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Abstract

Multipotent mesenchymal stem/stromal cells (MSCs) have regenerative and immunomodulatory properties to restore and repair
injured tissues, making them attractive candidates for cell-based therapies. Experimental and clinical evidence has demonstrated
the effectiveness of MSC transplantation in managing diabetes mellitus (DM). Autologous MSCs are assumed to be favorable
because patient-derived cells are readily available and do not entail sustained immunosuppressive therapy. DM is associated with
hyperglycemia, oxidative stress and altered immune responses and inflammation. It may thus alter the biological characteristics
and therapeutic qualities of human MSCs (hMSCs). Several studies have explored the effect of DM or the diabetic microenvi-
ronment on the engraftment and efficacy of transplanted MSCs, which are determined by proliferation, differentiation, senes-
cence, angiogenesis supportive effect, migration, anti-oxidative capacity and immunomodulatory properties. This review aims to
present the available data on how DM impacts MSC biology and functionality and identify future perspectives for autologous
MSC-based therapy in diabetics.
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Introduction

Diabetes mellitus (DM) is the most common metabolic dis-
ease with a rapid annual increase worldwide [1, 2]. DM leads
to many life-threatening complications affecting major or-
gans, especially the kidneys, heart and eyes [3]. The global
healthcare expenditure on diabetic patients was estimated to
be 850 billion USD in 2017 [4]. Type 1 DM (DMT1) is an
autoimmune disease characterized by insulin deficiency due
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to T cell-mediated destruction of insulin-secreting beta ([3-)
cells [5]. Type 2 DM (DMT2), on the other hand, is the pre-
dominant type of diabetes and is characterized by metaboli-
cally abnormal and inflamed adipose tissue (AT) and
adipocytokine imbalance. DMT?2 is also associated with oxi-
dative and endoplasmic reticulum stress [6]. All of these fac-
tors contribute to insulin resistance and (3-cell apoptosis and
exhaustion [7]. Gestational DM (GDM) is an impaired glu-
cose tolerance that develops during pregnancy as a result of
obesity or advanced maternal age and confers an increased
risk for complications for both mother and offspring [8].
Dietary control, oral hypoglycemic agents, and insulin are
the current treatment options; however, these options cannot
achieve long-term blood glucose homeostasis [9]. Whole pan-
creas or islet transplantation is effective in achieving post-
transplantation insulin discontinuation [10, 11]. However,
surgery-associated risks, the need for lifelong immunosup-
pression, and the scarcity of organ donors all limit the clinical
applicability of these regimens [12]. A cure for DM requires
correcting metabolic dysregulation and resetting immune ho-
meostasis. In addition to dietary control, oral hypoglycemic
agents, and insulin, significant research is ongoing to develop
stem cell therapy in an effort to cure diabetes [13].
Mesenchymal stem/stromal cells (MSCs) have been used
in several experimental and clinical therapeutic approaches for
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DM treatment. MSCs are multipotent progenitors that have
been isolated from many tissues, including the bone marrow
(BM) [14], AT [15], umbilical cord (UC) matrix [16] and
blood [17], dental pulp [18] and periodontal ligaments [19].
MSCs are able to self-renew, differentiate into mesodermal
[14] and nonmesodermal [20] tissues and exhibit regenerative
and immunomodulatory properties [21].

MSCs have been reported to successfully adopt an insulin-
secreting phenotype in vitro [22, 23] and in vivo [24, 25]. In
experimental DM, administration of MSCs was found to re-
verse hyperglycemia [25-34]. Such an anti-hyperglycemic ef-
fect was achieved via several mechanisms that include selec-
tive homing and engraftment into damaged pancreatic tissues
[27], inducing the regeneration of new functional insulin-
producing {3-cells from endogenous progenitors and increas-
ing the number of pancreatic islets [26, 31]. Other mecha-
nisms include enhancing the survival and self-replication of
pre-existing 3-cells [2] and stimulating revascularization of
damaged islets [26], in addition to improving insulin sensitiv-
ity in peripheral tissues [31]. Furthermore, MSCs were found
to play a role in regulating hepatic glucose metabolism [33]
and managing exacerbated autoimmune responses [28, 29]
and inflammation [34]. However, the latter was partially
achieved by inducing regulatory immune phenotypes [29,
30] to protect endogenous cells from further destruction and
apoptosis.

MSCs modify the pancreatic microenvironment and
achieve reparative properties via secretion of a wide range of
trophic factors [35]. Factors such as vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF), epi-
dermal growth factor (EGF), fibroblast growth factor(s),
angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2) mediate
angiogenesis-supportive and anti-apoptotic potentials of
MSCs [36, 37]. Indoleamine oxygenase (IDO), interleukin-
10 (IL-10), prostaglandin E2 (PGE2), tumor necrosis factor-
stimulated gene 6 (TSG6), human leukocyte antigen G (HLA-
G) and transforming growth factor 3(TGFf3), among others,
contribute to MSC regulatory actions on diverse immune cell
subsets [25, 38].

Despite low immunogenicity due to the lack of expression
of major histocompatibility class II (MHC-II) and
costimulatory molecules [39], allogeneic MSCs can still be
recognized and rejected by the recipient’s immune system
[40, 41]. Generation of the immune response after allogeneic
transplantation is still a confounding factor that requires inves-
tigation [40]. Autologous stem cell transplantation has thus
become more preferred than allogeneic transplantation and
may be the safest approach to clinical cellular therapy.
However, while autologous transplantation may be effective
in BM disorders, its usefulness in a metabolic disease such as
DM is still disputed [13].

The diabetic microenvironment is characterized by hyper-
glycemia, altered immune responses, and oxidative stress, all

of which were found to alter BMSC properties and functions
[42]. We summarize the published studies on the impact of the
diabetic microenvironment in T1DM, T2DM, and GDM on
different human tissue-derived MSCs in terms of phenotype,
cell viability, stemness, proliferation, multipotency, glucose
metabolism, angiogenic potential, migration,
immunomodulation and 3-cell regenerative ability (Table 1).
Table 2 summarizes the effects of diabetic milieu (hypergly-
cemia and hypoxia) in culture conditions on the same MSC
properties. In Table 3, we review the clinical studies that eval-
uated the efficacy of autologous MSCs in the management of
hyperglycemia and insulin sensitivity in diabetic patients.
Finally, strategies to improve the survival and therapeutic ef-
ficacy of MSCs in diabetic patients are recommended.
Abbreviations are listed in a supplementary file.

MSC Number and Colony Formation in the Diabetic
Microenvironment

DM, even in the presence of a vascular disease, did not sig-
nificantly alter the efficiency of isolation of AT-derived stro-
mal cells (ASCs), as evaluated by the number of isolated cells
per gram of AT. AT from diabetic donors yielded 224,028 +
20,231 cells/g and 259,345 £ 15,441 cells/g from nondiabetic
subjects (p > 0.05) [55]. Another study investigated how the
diabetic microenvironment modified the stromal vascular
fraction (SVF) (mononuclear cells that were initially obtained
after the enzymatic digestion of AT and centrifugation of the
isolate). Neither advanced age nor the presence of comorbid-
ities, including diabetes, obesity, perivascular disease (PVD)
or end stage renal disease, significantly affected the number of
cells in the SVF. Similarly, the number of ASC populations
(depleted of CD31*endothelial o4 CD45+/monOe colls) was
not affected by the diabetic microenvironment [46].
However, diabetes tended to decrease the SVF and ASC
counts, whereas PVD tended to increase ASC yield.

Due to AT dysfunction in DM [93], Harris et al. attributed
the poor stem cell availability to chronic glycosylation of their
surface proteins. This has led to the attenuated ability of
collagenase to release the cells during the isolation proce-
dure [46]. In contrast, the number of ASCs recovered
from visceral AT was significantly higher in diabetic cul-
tures than in healthy cultures [50]. This result was sug-
gested to be a result of high glucose (HG) concentrations
in the diabetic adipose stem cell niche promoting OCT4-
mediated dedifferentiation of ASCs [50].

A colony-forming unit (CFU) assay was used in several
studies to assess the “stemness” potential of diabetic MSCs.
Davies et al. explored the effect of early- and late-diagnosed
DMT1 on the colony forming capacity of BM-derived stem
cells [60]. The authors reported an age-related decline in the
number of mononuclear cells (BM-MNCs) isolated from dia-
betic or healthy donors, irrespective of the disease status. No
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Investigated Characteristics and The Effect

Disease
Duration

Age Range
in years

represented by the
level of HbAlc

Number of diabetic Disease State

patients

MSC Source

presence of other

disease(s)

Reference Type of DM and

Table 1 (continued)
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(TDG) and ten eleven translocation 1 (TET)

contribute to DNA demethylation (-)

Adipogenesis(+)

>1 year

12 > 48mmol/mol 47-87

BM

DMT2

[68]

25.7 <BMI< 53
GDM

Oxidative stress (lipid peroxidation) (+)

Viability and Proliferation (-)
Anti-oxidative capacity (-)

ND ND

15 ND

UC tissues

[69]

Premature senescence and apoptosis (+)
Proliferation and osteogenic potency (-)

ND

ND

ND

ND

UC tissues

GDM

[70]

Mitochondrial integrity and oxidative capacity (-)

Oxidative stress (+)

Clonogenic potential (-)
Insulin sensitivity (-)

ND

ND ND

ND

Chorionic villi of

GDM

[71]

Placenta

Angiogenic activity (-)

DMT1 diabetes mellitus type 1, DMT2 diabetes mellitus type 2, GDM gestational diabetes mellitus, CAD + coronary artery disease, ATH atherosclerosis, CL/ critical limb ischemia, BMI body mass index,

BM bone marrow, AT adipose tissue, UC umbilical cord, yrs. years, wks weeks, ND Not defined, (-) reduced, (+) promoted or activated, (+/-) Unaffected or not significantly affected

significant difference in the colony-forming ability of DMT1-
MSCs was evident compared with healthy BMSCs [60].
Similarly, a comparable MSC colony count was reported in
cultures of healthy cells or cells from diabetic and ischemic
subjects [59]. In contrast, Cramer et al. reported that the
colony count was lower for ASCs isolated from both non-
diabetic (ND) and diabetic (D) subjects when cultured in a
medium supplemented with a HG concentration. Insulin
treatment increased CFUs in both HG-treated ND-ASCs
and D-ASCs [45].

