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a b s t r a c t 

Background: Diabetic wounds, characterized by their chronic nature, represent a critical challenge for pa- 

tients with diabetes, often leading to amputation and mortality. Although stem cells show great promise, 

their use is limited by challenges related to stability and tumorigenicity. The secretome of stem cells, 

comprising molecules released by these cells, offers a potential alternative to the challenges associated 

with stem cell therapy and provides a promising solution for diabetic wound healing. 

Objective: We conducted a systematic review and meta-analysis of relevant preclinical studies to evaluate 

the effectiveness of stem cell secretomes in treating diabetic wounds. 

Methods: The protocol registration for this systematic review and meta-analysis was recorded in the 

PROSPERO database (CRD42023473726). Databases were searched from their inception until November 

20, 2023. The quality assessment of the included studies was performed utilizing the CAMARADES 10- 

item Quality Checklist. Statistical analyses were conducted using a random-effects model to calculate 

standardized mean differences (SMD) and 95% confidence intervals (CI), with heterogeneity assessed via 

the I ² statistic. The primary outcome evaluated was the wound closure rate, while secondary outcomes 

included parameters such as the number of fibroblasts, neutrophils, and macrophages. 

Results: Twenty studies were included, comprising 382 animal subjects, and five of which were eligible 

for quantitative evaluation in a meta-analysis. The stem cell secretome significantly improved the wound 

closure rate (SMD = 9.63; 95% CI = 2.01 −17.25; P = 0.01, I2 = 76%) and reduced the number of neutrophils 

(SMD = −8.47; 95% CI = −13.05 to −3.90; P = 0.0 0 03) and macrophages (SMD = −5.32; 95% CI =−9.09 to 

−1.55; P = 0.006). 

Conclusion: This review suggests that stem cell secretomes have potential as a novel therapeutic strategy 

for diabetic wound healing, enhancing wound closure rates and reducing inflammation. These findings 

support the use of stem cell secretomes as a safer and more stable alternative to direct stem cell therapy, 

but further clinical studies are needed to confirm these results in human patients. 

© 2025 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC 

license ( http://creativecommons.org/licenses/by-nc/4.0/ ) 
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Diabetic wounds, also referred to as diabetic ulcers, occur in 

ndividuals with diabetes due to impaired self-healing capabili- 
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ies. 1 The primary characteristic is a slow healing process, at- 

ributed to diabetes-induced damage to blood vessels and nerves. 2 

atients with diabetes often experience diminished tissue regen- 

ration, complicating the wound healing process. 3 This reduction 

s linked to hyperglycemia, which causes stiffened blood vessels, 

educed circulation, and microvascular dysfunction, leading to de- 

reased tissue oxygenation. 4 Altered blood vessels in patients with 

iabetes also hinder leukocyte migration into wounds, increas- 

ng susceptibility to infections. 5 The high prevalence of diabetic 
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ounds poses a significant risk of complications, leading to am- 

utation (14-24%) or death (40%). 6 , 7 Besides stringent blood sugar 

ontrol and infection prevention, meticulous wound care is crucial 

o minimizing severe complications. 

Current treatments for diabetic wounds include antibiotics, an- 

imicrobial agents, and specialized wound care therapies. 8 , 9 How- 

ver, their effectiveness in expediting optimal healing processes 

emains limited. Stem cells offer a potentially revolutionary solu- 

ion for this challenge. A meta-analysis by Sun et al. revealed that 

tem cells are more beneficial in improving wound closure rates 

or diabetic patients (odds ratio (OR) = 8.20, CI = 5.33–12.62). 10 No- 

ably, this meta-analysis included studies utilizing various stem 

ell types, such as bone marrow-derived mesenchymal stem cells 

BM-MSCs), peripheral blood mesenchymal stem cells (PB-MSCs), 

nd human umbilical cord mesenchymal stem cells (HUC-MSCs), 

ighlighting the diversity of stem cell sources studied for diabetic 

ound healing. Their remarkable regenerative capabilities make 

hem a promising choice for accelerating the healing process in in- 

ividuals with diabetes. However, a limitation of that meta-analysis 

s that the included studies did not distinguish stem cells from 

ther types of somatic cells, potentially leading to confounded re- 

ults. Moreover, it is essential to acknowledge that, like any med- 

cal breakthrough, the use of stem cells is not without drawbacks. 

