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Bone marrow-derived
mesenchymal stem cells
combined with intramuscular
Injection promote the healing of
diabetic foot ulcers: a systematic
review and meta-analysis

Xuliu Zhang, Guobin Liu*, Yang You, Huimin Lu, Weijing Fan
and Weiran Li

Department of Vascular Surgery, Shuguang Hospital Af liated to Shanghai University of Traditional
Chinese Medicine, Shanghai, China

Background: Diabetic foot ulcers (DFUs) represent a debilitating complication of
diabetes characterized by high rates of morbidity and mortality, yet conventional
management often yields limited ef cacy. Although cell-based therapies offer a
promising therapeutic avenue, their clinical ef cacy and optimal target
populations remain to be de nitively established.

Methods: We searched databases including PubMed, Embase, the Cochrane
Library, Web of Science, and the China National Knowledge Infrastructure from
inception to November 2025 for randomized controlled trials (RCTs). Study
quality was assessed using the Revised Cochrane risk-of-bias tool for
randomized trials. Meta-analysis, subgroup analysis, and heterogeneity analysis
were performed using R software (version 4.3.3). Sensitivity analysis was
conducted via the leave-one-out method.

Results: Thirty-two RCTs involving 2059 patients were included, assessing nine
core outcomes including ulcer healing rate and amputation rate. Pooled analysis
demonstrated that cell therapy signi cantly improved the ulcer healing rate (OR =
4.64, 95% CI: 3.11 to 6.90), reduced the amputation rate (OR = 0.29, 95% CI: 0.18
to 0.49), enhanced limb perfusion (ABI MD = 0.14, 95% CI: 0.05 to 0.22; TcPO,
MD = 11.58, 95% CI: 5.36 to 17.80), alleviated pain (resting pain score MD = -1.04,
95% CI: -1.49 to -0.59), reduced ulcer area (MD = -2.15, 95% CI: -3.74 to -0.56),
and shortened healing time (MD = -16.83 days, 95% ClI: -27.93 to -5.74). Subgroup
analyses revealed: 1) Cell Type: Autologous bone marrow-derived mesenchymal
stem cells (BMMSCs) yielded the most favorable outcomes (ulcer healing OR =
8.33, P < 0.01). 2) Administration Protocol: A medium-to-high dose range
combined with intramuscular injection was identi ed as optimal. Speci cally,
high and very-high doses demonstrated the strongest ef cacy in critical limb
salvage outcomes (amputation and healing rates), while the medium-dose
regimen exhibited the most robust statistical consistency across all secondary
metrics (e.g., ulcer area reduction). 3) Target Population: Patients with shorter
diabetes duration (<10 years), larger ulcer area ( 10 cm ), or prolonged non-
healing ulcers (>200 days) derived more signi cant bene t.

Conclusion: Cell therapy shows signi cant potential as an adjuvant treatment for
DFUs. Current evidence suggests that a protocol utilizing autologous BMMSCs
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within a medium-to-high dose range (targeting 1 107 to 1.2 10° cells) via
intramuscular injection may optimize therapeutic ef cacy while ensuring clinical
feasibility. Exploratory ndings indicate that this strategy might be particularly
suitable for patients with large, refractory DFUs and short diabetes duration,
though these observations require further validation in large-scale trials.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/,
identi er CRD420251247289.

KEYWORDS

amputation, diabetic foot, diabetic foot ulcer, mesenchymal stem cell, meta-analysis,
neovascularization, stem cell transplantation, wound healing

1 Background

Diabetic foot (DF), one of the most severe chronic complications of
diabetes mellitus, arises from a pathological triad of diabetes-associated
peripheral neuropathy, peripheral arterial disease, and localized
infection. This culminates in foot ulceration (DFU), tissue ischemia,
necrosis, and ultimately, limb amputation (1). Globally, the prevalence
of foot ulcers among diabetic patients ranges from 19% to 34%, with
15%-24% of these patients facing the risk of lower extremity
amputation (2). Compared to non-diabetic individuals, the risk of
lower limb amputation is 30—40 times higher in patients with diabetes.
Post-amputation, the one-year mortality rate can reach 20%-50%,
imposing a substantial burden on patients, families, and healthcare
systems (3). Current conventional management of DF relies on a
multidisciplinary framework, encompassing glycemic and lipid control,
anti-infective therapy, wound debridement, of oading, and
revascularization procedures. Notably, recent advances in orthopedic
surgical management, such as minimally invasive metatarsal
osteotomies, have demonstrated signi cant ef cacy in correcting
biomechanical deformities and promoting the healing of plantar pre-
ulcerative and ulcerative lesions (4). However, despite these
comprehensive vascular and orthopedic limb-salvage strategies, the
clinical ef cacy remains limited for a subset of patients (5). For patients
with severe lower extremity arterial occlusive disease who are ineligible
for or refractory to surgical revascularization and standard care,
amputation often becomes the nal therapeutic option (6). Studies
indicate that approximately 20%-30% of DF patients, due to diffuse
vascular disease, distal occlusion, or multi-organ comorbidities, fail to
bene t from conventional therapies, highlighting an urgent need for
novel interventions (7, 8).

