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Abstract

Diabetes mellitus (DM) is a chronic disease that results in a variety of systemic complications. Recently, stem cell-based
therapies have been proposed as potential modalities to manage DM related complications. Mesenchymal stem cell (MSC)
based therapies are often considered as an ideal stem cell-based treatment for DM management due to their immunosup-
pressive characteristics, anti-inflammatory properties and differentiation potential. While MSCs show tremendous promise,
the underlying functional deficits of MSCs in DM patients is not well understood. Using the MEDLINE database to define
these functional deficits, our search yielded 1826 articles of which 33 met our inclusion criteria. This allowed us to review
the topic and illuminate four major molecular categories by which MSCs are compromised in both Type 1 DM and Type II
DM models which include: (1) changes in angiogenesis/vasculogenesis, (2) altered pro-inflammatory cytokine secretion, (3)
increased oxidative stress markers and (4) impaired cellular differentiation and decreased proliferation. Knowledge of the
deficits in MSC function will allow us to more clearly assess the efficacy of potential biologic therapies for reversing these

dysfunctions when treating the complications of diabetic disease.
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Introduction

According to the Centers for Disease Control and Preven-
tion’s 2013-2015 National Health and Nutrition Examina-
tion Survey, 30.3 million Americans or nearly 10% of the
total population of the United States, carry the diagnosis
of diabetes mellitus [1]. The International Diabetes Foun-
dation estimates that the total healthcare diabetes-related
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expenditure was over $850 billion dollars in 2017 [2].
Unfortunately, diabetics often suffer from additional
pathologies such as retinopathy, cardiomyopathy, nephrop-
athy, and neuropathy secondary to the effects of elevated
blood glucose levels also known as hyperglycemia. The
hyperglycemic state can be considered a physiologi-
cal stressor that leads to the formation of a pathological
microenvironment, which alters normal cellular processes
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[3]. While many of the cellular changes in diabetes are
well established, little is known in regards to how diabetes
alters the function of mesenchymal stem cells (MSCs) [4].

MSCs are multipotent, plastic-adherent cells with the
potential to differentiate into a variety of cell types, such
as chondroblasts, osteoblasts or adipocytes [5]. Research
has demonstrated the tremendous therapeutic capabilities
of MSCs, such as the use of autologous MSC transfer for
ameliorating diabetic nephropathy [6, 7]. While normal
MSCs may confer therapeutic benefits, their dysfunction
in diabetes is thought to contribute to further complica-
tions. These complications include cardiomyopathy [8],
nephropathy [9], retinopathy [10], and impaired bone and
wound healing [11-14], the latter of which may result in
lower extremity amputation, which is 10 times more com-
mon in diabetics [8, 15]. Additionally, MSCs isolated from
diabetic states have shown a greater propensity to differ-
entiate into adipocytes, in vitro [16].

MSCs can be isolated from a variety of tissues sources
including adipose, bone marrow, amniotic fluid, umbilical
cord tissue, and dental pulp [17]. MSCs harvested from
bone marrow (BM-MSCs) have been studied most exten-
sively but adipose derived MSCs, also known as adipose
derived stem cells (ADSCs), are now of increasing inter-
est. ADSCs are more abundant and more easily accessible
than BM-MSCs, making them appealing as a therapeutic
cell source [18]. Both cell types possess the same profile of
surface markers (CD737/CD90%/CD105%/CD317/CD45™)
and are able to differentiate into bone, cartilage or fat,
although other functional differences have been reported
[19]. The effects of MSCs in vivo are primarily mediated
by paracrine and autocrine factors, the regulation of which
differs between BM-MSCs and ADSCs [20]. The study
of ADSC:s is relatively recent and therefore the majority
of the literature reviewed here examines the effect of dia-
betic pathology on BM-MSCs, although some reports of
changes in ADSCs are included as well.

While diabetes is an extremely complicated disease pro-
cess with many pathological consequences, some of which
have been well established, little is known about how dia-
betes alters the function of MSCs. In this review, we aim to
demonstrate how the physiologic stress of diabetes alters
MSC function. In particular, we explore the properties of
diabetic MSCs in terms of (1) angiogenesis/vasculogen-
esis, (2) cytokine secretion, (3) oxidative stress, and (4)
proliferation/differentiation potential. By understanding
the body of literature devoted to these topics, researchers
and practitioners may gain valuable insight into preven-
tion, treatment, and management of diabetes and its com-
plications. Additionally, it is important to illuminate the
changes in the diabetic stem cell microenvironment, which
may facilitate the development and improvement of future
MSC-related therapies.
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Study design