Lee et al. reported attenuated clonogenic potential of SVF
cells isolated from diabetic patients with critical limb ischemia
(CLI) compared with healthy subjects. However, this finding
was correlated with fewer ASCs and lower density in the
diabetic SVF [48]. Decreased clonogenic potential was detect-
ed for placenta-derived MSCs (P-MSCs) obtained from wom-
en with GDM [71]. In accordance with these data, compro-
mised colony forming efficiency of ASCs from DMT2 was
recently reported and was improved after culture treatment
with a low concentration of basic fibroblast growth factor
(bFGF) [66].

Phenotype of MSCs

According to the International Society for Cellular Therapy,
MSCs are positive for CD73, CD90, CD105 and HLA-I
markers, whereas they lack expression of CD14, CD34,
CD45 and HLA-II markers [94]. The immunophenotype of
MSCs isolated from diabetic patients was characterized by
several investigators [38, 44, 46, 50-52, 54, 56, 59-62, 66].
In comparison to healthy counterparts, a comparable pheno-
type was exhibited by MSCs isolated from patients with
DMT?2 [44, 56, 62, 66] or recently diagnosed with DMT1
[38, 60, 61]. The copresence of diabetes and coronary artery
disease (CAD) did not affect the uniform mesenchymal phe-
notype of BMSCs (CD44*, CD29", CD34™ and CD45") or
ASCs (CD73+, CD90, CD105, NG2*, PDGFRB™, CD14'"",
CD19°%", CD34"°Y", CD45""" and CD279'°"") [52].
Furthermore, Brewster et al. reported that BMSCs isolated
from amputated ischemic limbs of diabetic patients retained
the mesenchymal immunophenotype [59].

However, few studies have reported changes in MSC
immunophenotypes in the diabetic microenvironment [50,
54]. ASCs isolated from DMT?2 patients exhibited levels of
the mesenchymal markers CD29 and CD44 similar to those of
normal cells. However, levels of stemness markers CD105
and CD90 higher than those derived from healthy subjects
were reported [50]. Koci et al. assessed the expression levels
of a considerable number of cell surface markers, including
CD29, CD73, CD90, CD105, CD271, anti-human fibroblast
surface protein, CD31, CD45, CD146, HLA-ABC, CD133,
CD235a, and VEGFR2. ASCs isolated from ATs of distal
ischemic limbs of diabetic patients were compared to those
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Table 2  Studies investigating the effect of high glucose (HG) in culture on human MSC biology and functions
MSC source Diabetic stimulant Investigated properties Ref
BM 25mM D-glucose Osteogenic Proliferation+/- [72]
differentiation (+) Apoptosis+/-
BM 20, 30 mM D-glucose Proliferation+/- [73]
Growth factor production+/-
BM 25 mM D-glucose Proliferation(+) -Osteogenic and Adipogenic [74]
Clonogenic Differentiation+/-
ability(+) -Pluripotent markers
expression+/-
AT 25, 50 mM D-glucose Proliferation( - ) Senescence (+) [75]
AT, BM 25 mM D-glucose Morphology and Survival+/- [76]
Immunophenotype+/-
Osteogenic and Adipogenic
Differentiation+/-
Karyotyping+/-
PDL 30 mM D-glucose Osteogenic Differentiation( - ) [77]
(78]
BM 30 mM D-glucose Osteogenic Differentiation( - ) Proliferation+/- [79]
PDL 24 mM D-glucose Viability (- ) [80]
Proliferation( - )
Osteogenic Differentiation( - )
PDL 22.5 g/l D-glucose Neurosphere formation( - ) Neuronal cell maturation+/- [19]
BM 25 mM D-glucose Angiogenic potential( - ) [81]
AT 25 mM D-glucose Proliferation (-) Stemness (+) [62]
Migration (-) Senescence (+)
Neurogenic
differentiation (+)
BM 25 mM D-glucose Proliferation( - ) Adipogenesis ( + ) [82]
ucC
Placenta
Chorion
AT 30 mM D-glucose Viability( - ) Proliferation+/- [83]
Bioenergetics( - ) Pericytic function+/-
AT 30mmol/l D-glucose  Viability( - ) [84]
Proliferation ( - )
Endothelial differentiation and
in vitro tubologenesis ( - )
BM 25mM D-glucose Osteogenic differentiation (-) [85]
BM DMT2 serum -Viability(-) Apoptosis(+ ) [86]
-Migration response(-)
-Angiogenesis capacity (in vitro tubologenesis
and vasculogenic differentiation)(-)
Wi DMT?2 serum -Viability(-) [87]
-Proliferation(-)
-VEGF secretion(-)
-Anti-oxidative capacity(-)
BM DMT?2 serum -Viability(-) [88]

-Migration(-)
-Angiogenic response(-)
-3 cell restorative ability(-)

BM bone marrow, AT adipose tissue, PDL periodontal ligament, W.J wharton jelly, DMT?2 diabetes mellitus type 2, mM mmol, (-): reduced, (+): promoted
or activated, (+/-): unaffected or not significantly affected
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isolated from nondiabetic controls [54]. Both ND-and ische-
mic D-ASCs exhibited comparable phenotypes [95, 96].
However, ischemic diabetic ASC cultures were contaminated
with a high ratio of fibroblasts (40%, based on the expression
of anti-fibroblast protein) compared to 20% in nondiabetic
cultures. Inverse correlation was evident between the expres-
sion levels of CD105 and the anti-fibroblast protein. These
results indicate that AT from ischemic limbs may not yield a
fibroblast-free ASC population, especially in the presence of
DM [54]. This finding should be considered when selecting
autologous ASCs for stem cell therapy in DM.

Glucose concentration in cell culture medium is another
factor that modulates stem cell phenotype. A concentration
of 5.5 mmol/l in culture medium is considered low, while a
concentration of 11 mmol/l or above is considered high [76].
Concentrations of 25 mmol/l and 30 mM D-glucose were
commonly used to represent the diabetic hyperglycemic state.
Human MSCs (hMSCs) isolated from subcutaneous fat,
omental fat and BM were extensively cultured in HG
(25 mmol/l) culture medium and analyzed for the expression
profile of diverse surface markers [76]. These markers includ-
ed those of hematopoietic stem cells (HSCs), such as CD34,
CD45 and HLA-DRI; MSCs, such as CD90, CD105, and
CD73; cell adhesion molecules, such as CD29, CD44 and
CD106; surface enzymes, such as CD13; aldehyde dehydro-
genase (ALDH); and pluripotent markers, such as stage-
specific embryonic antigen 4 (SSEA4). MSCs from the three
sources exhibited comparable immunophenotypes, which
were seemingly unaltered by HG culture conditions [76].

Viability, Senescence, and Stemness of MSCs

DM adversely affects the viability and induces senescence
and/or apoptosis of hMSCs derived from different sources,
including BM [51], AT [45, 62, 66] and UC [69, 70].
DMT2-ASCs showed higher levels of cellular senescence
and apoptosis than did ND-ASCs in LG or HG culture condi-
tions. HG was found to induce apoptosis via activation of
extrinsic caspase pathways in ND-ASCs and the intrinsic
pathway in D-ASCs. Importantly, cell treatment with insulin
was able to recover HG-induced apoptosis in ND- and D-ASC
cultures; however, the latter were less responsive [45]. GDM
was found to induce premature senescence in UC-MSCs most
likely via disrupting mitochondrial functions as presented,
among others, by reduced mRNA levels of mitochondrial-
related genes, altered mitochondrial membrane integrity and
potential, and enhanced mitochondrial superoxide generation
[70]. In support of these data, HG treatment induced the gen-
eration of reactive oxygen species (ROS) in normal ASCs,
resulting in mitochondrial dysfunction. This defect was repre-
sented by decreased mitochondrial membrane potential and
changes in mitochondrial morphology. This deviation in mi-
tochondrial functioning was suggested to be an early sign of

apoptosis [83]. Cell viability was also significantly reduced in
hMSCs incubated with DMT2 sera [86—88]. Moreover, in-
duced apoptotic cell response and cell damage have been re-
ported [86, 87]. Kim et al. demonstrated that HG in culture
was found to induce the replicative senescence of hASCs via
inducing microRNA (miR)-486-5p expression, which in turn
downregulated the expression of silent information regulator 1
(SIRT1) [75]. SIRT1, a NAD-dependent deacetylase, regu-
lates the expression of genes involved in the cell cycle, senes-
cence, apoptosis and metabolism [97], as well as insulin sen-
sitivity in target tissues [98]. SIRT1 expression was downreg-
ulated in DMT2-ASCs and was associated with upregulated
levels of its target, P53, which is an apoptosis-inducing mark-
er [66]. Importantly, stimulation of D-ASCs in that study with
bFGF was found to upregulate SIRT1 mRNA and to suppress
senescence and apoptosis. In contrast to previous studies,
Lafosse et al. reported that ND-ACSs and DMT2-ASCs ex-
hibited comparable survival rates, even in an in vitro diabetic
wound microenvironment (hypoxia and hyperglycemia) [63].

To investigate the influence of the diabetic microenviron-
ment on stemness-related markers, two recent studies reported
that DMT2-ASCs isolated from visceral [50] or subcutaneous
[62] ATs exhibited significantly upregulated levels of
pluripotency regulators, such as OCT4 and NANOG, com-
pared with ND-ASCs. These data indicate that D-ASCs are
more dedifferentiated/immature than ND-ASCs. In vitro cul-
ture of human BMSCs derived from healthy donors in a HG
vs. low glucose (LG) culture medium (25 mmol/dl vs 5 mmol/
dl D-glucose, respectively) for 72 h did not affect the gene
expression of the pluripotency markers OCT4 and
FOXD3 but increased that of SOX-2, suggesting that
hMSCs are able to maintain the undifferentiated state un-
der HG stress [74]. However, the enhanced stemness in
D-MSCs or HG-treated cells may be associated with pre-
mature senescence and impaired regenerative potential. It
has been thus proposed that early passages of MSCs are
preferable for clinical purposes [62].