Cell-based therapy, a cornerstone of regenerative medicine, offers a
novel paradigm for DF treatment. Despite their diverse origins, these
cell-based therapeutic strategies consistently promote the extracellular
secretion of bioactive factors. The core mechanism involves the
transplantation of stem/progenitor cells with angiogenic potential
(e.g., mesenchymal stem cells [MSCs], peripheral blood mononuclear
cells). These cells promote local angiogenesis, secrete pro-healing factors
such as vascular endothelial growth factor (VEGF) and basic broblast
growth factor (bFGF), ameliorate the ischemic microenvironment, and
accelerate granulation tissue formation and re-epithelialization within
the ulcer bed (9, 10). In recent years, numerous clinical studies have
substantiated the potential of cell therapy in improving limb ischemia
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(as evidenced by increases in the ankle-brachial index [ABI] and
transcutaneous oxygen pressure [TcPO,]), enhancing DFU healing
rates, and reducing amputation risk (11-13).

Nevertheless, signi cant heterogeneity exists among current
clinical trials regarding critical parameters such as cell type, delivery
method, and treatment regimen. Many studies are also limited by small
sample sizes, leading to inconsistent conclusions regarding the ef cacy
and prognostic impact of cell therapy for DF (14). For instance, there is
a lack of standardized criteria to evaluate the angiogenic capacity and
ulcer-healing ef cacy of different cell types. Therefore, there is a
pressing need for a systematic review and meta-analysis to synthesize
data from existing randomized controlled trials. This approach is
essential to comprehensively evaluate the integrated ef cacy of cell
therapy on DFU healing, amputation risk, and improvement of limb
ischemia, thereby providing high-quality evidence for clinical decision-
making. While previous systematic reviews, notably by Sun et al. (15)
and Guo et al. (16), have substantiated the general ef cacy of cell
therapy, they often lack granular guidance on the optimal treatment
regimen due to the aggregation of heterogeneous cell types and delivery
methods. Building upon these foundational studies, the present meta-
analysis incorporates 32 high-quality RCTs to further re ne the
understanding of “dose-effect” and “route-effect” relationships.
Complementing earlier broad-spectrum reviews, we aimed to
systematically evaluate the ef cacy of autologous bone marrow-
derived mesenchymal stem cells (BMMSCs) combined with
intramuscular injection and explore the optimal cell dosage.
Furthermore, this review provides a comprehensive strati cation of
patient populations, assessing how baseline characteristics—such as
diabetes duration (<10 years), ulcer size ( 10 cm ), and chronicity
(>200 days)—in uence therapeutic outcomes, thereby offering more
personalized evidence for clinical practice. Consequently, this meta-
analysis was conducted to elucidate the clinical value and application
prospects of cell therapy in the management of diabetic foot.

2 Methods

2.1 Study design and registration

This study is a systematic review and meta-analysis of
randomized controlled trials (RCTs), designed and reported in
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strict accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA 2020) statement (17). The
study protocol was registered on the PROSPERO international
prospective register of systematic reviews on December 5, 2025
(Registration No.: CRD420251247289), ensuring transparency and
methodological reproducibility.

2.2 Literature search strategy

A systematic search was conducted across multiple databases,
including PubMed, Embase, the Cochrane Library, Web of Science,
and the China National Knowledge Infrastructure (CNKI). The
search covered the period from the inception of each database to
November 15, 2025. Language restrictions were applied to include
studies published in English and Chinese. The search employed a
combination of Medical Subject Headings (MeSH) terms and free-
text words. Core English search terms included “diabetic foot,” “cell
therapy,” “stem cell,” and “bone marrow,” while core Chinese
search terms included “diabetic foot,” “cell therapy,” “stem cells,”
and “bone marrow mononuclear cells.” The detailed search strategy
is provided in Supplementary Table 1.

”ow

2.3 Inclusion and exclusion criteria

The research objective and eligibility criteria were structured
based on the PICOS framework: Population (patients with DFU),
Intervention (cell-based therapies), Comparator (standard of care
or placebo), Outcomes (ulcer healing, amputation, etc.), and Study
design (parallel-group RCTSs).

Speci ¢ inclusion criteria were as follows: (1) Study design:
RCTs with a parallel-group design, regardless of blinding status. (2)
Population: Patients aged 18 years or older with a clinical diagnosis
of diabetic foot ulcer (DFU) secondary to type 1 or type 2 diabetes
mellitus, with no restrictions based on race or gender. (3)
Intervention: The experimental group received any form of cell-
based therapy, including but not limited to autologous or allogeneic
bone marrow mononuclear cells (BMMNCs), BMMSCs, peripheral
blood progenitor cells, or adipose-derived stem cells, administered
via local injection, topical application, or intravascular infusion. (4)
Comparator; The control group received either placebo (e.g.,
saline), conventional standard care (e.g., debridement, dressings,
of oading), or other non-cellular therapies. (5) Outcomes: Studies
must have reported at least one of the following primary or
secondary outcomes. Primary outcomes: (1) complete ulcer
healing rate; (2) amputation rate; (3) improvement in ABI or
TcPO,. Secondary outcomes: (1) ulcer healing time; (2) resting
pain score; (3) pain-free walking distance; (4) post-treatment
ulcer area.

Exclusion criteria were: (1) Crossover trials were excluded due
to the nature of the endpoint (ulcer healing) and potential carryover
effects of cell therapy. (2) Non randomized study designs, such as
case reports, case series, observational studies, animal experiments,
or in vitro studies. (3) Studies involving patients with non-diabetic
ulcers, non-foot ulcers, or those complicated by active malignancy
or severe systemic infection. (4) Interventions involving non-
cellular biological therapies, such as growth factor treatment,
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platelet-rich plasma, or tissue-engineered skin. (5) Full texts that
were unavailable or contained incomplete/unclear data, even after
contacting the authors.