ome studies have suggested potential carcinogenicity, posing risks 

o individuals with diabetes. 11–14 Additionally, concerns regarding 

he stability of stem cells limit their long-term effectiveness in 

timulating tissue regeneration. 15 , 16 

To address these challenges, the stem cell secretome—the con- 

itioned medium produced by stem cells—has emerged as a 

romising alternative. The secretome contains a complex mixture 

f bioactive molecules, including growth factors, cytokines, extra- 

ellular vesicles, and exosomes, which are key players in the re- 

enerative process. Unlike whole stem cells, the secretome is cell- 

ree, alleviating concerns about uncontrolled cell proliferation and 

otential tumorigenicity. Furthermore, the secretome is more sta- 

le, easier to standardize, and less immunogenic, making it a safer 

nd more practical option for clinical applications. 17 , 18 Preclinical 

n vivo studies using secretomes derived from various mesenchy- 

al stem cell sources—human bone marrow-derived mesenchymal 

tem cells (hBM-MSCs), human adipose tissue-derived mesenchy- 

al stem cells (hAD-MSCs), and human umbilical cord-derived 

esenchymal stem cells (hUC-MSCs)—have demonstrated their ef- 

cacy in promoting tissue repair and wound healing. 19–22 

However, it is important to note that existing preclinical studies 

n the effectiveness of the stem cell secretome for diabetic wound 

ealing often have small sample sizes and considerable variation in 

uality, resulting in a low power of evidence. Therefore, this com- 

rehensive systematic review and meta-analysis was conducted to 

onsolidate findings from previous animal studies on the effects of 

tem cell secretome in repairing diabetic wounds. The primary goal 

f this analysis was to provide a comprehensive evaluation of the 

ound healing efficacy of the stem cell secretome in in vivo di- 

betic animal models. Since the secretome can be obtained from 

arious types of stem cells, this study also aimed to explore the 

ifferential im pact of these sources to provide greater clarity on 

heir therapeutic potential. 

aterials and Methods 

rotocol and registration 

The systematic review adhered to the guidelines outlined in 

he Preferred Reporting Items for Systematic Reviews and Meta- 

nalyses (PRISMA) statement (Table S1). 23 Initial steps involved a 

reliminary search and piloting of the study selection process. The 

eview protocol was registered on the Prospectively Registered Sys- 
2

ematic Reviews (PROSPERO) platform with the registration num- 

er CRD42023473726. 

earch strategy and selection criteria 

The exploration of literature involved searching through four 

lectronic databases: PubMed, Scopus, ScienceDirect, and EBSCO- 

ost. Relevant studies were retrieved using keywords such as “(se- 

retome OR ’conditioned medium’)” AND “(ulcer OR wound)” AND 

(diabetes OR diabetic)” AND “(’in vivo’ OR ’preclinical’),” which 

ere adjusted as needed for compatibility with other databases. 

earches were conducted until November 20, 2023, without re- 

trictions on publication dates. 

tudy selection 

Two reviewers (CS and NW), possessing comparable experience 

nd skills, independently assessed the titles and abstracts of the 

rticles. In instances where the information was unclear based on 

he title and abstract, the entire document was retrieved for a thor- 

ugh examination. Any discrepancies in opinion were deliberated 

nd resolved through consensus with the third and fourth review- 

rs (GW and AFAM). The study selection process adhered to the 

redefined inclusion and exclusion criteria, which are outlined in 

able 1 . 

The research included in the appendices of this systematic re- 

iew and meta-analysis was chosen because it aligns with the PICO 

pproach as follows: 

• Populations (P): Diabetic animal models 

• Interventions (I): Treatment with stem cell secretome 

• Control (C): Groups receiving only the vehicle composition or a 

placebo 

• Outcomes (O): Primary outcome: wound closure rate; sec- 

ondary outcomes: histology profile, encompassing the quantity 

of fibroblasts, neutrophils, and macrophages. 

As shown in Table 1 , these criteria were used to guide the in- 

lusion of studies in the analysis. 

ssessment of the quality of the included studies 

Two independent reviewers (CS and NW) assessed the risk of 

ias of the in vivo studies included in this systematic review. The 

isk of potential bias for each study was evaluated using the 10- 

tem quality checklist from CAMARADES (Collaborative Approach to 

eta-Analysis and Review of Animal Data from Experimental Stud- 

es). 24 The CAMARADES risk of bias assessment tool is a specialized 

ool to evaluate bias in systematic reviews of animal experiments. 

t consists of 10 criteria: publication in a peer-reviewed journal, 

ontrol of temperature, random allocation to treatment or control 

roups, blinded induction of the experimental model, blinded as- 

essment of outcomes, use of an anesthetic agent that does not 

ave significant protective or toxic effects, appropriate selection of 

nimal models, calculation of sample size, compliance with animal 

elfare regulations, and disclosure of potential conflicts of interest. 

djustments were made to the checklist as needed, particularly for 

riterion C9 (compliance with animal welfare regulations). In some 

ases, studies did not explicitly report all components of animal 

elfare compliance (e.g., environmental temperature and postoper- 

tive analgesia); however, studies meeting at least three out of the 

even components outlined in the guidelines were included. Addi- 

ionally, no new criteria were added, but we clarified C6 regard- 

ng the use of anesthetic agents to exclude those with significant 

rotective or toxic effects on the skin. Any discrepancies between 

he two reviewers in terms of both methods were resolved through 

iscussion and consensus with the third and fourth reviewers (GW 

nd AFAM). 
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Table 1 

Inclusion and exclusion criteria. 

Criteria Inclusion Exclusion 

Publication Type Research studies published in English version Reviews, conference abstracts, editorial letters 

Animals/Population Animals models established using different methods, regardless 

of species, age, weight, or gender. 

