigms have progressed
from rudimentary symptom management to advanced surgical inter-
ventions, yet they consistently fall short of addressing the underlying
biology of the pathological process. Early descriptions, including those
in the Edwin Smith Papyrus (circa 1550 BC) and the writings of Hip-
pocrates, emphasized palliative measures for low back pain such as
rest, traction, heat, and massage [9,10]. Contemporary conservative
management, still the first-line approach, involve non-steroidal anti-
inflammatory drugs (NSAIDs), analgesics, and structured physical ther-
apy [5,11,12]. While these strategies may be successful to provide symp-
tom relief, they do not modify the underlying degenerative trajectory of
the disease [5].

The 20th century marked a surgical paradigm shift in the manage-
ment of advanced DDD. Early laminectomies were performed for trau-
matic injuries as early as in the 19th century [9,13]. The modern era
of disc surgery began with the pioneering discectomies of Fedor Krause
in 1908 and, most notably, William Mixter and Joseph Barr in 1934
[5,14]. Their seminal publication in the New England Journal of Medicine
established a definitive link between herniated disc material and the
clinical syndrome of sciatica, identifying nerve root compression as a
surgically treatable entity [14,15]. This discovery ushered in the era of
discectomy, which later evolved into microdiscectomy. In cases of more
advanced degeneration accompanied by segmental instability, spinal fu-
sion (arthrodesis) became the standard. Initially developed in the early
20th century, in part as a treatment for spinal deformities secondary to
tuberculosis, fusion aims to stabilize the spine by eliminating motion at
the affected segment through vertebral arthrodesis [16,17].

While these procedures offer effective relief of pain and improve-
ment of neurological deficits, they are inherently non-restorative. Dis-
cectomy is ablative, removing disc fragments that cause neural compres-
sion, whereas fusion provides mechanical stability. Neither approach
addresses the loss of viable disc cells, degradation of the extracellular
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matrix, or sustained inflammatory signaling [5,18]. This inability to re-
verse or halt the degenerative cascade defines the “treatment gap” that
regenerative strategies, particularly stem cell-based therapies, seek to
overcome.

Through complementary mechanisms, intradiscal mesenchymal stro-
mal cell (MSC) therapy counteracts the two central hallmarks of
DDD, cellular depletion and a catabolic and pro-inflammatory micro-
environment. After injection, MSCs can survive the disc’s hypoxic mi-
lieu, adopt a nucleus-pulposus-like phenotype, and synthesize aggre-
can and type II collagen, thereby re-establishing osmotic pressure and
hydration. Furthermore, its robust paracrine signaling releases anti-
inflammatory cytokines (IL-10, TGF-g) and trophic factors (IGF-1, GDF-
5), which suppress MMP/ADAMTS activity, inhibit apoptosis, and stim-
ulate residual disc cells to resume extracellular-matrix production. Fi-
nally, recent studies suggests that MSC-derived extracellular vesicles fur-
ther modulate innate immunity and block nociceptive nerve ingrowth,
amplifying analgesic effects. Large-animal studies and early-phase clini-
cal trials consequently demonstrate partial recovery of disc height along-
side significant, sustained reductions in pain and disability [18]

Given the increasing interest in the use of regenerative medicine,
and the use of stem-cell therapy, the goal of this systematic review is
to identify the available pre-clinical and clinical evidence regarding the
use of stem-cell therapy for the treatment of DDD.

Methods
Rationale and objectives of the systematic review

The profound limitations of historical and current treatments for
DDD underscore the urgent need for novel therapeutic strategies that
can target the biological origins of the disease. Stem cell therapy has
emerged as a leading candidate with the potential to fill this treat-
ment gap. This systematic review was undertaken to critically evaluate
and synthesize the current preclinical and clinical evidence supporting
the use of stem cell therapy for intervertebral disc (IVD) regeneration.
The primary objectives were defined using the Population, Intervention,
Comparison, Outcomes, and Study Design (PICOS) framework:

» Population (P): The review included studies involving (1) human
subjects with symptomatic lumbar DDD and (2) preclinical animal
models with surgically or chemically induced DDD.