2.4 Data extraction and management

Two investigators independently extracted information using a
pre-designed, standardized data collection form. The extracted
content encompassed basic study characteristics (author,
publication year, trial design), patient baseline data (sample size,
age, diabetes duration, DFU grade), intervention details (cell type,
dose, route of administration, and frequency), outcome data (event
counts for dichotomous outcomes; means and standard deviations
for continuous outcomes), and information on loss to follow-up.
Any discrepancies between the two investigators were resolved
through joint re-examination of the original articles or
consultation with a third researcher. For studies with incomplete
outcome data, attempts were made to contact the original authors to
obtain the raw data to ensure the accuracy of the analysis. To avoid
unit-of-analysis errors and potential carry-over effects inherent in
crossover designs, we exclusively extracted and analyzed data from
the rst intervention period, treating these trials as parallel-
group studies.

2.5 Risk of bias assessment

The Cochrane Collaboration’s Revised Cochrane risk-of-bias
tool for randomized trials (RoB 2.0) was used to independently
assess the risk of bias in the included RCTs. The core domains
evaluated included the randomization process, allocation
concealment, blinding of participants and personnel, blinding of
outcome assessment, completeness of outcome data, selective
reporting, and other potential biases (e.g., baseline imbalance,
con ict of interest). The overall risk of bias for each study was
categorized as low, unclear, or high. Disagreements in quality
assessment were resolved in the same manner as during
data extraction.

2.6 Outcome measures and
standardization

To minimize heterogeneity due to inconsistent outcome
de nitions, all primary endpoint data were standardized during
extraction. Ulcer area was recorded in cm , with analysis focusing
on the change from baseline to follow-up endpoint, provided no
statistically signi cant difference in baseline area existed between
groups. Follow-up duration was uniformly converted to months
and time to ulcer healing was extracted in days. Outcome
de nitions were applied as follows: ulcer healing rate was de ned
as the proportion of patients achieving complete wound
epithelialization during follow-up, excluding studies reporting
only signi cant or partial healing; amputation rate as the
proportion undergoing any major (above-/below-knee) or minor
(metatarsal/toe) amputation; limb perfusion parameters (ABI and
TcPO, in mmHg) were extracted as continuous variables,
preferentially using the change from baseline or, if unavailable,
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the absolute post-treatment value; resting pain assessed by VAS was
converted to a uni ed 0-10 scale; neovascularization was extracted
both as a rate (proportion of patients with new vessel formation)
and as a quantitative score (including metrics such as blood ow
velocity in mm/s and vessel diameter), with qualitatively reported
studies excluded from quantitative synthesis.

2.7 Rationale for subgroup strati cation

For the subgroup analyses, patients were strati ed based on
clinical characteristics and treatment protocols. The duration of
diabetes was dichotomized at a cutoff of 10 years. This threshold
approximates the median disease duration reported in the included
studies and is clinically recognized as a critical juncture associated
with a signi cant increase in microvascular complications and the
progression to a more chronic disease state. Ulcer area was
categorized using a cutoff of 10 cm to differentiate between
medium and large ulcers. This value aligns with the median
baseline ulcer size reported in most studies, which helps achieve a
more balanced distribution of ulcer severity across the compared
subgroups. To rigorously evaluate the dose-response relationship,
the total cell number administered per patient was classi ed into
four tiers based on the natural distribution of dosages and the
clustering of therapeutic approaches in the included literature: a
Low-dose group (0.5 10° to 8 10° cells), a Medium-dose group
(1 10" t08.6 10’ cells), a High-dose group (3 10%to 1.2 10° cells),
and an Ultra-high-dose group ( 2 10° cells). Studies that reported
only cell concentration without total volume, or where the dose was
not quanti able, were analyzed separately as a “Dose-
unspeci ed” group.

2.7 Statistical analysis

All statistical analyses were performed using R software (version
4.3.3) with the meta package. For dichotomous outcomes (e.g., ulcer
healing rate, amputation rate), pooled odds ratios (ORs) with 95%
con dence intervals (Cls) were calculated using the Mantel-
Haenszel method. For continuous outcomes (e.g., changes in ABI,
TcPO,, ulcer healing time), mean differences (MDs) or
standardized mean differences (SMDs) with 95% ClIs were
estimated using the Inverse Variance method. Heterogeneity
among studies was assessed using the Cochran Q test and
quanti ed with the | statistic. Given the anticipated clinical
heterogeneity regarding cell types and treatment protocols, a
random-effects model was primarily employed to provide
conservative estimates. A xed-effects model was used only when
heterogeneity was negligible (I < 50% and P>0.10). Subgroup
analyses were conducted to explore potential sources of
heterogeneity and were evaluated using the test for subgroup
differences (interaction Q-test). Sensitivity analyses were
performed using the leave-one-out method to assess the
robustness of the results. Potential publication bias was evaluated
visually using funnel plots and quantitatively using Egger’s linear
regression test, provided that at least 10 studies were included in
the analysis.
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3 Results
3.1 Literature screening process and results

Following the PRISMA 2020 ow diagram (Figure 1), a total of
7,400 records were initially identi ed through systematic searches
across the ve databases: PubMed, Embase, Cochrane Library, Web
of Science, and CNKI. After removing 1,742 duplicates, 5,658
records remained for title and abstract screening. During this
initial screening, 4,271 records were excluded for the following
reasons: irrelevant to the research objective (n = 2,393), outcomes
not matching (n = 1,026), incomplete data (n = 567),
pharmacological or animal studies (n = 118), and other reasons
for ineligibility (n = 167). Full-text retrieval and detailed assessment
were performed for the remaining 1,076 articles. Based on the pre-
de ned criteria, further exclusions were made: 227 studies due to
mismatched study population, 346 due to non-conforming clinical
evaluation metrics, and 471 due to insuf cient key data for
quantitative analysis. Ultimately, 32 RCTs (18—49) met all
inclusion criteria and were selected for analysis. The basic
characteristics of the included studies are presented in Table 1
(additional treatment details are provided in Supplementary
Tables 2, 3).