Growth and Proliferation

Some reports showed that DM did not impair the growth or
in vitro expansion of MSCs isolated from different sources
[47, 55, 59-61]. D-ASCs exhibited proliferative activity sim-
ilar to that of ND-ASCs under normoxia. However, in re-
sponse to hypoxia, D-ASCs showed attenuated proliferation
[47]. DM, even in the presence of a vascular disease, did not
seem to alter the proliferation of ASCs [55]. Compared to
healthy BMSCs, MSCs from BM aspirates from the tibia of
ischemic amputated limbs exhibited comparable proliferation
at early passages. However, diminished proliferation at late
passages, with a more remarkable attenuation in the presence
of DM, was observed [59]. Recently, no differences in prolif-
eration capacity between ND-BMSCs and BMSCs from
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EDMT1 [60, 61] and LDMTT1 [60] patients were detected. In
accordance with these data and in an ex vivo-created diabetic
microenvironment (hypoxia and HG culture conditions),
DMT2-ASCs exhibited growth rates similar to those of
healthy ASCs. These studies imply that a sufficient therapeu-
tic number of diabetic MSCs could be expanded in a time
frame similar to that of healthy cells [60]. Some studies have
reported that culture of hMSCs in HG medium (25 mM) did
not acutely affect [72, 73, 76, 83] or enhance [50, 74, 99] cell
proliferation. Deeper insight into the mechanisms underlying
the HG-stimulatory effect on MSC proliferation revealed that
HG induced the expression of the cell cycle regulatory pro-
teins cyclin D1 and cyclin E in hBMSCs through the upregu-
lation of TGFB1 expression via the activation of the Ca*?/
PKC/MAPK and PI3K/Akt/mTOR signaling pathways [74].
Dentelli et al. identified that HG was able to induce NADPH
oxidase-dependent generation of nontoxic levels of ROS, in
addition to activating AKT kinases in visceral ASCs [50].
ROS and AKT were thus proposed to be crucial regulators
for stem cell biology and fate [100].

In contrast, several studies reported that DM impaired the
proliferation of MSCs isolated from BM [44, 51], AT [45, 48,
62], cardiac auricles [56], and UC [69, 70]. Gene expression
and/or protein studies demonstrated that DM-induced decline
in MSC proliferation was associated with diminished levels of
proliferation markers such as Bcl2 [51]. There was also atten-
uation of phosphorylation of serine 10 on histone H3
(H3S10P) and/or the histone variant H3.3, a marker of active
cell cycle S phase [56]. By investigating the epigenetic mod-
ifications that may be associated with DM-induced alterations
in MSC characteristics, Vecellio et al. identified reduced
mRNA levels of two epigenetic enzymes, Aurora B and C
kinases, involved in cell cycle progression in diabetic cardiac
auricle MSCs (D-cMSCs). In addition, several modifications
known to be associated with closed chromatin structure and
transcription repression were found in histones 3 and 4 in D-
c¢MSCs. These modifications included decreased histone acet-
ylation but increased methylation [56]. Deeper mechanistic
insight demonstrated that some histone methylases were
overexpressed. However, two GenS-related N-acetyltransfer-
ases (GCNSA and PCAF) [101] were significantly reduced in
D-cMSCs [56].

Treatment with SPV106/pentadecylidenemalonate 1b re-
versed DM-induced epigenetic changes in cMSCs. SPV106/
pentadecylidenemalonate 1b is a pro-acetylation pharmaco-
logical compound that acts via activation of the GCNSA/
PCAF members of the GNAT family. This activation pro-
motes the acetylation of histones and histone proteins and
accesses the transcription of proliferation promoting markers
and cell cycle control elements [102].

GDM was found to decrease proliferation of UC-MSCs
and upregulate expression of cyclin-dependent kinase inhibi-
tor transcripts p16 and p27. This was attributed to impaired
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mitochondrial functions and enhanced ROS generation to tox-
ic levels [70]. In another study, enhanced proliferation and
shorter telomere length were detected in ASCs derived from
patients with DMT2-associated CAD [52].

Telomere shortening is a marker of replicative senescence
and might reflect chronic pathologies associated with deple-
tion of stem cells and progenitor compartments [52]. A recent
global DNA methylation analysis was performed to determine
epigenetic changes in DMT?2- cardiac MSCs (CMSCs) and to
investigate the role of a-ketoglutarate («KG) in the control of
DNA demethylation in these cells [67]. The accumulation of 5
methylated cytosine (5SmC) and its oxidized products 5
hydroxymethylated cytosine (ShmC) and 5 formyl cytosine
(5fC) occurred in the DNA of human CMSCs derived from
DMT?2 patients. To determine whether elevated DNA methyl-
ation in DMT2-CMSCs was associated with transcriptional
repression, transcriptome analysis followed by functional
analysis was carried out. Downregulated transcripts signifi-
cantly enriched in cell metabolism, cell replication, mismatch
and base excision repair were identified in DMT2-CMSCs.
Monitoring the activity of two epigenetic DNA demethylation
enzymes, thymine DNA glycosylase (TDG) and ten eleven
translocation 1 (TET), demonstrated compromised function-
ing in DMT2-CMSCs [103]. These data were paralleled by
the evidence of a weak association between TET1 and TDG to
form a complex required for further TDG activation. These
findings suggested inhibited the DNA demethylation process
in metabolically compromised CMSCs.

In DMT2-CMSCs, a significant reduction was ob-
served in the intracellular content of *KG and the activity
of isocitrate dehydrogenase (IDH), the enzyme responsi-
ble for «KG synthesis. Importantly, exogenous addition
of a«KG was found to trigger TET1/TDG complex forma-
tion and TDG activation, eventually reducing global DNA
methylation and restoring compromised functions in D-
CMSC:s as cell proliferation [67].

Several studies showed that culture in HG medium im-
paired proliferation of different tissue-derived MSCs [45, 62,
75, 80, 82, 104]. This compromised proliferation was likely
attributed to the HG modulatory effect on signaling pathways
that regulate MSC proliferation and stemness, such as
JAK2/STAT3, P38 MAPK or AKT kinases [62, 82]. It is
worth mentioning that the two studies were performed with
a relatively similar design but showed contradictory results.
While Dentelli et al. reported a stimulatory effect of HG on
visceral ASCs [50], Cheng et al. reported an inhibitory effect
of HG on subcutaneous ASCs [62]. Surprisingly, these find-
ings were attributed to HG-induced ROS generation leading to
AKT activation in visceral ASCs but to its inhibition in sub-
cutaneous ASCs. These contradictory results may be related to
variability in the inherent biological properties and responses
of the two ASC populations used in the two studies, based on
different anatomical origins of AT.
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Multipotency
Mesodermal Differentiation Potential

A number of studies have reported that diabetes alone [44, 50,
58] or with other comorbidities [52, 59] did not alter the
multipotency of hMSCs. Through exposure to the correspond-
ing lineage-specific differentiation medium, commitment of
DMT2-BMSCs [61], EDMTI1-BMSCs [38, 60, 61] or
LDMT1-BMSCs to differentiate into adipocytes, osteocytes
or chondrocytes was comparable to that of ND-BMSCs.
Maintained adipogenic potential of DMT2-ASCs was also
reported [50, 58]. When DMT2-ASCs were induced to differ-
entiate and mature into adipocytes in three-dimensional bio-
reactors, there were no significant differences in the metabolic
activity, functionality and architecture of adipocytes generated
from both diabetic and nondiabetic ASCs [58]. These findings
suggest that once ASCs were removed from the hyperglyce-
mic and hyperinsulinemic milieu of DMT?2, they retained no
memory of the diseased state [58].

Other studies, however, found that DM alone or associated
with one of its complications could dysregulate MSC adipo-
genesis [45, 56, 68], osteogenesis [45, 54, 57], or both [70].
DMT?2 has been associated with excessive fat mass in the BM
at the expense of hematopoietic tissue [105]. Using an in vitro
approach, a diabetic feedback loop was recently proposed.
BMSCs were constitutively primed to generate adipocytes
that fueled BMSC differentiation into new fat via monocyte
chemoattractant protein-1 (MCP-1). Importantly, pharmaco-
logical inhibition of MCP-1 signaling contrasted this vicious
cycle restoring, at least in part, the balance between adipogen-
esis and hematopoiesis in DMT2- BM [68]. MCP-1 signals
through the CCR2 receptor to induce the transcription of
MCP-1-induced protein (MCPIP). The latter promotes
adipogenic differentiation in a peroxisome proliferator-
activated receptor y (PPARYy)-independent manner [106]. In
contrast, attenuated osteogenic potency was identified for
ASCs derived from subcutaneous AT of ischemic lower limbs
of diabetic patients [54].

GDM was also found to impair the osteogenic potency of
UC-MSC:s [70]. The copresence of diabetes and periodontitis
compromised the osteogenic potential of periodontal ligament
stem cells (PDLSCs) in vitro and in vivo [57]. Activated ca-
nonical Wnt signaling was shown to have an inhibitory role in
the osteogenic differentiation of PDLSCs under inflammatory
conditions [107]. Thus, the addition of Dickkopf-1 (DKK-1),
a soluble inhibitor of Wnt/3-catenin signaling [108], signifi-
cantly improved the osteogenic and bone-forming ability of
defective PDLSCs derived from patients with diabetes-
induced periodontitis [57]. These findings diverge with data
showing that activation of Wnt/{3-catenin signaling promoted
the osteogenesis of MSCs [109]. Impaired mitochondrial bio-
genesis and functions and altered energetic status contribute to

deteriorated osteogenic differentiation of ASCs derived from
equine metabolic syndrome via predominance of autophagy
over selective mitophagy [110].