Intervention (I): The intervention of interest was intradiscal adminis-

tration of stem cells, including mesenchymal stem cells (MSCs) from

bone marrow, adipose tissue, or umbilical cord sources; induced
pluripotent stem cells (iPSCs); and related biologics such as stem
cell-derived exosomes.

Comparison (C): Comparator groups included placebo (eg, saline in-

jection), no treatment, or other standard-of-care or biologic therapies

(eg, hyaluronic acid).

Outcomes (0): The primary outcomes were:

O Clinical: Primary endpoints included pain reduction, most com-
monly assessed via the Visual Analogue Scale (VAS), and im-
provement in functional status, typically measured by the Os-
westry Disability Index (ODI). Safety outcomes were reported as
the incidence of adverse events.

O Radiographic/Biological: Structural outcomes included changes
in disc height index (DHI) and T2-weighted MRI signal inten-
sity. In animal models, additional endpoints included histological
evidence of extracellular matrix (ECM) restoration—specifically
proteoglycan and Type II collagen content—and preservation of
cellular morphology.

Study Design (S): Eligible study designs included preclinical con-

trolled animal studies and all human clinical trials, including ran-

domized controlled trials (RCTs) and non-randomized prospective
or retrospective studies.
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This systematic review was conducted and reported in accordance
with the preferred reporting items for systematic reviews and meta-
analyses (PRISMA) 2020 statement [19-21].

Eligibility criteria

Study selection was guided by the PICOS framework outlined above.
Inclusion criteria were as follows: (1) studies involving human subjects
with discogenic low back pain or animal models of DDD; (2) intradis-
cal administration of stem cell therapy as the primary intervention; (3)
presence of a comparator group (eg, placebo, no treatment, or alter-
native therapy); (4) reporting of at least 1 relevant outcome—clinical
(eg, Visual Analogue Scale [VAS], Oswestry Disability Index [ODI], or
safety) or biological (eg, MRI-based metrics, histological findings); and
(5) publication as a full-text article in English. The search was restricted
to studies published between January 1, 2000 and May 7, 2025.

Exclusion criteria were: (1) case reports, narrative reviews, letters
to the editor, and conference abstracts; (2) studies with incomplete or
inaccessible outcome data; and (3) studies involving patients with prior
spinal fusion at the target level.[20]

Information sources and search strategy

A comprehensive literature search was conducted across multiple
electronic databases to identify relevant preclinical and clinical studies.
Databases included PubMed, MEDLINE (via Ovid), Google Scholar, Web
of Science, Scopus, Embase, ScienceDirect, and the Cochrane Central
Register of Controlled Trials (CENTRAL). The search strategy integrated
Medical Subject Headings (MeSH) with relevant keywords to maximize
sensitivity. A representative PubMed search string was as follows:

(“Intervertebral Disc Degeneration”[Mesh] OR “Low Back Pain”[Mesh]
OR “discogenic pain”) AND (“Mesenchymal Stem Cell Transplanta-
tion”[Mesh] OR “Stem Cell Transplantation”[Mesh] OR “stem cells” OR
“regenerative medicine” OR “progenitor cells”) AND (“Animals”[Mesh] OR
“Clinical Trial”).

Additionally, the reference lists of all included studies and relevant
review articles were manually screened to capture any studies not iden-
tified through the database search.

Study selection

Study selection was performed in two phases by independent review-
ers. In the initial phase, titles and abstracts of all retrieved records were
screened to exclude studies that clearly did not meet inclusion criteria.
In the second phase, full-text articles of the remaining records were re-
viewed for final eligibility based on the predefined PICOS framework.
Discrepancies between reviewers at any stage were resolved by consen-
sus, with adjudication by a third senior reviewer when necessary.

Data extraction

A standardized data extraction form, developed in Microsoft Excel,
was used to systematically collect relevant information from each in-
cluded study. Two reviewers independently extracted the data, and any
discrepancies were resolved by consensus. The following data items
were extracted:

Study identifiers: First author and year of publication.