Nondiabetic animal model 

Intervention/Exposure Experimental groups received stem cell secretome as 

monotherapy 

Experimental groups received nonstem cell secretome or stem 

cell secretome combined with other medication/treatment 

Comparator/Control The corresponding control groups were treated with a blank 

treatment or received a placebo 

Without control group and/or compared with other medicine 

rather than placebo or blank 

Study design Observational studies with separate treatment groups Cross sectional studies 

Outcome measure Outcome related to diabetic wound healing, such as ulcer size, 

ulcer depth, wound closure rate, and histopathological changes 

Lack of outcome indicator 
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ata extraction 

Data extraction was independently conducted by two authors 

CS and NW), and any discrepancies were verified by the third and 

ourth investigators (GW and AFAM). A spreadsheet was employed 

o gather information from the included studies, encompassing de- 

ails such as the author’s name(s), publication date, animal species, 

ample size, method or agent used to induce diabetes, type of stem 

ell serving as the source of secretome, characteristics of the con- 

rol group regimen, route of administration, duration of analysis, 

nd primary and secondary outcomes. For continuous quantitative 

utcomes, mean values, standard deviations (SD), and sample sizes 

ere extracted. In cases where a study involved multiple interven- 

ion groups, data extraction was focused solely on the group re- 

eiving the stem cell secretome and the control group. The final 

esults were discussed among all investigators to ensure consen- 

us. 

ata synthesis and statistical analysis 

Data analyses were performed using RevMan 5.3 (Cochrane Col- 

aboration, Oxford, United Kingdom) and SPSS version 29 soft- 

are (IBM Corp., New York, United States). The Mantel-Haenszel 

echnique was employed to estimate the standard mean differ- 

nce (SMD) with a 95% confidence interval (CI) for continuous out- 

omes. Statistical significance was determined using a threshold 

 -value of ≤0.05. 25 Higgins and Thompson’s I2 statistic was used 

o assess heterogeneity, indicating the extent to which variation 

mong trials was attributable to differences rather than sampling 

rror. I2 values were categorized as follows to determine the level 

f heterogeneity: 0-25% for low, 26-75% for moderate, and above 

5% for high levels of heterogeneity. 26 A random-effects model was 

pplied for all analyses due to the limited number of studies in 

ach meta-analysis, which precluded sensitivity analyses to investi- 

ate heterogeneity. Additionally, Egger’s test was conducted to ex- 

lore the potential impact of publication bias. 24 The pooled esti- 

ate was calculated as a standard mean difference (SMD) with a 

5% confidence interval (CI) for continuous outcomes. 

esults 

earch of studies 

A total of 255 pertinent articles were identified in the four 

atabases (Table S2). After removing duplicates, 144 studies were 

etained for title and abstract review. After a detailed examination, 

5 studies that were not relevant to this investigation were ex- 

luded. After reviewing the full text of the remaining 59 studies, 33 

rticles were excluded for not meeting at least one exclusion crite- 

ion. Moreover, 4 articles were excluded due to inaccessibility. De- 

pite attempts to retrieve these studies via institutional access and 

orrespondence with the authors, we were unable to obtain their 
3

ull texts. Additionally, 2 articles were excluded because the data 

resented were unclear and insufficient for extraction and analy- 

is. Attempts to contact the authors for clarification were unsuc- 

essful. Ultimately, 20 studies were selected for qualitative analy- 

is, 18 , 20–22 , 27–42 and among them, 5 qualified for further evaluation 

n the meta-analysis. 28 , 30 , 34 , 36 , 41 The detailed flow chart illustrat- 

ng the literature identification and selection process is depicted in 

igure 1 . 

haracteristics of included studies 

The characteristics of the 20 studies are summarized in Table 2 . 

ll studies, conducted in English between 2013 and 2023, involved 

82 subjects, with 191 in the experimental group and 191 in 

he control group. Sprague–Dawley rats (SD), Wistar rats, C57BL/6 

ice, and transgenic mice were the four different species utilized 

n 3 studies, 18 , 22 , 36 7 studies, 21 , 28 , 29 , 34 , 35 , 39 , 40 3 studies, 27 , 30 , 38 

nd 7 studies, respectively. 20 , 31–33 , 37 , 41 , 42 The animal sample size 

anged from 3 to 18, with a median sample size of 18 rats. Dia- 

etic models were induced using streptozotocin or alloxan, a high- 

at diet, or genetically modified animal models. Regarding the type 

f stem cell used as a source of secretome, eight types were 

dentified: human adipose tissue-derived mesenchymal stem cells 

hAD-MSCs), 20 , 28 , 42 human bone marrow-derived mesenchymal 

tem cells (hBM-MSCs), 21 , 29 , 34 , 35 , 37 , 39 , 40 human menstrual blood- 

erived mesenchymal stem cells (MenSCs), 30 human umbilical 

ord Wharton’s jelly stem cells (hUC-WJSCs), 31–33 human umbilical 

ord-derived mesenchymal stem cells (hUC-MSCs), 22 , 27 , 36 , 41 hu- 

an endothelial cell-differentiated mesenchymal stem cells (hEC- 

SCs), 38 human fetal mesenchymal stem cells (hF-MSCs), 18 and 

uman foreskin-derived dermal stem cells (hFDSCs). 42 Control 

roups in the included studies received either a placebo, phosphate 

uffer saline (PBS), unconditioned medium, or no treatment. Treat- 

ent administration methods included intraperitoneal (i.p.), intra- 

enous (i.v.), subcutaneous (s.c.), intradermal, and topical routes. 

ollow-up durations varied in each study, ranging from 9 to 28 

ays. 

