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Abstract

The worldwide increase in the prevalence of diabetes mellitus has raised the demand for new therapeutic strategies targeting diabetic symptoms
and its chronic complications. Among different treatment options for diabetes, adipose-derived mesenchymal stem cells (ADMSCs) therapy
attract the most attention. The therapeutic effects of ADMSCs are based primarily on their paracrine release of immunomodulatory, anti-
inflammatory, and trophic factors. Animal models of diabetes as well as human clinical trials have shown that ADMSCs can effectively
facilitate endogenous B cell regeneration, preserve residual B cell mass, reduce islet graft rejection, regulate the immune system, and
ultimately improve insulin sensitivity or ameliorate insulin resistance in peripheral tissues. Nevertheless, transplantation of mesenchymal
stem cells is associated with certain risks; therefore recently much attention has been devoted to ADMSCs derivatives, such as exosomes or
conditioned media, as therapeutic agents for the treatment of diabetes. Compared to ADMSCs, cell-free therapy has even better therapeutic
potential. This narrative review summarizes recent outcomes and molecular mechanisms of ADMSCs action in the treatment for both type 1
DM and type 2 DM, as well as shows their feasibility, benefits, and current limitations.
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diabetes mellitus

Diabetes mellitus (DM) is a life-threatening disease, and its
prevalence is increasing at an alarming rate worldwide.
According to the International Diabetes Federation, approxi-
mately 537 million adults are suffering from diabetes, and the
incidence is expected to rise to 643 million by 2030. This mul-
tiple etiology disease in 2019 was considered as the 9th lead-
ing cause of death (1). There are 2 major types of diabetes
mellitus: type 1 (T1IDM) and type 2 (T2DM). Although
both types have different pathophysiological mechanisms,
they are clinically characterized by hyperglycemia. T2DM,
which comprises the majority of all cases, is caused by a com-
bination of genetic and nongenetic factors such as high caloric
intake, obesity, central adiposity, sedentary lifestyle, and age
that lead to peripheral insulin resistance (IR) and compensa-
tory hypersecretion of insulin from the pancreatic B cells (2).
Conventional treatment of T2DM typically begins with life-
style modification and the usage of hypoglycemic agents, but
about 14% to 25% of patients eventually require exogenous
insulin injections to control blood glucose level (3). In turn,
T1DM (previously known as insulin-dependent, juvenile, or
childhood-onset) results from progressive autoimmune de-
struction of insulin-secreting B-cells in the pancreatic islet,
leading to partial or absolute insulin deficiency (4).
Maintaining normal glucose and glycosylated hemoglobin
(HbA1C) levels is often a challenge for patients with pancreat-
ic insufficiency, resulting in lifetime dependence on insulin
therapy. While the discovery of insulin in 1921 was initially

considered as a cure for the disease, the exogenous insulin
therapy cannot accurately mimic endogenous insulin secretion
and properly control the metabolic alterations, further result-
ing in the development of multisystemic chronic complica-
tions (5). In light of this, alternative strategies have been
approved to provide superior control of blood glucose and
minimize diabetic complications, including cytostatic drugs,
monoclonal antibodies, and pancreas/islets transplantation.
To date, cadaveric human pancreas and pancreatic islets
transplantation remains the most reliable clinical approach
for selecting patients with severe DM. Although pancreas
transplantation can restore insulin independence in 60% of
recipients for 5 years after the procedure, this therapy is asso-
ciated with a high risk of postoperative complications and
mortality (6). However, the scarcity of appropriate pancreatic
donors and necessity for chronic immunosuppression signifi-
cantly limit its widespread application. Another approach,
pancreatic islet cell replacement therapy, can save the produc-
tion of insulin in a glucose-dependent manner but has poor
long-term efficacy. An additional drawback of the procedure
is the need to transplant a large number of pancreatic islet cells
(approximately 340-375 million islet cells per patient) in or-
der to achieve normoglycemia. In practice, 2 to 3 pancreatic
islet donors are necessary to transplant procedure (7). In add-
ition, only half of the patients became insulin independent
within 5-years after islet transplantation, which was associ-
ated with significant loss of B-cell mass (8, 9). Loss of
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transplanted cells is caused by an immediate inflammatory
blood reaction, delayed revascularization, and hypoxic stress.
Another alternative treatment for diabetes, anti-CD3 mono-
clonal antibody therapy, has proven effective only in patients
with recently diagnosed T1DM or in young patients ages 8 to
11 years. Although considered relatively safe, insulin inde-
pendence was achieved in only 5% of patients after 2 years
of follow-up (10, 11). Despite initially satisfactory results,
current treatments are unable to reverse B-cell damage. In add-
ition, available procedures are mainly used for T1IDM, and
their application in T2DM patients is limited. Therefore, al-
ternative strategies have been designed to cure diabetes and
maintain therapeutic effects. In recent years, cell-based ther-
apy using mesenchymal stem cells (MSCs) is of great interest;
in particular, adipose-derived mesenchymal stem cells
(ADMSC:s) are being considered for the treatment of diabetes.
This narrative review highlights the most significant thera-
peutic benefits of ADMSCs and cell-free therapy in the treat-
ment of both TIDM and T2DM and provides insight into
the underlying mechanism. Among other issues, we discuss
safety and efficacy, as well as limitations and challenges asso-
ciated with their therapeutic applications.