Study characteristics: Study design (eg, RCT, cohort study, animal
model) and country of origin.

Population: Sample size, species (for animal studies), diagnosis (eg,
chronic discogenic LBP, Pfirrmann grade), age and sex.
Intervention: Cell type (eg, autologous or allogeneic, bone marrow-
derived MSC, adipose-derived MSC), cell dose and delivery method
(eg, direct injection, hydrogel carrier).

Comparator: Details of the control group intervention (eg, saline,
hyaluronic acid, sham procedure).
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* Follow-up: Duration of the follow-up period.
» Outcomes: Baseline and follow-up data for VAS, ODI, MRI T2 signal,
DHI, histological scores, and reported adverse events.

Risk of bias assessment

The methodological quality and risk of bias for each included study
were independently evaluated by two reviewers. Randomized controlled
trials were assessed using the Cochrane Risk of Bias 2 (RoB 2) tool, while
nonrandomized clinical studies were evaluated with the Risk of Bias in
Nonrandomized Studies of Interventions (ROBINS-I) tool. For preclinical
animal studies, the SYRCLE’s Risk of Bias tool-specifically designed for
animal research—was employed. Disagreements were resolved through
discussion and consensus, with input from a third reviewer when nec-
essary. These assessments informed the appraisal of the overall strength
and reliability of the evidence.

Results
Study selection

The systematic search across 8 electronic databases identified 3,845
records. After removal of 1,210 duplicates, 2,635 unique records re-
mained for title and abstract screening. Of these, 2,540 were excluded
as irrelevant based on predefined inclusion criteria. The full texts of the
remaining 95 articles were reviewed in detail. Sixty-four studies were
excluded for the following reasons: 23 were review articles or case re-
ports, 18 lacked an appropriate comparator group, 15 had incomplete
outcome data, and 8 were not published in English. Ultimately, 31 stud-
ies met the inclusion criteria and were included in the systematic re-
view, comprising 18 preclinical animal studies and 13 human clinical
studies. Inter-rater agreement between the 2 reviewers was 82% during
title-and-abstract screening and rose to 99% at the full-text assessment
stage; any discrepancies were adjudicated by a third author who was not
involved in the initial screening. The study selection process is depicted
in the PRISMA 2020 flow diagram (Fig. 1).

Characteristics of included studies

The 13 included clinical studies, published between 2011 and 2025,
enrolled a total of 1,299 patients. Study designs comprised 5 random-
ized controlled trials and 8 prospective or retrospective cohort or pilot
studies. The most common diagnosis was chronic discogenic low back
pain unresponsive to at least 6 months of conservative management,
with intervertebral disc degeneration (typically classified as Pfirrmann
grade III-V). Interventions were heterogeneous, employing both autolo-
gous and allogeneic mesenchymal stem cells (MSCs) derived from bone
marrow (BM-MSCs), adipose tissue (ASCs), or umbilical cord tissue (UC-
MSCs). Administered cell doses ranged from 2x10° to 4x107 cells per
disc. Follow-up durations varied from 12 months to 6 years. Primary out-
comes across studies consistently included pain, measured by the VAS
and functional disability, measured by the ODI. Detailed characteristics
of the included clinical studies are summarized in Table 1.

The 18 included preclinical studies utilized various animal models,
most commonly rabbit (n=9), rat (n=6), and sheep (n=2). Degeneration
was typically induced via annulus fibrosus puncture or nucleus pulpo-
sus aspiration. Interventions predominantly involved BM-MSCs, often
delivered within a carrier such as atelocollagen or hyaluronic acid gel.
Outcomes focused on radiographic changes (DHI and MRI T2 signal)
and detailed histological analysis. A summary of key preclinical studies
is presented in Table 2.

Risk of bias assessment

The overall methodological quality of the included clinical studies
was low to moderate. Among the 5 RCTs, only 3 were assessed as having
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Fig. 1. PRISMA 2020 flow diagram for study selection.

a low risk of bias using the RoB 2 tool. Recurrent shortcomings included
inadequate randomization or allocation concealment procedures, ab-
sence of participant or personnel (performance bias), and incomplete
outcome reporting (attrition bias). All 8 nonrandomized studies were
graded as having a moderate to serious risk of bias using the ROBINS-I
tool, primarily due to uncontrolled confounders and selection bias.