A PubMed literature search was conducted on January 20th,
2018 for the following keywords: “Mesenchymal stem cell,”
“Mesenchymal stem cells”, “MSC,” “MSCs,” “human mes-
enchymal stem cell,” “human mesenchymal stem cells,”
“hMSC,” “hMSCs,” “bone marrow-derived mesenchymal
stem cell,” “bone marrow-derived mesenchymal stem cells,”
“bone marrow derived mesenchymal stem cell,” “bone mar-
row derived mesenchymal stem cells,” “BM-MSC,” “BM-
MSCs,” “multipotent stromal cell,” “multipotent stromal
cells,” “diabetes,” “diabetic,” “diabetes mellitus,” “insulin-
resistant,” “insulin resistant,” “secretome,” “secreting,”
“secrete,” “growth factors,” “yield,” “excrete,” “produce,”
“dysfunction,” “dysfunctions,” “dysfunctional,” “malfunc-
tion,” “malfunctions,” “malfunctional,” “unfunctional,”
“defect,” “defects,” “defective,” “ineffective,” “inhibit,”
“inhibits,” “inhibitory,” “inhibition,” “impair,” “impairs,”
“impaired.” A total of 1826 abstracts were reviewed for
inclusion criteria. For additional information see PRISMA

diagram of compiled search groups (Fig. 1).
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Study method

All 1826 abstracts were assessed and selected if they demon-
strated the following inclusion criteria: (1) published within
the past 20 years, (2) studied adipose derived or bone mar-
row derived MSCs acquired from a diabetic model (human
or animal) or normal MSCs placed in a diabetic environ-
ment, (3) discussed changes in diabetic MSC gene expres-
sion. Changes in the function of MSCs were related to one
of the four major categories discussed in the introduction:
angiogenesis/vasculogenesis, cytokine secretion, oxidative
stress, and proliferation/differentiation potential. Studies
were excluded if they were literature reviews or used MSC
transfer for treatment purposes without further investiga-
tion. Each selected article was then read and cross-refer-
enced with our inclusion criteria once more, before being
confirmed as part of the final cohort by a senior researcher
(R.S.). In total, 33 articles met the inclusion criteria and
were included in the review (Table 1).

Angiogenesis/vasculogenesis

Some of the most severe complications in diabetics arise
due to either macrovascular pathologies, such as myocar-
dial infarction and cerebrovascular disease, or microvascular
pathologies, such as diabetic nephropathy and retinopathy
[21]. These vascular changes are attributed to the alteration
of the body’s normal angiogenic and vasculogenic path-
ways, which to some degree involve MSC dysfunction.
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Fig.1 1824 articles were obtained from search terms and two exter-
nal sources were added. After reviewing all 1826 abstracts only 317
articles met the inclusion criteria for complete full-text assessment.

Vasculogenesis is defined as the de novo formation of blood
vessels from precursor angioblasts, and angiogenesis is the
process by which these newly formed vessels grow in con-
junction with endothelial and smooth muscle cells [22]. In
the diabetic state, certain tissues exhibit increased angio-
genesis, while other tissue types display the opposite. This
“angiogenic paradox,” as it is commonly referred to in the
diabetic literature, renders medical management particularly
complex. In this section, we explore the potential mecha-
nisms for these changes, including alterations in MSC mobi-
lization, extracellular vesicle (EV) secretion, and mediation
of angiogenic signals.

Several studies have shown that diabetes alters the nor-
mal ability of MSCs to promote angiogenesis. In one such
study, Rezaie et al. exposed human BM-MSCs in vitro, to

'

c

.g Records identified through Additional records identified

_8 database searching through other sources

£ (n =1824) (n=2)

c

[}

=

v A 4
PR Records after duplicates removed
(n = 1826)

-T+]

=

f=

o

g

9

2 Records screened N Records excluded

(n = 1826) e (n =1509)
—
'
Full-text articles assessed Full-text articles excluded,

Z for eligibility > with reasons

s (n=317) (n =284)

50

w
—

Studies included in
qualitative synthesis
(n=33)

-]

7}

-]

=

(%]

5

After full-text assessment only 33 articles were found that met selec-
tion criteria Moher et al. [118]

serum isolated from either Type 2 diabetic (T2DM) patients,
healthy donors, or to fetal bovine serum (FBS). After cul-
turing the MSCs in these respective conditions, vascular
endothelial growth factor (VEGF) RNA levels were quan-
tified for each sample. The researchers found a two-fold
decrease in VEGF expression from the MSCs in diabetic
sera compared to both control groups (p <0.05) [23]. The
decrease in VEGF, a potent angiogenic factor, observed
in MSCs cultured in a diabetic milieu has also been cor-
roborated in other MSC studies. For example, Ribot et al.
examined the supernatant of cultured tibial and femoral
BM-MSCs from Zucker diabetic fatty rats and control lean
rats. Proteomic analysis of the secretome demonstrated
that VEGF concentrations were significantly decreased in
the diabetic BM-MSCs (p<0.001) and that the levels of
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Table 1 List of reviewed articles categorized based on study type and model used

Study group

Study category

MSC type and diabetic model

Beltramo et al. [10]
Kim et al. [16] (1)