The primary outcome, wound closure rate, was assessed in 

2 studies. 20 , 27 , 28 , 30–32 , 36–38 , 40–42 The secondary outcomes deter- 

ined in this study were colony forming unit (CFU), binding stiff- 

ess, high stress load, maximum force, energy absorption, neu- 

rophils, macrophages, mast cells, lymphocytes, total inflamma- 

ory cells, fibroblasts, new blood vessels, volume of new epidermis 

nd dermis, re-epithelialization, type I and type III collagen, an- 

iogenesis, endothelial thickness, length of epithelium, granulation 

rea, average optical density (AOD), and the expression of several 

rowth factors. 

uality assessment of included studies 

Table 3 illustrates the reported risk of bias for each publica- 

ion incorporated in this meta-analysis. The risk of bias for each 
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Figure 1. Flowchart of the study selection process. 
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Table 2 

Study characteristics. 

Study Animal Species Sample size 

(Treatment 

group/ 

Control group) 

Diabetic 

inducing agent 

or method 

Type of stem cell Control Route of 

administration 

Follow Up 

(days) 

Outcome 

Asadi et al. 28 Wistar adult virgin 

male rats 

6/6 Streptozotocin Human adipose tissue-derived 

mesenchymal stem cells (hAD-MSCs) 

Placebo Intraperitoneal 

(i.p.) 

16 ↓ Colony forming unit (CFU), ↑ wound closure rate, 

↑ binding stiffness, ↑ stress high load, 

↓ neutrophils, ↓ macrophages, ↓ total inflammatory 

cells, ↑ fibroblasts, ↑ new blood vessels, ↑ volume 

of new epidermis and dermis 

Bagheri et al. 29 Adult male Wistar rats 18/18 Streptozotocin Human bone marrow-derived 

mesenchymal stem cells (hBM-MSCs) 

Placebo Intraperitoneal 

(i.p.) 

15 ↑ Bending stiffness, ↑ high stress load, ↓ total 

number of mast cells 

Dalirfardouei 

et al. 30 

Inbred Male C57BL/6 

mice 

18/18 Streptozotocin Human menstrual blood-derived 

mesenchymal stem cells (MenSCs) 

Phosphate 

buffer saline 

(PBS) 

Intradermal 14 ↑ wound closure rate, ↑ re-epithelialization, 

↑ VEGF expression, ↑ new blood vessels, ↓ type I 

collagen expression, ↑ type III collagen expression 

Fong et al. 31 Diabetic mice (Strain 

BKS.Cg-Dock7m 

+ / + Leprdb/J) 

9/9 N/A Human umbilical cord Wharton’s jelly 

stem cells (hUC-WJSCs) 

Unconditioned 

medium (UCM) 

Intradermal 14 ↑ Wound closure rate, ↑ VEGF expression, ↓ TIMP-1 

expression, ↓ ICAM-1 expression 

Fridoni et al. 34 Wistar male adult rats 18/18 Streptozotocin Human bone marrow-derived 

mesenchymal stem cells (hBM-MSCs) 

Placebo Intraperitoneal 

(i.p.) 

15 ↑ Angiogenesis, ↓ neutrophils, ↓ macrophages, 

↑ fibroblasts, ↑ bFGF expression, ↑ HIF-1 α

expression, SDF-1 α expression 

Gregorio et 

al. 20 

Transgenic mice 

(BKS.Cg- 

m + / + Leprdb/J) 

6/6 N/A Human adipose tissue-derived 

mesenchymal stem cells (hAD-MSCs) 

Placebo Intravenous 

(i.v.) 

14 ↑ Wound closure rate, ↑ wound epidermal area, 

↓ collagen deposition, ↓ type I collagen, 

↑ angiogenesis, ↑ IGF-1 expression, ↑ ANG-1 

expression, ↑ PDGF expression 

Hendrawan et 

al. 36 

Adult male 

Sprague–Dawley (SD) 

rats 

3/3 Streptozotocin Human umbilical cord-derived 

mesenchymal stem cells (hUC-MSCs) 

Without any 

medication 

Intradermal 14 ↑ Wound closure rate, ↑ re-epithelialization, 

↑ length of epithelium, ↑ collagen-deposited area 

Kouhkheil et 

al. 35 

Wistar male adult rats 6/6 Streptozotocin Human bone marrow-derived 

mesenchymal stem cells (hBM-MSCs) 

Placebo Intraperitoneal 

(i.p.) 

15 ↓ CFU, ↑ bending stiffness, ↑ stress high load 

Kouhkheil et 

al. 21 

Wistar male adult rats 18/18 Streptozotocin Human bone marrow-derived 

mesenchymal stem cells (hBM-MSCs) 

Placebo Intraperitoneal 

(i.p.) 