Preclinical evidence was similarly limited. Using SYRCLE’s tool, only
4 of 18 animal studies (22%) documented random group assignment,
and none described blinding of investigators or outcome assessors, con-
ditions that heighten performance and detection bias and likely exag-
gerate treatment effects.

Collectively, these methodological weaknesses curtail the credibil-
ity of reported benefits and highlight the need for rigorously designed,
adequately powered trials to clarify the true therapeutic value of stem-
cell-based interventions forDDD.

Synthesis of efficacy and safety

Preclinical efficacy

The preclinical evidence provides a robust proof-of-concept for the
regenerative potential of MSCs in the setting of DDD. Across various an-
imal models—from small rodents to large mammals such as sheep—single
intradiscal injections of MSCs consistently slow, and in some cases par-
tially reverse the degenerative process [5,22]. Key outcomes reported

include restoration of disc height, improved (brighter) T2-weighted sig-
nal on MRI scans indicative of disc rehydration, and detailed histological
confirmation of enhanced ECM production, specifically of proteoglycans
and Type II collagen [23,24]. Two principal mechanisms have been pro-
posed: (1) differentiation of transplanted MSCs into chondrocyte-like
cells that secrete new matrix, and (2) paracrine modulation, whereby
MSCs release anabolic factors (eg, TGF-$) and anti-inflammatory cy-
tokines that stimulate remaining native disc cells and mitigate the de-
generative microenvironment [5,25,26].

Clinical translation

In stark contrast to the robust regenerative effects observed in pre-
clinical models, the clinical evidence for stem-cell therapy for treatment
of DDD in humans is significantly more modest. Efficacy in human trials
has primarily been assessed using patient-reported outcome measures
(PROMs) with pain (VAS) and functional disability (ODI) serving as the
principal endpoints. Several of the included trials demonstrates a statis-
tically significant improvement in VAS and OD], at 6, 12, and 24-month
follow-up compared to baseline or control groups [20,22,27-29]. Fur-
thermore, 1 meta-analysis reported a mean reduction of 41.62 on the
VAS in the MSC therapy group [22], while another group found a sig-
nificant improvement in ODI across 7 studies [30].

However, the clinical significance of these changes is often unclear,
and the results are not uniformly positive. The largest RCT to date, Beall
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Table 1