ADMSCs as a Class of Mesenchymal Stem Cells

Mesenchymal stem cells or mesenchymal stromal cells are
fibroblast-like adult stem cells with the capacity to self-renew
and differentiate into multiple lineages, ie, mesodermal lin-
eage (adipocytes, chondrocytes, osteocytes, fibroblasts, and
myocytes), ectodermal lineage (neurons), and endodermal lin-
eage (hepatocytes) (12). In 1966, Friedenstein and colleagues
first discovered the multipotent behavior of precursor cells in
the mouse bone marrow (13). Although stem cells are found
primarily in the bone marrow, they can originate from differ-
ent other tissues and organs, such as white adipose tissue,
blood, dental tissues, liver, pancreas, spleen, thymus, skeletal
muscle, skin, placenta, amniotic fluid, or Wharton’s jelly. To
standardize MSCs the International Society for Cellular
Therapy in 2006 proposed the following minimal criteria:
(1) MSCs must be plastic adherent when cultured in vitro;
(2) MSCs must express the surface markers CD73, CD90,
and CD105 and lack of expression of CD45, CD34, CD14,
CD11b, CD79a, CD19, or HLA-DR surface molecules; (3)
MSCs must exhibit trilineage potential (be able to differenti-
ate into adipocytes, chondrocytes, and osteocytes) (14).
ADMSC:s exhibit typical features of MSCs and are extensively
studied for the treatment of a wide range of diseases, such as
ischemic stroke, multiple sclerosis, myocardial ischemia, coron-
ary arteriosclerosis, limb ischemia, obesity, fatty liver disease
(nonalcoholic steatohepatitis, liver fibrosis, cirrhosis), muscular
dystrophy, osteoarthritis, Crohn’s disease, cancers, acute kidney
injury, chronic skin wounds, and glioma (15-21). Furthermore,
ADMSCs may represent a novel diabetes treatment strategy due
to their ability to replace damaged B cells and normalize blood
glucose level (22-26). The clinical use of ADMSCs has grown
over the years, mainly due to their abundance and the overcom-
ing of ethical and legal issues as patients can be treated with
their own cells (autologous) or cells from other donors (allogen-
eic) with minimal risk of cellular rejection. Although autolo-
gous ADMSCs therapy is the most attractive treatment
option for many diseases, its beneficial effects can be altered
by the microenvironment surrounding the cells. Persistent
hyperglycemic milieu can impair ADMSCs differentiation

potential and proliferation rate, and overall, their functionality
(27-29). Nevertheless, transplantation of multipotent stem cells
is associated with certain risks, which is why much attention
has recently been devoted to ADMSCs derivatives, such as exo-
somes or conditioned media (CM).