3.2 Risk of bias assessment

The risk of bias assessment for the included studies
demonstrated methodological heterogeneity. Regarding random
sequence generation, 28 studies were judged as low risk, while 4
were rated high risk due to unclear methodological descriptions.
The implementation of allocation concealment was generally poor,
with only 3 studies rated low risk; the remaining 29 were of unclear
risk. Blinding was the weakest domain. Only 3 studies were
adequately blinded, while 15 were rated as high risk due to the
lack of blinding or partial blinding, which may introduce detection
bias in subjective outcome assessments. The vast majority of studies
demonstrated low risk concerning the completeness of outcome
data and selective reporting (see Figure 2; Supplementary Figure 1).
Overall, the included studies presented a moderate risk of bias.
While selection and attrition biases were generally well-controlled,
substantial concerns remain regarding performance and detection
biases due to the prevalence of unblinded designs and unclear
allocation concealment.

3.3 Meta-analysis of ulcer healing rate
3.3.1 Overall ef cacy analysis

A total of 1,624 patients reported ulcer healing outcomes. Pooled
results using a random-effects model showed a signi cantly higher
ulcer healing rate in the cell therapy group compared to the control
group, with a pooled odds ratio (OR) of 4.64 (95% CI: 3.11 t0 6.90; P <
0.001) (Supplementary Figure 2). Heterogeneity testing indicated
moderate statistical heterogeneity (I = 53%), con rming the
appropriateness of the chosen statistical model.
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FIGURE 1
Literature screening ow diagram.

3.3.2 Subgroup analysis

To explore sources of heterogeneity and factors in uencing
ef cacy, pre-speci ed subgroup analyses were conducted, with
results as follows:

3.3.2.1 Geographic subgroup analysis

Studies were strati ed by region into four subgroups: Asia,
Europe, Africa, and North America. The test for subgroup
differences indicated signi cant variation (c = 17.12, df = 3, P <
0.01). The pooled OR for the Asian subgroup was 5.20 (95% ClI: 3.17
to 8.53); for the European subgroup, 6.51 (95% CI: 2.75 to 15.41).
The result for North America was 1.30 (95% CI: 0.72 to 2.34). These
results indicated that the ulcer healing effect of cell therapy was
more pronounced in Asian and European regions, while no
statistically signi cant difference was observed in the North
American subgroup (Figure 3).
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3.3.2.2 Subgroup analysis by cell type

Studies were strati ed into six subgroups based on cell type:
autologous peripheral blood mononuclear cells (PBMNCs),
adipose-derived stem cells (ASCs), BMMSCs, BMMNCs,
umbilical cord/placental mesenchymal stem cells (UC-MSCs/PL-
MSCs), and autologous bone marrow dendritic cells. The difference
between subgroups approached statistical signi cance (c = 11.34,
df = 5, P = 0.05). The pooled OR for PBMNCs was 6.69 (95% ClI:
2.45 to0 18.30); for ASCs, 4.19 (95% ClI: 2.28 to 7.69); for autologous
BMMSCs, 8.33 (95% CI: 2.48 to 27.90); for autologous BMMNCs,
19.57 (95% CI: 5.81 to 65.89); for UC-MSCs/PL-MSCs, 2.73 (95%
Cl: 1.37 to 5.44); while in the autologous bone marrow dendritic cell
subgroup, the study by Jain et al. reported an OR of 1.87 (95% CI:
0.56 to 6.24). These results suggest that autologous BMMNCs had
the strongest effect, followed by autologous BMMSCs, whereas
autologous bone marrow dendritic cells may be ineffective
(Supplementary Figure 3).
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TABLE 1 Basic characteristics of the included studies.

10.3389/fendo.2026.1763071

N (T/C) Country Cell type Route Follow-up (months)