Characteristics of included clinical studies on stem cell therapy for IVD degeneration
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First author Study Patient population (n, Intervention (cell type, dose, delivery) Comparator Follow-up  Key outcomes (VAS, ODI)
design diagnosis)
Orozco et al. Pilot Study n=10; Chronic LBP, Autologous expanded BM-MSCs; Dose  None (single arm) 12 months  Significant improvement in VAS and
[31] lumbar DDD (intact AF) not specified; Intradiscal injection ODI (85% of max improvement at 3
mo).
Elabd et al. Case Series n=5; Chronic LBP, DDD Autologous hypoxic cultured None (single arm) 4-6 years No adverse events; self-reported
[36] BM-MSCs; 15.1-51.6 million cells; overall improvement in strength and
Intradiscal injection mobility.
Noriega et al. RCT n=24; Chronic LBP, Allogeneic BM-MSCs; 25x106 cells; Sham infiltration of =~ 12 months  Significant improvement in
[32] single-level DDD Intradiscal injection paravertebral muscle algofunctional indices vs. controls.
with anesthetic
Pettine et al. Prospective ~ n=26; Chronic LBP, DDD  Autologous bone marrow concentrate  None (single arm) 36 months  Significant improvement in VAS and
[33] Case Series (Pfirrmann IV-VII) (BMC); 2mL; Intradiscal injection ODI from baseline (82.1 to 21.9 and
56.7 to 17.5, respectively).
Kumar et al. Phase I Trial n=10; Chronic Autologous AT-MSCs + HA; Low dose  None 12 months  Significant improvement in VAS and
[37] discogenic LBP (>3 mo) (2x107) or High dose (4x107); (dose-escalation) ODI in both dose groups.
Intradiscal injection
Centeno et al.  Prospective ~ n=33; LBP and disc Autologous AT-MSCs. Dose not None (single arm) 72 months  Significant improvement in Numeric
[38] Registry degeneration with specified; Intradiscal injection Pain Score (NPS) and Functional
Study posterior disc bulge Rating Index (FRI)
Centeno et al. n=470; Lumbar radicular  Autologous platelet lysate; Dose not None (single arm) 24 months  Significant improvement in NPS and
[39] Retrospective pain specified; Epidural injection FRI
Case Series
Akeda et al. Prospective n=14; Chronic LBP more  PRP releasate, isolated from clotted None (single arm) 12months Pain scores before treatment (VAS,
[40] Case Series than 3 months, 1 or PRP, was injected into the center of 7.5+1.3; RDQ, 12.6+4.1) decreased
more DDD. At least 1 the nucleus pulposus. at 1 month, and was generally
symptomatic disc, sustained (6 months after treatment:
confirmed by VAS, 3.2+2.4, RDQ; 3.6+4.5 and 12
discography months: VAS, 2.9+2.8; RDQ, 2.8+3.9;
p<.01, respectively)
Pettine et al. Prospective ~ n=26; Discogenic LBP Autologous BMC into the center of None (single arm) 24 months  92% avoided surgery through 12
[33] Case Series the nucleus pulposus. months, 21 (81%) avoided surgery
through 2 years. Of the 21 patients,
average ODI and VAS scores were
reduced to 19.9 and 27.0 at 3 months
and to 18.3 and 22.9 at 24 months,
respectively (p<.001). Twenty
patients had follow-up MRI at 12
months, of whom 8 had improved by
at least 1 Pfirrmann grade, while
none of the discs worsened.
Amirdelfan K RCT, n=100; cronic LBP, 3:3:2:2 ratio to receive 6 million Saline or HA carrier =~ 36 months  Significant improvement in VAS and
et al. [41] multicenter, moderate DDD at 1 level MPCs with HA, 18 million MPCs with ODI scores.
13 clinical from L1 to S1. HA, HA vehicle control, or saline
sites control (placebo) treatment.
Beall DP etal. RCT, n=404; cronic LBP, Allogeneic MPCs + HA; 6x106 or Saline or HA carrier =~ 36 months =~ MPC+HA treatment showed a
[34] multicenter, moderate DDD at 1 level  18%106; Intradiscal injection significant reduction in CLBP and
49 clinical from L1 to S1. greater improvement in quality of life
sites (QOL)
Pers YMetal. RCT n=114; Chronic LBP, Allogeneic BM-MSCs; 20 million cells; Sham injection 12 months  Did not meet primary endpoint for
[42] single-level DDD Intradiscal injection VAS/ODI improvement. Procedure
was safe.
Kim KD etal.  Single-arm n=352; posterolateral Single-dose injection of SI-6603 Sham injection 13 months  Significantly improving radicular leg
[43] Study LDH and unilateral (condoliase) vs sham pain at Week 13 and was generally

radiculopathy/radicular
leg pain for greater than
6 weeks.

well tolerated in patients with LDH.

LBP, low back pain; DDD, degenerative disc disease; AF, annulus fibrosus; BM-MSC, bone marrow-derived mesenchymal stem cell; AT-MSC, adipose tissue-derived
mesenchymal stem cell; hUCMSC, human umbilical cord MSC; HA, hyaluronic acid; BMC, bone marrow concentrate; MPC, mesenchymal precursor cell; VAS, visual

analogue scale; ODI, oswestry disability index; RCT, randomized controlled trial.

et al. [34] with 404 patients, failed to meet its primary composite end-
point for overall treatment success, although it did show a significant
reduction in LBP in a prespecified subgroup of patients with a shorter
duration of symptoms. This underscores a key challenge in the field:
although there is evidence of therapeutic benefit, effects are often mod-
erate and may be confined to select patient populations.