ADMSCs and Pancreatic p-Cell Function

Stem cells have the potential to differentiate into specialized
cells, modulate the immune system, and restore p-cell function-
ality, making them an attractive treatment option for diabetic
patients. ADMSC:s alleviate hyperglycemia by differentiating
into insulin-producing cells (IPCs) and paracrine signaling,
thus facilitating endogenous B cell regeneration, preserving re-
sidual B cell mass and reducing islet graft rejection (Fig. 1)
(30). In addition, ADMSCs have the ability to differentiate
into vascular endothelial cells, improving the blood supply to
the pancreas. A wide range of paracrine factors have been iden-
tified within the ADMSCs secretome, including growth factors,
ie, granulocyte colony-stimulating factor, granulocyte macro-
phage colony-stimulating factor, nerve growth factor, keratino-
cyte growth factor, vascular endothelial growth factor,
fibroblast growth factor, or insulin-like growth factor 1, antia-
poptotic, antioxidative, and anti-inflammatory signaling mole-
cules. The paracrine mechanism also plays an important role in
immunomodulation. It was shown that ADMSCs can inhibit
self-reacting T-cell expansion, development of dendritic cells
and B-cell proliferation (24, 31). Their interaction with these in-
nate and adaptive immune cells results in downregulation of
proinflammatory cytokines [ie, interleukin-1p, tumor necrosis
factor o, interleukin-6 (IL-6)] and upregulation of anti-
inflammatory cytokines such as interleukin-10, prostaglandin
E2 or indoleamine 2, 3-dioxygenase (32). The effect of
ADMSC:s on pancreatic B cell function is currently the subject
of extensive preclinical and clinical trials (phase I/I), many of
which have entered phase III. Next we outline the current
understanding of ADMSC-based therapies in DM from the ani-
mal model to the clinical trials.

ADMSCs-based Therapy in T1IDM

Opverall, the therapeutic effect of ADMSCs in the treatment of
T1DM falls into 4 categories: (1) efficacy of differentiated
IPCs derived from ADMSCs, (2) preservation of residual
cells, (3) engraftment of cotransplanted islet grafts, and (4)
supporting the function of precultured islet grafts.

Efficacy of differentiated IPCs derived from ADMSCs

Adult stem cells have developmental plasticity that allows
them to adopt an endocrine pancreatic phenotype. The poten-
tial of ADMSC:s to generate IPCs was discovered in 2003, but
initially these cells did not secrete insulin (33). A few years
later, Kang et al successfully differentiated human eyelid
ADMSC s into fully functional IPCs that released insulin and
C-peptide in a glucose-dependent manner (34). Following
IPCs transplantation into the renal subcapsular space of
streptozotocin-treated immunocompetent mice, normogly-
cemia was restored. After sacrifice the expression of various
human genes including insulin was found in the removed kid-
ney tissues (34). At present, it is evident that the process of
ADMSC s differentiation into mature IPCs is tightly controlled
by a complex network that depends on transcriptional regula-
tion of genes involved in pancreatic development. The most
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Figure 1. Mechanisms of ADMSCs action in glycemic control. ADMSCs, due to their multilineage differentiation and regeneration potential, promote

insulin production and pancreatic islet p-cells vascularization as well as reduce B-cells apoptosis and inflammation. Additionally, ADMSCs improve

insulin sensitivity and reduce insulin resistance in peripheral tissues (eg, adipose tissue and skeletal muscles). Abbreviations: ADMSC, adipose-derived

mesenchymal stem cell.

specific transcription factors are pancreatic and duodenal
homeobox-1, paired box 4, paired box 6, NK2 homeobox 2,
NK6 homeobox 1, neurogenin-3, NeuroD, islet1 transcriptional
factor, and insulin promoter factor-1 (35-38). Dave et al showed
that upregulation of isletl transcription factor, insulin pro-
moter factor-1, and paired-box 6, without any genetic manipu-
lation, was associated with insulin secretion from human
ADMSCs, confirming their ability to differentiate into IPCs
(35). Ex vivo generation of functional islet-like cellular aggre-
gates from human ADMSCs has been successfully achieved in
other studies (36, 39). Islet-like cellular aggregates transplant-
ation in streptozotocin (STZ)-induced diabetic mice restored
normoglycemia within 3 to 4 weeks, offering a reasonable re-
source of alternative islet therapy in early onset of TIDM
(36). Of note, a relatively small number of transplanted
ADMSCs can directly transdifferentiate into pancreatic IPCs,
which may not be sufficient to fulfill its functions. Therefore,
in comparison with ADMSCs, IPCs differentiated in vitro
from ADMSCs and then transplanted showed a better thera-
peutic effect in alleviating hyperglycemia (34, 40,41). Taken al-
together, the ability of ADMSCs to differentiate into mature
IPCs could provide an unlimited supply of B cells to replace
damaged cells in diabetic patients.