Several in vitro studies have explored the effect of HG
culture on the mesodermal differentiation capabilities of
hMSCs [45, 82, 111]. HG was found to skew the differentia-
tion potential of MSCs into adipocyte lineage in favor of os-
teogenic and chondrogenic lineages [111]. This effect was
proposed to be mediated via the inhibitory effect of HG on
Wnt/(3-catenin signaling, which acts as a brake for adipogenic
differentiation [112]. Aguiari et al. showed that culture of
human ASCs and muscle-derived stem cells in a dynamic
perfusion system under HG conditions stimulated the sponta-
neous differentiation and trans-differentiation of these cells
into mature adipocytes. The latter successfully formed a viable
and vascularized AT in vivo [113]. HG is a state of oxidative
stress that activates the generation of ROS via NADPH oxi-
dase [114], xanthine oxidase [115], or the mitochondrial re-
spiratory chain [116]. However, Aguiari et al. proposed that
the generated levels of ROS were enough to induce differen-
tiation, not toxicity. ROS in turn activate PKC{3, which is an
effector kinase mediating the adipogenic-differentiation po-
tential of HG [113]. Similarly, it was reported that HG induced
adipogenic differentiation of MSCs derived from BM and
gestational tissues, including the chorion, placenta and UC.
This differentiation was associated with upregulated expres-
sion of key adipogenic markers, such as PPARy and lipopro-
tein lipase (LPL), in BMSCs and adiponectin and LPL [82].

On the other hand, data showed that HG had a detrimental
effect on the osteogenic differentiation of MSCs [45, 77-80,
85, 104]. This was manifested by attenuated calcium deposi-
tion, reduced alkaline phosphatase activity and/or downregu-
lated expression of osteogenic markers such as run-related
gene 2 (Runx2), osterix (Osx), osteopontin (OPN), and
osteocalcin (OCN) [77-80]. The anti-osteogenic effect was
attributed to several factors, including HG-induced oxidative
damage/stress [77, 79, 104] and elevated global DNA meth-
ylation [78]. Mechanisms included suppression of PI3K/AKT
[77, 79] and/or Wnt/3-catenin [77, 78] pathways and activa-
tion of the inflammatory pathway nuclear factor kappa (NF-
KpB) [80]. Very recently, Qu et al. found that miR-449 was
significantly upregulated during osteogenic differentiation of
hBMSC:s in the presence of HG and free fatty acid (FFA) [85].
On the molecular level, miR-449 directly suppressed bone
formation by SIRT1, [117] by binding to its 3’-UTR during
osteogenic differentiation [85]. Furthermore, miR-449 over-
expression decreased the mRNA and protein levels of Fra-1, a
c-fos-related protein that plays an essential role in osteogene-
sis [118]. Importantly, SIRT1 overexpression reversed the
miR-449 inhibitory effect on Fra-1 expression. Thus, miR-
449 overexpression inhibited osteogenic differentiation of
HG-FFA-treated hBMSCs by suppressing the Sirt1/Fra-1 axis.
These findings might explain the mechanism underlying DM-
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induced osteoporosis and suggest modulating miR-449 as a
possible intervention strategy in diabetic osteoporosis [85].

Neurogenic Differentiation Potential

Sawangmake et al. investigated the neurogenic differentiation
of hPDLSCs with or without HG by employing a two-stage
protocol that comprises neuroprogenitor (neurosphere) forma-
tion and neuronal cell maturation. HG was found to attenuate
neurosphere formation efficiency by hPDLSCs in terms of
morphology and neurogenic marker expression but without
adversely affecting cell viability. In contrast, HG did not affect
the maturation of neurospheres into neuronal cells that exhib-
ited characteristics comparable to those maturing in normal
neurogenic culture conditions. In this study, HG downregulat-
ed glucose transporter expression and glucose uptake during
neurosphere formation but not neuronal maturation [19]. In
contrast, Cheng et al. demonstrated that when HG-pretreated
ND-ASCs and DMT2-ASCs were cultured in an appropriate
induction medium, they exhibited significantly enhanced neu-
rogenic differentiation compared to that of LG—pretreated
counterparts. Neurogenic differentiation was determined by
increased expression of the neurogenic markers nestin and
microtubule-associated protein 2 (MAP2). These findings
were compatible with the upregulation of stemness markers
in HG-treated normal ASCs, indicating that they were
reprogrammed to induce ground state pluripotent stem cells
with enhanced plasticity [62]. Some discrepancies in the re-
sults of the two studies may be attributed to differences in
induction protocols and MSC sources and necessitate further
investigation.

Angiogenic Potential

Diabetes did not seem to affect the potential of ASCs to ac-
quire endothelial traits after culture in endothelial differentia-
tion medium [46, 50]. The expression of the endothelial-
specific marker CD31 and formation of vessel-like network
upon seeding on Matrigel were not altered in D- vs ND- ASCs
[46]. Compared to ND-counterparts, MSCs from diabetic pa-
tients exhibited similar expression levels of proangiogenic
factors, including VEGF [48, 59], HGF [48, 59], MCP-1,
and stromal derived factor-1o (SDF-1) [59]. In the ex vivo
diabetic wound microenvironment (hypoxia and hyperglyce-
mia), VEGF secretion by ASCs was not altered, while the
release of keratinocyte growth factor (KGF) was significantly
depleted [63]. A recent study showed that ASCs were more
resistant to oxidative stress-induced senescence and hypoxia-
induced apoptosis. Furthermore, ASCs possess higher angio-
genic potential than BMSCs [119]. Taken together, these data
may favor AT as a promising source for autologous cell-based
therapy for ischemic diabetic wounds.

@ Springer

Weil et al. reported that culture of human BMSCs in HG
conditions had no effect on proangiogenic factor secretion,
even in the presence of a stressor such as hypoxia or inflam-
mation. BMSCs were shown to maintain the functionality of
the JAK2/STAT3 and P38 MAPK signaling pathways [73],
which are involved in MSC growth factor production [120,
121]. In another study, long-term (7-day) culture of hASCs in
HG culture medium did not affect their pericystic function to
support vascular network formation, suggesting that ASCs are
resistant to glucose toxicity [83].

Other studies, however, reported that DM induced differ-
ences in some angiogenic functions of hMSCs. Gu et al.
showed that DM profoundly impaired the potential of ASCs
to promote endothelial cell proliferation in response to a hyp-
oxic stimulus. In addition, VEGF transcript and secreted pro-
tein levels were significantly lower in diabetic ASCs than in
control cultures under normoxic and hypoxic conditions.
However, hypoxia was sufficient to significantly upregulate
VEGF expression in both ASC types. Injecting control or
diabetic ASCs in a model of flap ischemia similarly induced
neovascularization and improved the flap survival. These re-
sults were attributed to the potential of diabetic ASCs to se-
crete HGF at high levels under normoxic and hypoxic condi-
tions. These data indicate that although diabetic ASCs were
impaired in their ability to promote angiogenesis in vitro, this
potential may be improved under ischemic conditions in vivo.
The authors thus proposed using ASCs to treat ischemic le-
sions in diabetic patients [47].

Policha et al. reported that DM delayed the acquisition of
endothelial-specific markers after culture of ASCs in a specif-
ic endothelial differentiation medium. This was due to inhibi-
tion of PI3K signaling [55], a crucial pathway in endothelial
differentiation and angiogenesis of human ASCs [122, 123].
Policha et al. also investigated the potential of diabetic ASCs
to form durable tissue-engineered vascular grafts. Both diabet-
ic and control ASCs were differentiated into endothelial-like-
cells, seeded on a vascular scaffold and exposed to shear force
linear flow conditioning. Both cell populations showed com-
parable potential for proliferation and retention on the vascular
scaffold. Showing that DM has no deleterious effect on ASCs
led the authors to propose ASCs as an endothelial cell substi-
tute in vascular tissue engineering for the treatment of diabetic
patients with microvascular diseases [55].

In another report, DMT2 compromised the vessel-like
structure formation potential of cardiac auricle-derived
MSCs cultured in endothelial differentiation medium and
seeded on Matrigel [56]. The coexistence of DMT2 and
CAD was found to significantly compromise the ability of
ASC-conditioned medium (CM) to stimulate capillary-like
formation by endothelial cells seeded on Matrigel [52]. The
expression of pro-angiogenic factors such as HGF and
platelet-derived growth factor (PLGF), as well as that of the
anti-angiogenic mediators thrombospondin-1 and
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plasminogen activator inhibitor 1 (PAI-1), was found to be
higher in the CM of diabetic cultures than in the control.
Importantly, neutralizing PAI-1 in the CM was found to par-
tially restore the tube-like-formation potential of diabetic
ASCs. The authors deduced that the imbalance between the
level of pro-and anti-angiogenic mediators was in favor of
angiogenesis inhibition. This imbalance mediated the ob-
served impairment in angiogenic activity of ASCs from pa-
tients with chronic pathologies. The use of allogenic ASCs
from young healthy donors for cell therapy in patients with
cardiovascular and metabolic diseases was recommended,
taking into consideration the immunological issues associated
with allogeneic transplantation [52].

A vascular complication of GDM is hypervascularization,
which is a feature of diabetic extraembryonic tissues as a result
of hyperinsulinemia and hyperglycemia [124]. Wajid et al.
reported that GDM promoted the angiogenic activity of
Wharton’s jelly-derived MSCs (WJMSCs) as presented by
elevated expression of VEGFA protein [69]. In contrast,
GDM- placenta-derived MSCs exhibited a decrease in tube
formation ability and a significant downregulation in the ex-
pression of bFGF and VEGF [71].