15 ↓ Total number of mast cells, ↓ CFU 

Liu et al. 22 Sprague Dawley rats 8/8 Streptozotocin Human umbilical cord-derived 

mesenchymal stem cells (hUC-MSCs) 

Placebo Intravenous 

(i.v.) 

28 ↓ VCAM-1 expression, ↓ ICAM-1 expression, 

↓ endothelial thickness, ↓ average optical density 

(AOD) 

( continued on next page ) 
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Table 2 ( continued ) 

Study Animal Species Sample size 

(Treatment 

group/ 

Control group) 

Diabetic 

inducing agent 

or method 

Type of stem cell Control Route of 

administration 

Follow Up 

(days) 

Outcome 

Ma et al. 37 Diabetic mice (Strain 

BKS.Cg-Dock7m 

+ / + Leprdb/J) 

N/A N/A Human bone marrow-derived 

mesenchymal stem cells (hBM-MSCs) 

Placebo Injection 24 ↑ Wound closure rate, ↑ epidermal thickness 

Ormazabal et 

al. 38 

C57Bl/6 J mice N/A High fat diet 

(HFD) for 120 

days 

Human endothelial cell-differentiated 

mesenchymal stem cells (hEC-MSCs) 

Placebo Injection 9 ↑ Wound closure rate 

Pouriran et 

al. 39 

Wistar male adult rats 7/7 Streptozotocin Human bone marrow-derived 

mesenchymal stem cells (hBM-MSCs) 

Placebo Intraperitoneal 

(i.p.) 

15 ↑ Bending stiffness, ↑ maximum force, ↑ stress 

high load, ↑ energy absorption 

Raj et al. 33 Transgenic mice 

(BKS.Cg- 

m + / + Leprdb/J) 

9/9 N/A Human umbilical cord Wharton’s jelly 

stem cells (hUC-WJSCs) 

Placebo Topical 28 ↑ Epidermis thickness, ↑ dermis thickness, 

↑ average collagen area, ↑ ECM regulation, 

↑ collagen biosynthesis, ↑ chemoattraction of 

immune cells, ↑ angiogenesis, ↑ scarless wound 

healing 

Saheli et al. 40 Wistar male adult rats 18/18 Alloxan 

monohydrate 

Human bone marrow-derived 

mesenchymal stem cells (hBM-MSCs) 

Placebo Intraperitoneal 

(i.p.) 

15 ↑ Percentage of healed wounds, ↓ inflammation 

score, ↑ collagen density, ↑ microvessels, 

↔ lymphocytes, ↓ neutrophils, ↓ macrophages, 

↑ fibroblasts, ↑ EGF expression, ↑ bFGF expression 

Shrestha et 

al. 41 

Transgenic mice 

(BKS.Cg- 

m + / + Leprdb/J) 

6/6 N/A Human umbilical cord-derived 

mesenchymal stem cells (hUC-MSCs) 

Placebo Subcutaneous 

(s.c.) 

14 ↑ Wound closure rate, ↑ relative granulation area, 

↑ wound score, ↑ capillary density, ↑ VEGF 

expression, ↑ PDGF expression, ↑ KGF expression 

Tam et al. 32 Transgenic mice 

(BKS.Cg- 

m + / + Leprdb/J) 

12/12 N/A Human umbilical cord Wharton’s jelly 

stem cells (hUC-WJSCs) 

Placebo Topical 28 ↑ Wound closure rate, ↑ VEGF expression, ↓ TIMP-1 

expression, ↓ ICAM-1 expression 

Wang et al. 18 Sprague Dawley rats 12/12 Streptozotocin Human fetal mesenchymal stem cells 

(hF-MSCs) 

Placebo Topical 28 ↓ Defect area, ↓ index of re-epithelialization, 

↓ granulation area, ↑ alpha-SMA expression, 

↑ CD31 expression, ↓ NIMP-R14 expression, ↓ IL-1 β

expression 

Xin et al. 42 C57BLKS/J db/db 

diabetic mice 

5/5 N/A Human foreskin-derived dermal stem 

cell (hFDSCs) 

Placebo Topical 14 ↓ Percentage of the wound area, ↓ wound healing 

time, ↑ CD31 expression, ↓ CD68 expression, 

↓ CD86 expression, ↑ CD206 expression, ↑ collagen 

volume 

Human adipose tissue-derived 

mesenchymal stem cells (hAD-MSCs) 

Zhang et al. 27 C57BL/6 J female mice 12/12 Streptozotocin Human umbilical cord-derived 

mesenchymal stem cells (hUC-MSCs) 

Placebo Subcutaneous 

(s.c.) 

14 ↑ Wound closure rate, ↑ new blood vessels, ↓ IL-1 β

expression, ↔ TGF- β expression, ↓ TNF- α

expression, ↓ IL-6 expression, ↑ IL-10 expression, 

↑ VEGF expression 

Notes: N/ A = not applicable; “↑ ” indicates an increase in parameters evaluated; “↔ ” indicates no change in parameters evaluated; “↓ ” indicates a decrease in parameters evaluated. 