Preservation of residual B cells

The broad immunosuppressive and immunomodulatory effects
of ADMSCs along with their antioxidant and antiapoptotic
properties effectively reduce autoimmune responses and

protect endogenous pancreatic islets. Accordingly, ADMSCs
halt B-cell destruction, protect residual B-cell mass, facilitate en-
dogenous B-cell regeneration, and ameliorate islet transplant re-
jection. It should be emphasized that the method of ADMSCs
administration significantly influences their therapeutic poten-
tial. Following systemic administration, MSCs are prone to
lung microvasculature entrapment and have indirect impact
on the pancreas, while intrapancreatic infusion allows them
to be physically contacted with pancreatic B cells (42-45).
Khatri et al compared the antidiabetic effect of locally adminis-
tered ADMSCs with their systemic infusion in STZ-induced
diabetic NMRI nude mice (46). Direct injection of ADMSCs
into the pancreas (0.5 x 10°) has been shown to result in better
cell protection and regeneration as evidenced by a higher num-
ber of replicating islet cells, number of islet cells, or islet area
compared to intravenous ADMSCs injection (46). The thera-
peutic effect of ADMSCs was also confirmed by the Bassi
group. They transplanted a single dose of allogenic ADMSCs
to non-obese diabetic mice and found an increase in B-cell
mass and improvement in hyperglycemia in early-onset auto-
immune diabetes (47). Furthermore, the available in vitro and
preclinical studies strongly suggest that ADMSCs secretome is
also effective in reducing the clinical manifestations of diabetes
(48-52). In an animal model of T1DM, intraperitoneal admin-
istration of exosomes derived from autologous ADMSCs im-
proved pancreas function and maintained a normoglycemia
(48). Similarly, preconditioning of ADMSCs exosomes with
miR-146a, which plays an important role in the anti-

20z Joquieoag 0 uo 3senb Aq 8Z1//0./6881/8/80 /00 e/Wwa0l/wod dno-olwapese)/:sdpy Woij papeojumMoq



1892 The Journal of Clinical Endocrinology & Metabolism, 2023, Vol. 108, No. 8

inflammatory effect of exosomes, had a beneficial effect on gly-
cemic status (51). In addition to the potential of ADMSCs to re-
store euglycemia, the infusion of adipose-derived MSCs
reduced inflammation by lowering the CD4+ Th1-biased im-
mune response, which promoted Tregs expansion in pancreatic
lymph nodes and reduced infiltration of inflammatory cells in
the pancreas (47). ADMSCs-derived exosomes also displayed
immunosuppressive properties as they increased the population
of regulatory T cells along with levels of interleukin-4,
interleukin-10, and transforming growth factor-B but de-
creased the secretion of proinflammatory cytokines (ie,
interleukin-17 and interferon-y) (48). On the other hand,
Arzouni et al showed that human ADMSCs have the potential
to improve the survival and function of human islet cells in
vitro through released products and extracellular matrix, ra-
ther than through modification of the immune system (53).
However, as 70% to 90% of pancreatic P cells are destroyed
at the time of diagnosis, it can be difficult to regenerate a suf-
ficient number of resident islet cells; hence the impact of the
strategy to preserve resident pancreatic B cells is limited (54).
Moreover, the widespread application of islet transplant-
ation is hampered by an insufficient supply of donors.
These drawbacks drastically limit the application of this pro-
cedure as a cure for TIDM.

