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Abstract

Objective To systematically and statistically evaluate evidence from randomized controlled trials (RCTs) investigating
the efficacy and safety of somatic stem cells in achieving glycemic control in type 1 and 2 diabetic patients.

Methods Bibliographic databases including PubMed, Scopus, Web of Science, and Cochrane Library were searched
from the time of their establishment till January 2024. Obtained records were meticulously screened by title, abstract,
and full text to include only RCTs seeking mesenchymal stem cells (MSCs) treatment for type 1 diabetes mellitus
(T1DM) and 2 diabetes mellitus (T2DM). Included studies underwent quality assessment using the Cochrane risk of
bias 2 tool (ROB2).

Results Thirteen studies were deemed eligible for meta-analysis, encompassing 507 patients (T1DM =199,

T2DM =308). To measure treatment efficacy, the present meta-analysis was conducted on outcomes reported

after 12 months following treatment. MSCs therapy group was associated with a significantly reduced glycosylated
hemoglobin (HbA1c) compared to the control group, MD =-0.72; 95% Cl: [-1.11 to -0.33], P=0.0003, 12=56%. Daily
insulin requirement was lower in the MSCs group versus placebo, MD = -14.50; 95% Cl: [-19.45 to -9.55], P < 0.00001,
12=0%. Pooled fasting C-peptide levels were significantly higher in the MSCs group compared to placebo, MD=0.24;
95% CI: [0.05 to 0.43], P=0.01, I=93%. Postprandial blood glucose (PPBG) was observed to be significantly lower

in the MSCs arm in contrast to placebo, MD =-11.32; 95% Cl: [-16.46 to -6.17], P<0.0001, 12=17%. However, pooled
analysis of fasting blood glucose (FBG) was not significantly different between both groups, MD = -6.22; 95% Cl:
[-24.23t0 11.79], P=0.50, I’=81% at the end of the 12-month follow-up.

Conclusion Mesenchymal stem cell-derived therapy is an efficacious glycemia-lowering modality agent compared
to conventional therapy in TIDM and T2DM patients. Albeit more sizeable and longer RCTs are warranted to further
support and standardize their clinical use.
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Introduction

Diabetes mellitus (DM) is an evolving epidemic and is
the eighth-leading cause of mortality worldwide [1]. It
imposes a significant healthcare burden globally, with
over half a billion adults affected and the International
Diabetes Federation (IDF) predicting a 46% increase in
the next two decades [2].

DM, particularly type 1 and 2 (T1DM and T2DM),
is hallmarked by pancreatic beta cells impairment and
hyperglycemia, leading to multi-systemic damage [3, 4].
Uncontrolled chronic hyperglycemia increases morbidity
and reduces life quality and expectancy [5, 6]. It causes
macrovascular and microvascular complications includ-
ing atherosclerosis, hypertension, nephropathy, polyneu-
ropathy, and retinopathy [6]. Therefore, strict glycemic
control is an essential goal of treatment to prevent these
complications.

DM research has led to advancements in screening,
diagnosis, and treatment [7-11]. Current therapies for
T2DM include biguanides (metformin), GLP-1 receptor
agonists, and SGLT2 inhibitors [12—15]. T1IDM patients
use exogenous insulin, as do type 2 patients who have
exhausted endogenous insulin reserves [16].

These therapies reduce morbidity and mortality but do
not stop the destruction of pancreatic islets. They carry
side effects like gastrointestinal upset, hypoglycemia, aci-
dosis, and increased risk of infections [17, 18]. Exogenous
insulin can cause systemic hypersensitivity or localized
reactions [18].

Researchers are exploring definitive treatments like
whole pancreas transplantation, pancreatic islets trans-
plantation, and stem cell-based therapies [19, 20]. These
have shown remission results, especially whole organ
transplants, but carry surgery risks and require immu-
nosuppression [21, 22]. They have risks related to immu-
nosuppression, infections, and malignancy; and require
appropriate donor availability and access to specialized
facilities [23].

Stem cells have gained attention for their ability to pro-
liferate and differentiate into other cell types. They offer
potential for replacing abnormal, injured, or absent cells
in various diseases. Currently, stem-cell derived therapy
trials are evaluating over 20 diseases [24, 25]. including
Parkinson’s, motor neuron disease, retinal and corneal
pathologies, inflammatory bowel disease, and heart dis-
ease [26-29]. The immunomodulatory, anti-inflamma-
tory, regenerative, and paracrine effects of stem cells are
disease-modifying properties and could have endless
clinical implications.

Thus, mesenchymal stem cells (MSCs) offer potential
for addressing diabetes by promoting pancreatic beta-cell
regeneration, enhancing insulin sensitivity, and modulat-
ing immune responses [30] Preclinical trials show prom-
ising results for MSCs as islet cell replacement therapy
[31-33]. However, clinical trials have contesting conclu-
sions on their effectiveness for different diabetes types.
Prior systematic reviews and meta-analyses have pro-
vided valuable insights, with Hamad et al. and El-Badawy
et al. reporting that stem cell therapy is a safe and effec-
tive treatment for TIDM but not T2DM [34, 35]. How-
ever, He et al. have revealed that MSCs significantly
reduced glycosylated hemoglobin in both diabetic sub-
populations [36]. Due to the advent of clinical research
in stem cell therapy for DM a comprehensive and up-to-
date synthesis of available evidence is required [36].

This systematic review evaluates the safety and effi-
cacy of MSC-based interventions in TIDM and T2DM
patients. By analyzing data from RCTs, we aim to under-
stand the impact of MSC therapy on glycemic control,
insulin requirements, and beta-cell function, as well as its
safety profile in terms of adverse effects. This data may
inform management guidelines, clinical decisions, and
future research directions.

Methods

The authors adopted the Preferred Reporting Items of
Systematic Reviews and Meta-analysis (PRISMA-2020)
checklist for drafting and writing this manuscript [37].
The methods and analyses were conducted in accor-
dance with the guidelines of the Cochrane Handbook of
Systematic Review and Meta-analysis and the Methods
Guide for Comparative Effectiveness Reviews [38]. More-
over, the study is registered on the International Pro-
spective Register of Systematic Reviews (PROSPERO);
registration number CRD42023459529.

Sources of literature and search strategy

The following electronic medical literature search
engines were meticulously reviewed: PubMed, Scopus,
Web of Science core collection, and Cochrane Library,
in search of studies aimed at investigating MSCs use for
T1DM and T2DM. Studies published from inception
through January 2024 were retrieved. Pertinent terms
and keywords were incorporated into the search strate-
gies such as “mesenchymal stem cell’, “stem cell trans-
plantation’, “diabetes mellitus’, “insulin dependent’, and
“insulin resistance” Supplementary Table 1 encompasses
the exhaustive search strategy according to literature
databases. Additionally, potentially eligible studies were
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retrieved through a manual we manually searched for
further relevant records. Thus forth, eligible studies were
collectively imported to the Rayyan software for screen-
ing based on the inclusion and exclusion criteria [39].

Inclusion and exclusion criteria

Fitness of each study was based on the predefined PICOS
model of participants, interventions, comparisons, out-
comes, and study design [40]. Studies were deemed fit for
inclusion if they met each of the criteria listed:

«+ DParticipants were patients with T1IDM or T2DM,
regardless of age, sex, gender, or race.

«+ Intervention was MSCs, regardless of source
(umbilical cord, Wharton’s jelly, bone marrow, feta
liver, etc.)

+ Comparator was standard care, sham procedure, or
any comparator identified as placebo (normal saline
infusion, human albumin, etc.).

+ Outcomes, if any of the following were reported:

1. Change in Hemoglobin A1C (HbA1C) (%).

2. Change in fasting blood glucose (PBG) (mg/dL).

Change in postprandial blood glucose (PPBG)

(mg/dL).