Ozturk (26) 2012 71.9-92 20/20 Turkey PBMNC IM 3
Rakowska (48) 2023 56.7 —11.1 23/23 Poland ASC Topical 16
Dash (19) 2009 40 -10 3/3 India BMMSC IM 3
Dubsky1 (23) 2013 60.7-9.4 17/20 Czech Rep. BMMNC IM 6
Dubsky2 (23) 2013 63.4 —-10.4 11/22 Czech Rep. PBMNC IM 6
Raposio (35) 2016 70.75 16/24 Italy ASC sC 18
Tanios (36) 2021 4812 — 1458 50/50 Egypt ASC SC 6
Uzun (32) 2021 575—84 10/10 Turkey ASC sC 26-50
Tan (49) 2017 64.0-71 50/50 China PBMNC sC 6
Wang_A (42) 2024 61 (42-75) 15/15 China PBMNC SC 3
Qin (29) 2016 75-3 28/25 China uc-MSC IM 3
Han (21) 2010 66.5—7.5 26/26 S. Korea ASC Topical 2
He 2013 63.3 50/50 China uc-MSC IM 3
Kiranal (25) 2012 68.5—15 12/6 Germany BMMNC IM 52
Kirana2 (25) 2012 709 -17 10/6 Germany BMMSC IM 52
Moon (33) 2019 59.9 —13.3 22/17 S. Korea ASC Topical 12
Mohammadzadeh (27) 2013 635-7.8 7114 Iran PBMNC IM 3
Lul (21) 2011 65— 10 19/37 China BMMNC IM 6
Lu2 (21) 2011 63 -8 18/37 China BMMSC IM 6
Debin (38) 2008 66.55 — 6.50 22/23 China BMMSC IM + SC 3
Dubsky (24) 2014 62.7 — 104 31/23 Czech/UK BMMNC IM 12
Smith (47) 2020 60.2 (45-78) 6/6 UK ASC SC 3
Liu_A (44) 2023 65.89 — 6.17 50/50 China BMMSC IM 1
Liu_B (45) 2021 58.39 — 6.42 54/51 China BMMSC IM 6
Sui (39) 2020 57.31 — 5.62 43/43 China UC-MSC IV + SC 3
Huang (18) 2005 71.1-59 14/14 China PBMNC SC+ 1M 3
Jain (22) 2011 54.25 (33-76) 23/24 India BM-DC SC + Top. 3
Pollakl (37) 2025 58.9 — 12.17 44/45 USA uc-Msc IM 24
Pollak2 (37) 2025 56.0 — 11.82 47/45 USA UC-MSC IM 24
Pollak3 (37) 2025 58.1 —12.25 23/45 USA UC-MSC IM 24
Lonardi (31) 2019 69.0 — 11.6 55/50 Italy ASC SC 6
Meamarl (34) 2021 56 — 10.5(F)/68 — 8.1(M) 11/7 Iran uc-Msc Topical 16
Meamar2 (34) 2021 56 — 10.5(F)/68 — 8.1(M) 10/7 Iran uc-Msc Topical 16
Wang_B (43) 2024 63.14 — 6.42 43/43 China UC-MsC sC 3
Li_A (41) 2014 57.5 — 4.2 30/26 China UC-MSC IM 3
Zhang (30) 2016 71.26 — 9.12 27/26 China PBMNC 1A 18
Zhao (40) 2018 55.2 37/43 China ASC sC 1-6
Li_B (46) 2021 59.06 — 6.13 28/28 China BMMSC IM 3

Data in the Age (T/C) column are presented as mean — standard deviation (SD), mean (range), or mean alone, as reported in the original studies. Abbreviations: T, Treatment group; C, Control
group; BMMSC, Bone marrow mesenchymal stem cells; BMMNC, Bone marrow mononuclear cells; PBMNC, Autologous peripheral blood mononuclear cells; ASC, Adipose-derived stem cells
(or related components); UC-MSC, Umbilical cord/placental mesenchymal stem cells; BM-DC, Bone marrow-derived dendritic cells; IM, Intramuscular injection; SC, Subcutaneous injection; IV,
Intravenous injection; 1A, Intra-arterial injection; Top., Topical application; F, Female; M, Male; SD, Standard deviation.

3.3.2.3 Subgroup analysis by cell dose df =5, P = 0.02). The pooled OR for the very high-dose group was
5.91 (95% ClI: 2.10 to 16.66); for the high-dose group, 57.22 (95% ClI:
13.41 to 244.15); for the medium-dose group, 3.41 (95% CI: 1.41 to
8.21); and for the low-dose group, 3.66 (95% CI: 1.79 to 7.48). The
results suggest that high and very high cell doses are associated with

Studies were categorized by administered cell dose into low-dose,
medium-dose, high-dose, very high-dose, and dose-unknown groups.
Assigni cant difference was observed between subgroups (c = 12.85,
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more signi cant ulcer healing ef cacy, indicating a potential dose-
response relationship (Supplementary Figure 4).

3.3.2.4 Subgroup analysis by delivery route
Studies were strati ed by administration route into

intramuscular injection, intra-arterial infusion, combined
injection, subcutaneous injection, and local/topical therapy
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subgroups. The pooled OR for the intramuscular injection
subgroup was 6.79 (95% CI: 3.12 to 14.79); for local therapy, 9.86
(95% CI: 3.38 to 28.77); for subcutaneous injection, 2.87 (95% CI:
1.51 to 5.46); and for combined injection, 3.51 (95% CI: 1.90 to
6.50). The results for intra-arterial infusion showed no statistically
signi cant difference. This suggests that all administration routes
except intra-arterial infusion signi cantly improved ulcer healing
rates, with local therapy and intramuscular injection potentially
offering greater advantages (Supplementary Figure 5).

3.3.2.5 Other subgroup analyses

In the analysis strati ed by follow-up duration, the subgroup
with follow-up<10 months had a pooled OR of 4.99 (95% CI: 3.28 to
7.59), and the subgroup with follow-up 10 months had a pooled
OR of 4.02 (95% CI: 1.76 to 9.21), indicating sustained ef cacy
through long-term follow-up (Supplementary Figure 6). Subgroup
analysis based on baseline ulcer area showed a pooled OR of 5.78
(95% CI: 3.14 to 10.63) for ulcers<10 cm and 5.22 (95% CI: 1.78 to
15.33) for ulcers 10 cm (Supplementary Figure 7). Analysis by
diabetes duration yielded a pooled OR of 7.68 (95% CI. 2.24 to
26.29) for a duration of 10 to 15 years, 9.30 (95% CI: 5.10 to 16.96)
for >15 years, and 15.82 (95% CI: 2.10 to 119.16) for<10 years
(Supplementary Figure 8). Subgroup analysis by ulcer duration: the
subgroup with duration 200 days had a pooled OR of 18.20 (95%
Cl: 4.96 to 66.71), while the subgroup >200 days had a pooled OR of
3.87 (95% CI: 1.45 to 10.35). The difference between these
subgroups approached signi cance (c = 3.46, df = 1, P = 0.06)
(Supplementary Figure 9).