Engraftment of cotransplanted islet grafts

Obtaining a large number of B cells for cellular therapy
is a challenge. A possible solution may be a combined islet
transplantation together with ADMSCs, ie, hybrid islet trans-
plantation. The effect of pancreatic islets cotransplantation
with ADMSCs was investigated by Ohmura et al (535).
Although transplantation of 100 or 200 allogeneic islets
did not restore normoglycemia, their cotransplantation with
2x10° ADMSCs was sufficient to prolong graft survival
and establish glycemic homeostasis. In addition, significant re-
vascularization and inhibition of inflammatory cells infiltra-
tion, including CD4+, CD8+ T cells, and macrophages, was
observed as compared to the islet alone graft group (55). In
the other study completed by Gamble et al, human
ADMSCs were cocultured with murine and human pancreatic
islets. Interestingly, islets cotransplanted with ADMSCs
showed reduced cell death and improved islet function and re-
covery. Moreover, islets cultured alone presented a significant
decrease in islets mass compared to the cocultured groups
(22.1+10.5% islet loss vs 1.1 +0.81% and 2.7 + 1.9%, for
cocultured murine and human pancreatic islets, respectively)
(9). Finally, islets cotransplanted with ADMSCs restored
normoglycemia at a faster rate (22.3 +4.7 days) in compari-
son with islet transplant group (38.5 + 7.6 days) (9). Despite
encouraging results, a significant limitation was found.
Namely, the mice returned to hyperglycemia 60 days after
transplantation procedure. Nonetheless, other researchers
have shown that engraftment of pancreatic islets with
ADMSCs improves the transplant’s insulin-releasing function
and reduces the required islet mass (56-58). While hybrid islet
transplantation has many advantages, several limitations hin-
der its wide application. The most obvious are (1) the number
of ADMSCs that are required to promote pancreatic islet
function and (2) time of transplant, taking into account dis-
ease progression. Thus there is a need to optimize this cell re-
placement therapy before it becomes a reliable therapy for
diabetic patients.

Supporting the function of precultured islet grafts

The maintenance of viable and functional pancreatic islets is
critical for successful islet transplantation. However, pancre-
atic islet isolation and culture procedures are fraught with dra-
matic islet cell loss, largely attributed to ischemia, oxidative
stress, and an immediate blood-mediated inflammatory re-
sponse (53, 59). The combination of these factors appears to
be responsible, at least in part, for the undesirable loss of large
islet mass prior to transplant, leading to a reduction in insulin
independence. Following the first 3 days after human islets
transplantation into diabetic nude mice, a significant decrease
in islet cell survival, insulin content, and B-cell mass was dem-
onstrated (60). As islet function deteriorates with culture, it is
important to develop a strategy to maintain the functional via-
bility of the isolated islets prior to in vitro transplantation.
Recent studies in animal models have shown that preculture
of islets with ADMSC:s significantly improves transplant out-
comes in STZ-induced diabetic mice (61, 62). The beneficial
impact of ADMSCs has been attributed to a secretion of an ar-
ray of trophic factors that improve islet survival and function
during culture (63). In particular, anti-inflammatory and im-
munomodulatory molecules are useful in improving the lon-
gevity of transplanted pancreatic islet cells. Moreover,
ADMSC:s help to enhance islet cell regeneration by increasing
revascularization in a hypoxic environment and maintaining
islet integrity and structure. However, available studies do
not conclusively determine whether the paracrine molecules
secreted by ADMSCs are sufficient to improve islet survival
and function (58) or whether physical contact between the
stem cells and the pancreatic islets is also needed (61, 64).
Yamada et al have found that human ADMSCs have a trophic
effect on porcine pancreatic islets in vitro due to paracrine me-
diators secreted to the medium but not due to the cell-to-cell
contact (65). Among different growth factors, vascular endo-
thelial growth factor was conferred as important for cell sur-
vival and maintenance (635).