Culture of hMSCs in HG conditions was found to impair
the angiogenic activity of hMSCs and downregulate the ex-
pression of the proangiogenic stem cell factor (SCF) through
upregulated expression of miR-34c¢ [81]. Kang et al. [81] de-
termined that downregulated expression of SCF, not upregu-
lated miR-34c expression, increased the anti-angiogenic me-
diator Kruppel-like factor-4 (KLF-4) [125] and its down-
stream effector PAI-1 [126]. The authors thus suggested that
HG-induced miR-34c expression attenuated the angiogenic
activity of MSCs via dysregulating SCF/KLF-4/PAI-1 signal-
ing. In a step closer to the in vivo scenario, Rezabakhsh et al.
incubated CD133"-enriched human BMSCs with normal and
diabetic serum for 7 days and evaluated their potential to form
tube-like structures when seeded on Matrigel. The data
showed that diabetes impaired the tubulogenic potential of
BMSCs. This impairment was associated with aberrant au-
tophagic status inside the cells and overexpression of the fac-
tor P62 at both transcriptome and protein levels [86].
Autophagy is a self-degradative process that plays a house-
keeping role in the quality control of macromolecules and
organelles [127]. It is a survival mechanism that senses cell
metabolism and redox status [127, 128]. Activation of autoph-
agy was reported to induce the angiogenic capacity of MSCs
[129]. However, the accumulation of the autophagic factor
P62 was correlated with inhibited autophagy and aberrant an-
giogenesis [130]. Using appropriate bioinformatics tools,
Rezabakhsh et al. showed that interleukin-1 3 (IL-1[3)-in-
duced expression in DM might cause bulk production of
P62, which in turn aberrantly affects autophagy and angiogen-
esis [86]. Others reported that DMT2 sera-treated MSCs ex-
hibited reduced secreted protein levels of VEGF [87], Ang-1

and Ang-2 [88]. They also exhibited abnormal physical inter-
action with endothelial cells and limited endothelial and
pericyte differentiation potential [88]. Although diabetes im-
pairs MSC intrinsic function, these cells may still have angio-
genic potential [47]. Transplantation of autologous ASCs in
the diabetic foot of three CLI patients resulted in significant
improvement in ischemia symptoms [48].

Fibrinolytic/Anti-Thrombotic Potential

A clinical trial (ClincalTrials.gov identifier: NCT01257776)
was conducted to evaluate the feasibility and safety of
autologous ASCs treatment of diabetic patients with critical
limb ischemia (CLI). Two diabetic patients developed distal
microthrombosis, raising the possibility that the diabetic
milieu might alter the well-known anti-thrombotic properties
of MSCs [131]. This was evident in a study by Acosta et al.,
which showed altered expression of two fibrinolytic determi-
nants in diabetic ASCs from patients with CLI. Compared to
non-diabetic counterparts, from subjects with or without CLI,
ACSs from diabetic patients promoted thrombosis [49]. These
factors included tissue plasminogen activator (tPA), fibrinoly-
sis promoting factor and its inhibitor (tPAI) [132]. The study
assessed also the anti-fibrosis potential of D- and ND- ASCs,
embedded in fibrin clots. The cells were cultured in the pres-
ence or absence of diabetic serum, and the level of formed D-
dimer (byproduct of fibrin degradation) was then determined
[49]. Both D-ASCs, and ND-ASCs cultured in diabetic
serum, exhibited compromised potential to degrade the
fibrin gel. These data indicated that the diabetic milieu
adversely affected the fibrinolysis potential of ASCs and
this altered potency was not reverted by normal culture
conditions. The authors recommended the need to include
safety tests, as D-dimer quantity and/or tPA-to-PAI-1 ratio
to assess the clinical applicability of autologous ASC
product in the inflammatory disease [49].

Ex vivo-expanded human MSCs were reported to induce
instant blood-mediated inflammatory reaction (IBMIR) both
in vitro and in vivo [133]. IBMIR is characterized by
complement/coagulation cascade activation, platelet con-
sumption and rapid lysis of cells by innate immune system
[133]. Recently, Davies et al. assessed the blood compatibility
of BMSCs derived from early and lately diagnosed DMT1
patients. The surface expression of three complement inhibi-
tors; CD46, CD55 and CD59 were analyzed from healthy,
EDMT!1 and LDMT1-BMSCs. Similar clot formation and
comparable levels of complement activation products were
detected in all groups. While both healthy and DMT1 MSC
groups expressed CD46, CD59 was significantly downregu-
lated in the diabetic groups. The expression of CD55 was also
significantly elevated in LDMT1 BMSCs, leading to the con-
clusion that LDMT1-BMSCs demonstrated favorable blood
compatibility. This conclusion was confirmed by the lower
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platelet consumption and thrombin formation in the same
group [60].

Migration and Homing Potential

Diabetes can induce mobilopathy, a phenomenon character-
ized by retention of stem/progenitor cells in the bone marrow,
and contributing to development of secondary complications
[42]. The molecular mechanism underlying this mal-
mobilization is thought to involve altered dipeptidyl pepti-
dase-4/stromal derived factor-1 alpha (DPP-4/SDF-1«) axis
[134]. This axis is essential to establish chemotactic SDF-1c
gradient towards the peripheral blood by degrading bone mar-
row SDF-1«. This is mediated by the protease activity of
DPP-4, and ultimately favors the migration of bone marrow
stem cells to the site of injury [42]. Limited data is available on
the engraftment capacity of diabetic MSCs ex vivo [54, 60,
61, 64].

MSC homing is mediated by chemokine-related genes,
such as C-X-C chemokine receptor type 4 (CXCR4) and C-
X-C Motif Chemokine Ligand 12 (CXCL12)/SDF1. These
chemockines were found to be downregulated in ASCs de-
rived from diabetic CLI patients, when compared to non-
diabetic CLI-free donors [135]. These data suggest possible
impaired homing and recruitment for MSCs derived from di-
abetic adipose tissues of ischemic limbs. This source may thus
be not suitable for auologus cell therapy [54].

In accordance with these data, Cheng et al. reported that
HG-treated ASCs exhibited decreased cell migration in vitro.
The migrated LG-treated group covered a significantly greater
area than the HG-treated ASCs [62]. Two other recent studies
showed that DMT?2 sera blunted hMSC migration toward var-
ious chemotactic agents as VEGF and SDF-1« [86, 88]. This
was attributed to distinct modulation of mir-1-3p and mir-15-
5p in diabetic conditions, and consequent decrease in expres-
sion of VEGFR-2 and CXCR-4 receptors [88].

Whole genome microarray analysis for BMSCs derived
from healthy and DMT1 patients, with early and late onsets,
revealed limited genomic discrepancies in EDMT1-MSCs.
LDMT1-BMSCs on the other hand have shown wider dis-
crepancies compared to healthy counterparts. These data sug-
gest that a disease memory state may exist in the late diabetic
MSCs [60]. Wound healing response genes, including FOS
and bone morphogenetic protein-2 (BMP-2) were significant-
ly dysregulated in LDMT1-BMSCs. To determine whether
these genotypic discrepancies between healthy and LDMT1-
BMSCs were associated with different response to injury,
in vitro migration assay was performed. Microscopic monitor-
ing for the rate and extent of wound closure throughout 24 h
period revealed no significant difference between the two
MSC populations. In addition, the expression of dysregulated
wound response genes was normalized in LDMT1-BMSCs
24 h post-scratching. These findings indicated that chronic
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diabetes had not altered wound healing function of MSCs.
Delayed wound healing in diabetes was attributed to fibroblast
dysfunction and/or impaired MSC-stromal crosstalk in diabet-
ic tissues [60]. Two recent studies reported elevated basal
migration and invasion capacities in DMT2-ASCs [64] and
BMSC:s of recently diagnosed DMT1 [61]. This was associ-
ated with increased expression of the invasion-related fac-
tors; matrix metalloproteinases-2 and -9. Compared to
LG-treated cells, HG-treated bone marrow multipotent
progenitors showed a similar migration response to the
chemoattractant fetal bovine serum (FBS), but a signifi-
cantly reduced expression of matrix protein genes (colla-
gen 1, 3, 4 and fibronectin) [111].

Immunomodulatory Properties

Mancini et al. addressed the potential of ASCs from DMT2
patients without or with atherosclerosis (ATH) to suppress the
proliferation of activated allogeneic CD4" T cells. The com-
promised T cell anti-proliferative effect of ASCs observed in
DMT2 was more profound in the presence of ATH [65]. In
accordance with these data, Serena et al. showed that the im-
munosuppressive effect of ASCs was significantly altered by
DMT?2. Firstly, mRNA and protein of TGF{3, a crucial MSC
immunomediator, was significantly reduced in DMT2-ASCs.
In addition, diabetic ASCs showed a decreased potential to
inhibit T and B cell proliferation and to activate the anti-
inflammatory macrophage (M2) phenotype. This impaired
immunosuppressive potential of DMT2-ASCs was attributed
to inflammasome-mediated IL-1{3 secretion in these cells.
Importantly, pretreatment of DMT2-ASCs with TGFf3 and
interleukin-1 receptor antagonist (IL-1RA) together restored
their immunosuppressive properties [64]. de Lima et al. per-
formed global transcriptome analysis to monitor the expres-
sion of immunoregulatory molecules, such as adhesion mole-
cules, chemokines, and growth factors and their receptors, in
BMSC:s of early/newly diagnosed DMT1 (EDMT1) and con-
trols [61]. Several adhesion molecules were found to be dif-
ferentially expressed in T1D compared to control cells. Of
these, vascular cell adhesion molecule-1 (VCAM-1),
LAMAZ3, and ITGA7 were downregulated while SEMA4A
was upregulated. VCAM-1 plays a central role in the immu-
nosuppressive action of MSCs by contributing to adhesion of
MSCs to activated T cells [136]. Accordingly, de Lima et al.
proposed that this cell contact-dependent immunosuppressive
action may be affected by DMT1 [61]. Some immunomodu-
latory chemokines, such as C-C Motif Chemokine Ligand 2
(CCL2) and CXCL12, were downregulated in BMSCs from
diabetics. In silico functional gene analysis showed preferen-
tial enrichment of canonical pathways related to sympathetic
hyperactivity, and upregulation of the 33-adrenergic receptor-
encoding geneADRB3 [61]. This was associated with negative
regulation of important hematopoietic stem cell maintenance
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factors such as CXCL12 and VCAM-1 [137]. These studies
support proper characterization of MSC immunological and
immunomodulatory properties for successful autologous ther-
apy in diabetes.