3.4 Meta-analysis of amputation rate
3.4.1 Overall ef cacy analysis

Amputation outcomes were reported for a total of 852 patients
(397 in the intervention group, 455 in the control group). The
pooled results using a xed-effects model showed that the
amputation rate was signi cantly lower in the cell therapy group
compared to the control group, with a pooled odds ratio (OR) of
0.29 (95% CI: 0.18 to 0.49; P<0.001) (Supplementary Figure 10).
Heterogeneity testing indicated no statistical heterogeneity (I = 0%,
P = 0.49), suggesting high reliability of the pooled estimate.

3.4.2 Subgroup analysis
3.4.2.1 Geographic subgroup analysis

Studies were strati ed by region into three subgroups: Asia,
Europe, and North America. The test for subgroup differences
indicated a signi cant variation (c = 7.71, df = 2, P = 0.02). The
pooled OR for the Asian subgroup was 0.22 (95% CI: 0.10 to 0.49); for
the European subgroup, 0.21 (95% CI: 0.09 to 0.47); and for the North
American subgroup, 5.14 (95% CI: 0.59 to 44.88). These results indicate
that cell therapy signi cantly reduced the amputation rate in Asian and
European regions, while no statistically signi cant difference was
observed in the North American subgroup (Figure 4).
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should be interpreted with caution.

3.4.2.2 Subgroup analysis by cell type

Studies were strati ed into ve subgroups based on cell type:
umbilical cord/placental mesenchymal stem cells (UC-MSCs/
PL-MSCs), BMMSCs, BMMNCs, PBMNCs, and other cell types.
The difference between subgroups was statistically signi cant (c
=10.97, df = 4, P = 0.03). The pooled OR for the autologous
BMMSC subgroup was 0.14 (95% CI. 0.02 to 0.84); for the
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autologous BMMNC subgroup, 0.23 (95% CI: 0.09 to 0.54); for
the autologous peripheral blood-derived cell subgroup, 0.17
(95% CI: 0.06 to 0.44); and for the UC-MSC/PL-MSC
subgroup, 4.33 (95% CI: 0.72 to 25.97). These results suggest
that autologous bone marrow-derived cells (BMMSCs and
BMMNCs) signi cantly reduce the amputation rate, while UC-
MSCs/PL-MSCs may not confer a clear bene t
(Supplementary Figure 11).
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3.4.2.3 Subgroup analysis by cell dose

The analysis showed a pooled OR of 0.11 (95% CI: 0.03 to 0.38)
for the very high-dose group; 0.17 (95% CI: 0.05 to 0.64) for the high-
dose group; 0.58 (95% CI: 0.16 to 2.09) for the medium-dose group;
and 0.99 (95% ClI: 0.33 to 2.93) for the low-dose group. The results
suggest that high and very high cell doses are associated with a more
pronounced effect in reducing the amputation rate, indicating a
potential dose-response trend (Supplementary Figure 12).

3.4.2.4 Subgroup analysis by administration route

Studies were strati ed by delivery route into intramuscular
injection, subcutaneous injection, intra-arterial infusion, and other/
combined methods. No statistically signi cant difference was found
between subgroups. The pooled OR for the intramuscular injection
subgroup was 0.34 (95% CI: 0.19 to 0.59); for the combined therapy
subgroup, 0.10 (95% CI: 0.01 to 0.79); and for the intra-arterial infusion
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subgroup, 0.12 (95% CI: 0.01 to 2.49). The results suggest that various
injection routes, except potentially intra-arterial infusion, can
signi cantly lower the amputation rate, with combined therapy
possibly offering greater advantage, although the between-group
difference was not statistically signi cant (Supplementary Figure 13).

3.4.2.5 Other subgroup analyses

In the analysis strati ed by follow-up duration, the subgroup
with follow-up<10 months had a pooled OR of 0.19 (95% CI: 0.09 to
0.39), while the subgroup with follow-up 10 months had a pooled
OR of 0.53 (95% CI: 0.25 to 1.12). This suggests the effect is more
pronounced in the short term, while long-term bene t requires
further validation (Supplementary Figure 14). Subgroup analysis
based on baseline ulcer area showed a pooled OR of 0.28 (95% ClI:
0.15 to 0.50) for ulcers<10 cm and 0.17 (95% CI: 0.03 to 1.07) for
ulcers 10 cm , with no signi cant difference between subgroups
(Supplementary Figure 15). Analysis by diabetes duration yielded a
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pooled OR of 0.10 (95% CI: 0.01 to 0.81) for duration<10 years, 0.46
(95% CI: 0.16 to 1.31) for 10 to 15 years, and 0.18 (95% CI: 0.06 to
0.48) for >15 years, with no signi cant difference between
subgroups (Supplementary Figure 16). The subgroup with ulcer
duration 200 days had a pooled OR of 0.20 (95% CI: 0.07 to 0.60),
suggesting cell therapy can reduce amputation risk when ulcer
duration is shorter (Supplementary Figure 17).