6
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Table 3 

Assessment of risk of bias using CAMARADES 10-items quality checklist. 

Study C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 Total 

Asadi et al. 28 √ √ √ √ √ √ 

6 

Bagheri et al. 29 √ √ √ √ √ 

5 

Dalirfardouei et al. 30 √ √ √ √ √ √ √ √ 

8 

Fong et al. 31 √ √ √ √ √ √ 

6 

Fridoni et al. 34 √ √ √ √ 

4 

Gregorio et al. 20 √ √ √ √ √ √ √ √ 

8 

Hendrawan et al. 36 √ √ √ √ √ √ √ √ 

8 

Kouhkheil et al. 35 √ √ √ √ √ √ 

6 

Kouhkheil et al. 21 √ √ √ √ √ √ √ √ 

8 

Liu et al. 22 √ √ √ √ √ √ √ √ 

8 

Ma et al. 37 √ √ √ √ √ √ 

6 

Ormazabal et al. 38 √ √ √ √ √ 

5 

Pouriran et al. 39 √ √ √ √ √ √ √ 

7 

Raj et al. 33 √ √ √ √ √ 

5 

Saheli et al. 40 √ √ √ √ 

4 

Shrestha et al. 41 √ √ √ √ √ √ 

6 

Tam et al. 32 √ √ √ √ √ √ √ 

7 

Wang et al. 18 √ √ √ √ √ 

5 

Xin et al. 42 √ √ √ √ √ √ √ 

7 √ √ √ √ √ √ √ 

7 

Zhang et al. 27 

Notes: Studies fulfilling the criteria of the following: C1: peer-reviewed publication; C2: control of 

temperature; C3: random allocation to treatment or control; C4: blinded induction of model (group 

randomly after modeling); C5: blinded assessment of outcome; C6: use of anesthetic agent without 

significant protective and toxic effects on skin; C7: appropriate animal model (diabetic model); C8: 

sample size calculation; C9: compliance with animal welfare regulations (including three or more 

of the following points: preoperative anesthesia, postoperative analgesia, nutrition, disinfection, en- 

vironment temperature, environment humidity, circadian rhythm, and euthanasia); C10: statement 

of potential conflict of interests. 

s

l

6

l

p

e

H

t

p

s

t

c

d

(

i

t

t

w

b

e

o

a

s

e

e

c

C

M

W

s

t

c

P

p

s

N

g

d

c

(  

N

s

t

t

I

N

t

r

c

g

F

P

i

c

c

r

r

p  

N
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tudy was assessed using the CAMARADES 10-item quality check- 

ist. Criteria met ranged from 4/10 to 8/10, with an average score of 

.3/10. All included studies were peer-reviewed publications, uti- 

ized an appropriate animal model (diabetic animal model), em- 

loyed an anaesthetic agent without significant protective or toxic 

ffects on the skin, and disclosed potential conflicts of interest. 

owever, 12 of them did not mention the control of tempera- 

ure, 18 , 21 , 27–29 , 33–35 , 37 , 38 , 40 , 41 and seven did not provide an ex- 

lanation for the randomization process. 18 , 29 , 31 , 33 , 34 , 38 , 40 None of 

tudies reported the methods used for blinding the assessment of 

he outcome. Only one study in this meta-analysis provided a spe- 

ific description of sample-size calculations. 21 Two studies did not 

eclare compliance with animal welfare regulations. 34 , 40 

Despite variability in quality scores, studies with lower scores 

4/10) were retained due to their potential contribution to the ev- 

dence base. The inclusion of these studies was justified because 

hey still met key methodological criteria that ensured relevance 

o the research question. Specifically, studies with lower scores 

ere retained as they employed appropriate animal models (dia- 

etic models), used an anesthetic agent without significant adverse 

ffects, and were peer-reviewed publications. Additionally, the use 

f studies with lower quality scores in the meta-analysis allows for 

 broader and more comprehensive evaluation of the effects of the 

tem cell secretome in diabetic wound healing. However, acknowl- 

dging the potential biases introduced by including this study is 

ssential. Mitigation was addressed through adherence to strict in- 

lusion criteria and comprehensive quality assessment using the 

AMARADES checklist. 

eta-analysis results 

ound closure rate 

As a primary outcome, four studies examined the wound clo- 

ure rate parameter, 28 , 30 , 36 , 41 revealing that the stem cell secre- 

ome significantly enhanced the progressivity of wound healing 

ompared with the control group (SMD = 9.63; 95% CI = 2.01–17.25; 
7

 = 0.01, I2 = 91%; Figure 2 ). The random-effect model was em- 

loyed due to the significant heterogeneity among the included 

tudies. 

umber of fibroblasts 

Two studies compared the stem cell secretome and control 

roups regarding fibroblast numbers. 28 , 34 The pooled results in- 

icated that the stem cell secretome failed to significantly in- 

rease the number of fibroblasts compared to the control group 

SMD = 18.10; 95% CI =−7.79 to 43.99; P = 0.17; I2 = 90%; Figure 3 ).