ADMSCs-based Therapy in T2DM

In recent years, the use of ADMSCs has become a potentially
safe and effective method of treating T2DM. Possible mecha-
nisms by which ADMSCs improve hyperglycemia include
islet B-cell regeneration, modulation of hepatic metabolism
toward higher glucose utilization, reduction of inflammation,
and amelioration of IR in peripheral tissues (66-70).
Nevertheless, improvement in islet function was considered
to be the primary mechanism by which adult stem cells could
ameliorate hyperglycemia. ADMSCs have the potential to dif-
ferentiate into IPCs and thus generate an adequate number of
islets for insulin production. Nam et al compared the glucose-
lowering properties of human adipose-derived MSCs with
ADMSCs-derived IPCs (69). Transplantation both cell types
into a mouse model with T2DM significantly increased circu-
lating levels of insulin and c-peptide and at the same time low-
ered inflammatory cytokines, which could ultimately alleviate
IR. Interestingly, it turned out that differentiated IPCs had
better potential in restoring normal glucose level and improv-
ing metabolic parameters than ADMSCs (69). Furthermore, it
was found that overexpression of pancreatic and duodenal
homeobox-1 successfully induced the differentiation of hu-
man ADMSCs into aggregates of insulin-producing cells,
which in vivo lowered blood glucose level but did not restore
normoglycemia (40). In general, ADMSC-derived IPCs have
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the ability to restore euglycemia; however, some problems
need to be addressed. To date, neither the long-term stability
of ADMSC-derived IPCs nor their number to restore glycemic
status have been identified. Therefore, it seems that trans-
plantation of undifferentiated MSCs may be more effective
as the administered cells were mainly found in damaged pan-
creatic tissue. In addition, ADMSCs transplantation could
promote B-cells regeneration through recovery of islet beta
cells, reduction of apoptosis and inflammation, and improve-
ment of islet vascularization (66, 71). These beneficial effects
are attributed to the secretion of angiogenic factors such as
vascular endothelial growth factor, insulin-like growth factor
1, hepatocyte growth factor, or von Willebrand factor and the
reduction of proinflammatory and apoptotic cytokines, ie, tu-
mor necrosis factor-a, IL-6, interleukin-1p, or caspase-3 in the
pancreas (66, 71). In turn, Xie et al reported that 24 hours
after ADMSCs infusion, blood glucose level was markedly
lowered via promoting hepatic glycogen synthesis and inhibit-
ing hepatic glucose production in T2DM rats (68). Recently,
genetic modification has been applied to increase stem cells’
ability to promote insulin production. For example, Xue
et al found that genetically modified ADMSCs that overex-
press fibroblast growth factor 21 and glucagon-like polypep-
tide 1 could significantly increase insulin level and improve
glucose metabolism (72).

ADMSCs-based Therapy in Insulin Resistance

IR is defined as a state of reduced responsiveness of insulin-
targeting tissues to physiological levels of insulin, and thus
higher than normal insulin level is required to maintain glu-
cose homeostasis (73, 74). Although the molecular mechan-
ism of IR is not yet fully understood, several theories are
generally proposed. Among its multiple etiological factors, ec-
topic lipid accumulation in peripheral tissues, proinflamma-
tory milieu, endoplasmic reticulum stress, mitochondrial
dysfunction, and oxidative stress are believed to be major
drivers (75). Available therapeutic strategies can ameliorate
hyperglycemia or temporally improve insulin sensitivity in tar-
get tissues but can never reverse IR. It is now believed that
adipose-derived MSCs have the potential to ameliorate IR
and thus improve glycemic control in diabetic patients (49,
66, 70, 76). For instance, Hu et al found that ADMSCs pro-
moted insulin releasing and enhanced the expression of glu-
cose transporter 4 (GLUT4) in the liver, adipose tissue, and
skeletal muscles in a high-fat diet/STZ-induced T2DM rat
model (66). In the same experimental model, ADMSCs were
able to improve insulin sensitivity by activating insulin recep-
tor substrate and elevating Akt phosphorylation in skeletal
muscles (70). In vitro studies have further demonstrated that
ADMSCs-CM secretome has even better therapeutic potential
to ameliorate IR, and, importantly, its use is safer than cell-
based therapy. Furthermore, compared to stem cells,
ADMSCs secretome has even better therapeutic potential to
manage T2DM and, again, its use is safer. Recent evidence
has shown that ADMSCs-CM controls glycaemia through a
broad range of paracrine growth factors, chemokines, and cy-
tokines that could promote islet cell regeneration, increase in-
sulin sensitivity, reduce IR, and regulate the immune system
(49, 77-79). Indeed, ADMSCs secretome can effectively in-
crease insulin-stimulated glucose uptake as evidenced by in-
creased Akt phosphorylation and GLUT4 translocation to
the plasma membrane in insulin-resistant 3T3L1 and