Other studies however demonstrated that DMT1 had no
deleterious effect on immunosuppressive properties of human
MSCs [38, 60]. Similar to their healthy counterparts, EDMT1-
BMSCs exerted anti-proliferative activity on allogeneic CD3*
T cells in a dose-dependent manner. Microarray analysis
showed no significant difference in expression of immuno-
modulatory mediators such as PDL1, NOS2, LI-10, TGFf3,
and PDL2 between the healthy and EDMT1-BMSCs.
Similarly, other mediators such as HLA-G, TGS6, and factors
involved in MSC licensing as IFNGR2, TNFR1, IFNGRI,
TNFR2, TLR4 and TLR3 showed no significant difference
[38]. Davies et al. demonstrated comparable immunomodula-
tory functions of EDMT1- and LDMT1-BMSCs, which were
similar to normal healthy cells. DMT1-BMSCs suppressed the
expression and function of CD25, and reduced the secretion of
pro-inflammatory cytokines [60]. Treatment of MSCs with
pro-inflammatory cytokines such as interferon gamma
(IFNy) and tumor necrosis factor (TNF) induced MSCs to
acquire anti-inflammatory phenotype [138].

Davies et al. explored the secretion of a number of immu-
noregulatory cytokines and chemokines after stimulation of
BMSCs with pro-inflammatory stimuli. At baseline, compa-
rable levels of IL-6, PGE2, CXCL1, CXCL6 and IDO were
reported in healthy and DMT1 MSC groups. Interestingly,
HGF baseline was significantly lower in EDMT1-BMSCs
compared with LDMT1-cells, but not in healthy counterparts.
Different responses to inflammation were reported in the
secretome of the three MSC types. Treatment of cells with
IFNy and TNF induced similarly significant upregulation in
IDO activity and IL-6 secretion by all cell types. In response to
priming, CXCLI1 upregulated expression was significantly
higher in the two DMT1 groups compared to control.
However, CXCL6 was significantly higher in primed
EDMTI1-BMSCs compared with the other two groups.
DMT1 thus seems to have no effect on the responsiveness of
BMSCs to priming. Primed diabetic MSCs may exhibit a
comparable or even increased ability to recruit immune cells
compared to healthy counterparts [60].

Oxidative Stress and Inflammatory Status

Oxidative stress is dysregulated production and/or scav-
enging of reactive oxygen and nitrogen species. ROS are
kept at nontoxic concentrations to maintain cell biology
and functions by a variety of anti-oxidant mechanisms
[139]. However, elevated ROS levels, as a result of stress,
cause damage to lipid, proteins, DNA and results in cel-
lular dysfunction and death [140]. It is well-established
that hyperglycemia induces formation of advanced

glycation end products (AGEs). AGEs are formed by re-
ducing sugars nonenzymatically with proteins, and inter-
act with specific receptors (RAGE) expressed on many
cell types including MSCs [141]. AGEs-RAGE interac-
tion activates pathways involved in ROS generation and
inflammatory cytokine production [142].

Reportedly, oxidative stress negatively impacts MSC sur-
vival and function, limiting their clinical applications [137].
Few studies investigated the level of ROS generation by dia-
betic MSCs from different sources [50, 66, 70, 104]. Dentelli
et al. reported that visceral DMT2-ASCs, both freshly recov-
ered and CD31/CD45-depleted, generated higher levels of
NADPH oxidase-dependent ROS than normal cells [50].
Consequently, increased levels of IL-6 and IL-8 production
by DMT2-ASCs were reported. In another study, altered re-
dox state was evident in the form of elevated mitochondrial-
dependent generation of ROS in DMT2-ASCs [66]. However,
quantification of secreted extracellular superoxide dismutase
(SOD) showed similar activity of this crucial anti-oxidant en-
zyme in both diabetic and healthy ASCs.

Others reported increased malondialdehyde, a marker for
lipid peroxidation, in GDM-WIMSCs [69]. Reduced MSC
survival was observed due to reduced activities [69] or low
levels [87] of anti-oxidant enzymes SOD, glutathione reduc-
tase (GSH) and catalase.

A recent study compared the inflammatory response of
ASCs from subcutaneous (SAT) and visceral adipose tissue
and (VAT), of age-matched lean, obese and DMT2 donors
[64]. Both types of cells exhibited higher levels of inflamma-
tory markers such as IL-1f3, IL-6, TNF and MCP-1 compared
to normal cells. Importantly, ASCs and mature adipocytes of
DMT?2 patients (from VAT and SAT) showed higher expres-
sion levels of IL-1{3 than their obese-derived counterparts.
Given that inflammasome signaling mediates IL-1{3 secretion
[143], protein expression of some inflammasome components
were performed. The researchers investigated NLRP3, IL-
13 and apoptosis-associated speck-like protein containing
a CARD (ASC) in subcutaneous and visceral ASCs. The
results showed that ASC were significantly higher in
DMT?2- subcutaneous ASCs than lean or even obese
counterparts, while NLRP3 and IL-13 levels were not
changed. However, NLRP3, IL-13, and ASC protein
levels were significantly higher in DMT2-visceral ASCs
than in lean ones Interestingly, NLRP3 showed also a
higher protein level in visceral DMT2-ASCs. It was con-
cluded that the inflammasome-mediated inflammatory re-
sponse activation in DMT2-ASCs derived from visceral
AT is dependent on body mass index as well as insulin
resistance [64]. Another study reported that culture of hu-
man periodontal ligament stem cells in HG conditions
activated NF-K{3 pathway, the major inflammation signal-
ing pathway [144]. This in turn enhanced IL-6 and IL-8
expression [80].
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Metabolic Activity and Insulin Sensitivity

Limited reports investigated the metabolic activity of diabetic
MSCs [56, 64]. The metabolic profile including glycolysis,
mitochondrial respiration and ATP content was investigated
in ND- and DMT2- ¢cMSCs [56]. To measure mitochondrial
respiration capacity, oxygen consumption rate (OCR) and ex-
tracellular acidification rate (ECAR) were detected. No signif-
icant differences were reported between both cell populations
regarding glycolysis and mitochondrial respiration under bas-
al and stress conditions. However, ATP content was higher in
D-cMSCs [56]. Increased ATP level was associated with
insulin resistance and predisposition to DMT2 in obese
patients [145]. Defective oxidative phosphorylation and
altered respiratory capacity in mitochondria of GDM-
UC-MSCs compared to ND-UC cells was reported.
These mitochondrial dysfunctions were suggested to be
associated with insulin resistance [70].

Recently, Serena et al. investigated the metabolic gene ex-
pression profile of both subcutaneous and visceral ASCs de-
rived from lean, obese and DMT2 donors. Both visceral and
subcutaneous ASCs from obese and DMT?2 donors exhibited
glycolytic phenotype. Another study by Moon et al. also re-
ported that glycolysis stimulated the immune responses, and
was associated with NLRP3 inflammasome activation.
Similarly, significant upregulation of gene expression of gly-
colytic factors including hexokinase (HK), phosphofructoki-
nase (PFKM), and lactate dehydrogenase B (LDHB) was re-
ported in obese and DMT2-ASCs. This increased metabolic
activity was attributed to the continuous need of these cells to
ATP to maintain their proliferative, migratory, invasive and
inflammatory activities [64].

When investigating the effect of HG on glucose metabo-
lism and bioenergetics of ASCs, Hajmouse et al. reported a
significant decline in glucose uptake by HG compared to LG-
ASCs. Bioenergetics studies revealed that mitochondria in
HG-treated ASCs displayed similar basal respiration to LG-
ASCs, although with lower maximal respiratory capacity. HG-
treated ASCs similarly exhibited diminished glycolysis that
was not reversed by insulin stimulation [83].

Molecular studies were performed to determine the chang-
es induced by diabetes or in ASCs and how they may impair
their regenerative properties [45]. The Adipo/AdipoR1/
AdipoR2/APPL1 axis was found to be significantly downreg-
ulated in HG-treated ASCs and D-ASCs [45]. Adiponectin
(Adipo) is an adipokine that acts as insulin-sensitizer in insulin
target tissues, to promote insulin action and ameliorate insulin
resistance [146]. It also displays anti-inflammatory activities
via promoting macrophage M2 phenotype [147]. Upon bind-
ing to its receptors, (AdipoR1 and AdipoR2), Adipo activates
APPL1, which mediates metabolic energy regulation and in-
sulin signaling [146]. This may explain the finding that HG-
treated ASCs and D-ASCs were less prone to insulin recovery,
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by being less prone to insulin signaling, at least partially due to
DM-related downregulation in the Adipo/AdipoR1/AdipoR2/
APPL1 axis. Moreover, transcriptome analysis in the same
study also revealed 28 genes that were differentially expressed
in ND compared to DMT2-ASCs. Those included gene clus-
ters associated with insulin resistance (GDP1, CEACAMI,
IL-10, IL12 and IL-6), and those associated with glucose me-
tabolism (GCG, GCK, INSR, FBP1, CEBPA and IGFBP5).
HG treatment of ND- and DMT2-ASCs resulted in further
changes in the regulation of genes linked to insulin resistance.
The changes in IFNG, TNF, resistin, PPARG family genes and
ADRB3 CEBP were more pronounced in HG-treated DMT2-
ASCs. Importantly, insulin treatment uregulated some insulin
resistance and glucose metabolism genes more profoundly in
HG-treated ND- than DMT2-ASCs. This may indicate that
DMT2-induced gene alterations were most likely irreversible,
and associated with permanent ASC dysfunction [45].
Elevated global DNA methylation in DMT2- ASCs [66],
and also in cardiac MSCs [67], was associated with increased
risk of insulin resistance [148]. Similarly, compared to normal
placenta (P)-MSCs, GDM-P-MSCs were proposed to be like-
ly insulin-resistant. This was evident by decreased glucose
consumption, compromised glucose uptake and reduced gly-
cogen storage [71].