umber of neutrophils 

In terms of the number of neutrophils, two studies demon- 

trated a significant reduction in the number of neutrophils af- 

er treatment with stem cell secretome compared with the con- 

rol group (SMD =−8.47; 95% CI = −13.05 to −3.90; P = 0.0 0 03; 
2 = 50%; Figure 4 ). 28 , 34 

umber of macrophages 

Two studies compared the stem cell secretome with the con- 

rol group based on the number of macrophages. 28 , 34 The pooled 

esults indicated that the stem cell secretome significantly de- 

reased the number of macrophages compared to the control 

roup (SMD =−5.32; 95% CI =−9.09 to −1.55; P = 0.006; I2 = 66%; 

igure 5 ). 

ublication bias 

Egger’s test assessed publication bias in this meta-analysis and 

dentified several potential biases. Owing to the constrained in- 

lusion of studies in the meta-analysis, the number of studies in- 

luded for each parameter was limited. Only the wound closure 

ate parameter met the criteria for analyzing publication bias. The 

esults suggested that the examined wound closure rate displayed 

otential publication bias ( P = 0.025 ( < 0.05); t = 6.258, Figure 6 ).

otably, only one lower-quality study was included in the meta- 

nalysis, 34 and the parameters it addressed involved only two 
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Figure 2. Wound closure rate comparison between the stem cell secretome and control groups using a forest plot. 

Figure 3. Number of fibroblasts comparison between the stem cell secretome and control groups using a forest plot. 

Figure 4. Number of neutrophils comparison between the stem cell secretome and control groups using a forest plot. 

Figure 5. Number of macrophages comparison between the stem cell secretome and control groups using a forest plot. 

Figure 6. Publication bias with regard to wound closure rate interpretated by Egger’s regression test. 

8
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tudies, precluding sensitivity analysis or publication bias assess- 

ent for these parameters. Despite these constraints, including 

ower-quality studies enhances the comprehensiveness of the anal- 

sis by expanding the evidence base. 

iscussion 

ummary of evidence 

To our knowledge, this is the first preclinical systematic review 

nd meta-analysis assessing the effectiveness of the stem cell se- 

retome in healing wounds in diabetic animal models. The analysis 

ncorporated 20 high-quality studies involving 382 rats with dia- 

etic wound animal models. The results revealed that the stem cell 

ecretome significantly enhanced the wound closure rate, concur- 

ently reducing the number of neutrophils and macrophages in di- 

betic wound animal models. These findings suggest that the stem 

ell secretome holds promise as a potential treatment for wounds 

n individuals with diabetes. However, we observed high hetero- 

eneity in the outcomes of wound closure rate and the number of 

broblasts in this meta-analysis. 

The observed heterogeneity in wound closure rates and other 

utcomes could be partially attributed to the diverse sources of 

ecretome and stem cells used. For example, secretomes derived 

rom hBM-MSCs, hAD-MSCs, and hUC-MSCs vary in their com- 

osition of growth factors and cytokines, potentially influencing 

heir efficacy. 43 , 44 Previous studies have shown that hBM-MSCs 

ecretome contains higher concentrations of vascular endothe- 

ial growth factor (VEGF), while hAD-MSCs produce more anti- 

nflammatory cytokines, such as interleukin-10 (IL-10), and hUC- 

SCs exhibit higher levels of epidermal growth factor (EGF). 45–47 

hese variations may explain differences in wound healing efficacy 

bserved in preclinical studies and highlight the importance of tai- 

oring secretome sources to specific therapeutic needs. However, 

he limited number of studies prevented us from analyzing the 

rimary cause of this high heterogeneity through subgroup anal- 

sis. Factors such as follow-up duration, stem cell types, routes of 

dministration, modeling methods, and sample sizes may all con- 

ribute to these variations. Therefore, future high-quality studies 

ith larger sample sizes are crucial to validate our findings and en- 

ble more comprehensive subgroup analyses to better understand 

hese differences. 

trengths 

To the best of our knowledge, this is the first systematic review 

nd meta-analysis documenting the efficacy of the stem cell se- 

retome for managing diabetic wounds in animal models. All the 

tudies included were observational, comprising 20 trials involving 

82 animals, with 5 meeting the criteria for further investigation 

n the meta-analysis. The studies encompassed in the qualitative 

nalysis (systematic review) were notably diverse, and their collec- 

ive outcomes consistently endorse the potential effectiveness of 

tem cell secretome in the healing of diabetic wounds. 

imitations 

Nevertheless, this study is subject to several limitations. First, 

espite conducting searches across four databases without impos- 

ng restrictions on the publication date, it remains possible that 

ertinent studies were overlooked. Second, inherent selection bias 

ay exist, as negative outcomes may not have been consistently 

eported or published. Third, the limited availability of studies 

ith identical quantitative parameters limited the pool of stud- 

es available for inclusion in the meta-analysis. This contributes to 
9

igh heterogeneity, the causes of which are challenging to iden- 

ify owing to the inability to conduct subgroup or sensitivity analy- 

es. Fourth, considerable variations in animal species, sample sizes, 

iabetic modeling methods, specific types of stem cells used as 

ources of secretome, approaches to the route of administration, 

nd follow-up durations were observed among the included stud- 

es. 