Change in daily insulin requirement (U/day).

Change in fasting serum c-peptide (ng/mL).

Change in stimulated serum c-peptide (ng/mL).

Change in homeostatic model assessment of

insulin resistant (HOMA-IR) (%).

8. Change in homeostatic model assessment of B-cell
function (HOMA-B) (%).

9. Adverse events (AEs).

w

N ook

«+ Study design referred to as RCT.

On the other hand, records disqualified were those: pub-
lished in a non-English language, studies presenting non-
clinical data including preclinical and basic science, and
study designs were not RCT (conference proceedings,
abstracts, editorials, literature or commentary reviews,
observational studies, and animal studies).

Literature screening and data extraction
Compiled records from all searched databases were scru-
tinized by four authors independently in a dual phase
process. Phase one entailed title and abstract screening
based on the eligibility criteria. In phase two, abstract-
eligible records underwent a full manuscript sweep. At
each step, a third independent author reviewed conflict-
ing records and duplicates.

Thereafter, data extraction from the included studies
was pursued by four independent authors and entered
into an online Google Sheets [41]. Information describing
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the characteristics of each study included: study ID, study
location, study design, DM type, stem cell type, duration
of DM, participant size in the intervention and control
arms, quantity of stem cell used, type of control used,
duration of the study/follow-up period, and outcomes of
interest. Moreover, standard study cohort information
was registered serving as the baseline data. Outcomes
from each study were recorded according to each follow-
up period, at 3, 6, and 12 months.

Outcomes of interest are those listed in the inclusion
and exclusion criteria. If the outcome data sets were a
continuous variable, they are extracted as means and
standard deviations (SDs). While variables of a dichoto-
mous entity were extracted as a frequency and a percent-
age (%). For outcomes represented with a graph, data
points were determined via the software plot digitizer
versions 2.6.8 [42].

Risk of bias assessment

To assess the quality of the included studies, two inde-
pendent authors utilized the Cochrane Risk of Bias 2
(ROB2) tool [43]. The authors investigated potential
biases in the following aspects: sequence generation, allo-
cation concealment, blinding, inadequate outcome data,
selective outcome reporting, and others. A third author
assisted in reviewing discording biases between the two
main reviewers.

Measures of treatment efficacy and statistical analysis

The effectiveness of stem cell therapy in diabetic patients
was interpreted by examining the magnitude of change
from baseline in the following main outcomes of inter-
est: glycosylated hemoglobin (%), fasting blood glucose
(mg/dL), postprandial blood glucose (mg/dL), fasting
C-peptide (ng/mL), and insulin requirement (U/day).
Secondary measures included change from baseline
in the following outcomes, stimulated C-peptide (ng/
mL), HOMA-B (%), and HOMA-IR (%). These changes
were pooled as mean difference (MD) in a meta-analysis
model. Adverse events were pooled as odds ratio between
both groups with a 95% CI using the Mantel -Haenszel
method. Statistical analysis was performed using the
Review Manager version 5.4.1 for the Windows operating
system [44].

Heterogeneity was assessed through the I* statis-
tic, with significance determined by the corresponding
p-value in the Cochrane Q test. An I” value of 0% signifies
no observed heterogeneity, while values of 25%, 50—-75%,
and >75% indicate low, moderate, and high levels of het-
erogeneity, respectively [38]. If significant heterogeneity
is observed, a sensitivity analysis is conducted to address
the heterogeneity.
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Dealing with missing data

Continuous outcomes reported using medians along
with interquartile ranges or ranges were converted into
means and SDs using specific estimate measures. The
analytical tool used for this specific conversion is adopted
from Wan et al., where a normal distribution is assumed
[45]. In addition, the mean difference was calculated by
subtracting the mean of baseline data from the mean
of outcome data. The standard deviation of change was
extrapolated using the baseline and final SD with the
employment of a correlation coefficient (r) in concor-
dance with the Cochrane Handbook meta-analysis of
continuous outcomes [46].

Subgroup analysis
Subgroup analyses were performed according to:

+ Type of DM: T1DM and T2DM.
+ Duration of the follow-up: 3 months, 6 months, and
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Assessment of publication bias

Funnel plots generated from the meta-analysis models
were examined in search of a publication bias in any out-
come including 10 studies or more. An asymmetrical dis-
tribution of study outcomes around the measure of effect
would be indicative of a publication bias.

Results

Search results

In total, 8991 studies were collected from PubMed (3347),
Scopus (3390), Web of Science (2075), and Cochrane
Library (179). Figure 1 outlines the search and screen-
ing process of the available literature. Once the records
were compiled together, with the assistance of Endnote
reference manager software, 3560 duplicated studies
were eliminated. Following title & abstract screening, 121
studies underwent full text screening, rendering 13 stud-
ies eligible for final inclusion in this systematic review
and meta-analysis.

12 months.
[ Identification of studies via databases and registers ]
§ Records identified from*: (8991)
‘5 PubMed (3347) Records removed before
= Scopus (3390) —»| screening:
c Web of Science (2075) Duplicate records
§ Cochrane Library (179). removed (n =3560 )

W '

Records screened

(n =5431)
: )
£
[
)
o
A Reports assessed for eligibility
by full text
(n=121)
~—
\ 4
E Studies included in review
3 (n=13)
e Reports of included studies
= (n=13)

Records excluded**
(n =5310)

Reports excluded:
Abstract (n =22)
Nonrandomised (n =18)
Single arm (n =19)
Observation(n=16)
Absent outcome (18)
Case report (7)
Other (8)

Fig. 1 PRISMA flowchart diagram of the literature screening & inclusion process
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Summary of included studies

In the present review, 13 RCTs encompassing 507 partici-
pants were reviewed and analyzed [47-59]. Five studies
were conducted in China, three in India, two in Iran, two
in Sweden, and one in the United States. In terms of study
design, three were pilot trials, three were phase I/II, and
seven were phase II and/or III; the majority were double-
blinded studies while three were single-blinded and three
were open-label. Table 1 summarizes key descriptions
and identifiers for all the studies included.

The participants allocated to the interventional arm
tallied to 279, while control participants were at total
of 228. In terms of patients’ disease, six RCTs evaluated
patients with TIDM (n=169), and another six evalu-
ated only T2DM patients (n=282), while a single study
included both types of diabetic patients (n T1DM =30,

Table 1 Summary of included randomized controlled trials
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n T2DM =26). All studies used somatic/adult stem cells
however, they varied in the source. Seven sourced bone
marrow stem cells, five of them used autologous mesen-
chymal stromal cells (ABM-MSCs), one used allogeneic
mesenchymal precursor cells (BM-MPCs) and another
one used autologous mononuclear cells (ABM-MNCs)
[50, 51, 53, 54, 57, 58]. Four experimented with allogeneic
umbilical cord-derived mesenchymal stromal cells (UC-
MSCs) and two studies combined UC-MSCs with ABM-
MNCs [47-49, 52, 55, 56]. Finally, Ghodsi et al. used fetal
liver-derived hematopoietic cells (HSCs) when investi-
gating T1IDM and T2DM patients [59].