C2C12 cells (76). Similar results were observed by Sanap
et al: conditioned medium of ADMSC:s significantly increased
glucose uptake and decreased the expression of major inflam-
matory regulators and reactive oxygen species production in
insulin-resistant 3T3L1 cells (49). A study by Elshemy and
colleagues also found that ADMSCs secretome alleviated
hyperglycemia by increasing pancreatic B-cell regeneration
and reducing IR in T2DM rats (77). In addition, researchers
compared the antioxidative potential of ADMSCs-CM with
a conditioned medium of liver-derived mesenchymal stem
cell (77). Although both interventions alleviated hypergly-
cemia, liver-desired-MSCs-CM showed better therapeutic po-
tential. Several lines of evidence suggest that chronic
low-grade inflammation contributes to pancreatic islet dys-
function and the development of IR (78). Data obtained
from insulin-resistant 3T3L1 cells indicate that ADMSCs se-
cretome reduces stress-induced serine kinases expression, in-
cluding c-Jun N-terminal kinases, inhibitory-kB kinase B,
extracellular signal regulated kinases, or p70S6 kinase and
thus alleviates IR (80). Another mechanism by which
ADMSCs-CM  prevents the development of oxidative
stress-induced IR is an inhibition of intracellular production
of reactive oxygen species and endoplasmic reticulum stress
markers (downregulation of CHOP1 and IRE1) (80).
Furthermore, it is well known that the microenvironment
around stem cells affects their functionality. For example, cul-
turing ADMSCs in a diabetic microenvironment (precondi-
tioned ADMSCs, pre-ADMSCs) increased the secretion of
cytokines related to the polarization of M2 macrophages, ie,
IL-6, MCP-1 (79). Interestingly, multiple pre-ADMSCs infu-
sions improved hyperglycemia via ameliorating of IR and in-
creasing pancreatic islet regeneration (79). Similarly,
preconditioning of ADMSCs with orexin A, which regulates
glucose homeostasis by interacting with pancreatic B cells,
was more effective in lowering fasting glucose and insulin
levels in diabetic rats compared to rats treated with
ADMSCs alone (81). Moreover, preconditioned ADMSCs
significantly alleviated dyslipidemia, lowered inflammatory
markers, and increased GLUT4 and Akt2 levels, which ef-
fectively improved insulin sensitivity of muscle and adipose
tissue (81). These data indicate that preconditioning strat-
egies as well as cell-free strategies may represent a unique, in-
novative therapy to both improve B-cell function and reduce
IR (Fig. 1).

Clinical Applications of ADMSCs in DM

Promising results from animal studies have encouraged scien-
tists to use MSCs in clinical trials. Despite MSCs’ beneficial
potential in regenerative medicine, clinical studies have also
looked at the safety and efficacy of MSCs therapies in various
populations with various diseases (82, 83). The most com-
monly reported adverse events after MSCs applications have
included transient fever, constipation, headache, fatigue,
and arrhythmia (82). Since several factors such as age, race,
sex, and underlying diseases of the donor significantly affect
the properties of MSCs, they also had an impact on the occur-
rence of side effects. Recently, the administration of MSC de-
rivatives such as exosomes or MSC-derived CM demonstrates
safety and a satisfactory therapeutic effect, most importantly
without the risk of cell-specific adverse effects such as malig-
nancy or undesirable differentiation; therefore it may be a can-
didate for future research.
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Currently, the safety and efficacy of ADMSCs therapy in the
treatment of DM is studied in several clinical trials (www.
ClinicalTrials.gov). The scope of these studies range from
long-term diabetic complications (mainly diabetic nephrop-
athy) to newly diagnosed diabetes. Since DM is a multifactor-
ial and multistage disease, it seems that the combination of
different therapeutic strategies may achieve better treatment
results. In prospective, open-trial studies, patients with recent
onset of TIDM (n = 6) received a single infusion of heterol-
ogous ADMSCs (1 x 10° cells/kg) together with daily supple-
mentation of cholecalciferol (2.000 Ul/day). After a 6-month
follow-up, increased serum C-peptide level with a decrease in
the insulin requirements was observed (84). In 2020 a pro-
spective, phase II, open-trial, pilot study was performed by
the same group. In this study patients with recent onset of
T1DM (diagnosis of TIDM for <4 months) received a single
dose of allogenic ADMSCs and daily vitamin D (2.000 UI/
day) supplementation for 3 months (www.ClinicalTrials.
gov: Identifier: NCT03920397). Three months after a com-
bined therapy, the patients had lower insulin requirements
(0.22+0.17 vs 0.61 +0.26 TU/kg) and lower HbAlc levels
(6.47% + 0.86% vs 7.48% +0.52%). The observed side ef-
fects included headache, mild local reactions, tachycardia, ab-
dominal cramps, thrombophlebitis, and mild floaters (85).
Furthermore, Thakkar et al evaluated the safety and efficacy
of autologous and allogenic adipose-derived insulin secreting
mesenchymal stromal cells (IS-AD-MSCs) cotransplantation
with bone marrow derived hematopoietic stem cell
(BM-HSCs) in treatment of patients diagnosed with TIDM.
IS-AD-MSCs together with BM-HSCs were implanted into
portal/thyroid circulation. Both stem-based therapies signifi-
cantly lowered plasma glucose and HbA1lc levels, with sus-
tained improvement in C-peptide level and reduced insulin
requirements over 2 years of follow-up. Notably, autologous
IS-AD-MSCs/BM-HSCs cotransplantation offers better long-
term control of hyperglycemia as compared with allogenic
infusion (86). Additionally, Dave et al, in a prospective, non-
randomized clinical trial, confirmed the effectiveness of au-
tologous IS-AD-MSCs infusion (along with BM-HSCs) in
T1DM patients (87). Over a mean follow-up of 31.71 months
after a transplantation, diabetic patients (n = 10) showed in-
creased C-peptide (0.22 ng/mL to 0.92 ng/mL), decreased
HbA1c level (10.99% to 6.72%), and lower exogenous insu-
lin requirement (64 IU/day to 39 IU/day) (87). Similarly, an-
other prospective, nonrandomized, open-label clinical trial
also investigated the therapeutic effect of autologous
IS-AD-MSCs cotransplantation with hematopoietic stem cell
in diabetic patients. After a mean follow-up of 7 months, pa-
tients had elevated serum C-peptide level and showed a de-
crease in insulin dependency and HbAlc levels (88). Taken
together, ADMSCs have the potential to differentiate into
the pancreatic lineage and support the function of resident
cells and therefore may be an ideal replacement therapy in dia-
betic patients.