Most critically, there is a profound lack of evidence for true biolog-
ical regeneration in human intervertebral discs. Unlike the consistent
radiographic and histologic improvements observed in animal studies,
most clinical trials have failed to demonstrate significant or sustained
increases in disc height or hydration on MRI [31]. While some studies
report improvements in Pfirrmann grade in a subset of patients, these

findings are inconsistent and fall short of the structural restoration seen
in preclinical models [32,33].

Safety

Available clinical data suggest a favorable short to medium-term
safety profile for stem cell-based therapies in DDD. Across the 13 in-
cluded clinical trials, there were no reports of tumor formation or
other serious adverse events directly attributed to the cell therapy itself
[31,33,34]. The most commonly reported adverse events were transient,
mild-to-moderate back pain and musculoskeletal pain at the injection
site, which typically resolved with conservative management [34].
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Table 2

Summary of key preclinical animal studies on stem cell therapy for IVD regeneration
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First author year or
model

Animal model

Degeneration induction method

Intervention (cell
type, delivery)

Key findings (histology, MRI, biomechanics)

Sakai et al. [44] Rabbit NP aspiration Autologous Histology: MSCs differentiated into chondrocyte-like cells
BM-MSCs in expressing COL2, KS.
atelocollagen gel
Crevensten et al. Rat (coccygeal) Normal disc (no induction) Allogeneic BM-MSCs Histology: Allogeneic MSCs survived for at least 4 weeks in
[45] in hyaluronan gel the NP.
Zhang et al. [46] Rabbit Not specified BM-MSCs Histology: Increased proteoglycan content in treated discs.
Chun et al. [47] Rabbit Induced degeneration MSC therapy Finding: Therapy may be more effective in later stages of
degeneration.
Sakai et al. [23] Rabbit NP aspiration Autologous MRI: Partial restoration of disc height and hydration (T2
BM-MSCs in signal).
atelocollagen gel
Nishimura & Rat Not specified Autologous NP cells MRI: Slowed disc degeneration, preserved disc height and
Mochida [48] hydration.
Hiyama et al. [49] Canine Disc degeneration model MSCs Finding: Demonstrated potential for MSCs in a larger animal

Henriksson et al.
[50]

Pig (xenogeneic)

Not specified

Human BM-MSCs

model.
Histology: Transplanted human MSCs survived in the porcine
1VD.

Fan et al. [51] Mouse Disc degeneration model AAV-CRISPR/Cas9 Histology: p-catenin depletion preserved IVD structure and

targeting Ctnnb1 reduced MMP13/ADAMTSS.

Zhang et al. [52] Rat Tail puncture ZNF865- MRI/DHI: Increased disc height and proteoglycan content.

overexpressing
hASCs

Zheng et al. [53] Rat Disc degeneration model CRISPR-Cas9 Outcome: Pain relief observed.

targeting Ntnl

Wei et al. [54] Mouse Genetic knockout Chsy3 knockout Histology: Accelerated degeneration, highlighting Chsy3 as a
potential target.

Stover et al. [55] Rat Degenerated IVD conditioned dCas9-KRAB Outcome: Eliminated nociceptive neuronal activity.

media targeting AKAP150
Cambria et al. [56] Rat Stretching stimuli CRISPR-Cas9 KO of Outcome: Reversed upregulation of inflammatory cytokines
TRPV4 IL-6 and IL-8.
Yim et al. [22] Rabbit Puncture, aspiration BM-MSCs, AT-MSCs MRI/DHI: Consistent evidence of increased disc space height.
Shu et al. [27] Sheep Annular lesion model of disc MSCs. Histology: MSCs induced a strong recovery in discal pathology
degeneration Three study groups with a reduction in cumulative histopathology degeneracy over
Toluidine blue and H&E staining were examined: a 3 months recovery period but no recovery in carrier injected
were used to evaluate cellular 5x5mm lesion; discs.
morphology: (i) disc 6x20mm lesion; and
structure/lesion morphology; (ii) 6x20mm lesion plus
proteoglycan depletion; (iii) mesenchymal stem
cellular morphology; (iv) blood cell (MSC)
vessel in-growth; (v) cell influx treatment.
into lesion; and (vi) cystic
degeneration/chondroid
metaplasia.