Participants enrolled in the studies were observed to
have differing baseline characteristics. In T2DM stud-
ies, patients were mainly middle-aged adults with the age
mean ranging from 42.8 to 58.7 years, while in TIDM

Study ID  Study Country DM  SCT type Sample size (N) Dose of intervention Control Fol-
design Type SCT Placebo Total low-up
period
Bhansali  Single- India T2DM  ABMSCs 11 10 21 10 pg/kg/day Sham proce- 12
2014 [53] blinded dure+10 ml months
RCT normal saline
Bhansali  Single- India T2DM  ABMSCs 10 10 20 1x1016/kg Sham proce- 12
2016 [54]  blinded dure+10 ml months
RCT of diluted vit B
complex
Cai2016 Pilot Open- China TIDM  UCMSCs and 2121 42 1.1x1016/kg Standard care 12
[47] Label RCT ABMMNCs UC-MSC+106.8x 10A6-MNC months
Carlsson  Double- Sweden TIDM  UCMSCs (WJ-MSCs, 10 5 15 ProTrans (200 million cells) 5% wt./vol. 12
2023 [52] blind RCT ProTrans) human serum  months
albumin+10%
vol./vol. DMSO
Carlsson  Open pilot Sweden TIDM  BMMSC 10 10 20 2.75x 1016 cells/kg Stander care 12
2015([51] RCT months
Ghodsi Double- Iran TIDM  Fetal liver-derived 28 28 56 35-55x 1076 cellsin 5mlof  5mlofnormal 12
2012 [59] blind RCT T2DM  HSCs normal saline IV saline months
Hu 2013 RCT China TIDM  UCMSCs (WJ-MSCs) 15 14 29 26X 10A7/kg x2 Santander 24
[48] care+50 mL of months
normal saline.
Hu 2016 Double- China T2DM  UCMSCs (WJ-MSCs) 31 30 61 1x1016/kg Standard 36
[47] blind RCT care+ 100 ml months
normal saline
Izadi 2022 RCT Iran TIDM  BMMSCs 11 10 21 1x10 "6/kg x2 100 ml of 12
[50] normal saline  months
Skyler Single- USA T2DM  BMMSCs 45 16 61 G1=0.3x1016/kg 100 ml of 24
2015 (58]  blind RCT rexlemestrocel-L G2=1.0x1016/kg normal saline  months
G3=2.0x1016/kg
Sood RCT India T2DM  ABMSCs 21 7 28 G1=49x1018 Sham 6
2016 [57] G2=12.04x 1018 procedure months
(G3=6.88% 1018
Wu 2022  Pilot Open- China TIDM  UCMSCs and 2121 42 1.10x 10A6 MSCs/ Standard care 8 years
[49] Label RCT ABMMSCs kg+0.61x 10710 BM-MNCs
Zang Double- China T2DM  UCMSCs 45 46 91 1x1076/kg 100 ml of 6
2022 [56] blinded normal saline  months
RCT

ABMSCs: Autologous bone marrow-derived MSCs, UCMSCs umbilical cord MSCs, ABMMNCs: autologous marrow-derived MSCs, HSCs: hematopoietic stem cell,

WJ-MSCs: Wharton's jelly-derived MSCs
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studies the mean age range was wider with 10.27 to 36
years. Duration of diabetes was more than 4 years in all
studies except for Carlsson et al. trial which only included
those with a recent T1DM diagnosis (<2 years) [52]. Less
than half of the studies had patients with a controlled dis-
ease state at baseline, HbA1C <7%, specifically Carlsson
et al. in their 2023 trial had the lowest mean HbAlc of
6.5% [48, 51-54, 57]. On the other hand, Ghodesi et al. had
the highest HbA1C mean among their participants, 9.9%
[59]. Further baseline figures are identified in Table 2.

Risk of bias

Assessment of studies’ quality based on the ROB2 tool
has shown an inconsistent overall quality among the
studies. Four of the included studies had a low risk of
bias; five studies posed some concerns, and four had
high risks. For those with a high risk, the randomization
process seemed to be the only issue [47, 49, 51]. While
those with some concerns mainly arose from both the
randomization process and deviations from the intended
intervention [53, 54, 57, 58]. Figure 2 details quality
assessment according to each ROB2 tool domain respec-
tively for each of the included studies (Fig. 2a) and the
studies aggregate risk of bias based on domains (Fig. 2b).

Measures of treatment efficacy

Outcomes at 3-month follow up

HbA1lc Pooled analysis of nine studies that have reported
HbA1c showed significantly reduced HbAlc levels in the
stem cell groups versus placebo (MD = -0.31; 95% CI:
[-0.59 to -0.04], P=0.03). Non-significant heterogeneity
among study was observed (I*=17%; P=0.29), (Fig. 3a).
Comparing TIDM and T2DM in a subgroup analysis
showed similar levels of HbAlc between both arms (MD
= -0.44; 95% CI: [-0.90 to 0.03], P=0.07) and (MD = -0.27;
95% CI: [-0.68 to 0.15], P=0.21), respectively (supplemen-
tary Fig. 1).

FBG FBG was reported in six studies, which showed
no differences between MSC therapy and placebo (MD
= -9.94; 95% CI: [-27.91 to 8.03], P=0.28), shown in
(Fig. 3b). The analysis demonstrated significant hetero-
geneity (I =76%; P=0.0009), which was best resolved by
excluding Hu et al. study (I?=45%; P=0.12) [55]. How-
ever, statistical significance remained unchanged (MD =
-4.19; 95% CI: [-21.41 to 13.04], P=0.63) (supplementary
Fig. 2a). There were no significant differences in levels
of FBG between MSC therapy and placebo in both sub-
groups of TIDM and T2DM (MD = -6.48; 95% CI: [-39.47
to 26.51], P=0.70) and (MD = -10.75; 95% CI: [-36.19 to
14.68], P=0.41), respectively (supplementary Fig. 2b).
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PPBG The analysis of PPBG at a follow-up period of 3
months included three studies and showed a comparable
level of PBG between MSC therapy and placebo (MD =
-14.48; 95% CI: [-36.14 to 7.18], P=0.19) (Fig. 3c). The
pooled studies demonstrated non-significant heteroge-
neity (I>=24%; P=0.27). A subgroup analysis based on
T1DM showed no differences between MSC therapy and
placebo in both subgroups (MD =12.39; 95% CI: [-59.25 to
84.03], P=0.73), while T2DM subgroup analysis included
a single study and yielded a significant difference favoring
MSC therapy over placebo (MD = -20.86; 95% CI: [-36.41
to -5.31], P=0.009), (see supplementary Fig. 3).

Fasting C-peptide Fasting C-peptide pooled analy-
sis from eight studies had no differences between MSC
therapy and placebo (MD =0.12; 95% CI: [-0.18 to 0.42],
P=0.44) (Fig. 4a). Significant heterogeneity was detected
(I?=91%; P<0.00001), which was resolved by removing
Hu et al. trial, I*=31%; P=0.19 [55] and statistical signifi-
cance did not favor either arm (MD =0.04; 95% CI: [-0.09
to 0.18], P=0.53), (supplementary Fig. 4a). A subgroup
analysis based on T1IDM and T2DM showed comparable
levels of fasting C-peptide between MSC therapy and
placebo in both subgroups (MD =0.08; 95% CI: [-0.08 to
0.23], P=0.32) (I>=42%; P=0.16) and (MD=0.06; 95%
CI: [-0.06 to 0.71], P=0.86) (I = 88%; P < 0.00001), respec-
tively (supplementary Fig. 4b). Moreover, Hu et al. was
excluded from the subgroup analysis to address heteroge-
neity in the T2DM subgroup (I =35%; P=0.21). Remov-
ing the study of Hu et al. 2016, however, did not signifi-
cantly affect fasting C-peptide outcome in the T2DM
subgroup (MD = -0.18; 95% CIL: [-0.61 to 0.26], P=0.43)
(supplementary Fig. 5).