Limitations of ADMSCs Therapies

Despite significant progress made in the field of stem cell ther-
apies to treat DM, several challenges need to be addressed.
One of the major obstacles for efficient therapeutic use of
stem cells is a lack of uniform experimental protocol. The ani-
mal experiments differ with regard to the number of stem cell
transplants, sources used to harvest ADMSCs, methods used

to administer them into the patients (ie, optimal dose, fre-
quency, or route of injection), and the time point of their ad-
ministration in the course of diabetes. Another hurdle for any
stem cell therapy is the poor engraftment and survival of do-
nor cells; thus recently much attention has been paid to devel-
oping new strategies to increase their survival and retention.
At the time of this review, there are almost 30 clinical trials
registered on the website ClinicalTrials.gov using ADMSCs
as a therapy for DM and the variety of its chronic complica-
tions. Furthermore, the choice of an autologous or allogeneic
therapy is an important consideration as the former is immu-
nocompatible and does not raise ethical or legal concerns but
may be limited by disease-induced functional impairment and
the latter by an immune response to the transplanted cells. In
addition, due to the lack of standardization, there are great
variations within clinical trials regarding sample size, study
design, follow-up period, and onset of diabetes and its pro-
gression. Finally, differences in ADMSCs therapeutic efficacy
may be related to a specific characteristic of the donor, such as
genetic origin or lifestyle. Despite the odds, ADMSCs are ex-
pected to become a promising therapeutic agent for treatment
of DM; however, further research is needed to address these
challenges.

Conclusions

Increasing numbers of preclinical and clinical studies indi-
cate that ADMSCs may be a new regenerative therapy for
diabetes mellitus. The mechanisms by which ADMSCs exert
their beneficial action include the paracrine secretion of a
broad range of cytokines, angiogenic or immunomodulatory
factors that promote cell migration to the sites of injury, im-
munomodulation, and direct regeneration of damaged tis-
sues. In diabetic settings, ADMSCs therapy significantly
improved HbA1c and C-peptide levels as well as diminished
exogenous insulin requirements. Moreover, ADMSCs’ abil-
ity to differentiate into various cell types, such as IPCs, my-
ofibroblasts, cardiomyocytes, pericytes, and endothelial
cells, makes them promising therapeutic candidates for the
treatment of DM. In addition, transplantation of ADMSCs
derivatives such as exogenous vesicles or CM and ultimately
modification of stem cells may further enhance their clinical
benefits. Efforts are now being made to transfer knowledge
from in vitro and animal models to the patient’s bedside.
Although preclinical studies and phase I/II clinical trials
have shown that ADMSCs cellular therapy improves the
clinical outcomes, further phase III clinical trials are neces-
sary to achieve more reliable and effective benefits prior clin-
ical use.
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