Miyamoto et al. [57] Rabbit Puncture, aspiration Synovial MSCs Finding: synthesis of the remaining nucleus pulposus cells to
type II collagen and inhibition of expressions of degradative
enzymes and inflammatory cytokines, maintaining the
structure of the intervertebral disc.

Ishiguro et al. [58] Rat ADSC-TEC implantation into arat ~ ADSC-TEC Finding: ADSC-TEC implantation into IVDs preserved the disc

total-nucleotomized disc space

height, endplate, and annulus fibrosus structure, and showed
similar biomechanical characteristics to the sham group at
postoperative 6 weeks. The structure was maintained until 6
months.

NP, nucleus pulposus; BM-MSC, bone marrow-derived mesenchymal stem cell; AT-MSC, adipose tissue-derived mesenchymal stem cell; COL2, type II collagen; KS,
keratin sulfate; DHI, disc height index; AAV, adeno-associated virus.

A rare but serious complication is postprocedural discitis (infection
of the disc), which was reported in isolated cases and has an incidence
comparable to other intradiscal procedures like discography. Although
the risk of an immune reaction to allogeneic cells remains a theoret-
ical concern, no clinically significant immune reactions have been re-
ported in trials utilizing allogeneic MSCs - likely due to the inherent
immunomodulatory properties of MSCs and the relative immune privi-
lege of the intervertebral disc [23,35].

vertebral disc regeneration. The principal finding is a marked disconnect
between the consistent regenerative effects in preclinical animal studies
and the modest, and often inconclusive, results observed in human tri-
als. Animal models have reliably demonstrated that mesenchymal stem
cells (MSCs) can survive within the disc space, differentiate into matrix-
producing cells, and exert paracrine effects that promote structural and
functional restoration [5,22,24]. These findings have established a ro-
bust biological proof-of-concept and generated substantial momentum
for clinical translation.

However, human clinical data present a more tempered reality.
While the therapy appears to be safe in the short-to-medium term, is
well tolerated, and provides statistically significant reductions in pain
and disability for some patients, these improvements are often modest
and of uncertain clinical significance [28,30]. More critically, the radio-
graphic hallmark of regeneration seen in animals—such as restoration

Discussion
Therapeutic potential and translational barriers in stem cell therapy

This systematic review highlights both the considerable potential
and the significant translational hurdles of stem cell therapy for inter-
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of disc height and hydration—has not been consistently replicated in hu-
mans [31]. This translational gap underscores the complexity of human
DDD and the limitations of current preclinical models in fully capturing
its pathophysiology. The present state of the field is therefore one of
cautious optimism: stem cell therapy shows some promise as a safe and
potentially beneficial intervention for select patients with DDD, but it
has yet to deliver on its goal of true disease modification for the broader
population with DDD.

Translational research: limitations of preclinical models in human disc
repair

The disconnect between preclinical efficacy and outcomes in clinical
studies can be attributed to several fundamental challenges that differ-
entiate the human DDD from experimental animal models. The single
greatest obstacle is the profoundly hostile microenvironment of the de-
generated human intervertebral disc—avascular, hypoxic, acidic, hyper-
osmotic, and continuously subjected to mechanical loading [5,24]. The
environment is unfavorable for the transplanted cells leading to poor
survival, limited engraftment, and regenerative function. A substantial
portion of the transplanted cells likely undergo apoptosis shortly after
injection, restricting their therapeutic window and potential for both
direct matrix production and sustained paracrine signaling [59,60].