Insulin requirement Daily insulin dose at 3-month fol-
low up was reported in six studies (n=242); the MSC
therapy group had a significantly lower insulin require-
ment compared with placebo (MD = -11.56; 95% CI:
[-18.63 to -4.50], P=0.001), shown in (Fig. 4b). The pooled
studies were heterogeneous (I*=62%; P=0.02). Hetero-
geneity was handled by excluding the study of Hu et al.
(I? = 0%; P=0.88). After removing Hu et al. study from the
meta-analysis, the overall MD favored MSC therapy over
placebo (MD = -8.56; 95% CI: [-14.03 to -3.08], P=0.002)
(supplementary Fig. 6a). Subgroup analysis for T1DM
showed no differences between MSC therapy and placebo
(MD = -6.69; 95% CI: [-14.83 to 1.46], P=0.11), whereas
a subgroup analysis for T2DM showed significant differ-
ences in favor of MSC therapy over placebo (MD = -14.56;
95% CI: [-22.05 to -7.08], P=0.0001) (I*=53%; P=0.10),
(see supplementary Fig. 6b).

Stimulated C-peptide The analysis of stimulated C-pep-
tide at a follow-up period of 3 months included only two
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Table 2 Baseline demographic characteristics of included studies
Study  Study Age Sex (no.of Weight BMI (kg/m2) Duration Insulinre- HbA1c Fasting Fasting
ID Arms females) % (kg), (years) quirement (%), plasma C-peptide
U/day glucose ng/mL
Bhansa- Interven- 510(465-  2(18%) 816(736~ 285(263-303)* 120(100- 420310-  69(64- 94.5(87.7- 0.7(0.3-1.2)*
1i2014  tion 56.0)* 89.9)* 155)* 64.0)* 7.0)% 1034)*
(53] Control 540 3(30%) 741(715- 289(263-303)* 200(163- 405318-  69(62- 1030(950-  1.2(0.7-1.6)*
(52.5-55.8)* 76.6)* 20.8)* 44.3)* 7.0)* 112.3)*
Bhansa- Interven- 505(36.0-  2(20%) 815(702- 281(265-316)* 150(80- 475(340-  69(66- 58(53-62)* 04(0.3-04)*§
1i2014  tion 58.0)* 91.3)* 228)* 52.3)* 7.0)%
(53] Control  53.5(433-  4(40%) 69.3(64.9- 257(245-289)% 140(90- 485(295-  65(62- 60(55-67)* 05(04-07)*§
58.8)* 72.9)% 15.0)% 76.0)* 6.8)*
Cai Interven-  18.29 12(57%) 59.50(842) 21.99(1.78) 924(2-16)* 091(0.23)  8.56(0.81) 200.06(51.09)
2016 tion
[47] Control 2038 10(74%) 60.33(10.76) 22.06(2.46) 72-13*  090(020)]]  868(0.87) 192.43(35.318)
Carls-  Interven-  24(2) 111%) 78(3) 233(1.1) 0430.03)[I  6.5(04) 0.29(0.05)§
son tion
ét722]3 Control  27(2) 4(44%) 68(4) 22.5(0.9) 039(0.13)]]  6.9(0.4) 0.28(0.02)§
Carls- Interven-  31(4) 4(40%) 73.9(9.3) 24229 1.0(0.7) 17(7) 6.5(1.4) 0.32(0.19)8
son tion
[2022]3 Control ~ 31(9) 3(60%) 675(126)  23.5(22) 1.0(0.3) 30(10) 6.6(0.7) 0.16(0.05)§
5
Ghodsi  Inter- 2161(10.53) 6(46.2%) 423(2.21) 108(20) 219.0(1264)  0.28(0.60)
2012 vention
[59] Type 1
Control 1 21.35(9.80)  9(52.9%) 411(2.86) 10.1(14)  2232(125.1)  0.27(0.49)
Inter- 4833(9.75)  12(80.0%) 6.03(2.55) 94(16)  166.0(56.6) 2.2(09)
vention
Type 2
Control 2 42.81(13.63) 7(63.6%) 6.04(3.27) 92(12)  151.8(69.6) 2.2(09)
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studies, in which MSC therapy was associated with sig-  similar levels of HOMA-p between MSC therapy and pla-
nificantly higher levels of stimulated C-peptide compared  cebo (MD =9.94; 95% CI: [-33.85 to 53.72], P=0.66). The
with placebo (MD =0.32; 95% CI: [0.05 to 0.59], P=0.02).  pooled studies showed significant heterogeneity (I> = 90%;
The pooled studies were homogenous (I>=0%; P=0.35), P=0.002), (supplementary Fig. 7b).
(supplementary Fig. 7a).

HOMA-IR HOMA-IR at a follow-up period of 3
HOMA-B Our analysis of HOMA-p at follow-up period months was reported in only two studies with a total of
of 3 months included only two studies and demonstrated 81 patients. Our analysis revealed that MSC therapy was
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associated with significantly lower levels of HOMA-IR
compared with placebo (MD = -0.25; 95% CI: [-0.42 to
-0.08], P=0.003). The pooled studies were homogenous
(I?=0%; P=0.68), (supplementary Fig. 7c).

Outcomes at 6-month follow up

HbA1lc Nine studies reported changes in HbAlc at the
6-month follow up and revealed that MSC therapy was
associated with a significantly lower HbAlc level com-
pared with placebo (MD = -0.53; 95% CIL: [-0.96 to -0.10],
P=0.02), shown in (Fig. 5a). The pooled studies displayed
significant heterogeneity (I>=63%; P=0.006) and were
addressed by excluding Hu et al. study (I* = 22%; P=0.25).
After excluding the study of Hu et al., the overall MD
favored MSC therapy over placebo (MD = -0.38; 95% CI:
[-0.72 to -0.05], P=0.02), (supplementary Fig. 8a). MSC
therapy in T1DM subgroup had a significantly favorable
HbA1c outcome in comparison to placebo (MD = -0.72;
95% CI: [-1.18 to -0.26], P=0.002) (I>=0%; P=0.67). In
T2DM subgroup, no differences were shown between
MSC therapy and placebo (MD = -0.35; 95% CI: [-1.03
to 0.32], P=0.30) (I>=78%; P=0.0004) (supplementary
Fig. 8b). Furthermore, Hu et al. was removed from the sub-
group analysis to handle the heterogeneity in the T2DM
subgroup (I=41%; P=0.15) (supplementary Fig. 9a).
Excluding the study of Hu et al., however, did not signifi-
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cantly affect HbAlc outcome in the T2DM subgroup (MD
=-0.12; 95% CI: [-0.62 to 0.37], P=0.62).

FBG Seven studies were included in the analysis of FBG
at a follow-up period of six months, which revealed no
differences between MSC therapy and placebo (MD =
-11.05; 95% CI: [-27.72 to 5.62], P=0.19), (Fig. 5b). The
pooled studies were heterogeneous (I? = 75%; P=0.0006).
A subgroup analysis based on T1DM showed significantly
favorable FBG outcome with MSC therapy over pla-
cebo (MD = -28.19; 95% CI: [-46.27 to -10.11], P=0.002)
(I’=4%; P=0.37) (supplementary Fig. 9b). The T2DM
subgroup showed comparable levels of FBG between
both arms (MD = -0.98; 95% CI: [-24.35 to 22.39], P=0.93)
(I>=85%; P=0.0002). Hu et al. study was removed from
the subgroup analysis to handle the heterogeneity in
the T2DM subgroup (I°=0%; P=0.81) (supplementary
Fig. 10a). Excluding the study of Hu et al., however, did
not significantly affect FBG outcome in the T2DM sub-
group (MD =8.23; 95% CI: [-4.18 to 20.64], P=0.19).