B-Cell Regenerative Potential

Few studies reported that human MSCs from diabetic patients
could differentiate into cells of pancreatic endocrine pheno-
type in vitro [43, 44, 53, 89, 149]. Sun et al. provided evidence
that the 3-cell differentiation capacity of BMSCs in diabetic
patients was intact. In this study, MSCs harvested from bone
marrow samples of DMT1 and DMT?2 patients were induced
to differentiate into insulin-producing cells (IPCs). The three-
stage differentiation protocol included activin A, among other
stimulants, as key (3-cell differentiating agent. Generation of
IPCs was confirmed by the gene expression of typical 3-cell
markers as PDX-1 and insulin. Importantly, these IPCs secret-
ed insulin in response to glucose stimulation in vitro [43].
Phadnis et al. demonstrated that unlike healthy cells, DMT2-
BMSCs were able to differentiate rapidly into islet-like-
aggregates expressing endocrine hormones including insulin,
glucagon and somatostatin. This differentiation was demon-
strated upon culture in a HG serum-free medium supplement-
ed with fetal pancreatic extract. It is noteworthy that tran-
scriptome studies revealed that undifferentiated DMT?2-
BMSCs, not the healthy ones, expressed pancreatic progenitor
markers, such as ISL-1, PAX6, NKX6.1, and PAX4. These
findings supported the potential use of initially expanded D-
BMSC:s as pancreatic progenitors that can be easily differen-
tiated into functional endocrine pancreatic lineage [44].
Thakkar et al. reported successful differentiation of ASCs cul-
tured in a high glucose medium, containing growth factors
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and supplement with nicotinamide, Activin A, exendin,
pentagastrin and HGF. ASCs from DMT1 patients successful-
ly generated glucose-responsive, insulin-secreting cells ex-
pressing insulin,-specific markers PAX-6, PDX-1 and ISL-1
[89]. Gabr et al. also demonstrated that DMT2-BMSCs were
successfully differentiated in vitro into islet clusters using a
glucose-rich medium supplemented with B27, betacellulin,
Activin A and nicotinamide. Insulin secretion profile of dia-
betic MSCs was significantly higher than their non-diabetic
counterparts [53]. Unique factors in the diabetic microenvi-
ronment may have contributed to these differences [12].
Importantly, while islet transplantation under the kidney cap-
sule of diabetic animals, restored normoglycemia, undifferen-
tiated MSCs did not. However, in another study, administra-
tion of undifferentiated DMT1-MSCs reversed hyperglycemia
and prevented disease progression in streptozotocin (STZ)-
induced diabetes [38]. In that study, BMSCs from healthy
and recently diagnosed DMT1 donors were directly injected
in the spleen of diabetic mice in the chronic phase of the
disease. Both MSC populations equally reversed hyperglyce-
mia, increased (3-cell mass and insulin production and induced
glucose tolerance in 67% of treated mice. The mechanisms
underlying the MSC beneficial effect in these mice was deter-
mined to be via decreasing the production of pro-inflammatory
cytokines in the pancreatic tissues leading to constraining pan-
creatic inflammation/insulitis, preventing 3-cell death and pro-
moting f3- cell regeneration. However, it did not affect the
frequency of CD4"CD25"Foxp3* Treg cells in spleens and
pancreatic lymph nodes. Conclusively, MSCs from recently
diagnosed DMT1 did not present (3-cell reparative functional
abnormalities, supporting the use of autologous MSCs in the
treatment of DMT1 patients [38, 90].

Despite these promising experimental results, gene expres-
sion studies revealed DM-related gene alterations, which may
suggest attenuated {3-cell regenerative potential of MSCs.
Examples of these alterations included significant downregu-
lation of HGF in EDMT1-MSCs [38, 60, 61]. HGF is a pleio-
tropic cytokine that signals through the tyrosine kinase trans-
membrane receptor c-Met [150]. The HGF/c-Met signaling
pathway is important for (3-cell protection and proliferation
in metabolic stress conditions [151]. Similarly, epidermal
growth factor receptor (EGFR) and fibroblast growth fac-
tor receptor (FGFR) genes were downregulated in
EDMTI1-MSCs [61], suggesting loss of stemness, cell
growth and tissue repair ability of MSCs [152, 153].
Recently, Rezaie et al. reported that CM from diabetic
hMSCs induced lipid accumulation in intracellular spaces
and decreased insulin secreting potential of (3-cells. These
findings show that DMT2 might attenuate the (-cell re-
storative ability of hMSCs [88]. These data suggest the
need for larger scale preclinical studies to determine the
wide-ranging factors that may influence the efficacy of
diabetic MSC-based therapy in DM.

Clinical Studies

Few investigators applied autologous MSCs to treat DMT1
[89, 90] or DMT2 patients [91, 92] (Table. 3). Thakkar et al.
compared the efficacy of infusion of autologous or allogeneic
insulin-secreting adipose-derived mesenchymal stromal cells
(IS-ASCs) in DMT1 management. In this study, IS-ASCs
were co-administered with bone marrow-derived hematopoi-
etic stem cell (BM-HSC) in portal and thymic circulation, and
in subcutaneous tissue. The first group received autologous
2.65+0.8 X 10* ISCs/kg body wt. along with CD34" and
CD457/90%/73" cells, while, the second group was adminis-
tered allogenic2.07 +0.67 X 10* ISCs/kg body wt, along with
CD34* and CD45 /90%/73* cells. Sustained improvement in
fasting and post-prandial blood sugar, glycated hemoglobin
(HbAlc) and serum C-peptide were achieved in both groups.
A decrease in mean glutamic acid decarboxylase (GAD) an-
tibodies and insulin doses were observed in recipients of both
stem cell groups over the follow-up period. Serum C-peptide
was better improved in the recipients of the autologous stem
cells compared to the allogeneic transplant. Diabetes control
was also better in the first group, where HbA 1¢ was reduced
from 10.99% at baseline to 7.75 + 1.05, compared to 11.93 to
8.01 = 1.04 in the second group. The study concluded that co-
infusion of autologous IS-ASCs along with BM-HSCs offered
a favorable long-term control of hyperglycemia compared
with the allogeneic transplant [89].

Carlsson et al. investigated the therapeutic effect of in vitro
expanded autologous BMSCs on newly diagnosed DMT]1
patients. In comparison to insulin treatment alone, intravenous
administration of autologous BMSCs within 3 weeks of
DMT1 diagnosis was found to preserve or even improve C-
peptide response for one-year follow up. No significant differ-
ences however were observed between insulin-treated and
MSC-treated patients in levels of HbAlc, fasting C-peptide,
insulin doses and frequency of GAD 65 or islet antigen 2
(IA2) antibodies. Autologous MSC transplantation thus of-
fered a promising and safe approach to intervene in DMT1
progression and preserve residual 3-cell function [90].

Dang et al. evaluated the safety and therapeutic effect of
transplantation of in vitro expanded autologous ASCs for
DMT2. ASCs were transfused at a dose of 1 x 10° cells/kg
body weight, and patients evaluated for fever and blood glu-
cose level (BGL) every 2 weeks. No adverse reactions were
detected and decreased BGL was recorded suggesting the po-
tential of autologous expanded ASC transfusion to manage
DMT2 [91]. Recently, Bhansali et al. compared the efficacy
and safety of administering autologous BMSC compared to
bone marrow mononuclear cell (BM-MNC) in DMT2. Over
one-year follow up, both autologous BMSCs and BM-MNCs
resulted in significant reduction in exogenous insulin require-
ment by >50%, while maintaining HbAlc <7.0%
(<53.0 mmol/mol) in almost 60% of the patients. This was
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accompanied by augmented C-peptide response in the MNCs
group and improved insulin sensitivity in MSCs group. Gene
expression analysis showed enhanced expression of insulin
receptor substrate-1 (IRS-1) in the MSC-treated patients.
These data suggested that insulin sensitivity most likely im-
proved through an IRS-1-dependent mechanism. It is note-
worthy that no adverse events were noted. Despite the small
sample size and short duration of follow-up, the authors rec-
ommend combined autologous BMSCs and BM-MNCs for
better control of DMT2 [92].

A recent meta-analysis demonstrated that autologous stem
cell transplantation can be a safe and effective approach for
treatment of DM patients, although with some limitations
[13]. The study reported the paucity of the available trials on
autologous MSC therapy for DM. Larger sample size, the
number of cells infused, route of infusion, and the type of stem
cells were all reported as inconsistent and limiting factors in
determining the best outcome. Longer follow-up time, con-
ventional therapies-treated and placebo controls, standard
follow-up measures and metabolic studies to ensure the effi-
cacy and safety are also needed.

Strategies to Improve the Efficacy
and Function of Diabetic MSCs

Strategies to improve the therapeutic efficacy of MSCs from
diabetic patients for treatment of diabetes included precondi-
tioning strategies and genetic manipulation strategies.

Preconditioning of MSCs

Insulin pretreatment of DMT2-ASCs was found to improve
cell survival and proliferation [45]. FGF has been suggested as
a potential therapeutic agent for improving stem cell-based
approaches for the treatment of diabetes mellitus and its com-
plications [66]. Conditioning of DMT2-ASCs with bFGF re-
versed the detrimental effects of DM on MSC viability and
proliferation. Importantly, stimulation with bFGF at a concen-
tration of 5 ng/ml markedly enhanced GLUT-4 gene and pro-
tein expression and reduced the global DNA methylation in
DMT2-ASCs. These findings were associated with insulin
sensitizing effect of bFGF. In addition, bFGF treatment atten-
uated intracellular ROS level in diabetic ASCs [66]. Insulin
and bFGF were proposed to act via activation of PI3K/AKT
pathway [153, 154], which contributed to maintaining MSC
stemness and proliferation [155]. Recently, Guo et al. pro-
posed that exendin-4 treatment could improve the prolifera-
tion of human PDLSCs under HG conditions [104]. Platelet
lysate supplementation of cultured media improved the expan-
sion potential of diabetic BMSC cultures, derived from ische-
mic amputated limbs [59]. Prior to transplantation, MSCs
could be treated with heme oxygenase (HO-1) inducer to
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decrease the levels of superoxide anion and inflammatory fac-
tors [156]. This treatment might contribute to ameliorating
oxidative stress and improving survival and functions of dia-
betic MSCs. However designing HO-1-inducing compounds
with clinical applicability is still needed [156].