3.5 Meta-analysis of neovascularization
rate

3.5.1 Overall ef cacy analysis

Seven studies included in this analysis reported outcomes related to
neovascularization. The pooled results from a random-effects model
demonstrated a signi cantly higher neovascularization rate in the cell
therapy group compared to the control group, with a pooled OR of
15.36 (95% CI: 4.62 to 51.09) (Supplementary Figure 18).
Heterogeneity testing indicated moderate statistical heterogeneity (I
=50%, P = 0.06). As no extreme heterogeneity was present to preclude
pooling, a random-effects model was used, yielding stable results.

3.5.2 Subgroup analysis
3.5.2.1 Geographic subgroup analysis

Studies were strati ed by region into two prespeci ed
subgroups: Asia and Europe. The test for subgroup differences
showed no statistical signi cance. The pooled OR for the Asian
subgroup was 18.04 (95% CI: 4.60 to 70.79), indicating signi cant
ef cacy. The result for the European region was OR = 6.29 (95% ClI:
0.31 to 127.06), which did not reach statistical signi cance likely
due to the limited sample size (Figure 5).
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3.5.2.2 Subgroup analysis by cell type

Studies were strati ed by cell type into three subgroups:
PBMNCs, BMMSCs, and BMMNCs. No statistically signi cant
difference was observed between subgroups. The pooled OR for
the autologous BMMNC subgroup was 19.20 (95% CI: 2.28 to
161.86); for the autologous peripheral blood-derived cell subgroup,
8.40 (95% CI: 1.52 to 46.54); and for the autologous BMMSC
subgroup, 46.53 (95% CI: 1.63 to 1329.58). These results indicated
positive outcomes for all three cell types, although the wide
con dence intervals preclude determining the superiority of any
speci ¢ type (Supplementary Figure 19).

3.5.2.3 Subgroup analysis by cell dose

The analysis showed a pooled OR of 48.72 (95% CI: 9.94 to
238.85) for the high-dose group; OR = 15.00 (95% CI: 2.02 to
111.17) for the very high-dose group; OR = 10.50 (95% CI: 1.97 to
56.00) for the combined high/very high-dose group; and OR = 2.45
(95% CI: 0.64 to 9.39) for the low-dose group. The results suggest a
potential dose-dependent relationship, with higher doses associated
with larger effect estimates (Supplementary Figure 20).

3.5.2.4 Subgroup analysis by administration route

Studies were categorized by delivery route into two main
subgroups, with no statistical difference between them. The
pooled OR for the intramuscular injection subgroup was 20.79
(95% CI: 3.22 to 134.28), and for the combined therapy subgroup,
12.16 (95% CI: 3.37 to 43.93). This suggests that intramuscular
injection remains a robust delivery method for promoting
neovascularization (Supplementary Figure 21).
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3.5.2.5 Other subgroup analyses

In the subgroup analysis by follow-up duration, the subgroup with
follow-up <10 months had a pooled OR of 18.04 (95% CI: 4.60 to
70.79), whereas the subgroup with follow-up 10 months (OR = 6.29,
95% CI: 0.31 to 127.06) did not differ signi cantly, likely necessitating
further long-term veri cation (Supplementary Figure 22). Subgroup
analysis based on baseline ulcer area showed a pooled OR of 19.94
(95% Cl: 7.12 to 55.89) for ulcers <10 cm and OR = 49.29 (95% CI:
2.21 to 1069.99) for ulcers 10 cm, with no difference between
subgroups (Supplementary Figure 23). Analysis by diabetes duration
yielded a pooled OR of 131.21 (95% ClI: 15.06 to 1143.17) for duration
<10 years, compared to smaller estimates for longer durations.
Although the difference was not statistically signi cant, patients with
shorter disease duration showed a trend toward greater bene t
(Supplementary Figure 24). For ulcer duration, the subgroup with
duration <200 days had a pooled OR of 48.72 (95% CI: 9.94 to 238.85),
indicating favorable outcomes for earlier intervention (Supplementary
Figure 25). Additionally, a meta-analysis of neovascularization scores
showed no statistically signi cant difference between the two groups
(Supplementary Figure 26).

3.6 Meta-analysis of ABI

3.6.1 Overall ef cacy analysis

Twelve studies included in this analysis reported outcomes
related to changes in ABI. The pooled results from a random-
effects model demonstrated a signi cantly higher ABI value in the
cell therapy group compared to the control group, with a pooled MD
of 0.14 (95% CI: 0.05 to 0.22; P < 0.01) (Supplementary Figure 27).

3.6.2 Subgroup analysis
3.6.2.1 Geographic subgroup analysis

All included studies for this outcome were conducted in Asian
regions, therefore only a single-region analysis was performed. The
pooled MD was 0.14 (95% CI. 0.05 to 0.22), indicating that cell
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therapy signi cantly improves ABI levels in patients from Asian
regions (Figure 6).

3.6.2.2 Subgroup analysis by cell type

The analysis demonstrated that the autologous BMMSC
subgroup had a pooled MD of 0.16 (95% CI: 0.11 to 0.21); the
autologous BMMNC subgroup, MD = 0.11 (95% CI: 0.06 to 0.16);
and the autologous peripheral blood-derived cell subgroup, MD =
0.09 (95% CI: 0.01 to 0.17). This suggests that various cell types can
improve ABI levels, with autologous BMMSCs showing a slightly
superior effect (Supplementary Figure 28).