PPBG Pooled analysis of three trials showed that MSC
therapy was associated with significantly lower PPBG lev-
els compared with placebo (MD = -43.07; 95% CI: [-78.36
to -7.78], P=0.02), (Fig. 5c). The pooled studies demon-
strated significant heterogeneity (I* = 60%; P=0.08). Het-
erogeneity was handled by removing Hu et al. 2013 study
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from the meta-analysis (I>=0%; P=0.41) and analysis
remained statistically significant, MD = -61.85; 95% CI:
[-77.28 to -46.41], P<0.00001 (supplementary Fig. 10b)
[48]. A subgroup analysis based on T1DM showed no dif-
ferences between MSC therapy and placebo (MD = -20.39;
95% CI: [-54.16 to 13.37], P=0.24, I?=0). The T2DM sub-
group showed significantly favorable PPBG outcome in
MSC therapy (MD = -62.68; 95% CI: [-78.24 to -47.12],
P<0.00001), (see supplementary Fig. 11a).

Fasting C-peptide Our analysis of fasting C-peptide at
a follow-up period of six months included eight stud-
ies, which revealed no differences between MSC therapy
and placebo (MD =0.25; 95% CI: [-0.12 to 0.63], P=0.18),
(Fig. 6a). The pooled studies were heterogeneous (I* = 94%;
P<0.00001). Heterogeneity was best handled by excluding
the study of Hu et al. 2016 (I> = 0%; P=0.66). However, the
overall MD did not favor either arm after removing the
study from the meta-analysis (MD=0.01; 95% CI: [-0.05
to 0.06], P=0.83), (supplementary Fig. 11b). TIDM and
T2DM subgroups showed comparable levels of fasting
C-peptide between MSC therapy and placebo (MD =
-0.00; 95% CI: [-0.06 to 0.05], P=0.99) (I*=0%; P=0.40)
and (MD = 0.44; 95% CI: [-0.10 to 0.98], P=0.11) (I = 81%;
P=0.0004), (supplementary Fig. 12a). In addition, Hu et al.
2016 was excluded from the subgroup analysis to address
heterogeneity in the T2DM subgroup (I>=0%; P=0.98).

Experimental Control
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However, did not significantly affect fasting C-peptide
outcome in the T2DM subgroup (MD=0.18; 95% CI:
[-0.13 to 0.48], P=0.25) (supplementary Fig. 12b).

Insulin requirement Among six studies pooled analysis,
results showed that MSC therapy was associated with sig-
nificantly lower daily insulin dose compared with placebo
after 6 months of follow-up (MD = -14.63; 95% CI: [-24.54
to -4.72], P=0.004), see (Fig. 6b). Analysis was heterog-
enous (I?=84%; P<0.00001) and was best addressed by
excluding the study of Hu et al. 2016 (I> = 0%; P=0.73). Fol-
lowing the exclusion of the study from the meta-analysis,
the overall MD favored MSC therapy over placebo (MD
= -11.32; 95% CIL: [-16.46 to -6.17], P<0.0001) (supple-
mentary Fig. 13a). A subgroup analysis based on TIDM
and T2DM showed a significant insulin level outcome in
favor of MSC therapy in both subgroups (MD = -10.11;
95% CI: [-19.10 to -1.12], P=0.03) and (MD = -15.71;
95% CI: [-26.68 to -4.74], P=0.005) (I* = 82%; P<0.0002),
respectively (supplementary Fig. 13b). Hu et al. 2016 was
removed from the subgroup analysis to address hetero-
geneity in the T2DM subgroup (I>=0%; P=0.58). After
excluding the study of Hu et al. 2016, the overall MD still
favored MSC therapy over placebo in the subgroup of
T2DM (MD = -11.9; 95% CI: [-18.17 to -5.64], P=0.0002)
(supplementary Fig. 13c).
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Fig. 6 Forest plot showing the results at 6-month follow-up for both types of DM: (A) Comparison of the fasting C-peptide levels, (B) Comparison of the

Insulin requirement, (C) Comparison of the stimulated C-peptide levels
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Stimulated C-peptide The analysis of stimulated C-pep-
tide at a follow-up period of six months included four
studies, in which MSC therapy was associated with com-
parable levels of stimulated C-peptide compared with pla-
cebo (MD =0.26; 95% CI: [-0.43 to 0.95], P=0.46) (Fig. 6¢).
The pooled studies showed non-significant heterogeneity
(I*=45%; P=0.14).

HOMA-B Our analysis of HOMA- at follow-up period
of six months included four studies and showed similar
levels of HOMA- between MSC therapy and placebo
(MD = -0.57; 95% CI: [-34.34 to 33.19], P=0.97), see (sup-
plementary Fig. 14a). The pooled studies showed signifi-
cant heterogeneity (I?=86%; P<0.0001). Heterogeneity
was addressed by removing Hu et al. 2016 study from the
meta-analysis (I*=16%; P=0.30). The overall MD, how-
ever, did not favor MSC therapy or placebo after exclud-
ing the study (MD = -11.55; 95% CI: [-33.46 to 10.36],
P=0.30) (supplementary Fig. 14b).

HOMA-IR HOMA-IR at a follow-up period of six
months was reported in four studies. Our results showed
that MSC therapy was associated with comparable levels
of HOMA-IR compared with placebo (MD = -0.31; 95%
CI: [-1.05 to 0.42], P=0.40), shown in supplementary
Fig. 14c. The pooled studies were heterogeneous (I = 64%;
P=0.04). Heterogeneity was best addressed by excluding
the study of Bhansali et al. 2014 (I>= 38%; P=0.20). How-
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ever, the overall MD favored neither arm after removing
the study from the meta-analysis (MD = -0.20; 95% CI:
[-0.62 to 0.23], P=0.36) (supplementary Fig. 14d).

Outcomes at 12-month follow up

HbA1lc Pooled analysis at the 12 months included 11
trials, which showed that MSC therapy was associated
with a significantly lower HbAlc level compared with
placebo (MD = -0.72; 95% CI: [-1.11 to -0.33], P=0.0003),
(Fig. 7a). The pooled studies were heterogeneous (I? = 56%;
P=0.01). A subgroup analysis based on T1IDM showed
significantly favorable HbAlc outcome with MSC therapy
(MD = -0.98; 95% CI: [-1.43 to -0.52], P<0.0001) (I* = 24%;
P=0.25). T2DM subgroup showed comparable levels of
HbA1lc between both arms (MD = -0.42; 95% CI: [-1.06
to 0.22], P=0.20) (I?=72%; P=0.006) (supplementary
Fig. 15a). Heterogeneity in the T2DM subpopulation was
dealt with by excluding Hu et al. 2016 (I>=43%; P=0.15);
however, it was not statistically significant (MD = -0.19;
95% CI: [-0.75 to 0.37], P=0.50) (supplementary Fig. 15b).