Some preconditioning compounds were introduced to
counteract the deleterious effect of DM or HG on osteogenic
differentiation of MSCs. These include hespertin, a polyphe-
nolic compound that acts as ROS scavenger with
osteoinductive activity [77], and silbinin, a medicinal plant
extract with anti-oxidative and bone-remodeling activities
[79, 157]. Insulin [45], and 5-aza-2-deoxycytidine (5-aza-
dC), a DNA methyltransferase inhibitor were used to decrease
the elevated DNA methylation induced by HG [78]. Exendin-
4, a glucagon-like peptide-1 with radical scavenging activity
[104], and a specific inhibitor to the NF-K {3 pathway [80], are
other applied ROS scavengers.

Glucose reduction in the culture medium was found to
increase MSC proliferation and osteogenesis, and to decrease
MSC senescence and adipogenesis [158]. This effect was as-
sociated with reduced anaerobic glycolysis and shift in ATP
production from glycolysis to mitochondrial oxidative phos-
phorylation. Elevated expression of anti-oxidant defense en-
zymes such as MnSOD and catalase was also documented.
This might indicate cell ability to counteract the undesirable
levels of ROS, produced as a consequence of increased aero-
bic respiration [158].

Critical preconditioning by short-term exposure to oxygen,
and serum and glucose deprivation were able to enhance the
angiogenic secretome and therapeutic potential of apical
papilla-derived MSCs [159]. Furthermore, hypoxia precondi-
tioning provided a protective shelter for transplanted MSCs
from apoptosis. This effect was mediated via hypoxia-
inducible factor-1 alpha (HIF-1)-dependent pathway [160].
Apelin 13, a ligand for G protein coupled APJ receptor, pro-
vided protective effect for BMSCs from apoptosis by reducing
ROS level via MAPK/ERK1/2 and PI3K/AKT signaling path-
ways [161]. Pre-treatment of MSCs by hypoxia and apelin 13
could thus provide a strategy to rescue cells transplanted in
diabetic conditions [160] and maybe a conceivable regimen to
potentiate autologous diabetic MSC-based therapy.

Recently, Fromer et al. employed an approach to improve
hASC-based therapy in diabetic wounds, by priming them
with CM of HG-treated human umbilical vein endothelial
cells (HUVECs). Compared to unprimed counterparts, primed
HG-treated hASCs exhibited increased proliferation, en-
hanced endothelial differentiation and tube formation, in ad-
dition to improved therapeutic effect. CM of HUVECs
contained an array of angiogenic cytokines and growth factors
including IL-8, VEGF-A, C and D, FGF-1, FGF-2 and HGF.
The HUVEC secretome priming of ASCs could be used to
overcome the deleterious effects of diabetes on angiogenic
capacity of this cell population [84].
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Treatment of MSCs with pro-inflammatory cytokines has
been reported to induce MSCs to acquire an anti-
inflammatory phenotype [138]. Davies et al. demonstrated
that priming of DMT1-BMSCs with IFNy and TNF potenti-
ated their immunomodulatory properties and enhanced ex-
pression of immunoregulatory factors and chemokines.
However, further studies are required to define the appropriate
priming conditions required to achieve maximum therapeutic
recovery of diabetic MSCs in experimental models [60].

Genetic Manipulation

Recently, it was demonstrated that modulating sirtuin expres-
sion and/or activity may be a potential method to reduce ox-
idative stress in MSCs [139]. Sirtuins (1-7) are protein
deacetylases that play several roles in extension of lifespan
and protection against metabolic diseases [162]. Few studies
explored expression of sirtuins and their contribution to MSC
biology and functions [66, 163, 164]. Additional studies are
needed to investigate expression of sirtuins in MSCs in a
diabetic microenvironment. Manipulation of theses sitruins,
especially those known to regulate ROS generation as
SIRT3 [165] and SIRT4 [166], could alleviate DM-induced
oxidative stress and cell dysfunction.

MiR-486-5p and its target sirtuinl (SIRT1) were found to
regulate MSC replicative senescence under HG conditions
[75]. Overexpression of HO-1 gene might promote the surviv-
al and angiogenic function of diabetic MSCs transplanted in
diabetic microenvironment [156]. SIRT-1/Fra-1 axis was
found to be downregulated in diabetic MSCs by miR-449
overexpression blunting its osteogenic differentiation [85].
Moreover, SCF/KLF-4 proangiogenic factors were downreg-
ulated in HG-treated MSCs and their expression could be
enhanced by down regulation of miR-34c [81]. PAI-1, anti-
angiogenic factor, acts through regulating endothelial cell mi-
gration by inhibiting urokinase plasminogen activator (uPA),
which is a crucial angiogenesis promotor [167]. PAI-1 is one
of the potential targets that can be manipulated in diabetic
ASCs to potentiate their angiogenic and anti-thrombotic prop-
erties before autologous transplantation [49, 52]. Under ische-
mic conditions, upregulation of the anti-apoptotic factor Bcl-2
significantly enhanced the levels of angiogenic and mitogenic
paracrine factors such as VEGF, HGF and bFGF ASCs [168].
However, overexpression of Bel-2 under diabetic conditions
(hypoxia and hyperglycemia) needs to be investigated.

Adiponectin (Adipo) is an adipokine that acts as insulin-
sensitizer in insulin target tissues [146] and exerts anti-
inflammatory activities [147]. Adiponectin was downregulat-
ed in insulin-resistant DMT2-ASCs [45], thus upregulating
adiponectin level in these cells may improve their response
to insulin and regulate energy metabolism. To improve en-
graftment and regenerative properties of diabetic MSCs, it is
recommended to genetically modulate downexpressed growth

factors and their receptors as well as chemokines receptors.
Among those growth factors are HGF [38, 60, 61], FGF3 [61],
growth factor receptors are EGFR and FGFR [61], and
chemoattractant receptors, VEGFR-2 and CXCR-4.
Expression of the latter gene set could also be manipulated
by regulating mir-1-3p and mir-15-5p levels [88].

Concluding Remarks and Future Perspectives

MSCs are a promising cell therapy approach to treat DM due
to their regenerative and immunomodulatory properties.
Despite their ability to escape immune recognition, autolo-
gous MSC transplantation was found to be more favorable
than allogeneic transplantation in some cases. This is especial-
ly important to avoid immune-suppressive regimens that are
difficult for already compromised diabetic patients to tolerate.
Many studies have shown that DM and its associated hyper-
glycemia may induce MSC apoptosis and premature senes-
cence and diminish clonogenicity, cell proliferation and oste-
ogenic differentiation capacity. To optimize the use of MSCs
for transplantation, the early passages of expanded MSCs are
thus recommended for clinical purposes. MSCs may be treat-
ed with anti-oxidative and/or growth-stimulating agents to
augment their therapeutic potential.

Several studies have shown inconclusive data on the com-
promised and abnormal functions of MSCs after prolonged
exposure to the diabetic microenvironment. Among the al-
tered functions were migration and engraftment abilities,
anti-thrombotic potential, angiogenesis supportive effect and
immunomodulatory properties. The available studies, howev-
er, have not uniformly shown that altered functions do indeed
interfere with the therapeutic outcome of stem cells.

Other studies, however, demonstrated that diabetic MSCs
displayed compromised functions and metabolic pathways.
For example, enhanced oxidative stress, increased pro-
inflammatory markers, altered signaling pathways, especially
the PI3K/AKT pathway, and disturbed mitochondrial integrity
and functions were all documented. These altered functions
may contribute to the reduced efficacy of the transplanted
cells. Unfortunately, very limited data are available to
demonstrate the functionality of hMSCs from recently di-
agnosed DMT1 patients to regenerate [3-cells or restore
normoglycemia in diabetic animal models. Clinical trials
have demonstrated more promising outcomes. Autologous
MSC transplantation in diabetic patients improved blood sug-
ar and C-peptide levels and decreased HbAlc. Importantly,
MSC administration improved hyperglycemia in response to
glucose challenge and reduced the required daily insulin
doses. The current knowledge on how DM impacts the biol-
ogy and functions of MSCs lack standardization. Clinical pa-
rameters such as the patient’s age, disease duration, level of
glycated hemoglobin, BMI value and presence of
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comorbidities or other therapies are widely variable in clinical
trials. MSC-related issues, including cell source, isolation
methods and culture conditions, as well as experimental de-
signs and analysis techniques, are not unified. Standardization
of protocols that involve injection of naive or differentiated
stem cells, optimum doses, site of injections and precondition-
ing regimens would accelerate effective clinical applications.
Other factors that need consideration include the need for
repeated injections, survival of the cells, homing and engraft-
ment duration, and the need for immune suppression.

More uniform experimental and preclinical studies are also
required to understand the molecular basis and signaling mol-
ecules that regulate MSC function under diabetic conditions.
Studies to elucidate the mechanisms regulating energy metab-
olism in MSCs in diabetic conditions are urgently required.
Additionally, studies that identify the mechanisms underlying
DM-related decline in mitochondrial respiratory capacity,
ROS generation and the anti-oxidative capacity of MSCs will
be beneficial. Specific assays, such as D-dimer quantity and/or
tPA-to-PAI-1 ratio, to predict the safety and potency of autol-
ogous MSCs in DM should be available. Data from these
studies would facilitate accurate evaluation of the efficacy of
the treatment and more precise inclusion and exclusion criteria
to properly select diabetic patient groups that would best ben-
efit from the treatment.
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