Another key reason for this translational gap is the species-scale mis-
match between commonly used animal models and humans [59,60].
Preclinical studies are often conducted in small animals-such as rats or
rabbits—whose discs are structurally and biologically distinct from those
of adult humans [59]. These animals possess small discs with shorter
nutrient diffusion distances, making the nutritional challenge far less
severe. Furthermore, many of these species retain regenerative noto-
chordal cells into adulthood, a cell type that disappears from human
discs shortly after birth [59]. Additionally cellular metabolism, matrix
synthesis rates, and mechanical loading environment are also funda-
mentally different. Consequently, these animal models, while valuable
for initial proof-of-concept, poorly replicate the chronic, avascular, and
biomechanically complex nature of the human intervertebral disc de-
generation. Large animal models, such as sheep or goats, offer a more
representative platform and are essential as an intermediate step before
clinical translation [59].

Other translational barriers include technical issues related to the
injection process (especially cell leakage) and patient selection. Degen-
erated discs are often structurally compromised with fissures and tears.
This can allow injected cells to leak from the disc space into the sur-
rounding epidural area, which has been linked to adverse effects such
as osteophyte formation and secondary neural impingement [5]. Addi-
tionally, accurate patient selection remains a major limitation. It is well-
established that the correlation between radiographic evidence of disc
degeneration and the clinical symptom of low back pain is, at best, in-
consistent [5]. Many individuals with severe radiographic degeneration
are asymptomatic, while others with mild changes experience debilitat-
ing pain [5]. This makes it exceedingly difficult to identify which pa-
tients have pain that is truly "discogenic" and are therefore most likely
to benefit from a biologically targeted therapy for DDD. Most clinical
trials include patients with chronic low back pain and Pfirrmann grades
III-V, but without precise phenotyping, the therapeutic signal may be
obscured by other common non-discogenic sources of pain such as facet
arthropathy or myofascial dysfunction.

Limitations

Several limitations related to the present literature on stem-cell ther-
apy for DDD warrant consideration. First, despite an exhaustive search
strategy, publication bias cannot be excluded; studies reporting positive
results are more likely to appear in the literature than those with null
or negative findings. Second, substantial heterogeneity in study popu-
lations, stem-cell sources, dosing regimens, and outcome measures pre-
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cluded a formal meta-analysis for most endpoints, so that we focused
primarily on providing a qualitative synthesis. Third, restricting inclu-
sion to English-language publications may have omitted pertinent stud-
ies published in other languages. Finally, risk-of-bias appraisal revealed
significant methodological shortcomings in the majority of included
studies, thereby tempering the confidence and generalizability of our
conclusions.

Conclusions

Stem cell therapy for intervertebral disc regeneration represents a
paradigm shift away from palliative and surgical interventions toward
a biological restorative approach. This systematic review demonstrates
that while the field is built on a strong foundation of preclinical evidence
showing clear regenerative potential, its translation to the clinical prac-
tice is in its infancy. The current evidence from clinical studies, derived
from a small number of methodologically flawed trials, suggests that
intradiscal stem cell injection is safe in the short-to-medium term and
can provide modest improvements in pain and function, but it has not
yet proven to be a truly disease-modifying therapy capable of robustly
regenerating the degenerated human disc.

The significant disconnect between preclinical promising results and
the questionable outcomes of clinical studies highlights the formidable
challenge posed by the hostile microenvironment of the degenerated
human IVD and the inherent limitations of existing animal models. The
future of the field will depend on overcoming these barriers. The trajec-
tory of research is clearly moving toward greater biological and engi-
neering sophistication, focusing on strategies that can engineer a more
supportive niche for cell regeneration within the intervertebral disc.

The ultimate success of IVD regeneration will likely rely not on a
single magic bullet, but on integrated combination of therapies. One
can envision a future where patient-derived iPSCs are genetically engi-
neered with CRISPR to enhance their anabolic output and resistance to
inflammation, and then delivered into the disc space within a custom-
designed, mechanically supportive hydrogel scaffold that is also loaded
with nutrient-releasing microspheres and anti-inflammatory exosomes.
While this vision remains distant, it represents the logical culmination
of the research trends outlined in this review.

Realizing this future will require more robust evidence from well-
designed, multicenter, randomized controlled trials with long-term
follow-up and rigorous methodology. Only then can the therapeutic
promise of regenerative medicine be fully validated as a viable solu-
tion to the treatment gap in patients with chronic low back pain and
DDD.
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