FBG Nine studies were included in the analysis of FBG
at a follow-up period of twelve months, which revealed
no differences between MSC therapy and placebo (MD
= -6.22; 95% CI: [-24.23 to 11.79], P=0.50), illustrated
in (Fig. 7b). The pooled studies displayed significant
heterogeneity (I>=81%; P<0.00001). A subgroup analy-

Mean Difference Mean Difference

A Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Bhansali 2014 0.47 085 11 033 079 9 109% 0.14 [-0.58, 0.86] [—
Bhansali 2016 -0.33 085 9 -02 076 10 10.2% -0.13 [-0.91, 0.65] ——

Cai 2016 -1.1 115 21 01 113 21 11.2% -1.20[-1.89,-0.51]

Carlsson 2023 0 15 9 01 1.43 5 4.4% -0.10 [-1.69, 1.49]

Clarlsson 2015 02 11 g -03 11 9 7.9% 0.10[0.92,1.12] S
Ghodsi 2012 1.33 207 28 -1.19 206 28 7.4% -0.14 [-1.22,0.94] ———————
Hu 2013 -0.8 1.18 15 056 1.78 14 7.2% 1.36 [-2.47,-0.25]

Hu 2016 1.66 1.05 31 -0.41 1.01 30 13.3% 1.25[1.77,-0.73) ———

Izadi 2022 046 1.4 11 097 1.46 10 6.3% 1.43 [-2.66,-0.20]

Wu 2022 1.28 1.33 14 013 1.02 15 9.3% 1.41 [-2.28,-0.54]

Zang 2022 15 1.48 37 -0.7 135 36 11.7% 0.80 [-1.45,-0.15]

Total (95% CI) 195 187 100.0% -0.72[-1.11,-0.33] s
Heterogeneity: Tau®*= 0.22; Chi*= 22.63, df= 10 (P = 0.01); F= 56% 92 51 ) i %

Test for overall effect: Z= 3.64 (P = 0.0003)

Favours [MSC] Favours [control]

Experimental Control Mean Difference Mean Difference

B Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Rand 95% CI

Bhansali 2014 11.8 186 11 257 15.9 9 155% 9.23 [-5.89, 24.35] o T

Bhansali 2016 1513 1369 9 1.8 2342 10 15.0% 13.33[-3.72,30.38] A——

Cai 2016 -48 51.8 21 -8.2 439 21 12.0% -39.80[-68.84,-10.76) —

Carlsson 2023 25.2 279 8 9 36.8 4 9.2% 16.20[-24.72,57.12) —
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Fig. 7 Forest plot showing the results at 12-month follow-up for both types of DM: (A) Comparison of the HbA1c, (B) Comparison of the FBG
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sis based on T1DM and T2DM showed similar levels
of FBG between MSC therapy and placebo in both sub-
groups (MD = -13.94; 95% CI: [-34.10 to 6.21], P=0.18)
(I’=31%; P=0.20) and (MD=2.16; 95% CI: [-26.65 to
30.97], P=0.88) (I>=92%; P<0.00001), respectively (sup-
plementary Fig. 16a). To address the heterogeneity in
T2DM subgroup, the study of Bhansali et al. 2016 was
excluded (I? = 0%; P=0.70). Following the exclusion of the
study from the subgroup analysis, the overall MD favored
placebo over MSC therapy (MD =11.84; 95% CI: [0.72 to
22.97], P=0.04) (supplementary Fig. 16b).

PPBG The analysis of PBG at a follow-up period of
twelve months included three studies and demonstrated
that MSC therapy was associated with significantly lower
PPBG levels compared with placebo (MD = -44.32; 95%
CL [-78.98 to -9.67], P=0.01), shown in (Fig. 8a). The
analysis’ significant heterogeneity (I =58%; P=0.09) was
best handled by removing Izadi et al. 2022 study (I = 17%;
P=0.27) from the meta-analysis. Following the exclu-
sion of the study, the overall MD favored MSC therapy
over placebo (MD = -11.32; 95% CI: [-16.46 to -6.17],
P<0.0001) (Fig. 8b). A subgroup analysis based on TIDM
showed no differences between MSC therapy and placebo
(MD = -8.34; 95% CI: [-96.90 to 80.21], P=0.85). T2DM
subgroup showed significantly favorable PPBG outcome
in MSC therapy (MD = -61.26; 95% CI: [-76.68, -45.84],
P<0.00001) (supplementary Fig. 17a).
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Fasting C-peptide Our analysis of fasting C-peptide at
a follow-up period of twelve months included ten stud-
ies, which revealed significantly higher levels of fast-
ing C-peptide with MSC therapy compared to placebo
(MD =0.24; 95% CI: [0.05 to 0.43], P=0.01), (Fig. 8c). The
pooled studies were heterogeneous (I> = 93%; P < 0.00001).
A subgroup analysis based on T1DM showed signifi-
cant fasting C-peptide outcome in favor of MSC therapy
(MD=0.12; 95% CI: [0.02 to 0.22], P=0.02). T2DM sub-
group showed similar levels of fasting C-peptide in both
arms (MD =0.39; 95% CI: [-0.30 to 1.08], P=0.27) (supple-
mentary Fig. 17b).

Insulin requirement The analysis of insulin levels at a
follow-up period of twelve months included seven stud-
ies. Our results showed that MSC therapy was associated
with significantly lower insulin levels compared with pla-
cebo (MD = -16.60; 95% CI: [-25.81 to -7.39], P=0.0004),
depicted in (Fig. 9a). The significant pooled heterogene-
ity (1*=82%; P<0.0001) was addressed by excluding the
study of Hu et al. 2016 (I*=0%; P=0.43). After excluding
the study from the meta-analysis, the overall MD favored
MSC therapy over placebo (MD = -14.50; 95% CI: [-19.45
to -9.55], P<0.00001) (Fig. 9b). A subgroup analysis based
on T1DM and T2DM showed a significant insulin level
outcome in favor of MSC therapy in both subgroups (MD
= -11.58; 95% CI: [-20.65 to -2.50], P=0.01) and (MD =
-21.45; 95% CI: [-32.66 to -10.24], P =0.0002), respectively

Mean Difference Mean Difference
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Fig. 8 Forest plot showing the results at 12-month follow-up for both types of DM: (A) Comparison of the PPBG, (B) Sensitivity analysis of the PPBG, (C)
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Experimental Control Mean Difference Mean Difference
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Fig. 9 Forest plot showing the results at 12-month follow-up for both types of DM: (A) Comparison of the insulin requirement, (B) Sensitivity analysis of

the insulin requirement, (C) Comparison of the stimulating C-peptide levels

(supplementary Fig. 18a). A significant heterogeneity was
detected in the T2DM subgroup, I> = 79%; P = 0.003, which
resolved after excluding Hu et al. 2016, I*=0%; P=0.51;
the overall MD still favored MSC therapy over placebo in
the subgroup of T2DM (MD = -16.35; 95% CI: [-23.51 to
-9.20], P<0.00001) (supplementary Fig. 18b).

Stimulated C-peptide The analysis of stimulated C-pep-
tide at a follow-up period of twelve months included three
studies, in which MSC therapy was associated with simi-
lar levels of stimulated C-peptide compared with placebo
(MD=0.57; 95% CI: [-0.33 to 1.48], P=0.21), see (Fig. 9¢).
The pooled studies were heterogeneous (I> = 77%; P=0.01).
Heterogeneity was best addressed by excluding the study
of Hu et al. 2016 (I>=0%; P=0.40). However, the overall
MD favored neither arm after removing the study from
the meta-analysis (MD=0.05; 95% CI: [-0.21 to 0.30],
P=0.72) (supplementary Fig. 19a).

HOMA-B Three studied compared HOMA-B levels, their
pooled analysis revealed comparable levels of HOMA-p
between MSC therapy and placebo (MD =23.63; 95% CI:
[-2.55 to 49.80], P=0.08) (supplementary Fig. 19b). The
significant heterogeneity (I>=85%; P=0.06) was best
addressed by excluding the study of Bhansali et al. 2016
(I2=0%; P=0.77), which resulted in overall MD favoring
placebo over MSC therapy (MD =33.56; 95% CI: [29.67 to
37.44], P<0.00001) (supplementary Fig. 19c).

HOMA-IR HOMA-IR at a follow-up period of twelve
months was reported in four studies. Our results showed
that MSC therapy was associated with similar levels of
HOMA-IR compared with placebo (MD = -0.05; 95% CI:
[-0.22 to 0.11], P=0.51). The pooled studies were homog-
enous (I>=0%; P=0.96), as shown in (supplementary
Fig. 19d).