3.6.2.3 Subgroup analysis by cell dose

Studies were strati ed into ve subgroups based on administered
cell dose, revealing a signi cant difference between subgroups. The
pooled MD for the high-dose group was 0.16 (95% CI: 0.09 to 0.23);
for the very high-dose group, MD = 0.12 (95% CI: -0.08 to 0.32); for
the combined high/very high-dose group, MD = 0.13 (95% CI: 0.07 to
0.19); for the low-dose group, MD = 0.33 (95% CI: -0.04 to 0.70); and
for the medium-dose group, MD = 0.06 (95% CI: -0.06 to 0.18). The
results indicate that high-dose cell therapy yields the optimal effect in
improving ABI (Supplementary Figure 29).

3.6.2.4 Subgroup analysis by administration route

The analysis showed that the intramuscular injection subgroup had
a pooled MD of 0.15 (95% CI: 0.11 to 0.19), with low heterogeneity and
signi cant ef cacy. Analyses for the combined therapy and
subcutaneous injection subgroups showed no statistically signi cant
differences, suggesting that intramuscular injection is the more effective
delivery route for improving ABI (Supplementary Figure 30).

3.6.2.5 Other subgroup analyses

In the subgroup analysis by follow-up duration, the subgroup
with follow-up<10 months had a pooled MD of 0.14 (95% CI: 0.06
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to 0.23), while the subgroup with follow-up 10 months had an MD
of 0.05 (95% CI: 0.01 to 0.09), suggesting a more pronounced
improvement in ABI during short-term follow-up (Supplementary
Figure 31). Subgroup analysis based on baseline ulcer area showed a
pooled MD of 0.14 (95% CI: 0.10 to 0.18) for ulcers<10 cm and an
MD of 0.07 (95% CI: -0.31 to 0.45) for ulcers 10 cm
(Supplementary Figure 32). Analysis by diabetes duration yielded
a pooled MD of 0.19 (95% CI: 0.14 to 0.24) for duration<10 years,
MD =0.19 (95% CI: -0.02 to 0.40) for 10 to 15 years, and MD = 0.13
(95% CI: 0.07 to 0.19) for >15 years, indicating a trend toward more
pronounced bene t in patients with shorter disease duration
(Supplementary Figure 33). For ulcer duration, studies with
duration<200 days had a pooled MD of 0.10 (95% CI: -0.05 to
0.26), suggesting that ulcer duration does not signi cantly impact
the improvement in ABI (Supplementary Figure 34).

3.7 Meta-analysis of TcPO,
3.7.1 Overall ef cacy analysis

Ten studies included in this analysis reported outcomes related
to changes in TcPO,. The pooled results from a random-effects
model demonstrated a signi cantly higher TcPO, value in the cell
therapy group compared to the control group, with a pooled MD of
11.58 (95% CI: 5.36 to 17.80) (Supplementary Figure 35).

3.7.2 Subgroup analysis
3.7.2.1 Geographic subgroup analysis

Studies were strati ed by region into two subgroups: Asia and
Europe. The analysis demonstrated a signi cant difference between
subgroups (P<0.01). The pooled MD for the Asian subgroup was
7.97 (95% ClI: 2.99 to 12.95), and for the European subgroup, MD =
28.16 (95% CI: 23.30 to 33.02). These results suggest a more
pronounced effect of cell therapy on improving TcPO, in
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European regions, while a clear bene t was also observed in
Asia (Figure 7).

3.7.2.2 Subgroup analysis by cell type

Subgroup Analysis by Cell Type demonstrated signi cant
differences between subgroups. The autologous BMMSC
subgroup showed an MD of 23.60 (95% CI: 17.93 to 29.27); the
autologous BMMNC subgroup, a pooled MD of 23.27 (95% CI:
11.51 to 35.02); the autologous peripheral blood-derived cell
subgroup, a pooled MD of 11.95 (95% CI: 1.83 to 22.06); the
adipose-derived stem cell (ASC) subgroup, a pooled MD of 3.82
(95% CI: 0.86 to 6.78); and the umbilical cord/placental
mesenchymal stem cell (UC-MSC/PL-MSC) subgroup, an MD of
2.49 (95% CI: -0.32 to 5.29). These results suggest that autologous
bone marrow-derived cells (BMMSCs and BMMNCs) have a more
pronounced effect on improving TcPO, (Supplementary Figure 36).

3.7.2.3 Subgroup analysis by cell dose

Subgroup Analysis by Cell Dose revealed signi cant differences.
The very high-dose group had a pooled MD of 28.16 (95% CI: 23.30
to 33.02), showing the most signi cant effect; the high-dose group, a
pooled MD of 20.51 (95% CI: 14.44 to 26.59); the medium-dose
group, an MD of 2.84 (95% CI: 1.28 to 4.39); the low-dose group, a
pooled MD of 5.83 (95% CI: 0.54 to 11.12); and the dose-unknown
group, an MD of 6.70 (95% CI: 5.74 to 7.66). The results indicate a
clear dose-response relationship, with higher doses leading to more
signi cant improvements in TcPO, (Supplementary Figure 37).

3.7.2.4 Subgroup analysis by administration route
Signi cant differences were found between subgroups by
Administration Route. The intramuscular injection subgroup had a

pooled MD of 16.07 (95% CI: 7.64 to 24.49); the intra-arterial infusion
subgroup, an MD of 3.06 (95% CI: 0.95 to 5.17); and the subcutaneous
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