mplications of research 

The use of animal models has become indispensable for op- 

imizing and streamlining clinical trials. Various methods can be 

mployed to model diabetic wounds in animal models. Chemical 

ubstances, such as streptozotocin and alloxan, can induce dia- 

etes in animals. Upon uptake into β cells, streptozotocin under- 

oes cleavage into glucose and methylnitrosourea components. The 

lkylating properties of methylnitrosourea fragment DNA, leading 

o the destruction of β cells and resulting in insulin-dependent 

iabetes. 48 Alloxan, on the other hand, induces the generation of 

eactive oxygen species (ROS) with rapid uptake by pancreatic β
ells. Additionally, a high-fat diet leading to obesity can indirectly 

nduce diabetes. 49 Consuming a diet high in saturated fat reduces 

he number of broad islets in the pancreas, impacting the in- 

ulin response and predisposing individuals to glucose sensitivity 

nd diabetes. 50 Transgenic animal models modified to develop di- 

betes are widely used because of their ease of use. 51 However, 

ach method has distinct capabilities, including variations in mech- 

nisms, inductive power, and effects on the physiology of other 

ody systems. 52 Although not a primary factor, variations in mod- 

ling methods can contribute to high heterogeneity in the results 

f meta-analyses. 

The assessment of wound healing efficacy often revolves around 

he wound closure rate as the primary outcome. Meta-analysis re- 

ults revealed that the stem cell secretome significantly improved 

he diabetic wound closure rate ( P = 0.01). This improvement is 

ttributed to the secretome’s composition of growth factors, in- 

luding epidermal growth factor (EGF), basic fibroblast growth fac- 

or (bFGF), vascular endothelial growth factor (VEGF), and other 

egenerative substances. 53 However, quantitatively identifying the 

ost significant growth factor is challenging owing to the lack 

f data for each factor. Qualitatively, the stem cell secretome has 

een shown to enhance various growth factors, including VEGF, 

FGF, EGF, platelet-derived growth factor (PDGF), and keratinocyte 

rowth factor (KGF). 20 , 27 , 30–32 , 34 , 40 , 41 The insignificant improve- 

ent in the number of fibroblasts after stem cell secretome ad- 

inistration ( P = 0.17) suggests that VEGF, a fibroblast production 

actor, is not the primary substance supporting the regenerative 

bility of the stem cell secretome. 

Beyond regenerative aspects, the inflammatory system is cru- 

ial for supporting wound healing. Anti-inflammatory agents play 

ivotal roles in the final phase of inflammation during wound 

ealing. 54 The findings of this study indicated that the stem cell 

ecretome has notable anti-inflammatory properties, as indicated 

y the decrease in neutrophils and macrophages ( P = 0.0 0 03 and 

 = 0.006, respectively). Neutrophils and macrophages, which func- 

ion as pro-inflammatory cells, contribute to the prevention of in- 

ections throughout the wound healing process. After the comple- 

ion of their activities, it is crucial to suppress the proliferation and 

igration of these cells to initiate the proliferative phase. 55 

uggestions for future studies 

Future studies should address several key areas to further val- 

date and expand the findings of this review. First, larger, multi- 

enter studies involving diverse animal models are needed to bet- 

er understand the impact of various types of stem cell secre- 
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ome. These studies should also explore optimal delivery meth- 

ds and dosages. Second, long-term follow-up studies are essential 

o assess the stability and durability of the regenerative effects of 

he stem cell secretome. Third, given the heterogeneity observed 

n this meta-analysis, subgroup analyses based on factors such as 

tem cell source, administration routes, and diabetic models would 

rovide further insights into the specific conditions under which 

he stem cell secretome is the most effective. Finally, future stud- 

es should standardized reporting of outcome measures, including 

onsistent wound healing metrics and detailed histological anal- 

ses, to enhance the comparability and robustness of future re- 

earch. 

onclusion 

This preclinical systematic review and meta-analysis offers 

ovel insights into the potential of the stem cell secretome as a 

herapeutic approach for diabetic wound healing. By synthesizing 

ata from animal studies, this review highlights the significant ef- 

ects of the stem cell secretome in improving wound closure rates, 

he primary outcome, and reducing neutrophil and macrophage 

ounts, thereby supporting its anti-inflammatory properties. This 

eview contributes significantly to preclinical research by empha- 

izing the promising therapeutic benefits of the stem cell secre- 

ome in diabetic wound treatment. However, it is crucial to note 

hat these results were derived from preclinical animal models, 

nd caution is needed when extrapolating these findings to hu- 

an clinical applications. This review underscores the importance 

f considering the stem cell source and secretome composition 

hen evaluating their therapeutic potential. Identifying the most 

ffective secretome source could optimized treatments for diabetic 

ounds and pave the way for personalized therapeutic strategies 

n clinical settings. Further clinical studies are needed to validate 

he efficacy and safety of the stem cell secretome in human pa- 

ients. 
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