Publication bias

Two outcomes were eligible for publication bias assess-
ment, HbAlc and fasting C-peptide. Figure 10 depicts
the funnel plot analysis for both outcomes, which indi-
cates a hint of asymmetrical effect estimate.

Safety and adverse events of MSCs

Throughout the included trials, no serious adverse events
or mortality were reported during the treatment and the
follow up period. The interventional use of MSCs has
been deemed reasonably safe in comparison to the stan-
dard of care. The most common adverse effect was hypo-
glycemic episodes; however, none were of severe or fatal
magnitude. Hypoglycemia cannot be solely attributed to
the intervention (MSCs) and is confounding, owing to
the participants’ concomitant use of insulin and stem cell
therapy. The supplementary Fig. 20 shows the meta-anal-
ysis of the eight studies that have reported the AEs out-
come, revealing no significant increased incidence of AEs
between both arms with an odds ratio of 1.39 (95% CI:
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Fig. 10 Funnel plot for potential publication bias analysis. The potential
c-peptide

[0.75 to 2.58], P=0.29) and risk ratio 1.23 (95% CI: [0.81
to 1.86], P=0.33), with pooled analysis being homoge-
nous, I>=0%; P=0.55. (supplementary Fig. 20a, b).

Among the common reported AEs included: upper
respiratory tract infections, abdominal pain, nausea, and
vomiting. All of which were noted to be self-limiting and
of mild to moderate severity. Additionally, procedure-
related AEs were bleeding or reactions at the injection
site, reported by a total of six patients from the pooled
sample.

Discussion
Summary of main results
Given the epidemicity of diabetes mellitus, the search
for novel efficacious treatments and/or curative modali-
ties is an ongoing clinical endeavor. The objective of the
current meta-analysis is to investigate in diabetic patients
the outcomes and safety of using rudimental somatic
cells that can mimic pancreatic islet cells and amplify
insulin secretion and function in the body. Here, the
authors present updated and RCT-exclusive meta-ana-
lytical data exploring the aforementioned intervention in
type 1 and 2 diabetes and examined eight parameters for
treatment efficacy after 3-, 6-, and 12-months post treat-
ment; parameters being: HbAlc, FBG, PPBG, FCP, SCP,
HOMA-IR, HOMA-B, and total daily dose of insulin.
Through this meta-analysis of thirteen pooled RCTs,
we have observed a significant reduction in HbAlc,
PPBG, and insulin requirement in diabetic patients con-
sistently after six- and twelve-months post stem cell
therapy. Fasting C-peptide levels, which is indicative of
beta cells’ function and baseline insulin secretion, were
also significantly increased after a 12-month follow-up in
both types. HbAlc and insulin dosage was also reduced

publication bias of the effects of MSC therapy on (A) HbA1c and (B) fasting

in T1DM subgroup analysis at the half year and one-year
mark. FCP in this subpopulation increased significantly
only at the 12-month follow-up. While FBG, PPBG, and
insulin dosage were significantly reduced in T2DM sub-
group analysis at the one-year mark; the latter two were
consistently reduced at the 3- and 6-month mark as well.

No significant difference was observed in FBG between
groups, albeit it was consistently lower in the interven-
tion arm following 3, 6, and 12 months after therapy.
Moreover, MSC-therapy did not prove efficacious
in improving stimulated C-peptide, HOMA-IR, and
HOMA-B measures.

Previous literature and systematic reviews have cham-
pioned promising and favorable outcomes of stem cell
therapy. Hamad et al. reviewed ten clinical trials and con-
cluded significant improvement in HbAlc, C-peptide,
and insulin production in both types of diabetic patients
[34]. While Hwang et al’s systematic review, based on 16
controlled clinical trials, reported therapeutic benefits
in HbAlc, FBG, C-peptide, and insulin requirement in
T2DM but only HbAlc improvement in T1DM [60].

Two studies, Mathur et al. and Pawitan et al. have sys-
tematically reviewed the outcomes of MSC-based therapy
only in type 2 diabetic patients [61, 62]. Pawitan et al. in
2018 examined 25 various literature designs and reported
favorable therapy outcomes in T2DM [62]. Their review
included eight controlled clinical trials, six of which
showed significant differences in the T2D patients receiv-
ing cell therapy with improvement in parameters like
HbAlc, FBG, and C-peptide, and insulin dose reduction.
In Mathur and his colleagues’ 2023 systematic review of
controlled trials, they have reiterated Pawitan et al’s find-
ing of improved HbAlc, FBG, and C-peptide after 12
months from receiving stem cell therapy in T2DM [61].
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Moreover, Ranjbaran and co-authors in their meta-analy-
sis of observational and experimental studies among type
2 diabetic cases revealed similar findings to ours in terms
of significantly reduced insulin dosage and non-signif-
icant changes in C-peptide [63]. However, their results
did favor an improvement in HbAlc in T2DM which
our subgroup analysis of only T2D cases did not find
significant, but our overall pooled analysis did observe a
statistically significant reduction through the follow-up
periods in comparison to control.

Explanation of study findings

Interpreting the effectiveness of counter-diabetic therapy
relies on several parameters rather than HbA1lc alone and
together they can better indicate disease status and ther-
apeutic progress. To elaborate, HbAlc reflects glycemic
control for a period of 12 weeks, while FBG and PPBG
indicate B-cell function and the tissues’ insulin sensitiv-
ity [64]. Other measures, such as fasting and stimulated
C-peptide indicate B-cells secretory capacity; fasting
C-peptide reveals baseline insulin levels, while stimulated
C-peptide reflects the pancreas’s ability to produce insu-
lin in response to hyperglycemia and its insulin reserve
[65, 66]. The HOMA-IR and HOMA-B modeling of the
fasted-state interplay between insulin and blood glucose
concentrations are a surrogate of insulin resistance and
B-cell function, respectively [67].

HbAlc was reported in eleven RCTs included in this
analysis, the most reported endpoint, and was found to
be significantly reduced after stem cell therapy in nine tri-
als, effectively this explains the significant HbAlc reduc-
tion observed in the pooled analysis [47-50, 52, 54—56,
59]. Meanwhile, the smaller number of accrued T2DM
participants versus that of TIDM could explain the sig-
nificant finding of reduced HbAlc in the intervention
arms in the latter (T1DM) but not the former (T2DM)
as reported in our subgroup analysis. Fasting C-peptide
was the second most reported endpoint, by 10 studies
(293 participants) as opposed to three studies report-
ing stimulated C-peptide (69 participants), the relatively
small sample could have very much caused the latter’s
statistical insignificance [47-56, 59]. Fasting C-peptide
was significantly increased only at the one-year follow-up
which might indicate the time-lapse for stem cells to dif-
ferentiate and exert its paracrine effects in the surround-
ing pancreatic parenchyma. Also, the significant increase
in fasting c-peptide versus stimulated c-peptide might
indicate that MSCs were effective enough to increase
the baseline levels of insulin but not effective enough to
cause a reactive ability of the B-cells to respond to stimu-
lated testing or glycemic increases. However, such results
still indicate that beta cell function was improved by such
therapy, albeit not to a disease-free-comparable executive
function, the results are indeed encouraging.
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In this study, FBG was reported cumulatively in nine
studies and was insignificant in comparison to both arms,
however subgroup analysis for T2DM vyielded a reduction
in FBG readings [47-50, 52—-55, 59]. Fasting blood sugar
is an impressionable parameter with diurnal variabil-
ity. Therefore, factors such as duration of fasting, night
meal type, diet type, physical activity, insulin resistance
and other medical conditions (metabolic disease, liver
disease, renal impairment, pancreatic damage, vascular
disease, and endocrine disease) all could have influenced
this outcome [68-70]. In addition, adjunct antidiabetic
medication like basal insulin and oral hypoglycemic
could have confounded FBG results [68]. Oral hypoglyce-
mic agents consumed by T2D subjects are often taken in
the morning which by night their effect wanes and thus
results in higher morning readings.

Insulin requirement was also a much-sought out-
come among the included studies (seven trials), which
in our analysis was observed to have decreased in those
receiving the intervention. It seems contradictive given
that change in FBG was not deemed significant, how-
ever, looking at the changes in fasting C-peptide and
PPBG which were both significant and are indicative
of enhanced B-cells function, it is justified. The reduc-
tion of exogenous insulin intake could be explained by
MSCs promoting endogenous insulin secretion from
the remaining pancreatic islet cells and their ability to
increase B-cells in size and number and suppress immu-
nity-induced inflammation [30, 71, 72]. Furthermore,
MSCs have been shown to impact metabolic control, spe-
cifically enhancing insulin sensitivity through increased
signaling, which could explain the significant reduction
in PPBG, especially in the T2DM subgroup [67, 73]. The
reduction in the total daily insulin dose observed with
MSC therapy may help alleviate the financial burden
and minimize the side effects associated with exogenous
insulin administration.

Significance of this work

The premise of utilizing stem cells to replace diseased
or dysfunctional parenchymal cells has fueled intense
interest in their clinical applicability; their potential to
offer a more radical solution than pharmacotherapeutic
options makes them highly promising. Pharmacothera-
peutic alternatives tend to offer symptomatic relief and
merely alter or correct already-diseased cells as opposed
to stem cells which can differentiate into cells and con-
fer normal physiological behavior. In the case of diabe-
tes, the differentiation of mesenchymal stem cells into
insulin-producing cells (IPCs) and the promotion of their
generation was systematically reviewed by Nemati et al.,
although the mechanism and the physiology behind it
remains very complex, their results showed that MSCs
have the efficacy to differentiate into IPCs among other
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mechanisms that modulate islets cells in the pancreas
[74, 75].

The extrapolated meta-analytical data here repre-
sents statistics obtained from randomized controlled
trials only, in an aim to deduce evidence based on the
most robust literature available. Moreover, to the best
of the author’s knowledge, this is the first meta-analysis
encompassing eight outcomes to evaluate treatment
efficacy. Similar studies in the literature have presented
inconsistent findings, however, as far as HbAlc goes, the
majority have reported a significant decline post receiv-
ing stem cell therapy. He et al. in their meta-analysis of
seven studies reported three outcomes only, HbAlc was
significantly lowered, but FPG and fasting C-peptide
were not [76]. Meanwhile, Zhang et al’s 2020 meta-anal-
ysis has echoed our results of improvements in HbAlc,
C-peptide, and insulin dosage but not FBG, however,
they included a large proportion of non-randomized tri-
als [77]. Subsequently, in a 2021 meta-analysis by Wang
et al., they found no effect of MSCs therapy on HbAlc
and FBG but did observe a benefit in terms of fasting
C-peptide and insulin requirements, which they attrib-
uted to the inclusion of non-randomized clinical trials in
their analysis [78].

The current study includes the greatest number of
RCTs related to this intervention and a broader range of
outcomes and thus offers more nuanced and refreshed
insights. These encouraging findings could serve as a
foundation and merit further necessary research in this
field. The results set forth here could also be used to sup-
port research investigating the use of mesenchymal stem
cells in the treatment of other diseases, especially those
of metabolic pathology. Shamsuddin and her colleagues
recently reported a systematic review spanning 18 stud-
ies of varying literature methodology looking into the
efficacy of stem cells in metabolic syndrome which has
shown favorable outcomes in controlling its cluster of
disorders [79]. Another prospect involves adjunct ther-
apy to pancreatic islets/whole pancreas transplantation
in which stem cells improve engraftment and survival, as
reported in vivo and in vitro studies [80, 81].

Yet, these more invasive modalities are met with
immense challenges like those of surgical risks, graft
rejection, associated immunosuppression risks, their lim-
ited accessibility in healthcare and availability of donors,
insufficient clinical research backing, and finally their
financial burden is too high [21, 22]. Therefore, mesen-
chymal stem cell-based therapy proposes an encourag-
ing approach to diabetes management by offering an
effective, safe, and longer-lasting disease control than
conventional antidiabetic treatment. With several dozen
clinical trials underway, as listed on the clinicalTrials.gov
registry, there is optimism for a larger and well-powered
meta-analysis will provide stronger statistical validation
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and thereby a more robust picture of mesenchymal stem
cells therapeutic effectiveness [82].

Limitations

The present analysis faces a few challenges, beginning
with the small size of the pooled sample of the studies
which could have led to insufficient statistical power of
the outcomes. Most of the clinical trials involved a small
number of recruits, averaging between 50 and 60 total
participants in each trial. Moreover, there is heterogene-
ity among the studies and the underlying cause is complex
given the nature of the intervention. Different types, dos-
ing, and routes of administration of mesenchymal cells
were used among the studies, as reported in the results,
which is a major confounding factor. However, given the
limited number of trials and pooled participants, it is still
early to provide meta-analytical data based on one source
of mesenchymal stem cells. Additionally, variations in
trial design, alongside inconsistencies in bias risk and
quality assessment, further contribute to the weakness of
the analysis and limit the reliability of the findings.

The short follow-up period reported in the studies,
12 months, fails to provide long-term outcome benefit.
Only four trials have investigated outcomes beyond 12
months, limiting the evaluation of the effectiveness of
MSC:s for the long run. A key element of such costly and
semi-invasive therapy is the longevity of its effects in the
face of multiple antidiabetic modalities that are cheaper
and more accessible. Prospect trials would benefit sig-
nificantly from an extended follow-up time, it is essential
to understand the sustainability of stem cells chronically.
Trials may resort to prospective cohort study designs,
focusing on the intervention participant’s outcomes
only, once the primary follow up period has concluded.
This would help reduce the financial burden associated
with trials, as cohort study designs tend to be less cost
exhaustive.

Another drawback of the included trials is the lack of
diabetes specific quality of life assessment (DQOL) which
provides a perspective on the receptive potential of the
intervention among participants. Only Izadi et al. have
evaluated subjective outcomes based on their patients
[50]. They have observed a statistically significant
improvement in quality of life among T1DM participants
who received mesenchymal stem cell therapy. Investigat-
ing patient’s tolerability/acceptance and quality of life in
relation to the intervention is imperative to delivering
holistic and patient-centered care.

Conclusion

The systematic review and meta-analysis presented here
aligns with the growing body of evidence suggesting
that mesenchymal stem cell-based therapy is an effica-
cious and safe alternative to conventional therapy. In this
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pooled analysis, HbAlc, PPBG, fasting C-peptide, and
the total daily dose of insulin were observed to improve
after stem cell therapy until 12-months post treatment.
Improvement in HbAlc was more evident in TIDM
than T2DM, while benefit in PPBG reduction was noted
in T2DM more than T1DM. By potentially enhancing
insulin sensitivity, promoting the secretory and genera-
tive ability of pancreatic islet cells, and modulating tis-
sue repair and immune response, MSCs can provide
sustained therapeutic effects that is lacking in conven-
tional therapies, which focus on symptomatic manage-
ment rather than addressing the root cause of the disease.
Therefore, the fight and need for more research in this
field of regenerative medicine is imperative. Existing lit-
erature remains limited and underpowered to be able to
draw definitive conclusions. Larger and long-term stud-
ies are essential to understand MSCs full potential in dia-
betic patients. Additionally, further research is required
to elucidate the mechanism and physiological processes
behind MSCs’ effects, which are still not entirely clear.
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