Rezaie et al. [23]
Ribot et al. [24]
Rezabakhsh et al. [28]
Jumabay et al. [34]

Rennert et al. [35]
Cianfarani et al. [36]

Jin et al. [37]

Mazzeo et al. [51]

Kim et al. [54] (2)

Yuan et al. [57]

Khan et al. [58]

Madhira et al. [59]

Van de Vyver et al. [62]

Ko et al. [66]
Zhang et al. [73]
Ali et al. [84]

Yan et al. [85]
Aikawa et al. [91]

Stolzing et al. [92]
Kim et al. [16] (1)

Deng et al. [95]
Moseley et al. [96]
Barbagallo et al. [97]
Lee et al. [100]
Brown et al. [101]
Silva et al. [102]

Kornicka et al. [103]
Wang et al. [106]

Cramer et al. [107]
Gu et al. [108]
Meng et al. [109]

Angiogenesis/vasculogenesis

Angiogenesis/vasculogenesis

Angiogenesis/vasculogenesis
Angiogenesis/vasculogenesis
Angiogenesis/vasculogenesis
Angiogenesis/vasculogenesis

Angiogenesis/vasculogenesis
Angiogenesis/vasculogenesis

Angiogenesis/vasculogenesis
Angiogenesis/vasculogenesis
Angiogenesis/vasculogenesis
Pro-inflammatory cytokines
Pro-inflammatory cytokines

Pro-inflammatory cytokines
Pro-inflammatory cytokines

Pro-inflammatory cytokines
Pro-inflammatory cytokines
Oxidative stress markers

Oxidative stress markers

Oxidative stress markers
Oxidative stress markers
Impaired differentiation and decreased proliferation

Impaired differentiation and decreased proliferation
Impaired differentiation and decreased proliferation
Impaired differentiation and decreased proliferation
Impaired differentiation and decreased proliferation
Impaired differentiation and decreased proliferation

Impaired differentiation and decreased proliferation

Impaired differentiation and decreased proliferation
Impaired differentiation and decreased proliferation

Impaired differentiation and decreased proliferation
Impaired differentiation and decreased proliferation
Impaired differentiation and decreased proliferation

Human BM-MSC:s cultured in high glucose environment

BM-MSCs from streptozotocin induced diabetic rats (T2DM
model)

Human BM-MSCs cultured with serum from T2DM patients
BM-MSCs from Zucker diabetic fatty rats (T2DM model)
Human BM-MSCs incubated with serum from T2DM patients

Inguinal fat ADSCs from transgenic human islet amyloid poly-
peptide rats (T2DM model)

Inguinal fat ADSCs from +/+ Leprdb mice (T2DM model)

Inguinal fat ADSCs from streptozotocin induced diabetic rats
(T1DM model)

BM-MSCs from streptozotocin induced diabetic rats (T1DM
model)

Human BM-MSCs cultured in high glucose and/or hypoxic
environment

BM-MSCs from streptozotocin induced diabetic rats (T1DM
model)

Human umbilical cord-MSCs incubated in a high glucose envi-
ronment

BM-MSCs from streptozotocin induced diabetic rats (T1DM
model)

BM-MSCs from WNIN/GR-Ob (T2DM model)
BM-MSCs from pre-diabetic obese mice (T2DM model)

BM-MSCs from streptozotocin induced diabetic rats (TIDM
model)

BM-MSCs isolated from healthy rats incubated in a high glucose
environment

Wharton jelly-derived MSCs treated with serum from T2DM
patients

BM-MSCs from +/+ Lepr® mice (T2DM model)

BM-MSCs from streptozotocin induced diabetic rats (TIDM
model)

BM-MSCs from streptozotocin induced diabetic rats (TIDM
model)

BM-MSCs from streptozotocin induced diabetic rats (T2DM
model)

Human BM-MSCs incubated with serum from T2DM patients
Human BM-MSCs incubated with serum from T2DM patients
Human ADSCs isolated from T2DM patients

ADSCs from high fat diet mice (T2DM model)

BM-MSCs from high fat diet pre-diabetic mice (T2DM model)

BM-MSCs from streptozotocin induced diabetic rats (T1DM
model)

ADSCs from T2DM patients

BM-MSCs isolated from healthy mice incubated in a high glu-
cose environment

Human ADSCs isolated from T2DM patients
BM-MSCs isolated from non-obese diabetic (T1DM)
BM-MSCs isolated from non-obese diabetic (T1DM)
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af-crystallin, a chaperone for VEGF, were also significantly
reduced (p <0.05) [24]. Previous literature indicates that
af-crystallin plays a major role in angiogenesis through the
modulation of VEGF [25, 26]. Consequently, these findings
indicate that the diabetic state alters MSC secretion of VEGF
in vitro and suggest that this may be through attenuation of
other angiogenic signals, such as af-crystallin.

The production of other angiogenic factors has also been
shown to be altered as a consequence of diabetic MSC
dysfunction. For example, Kim et al. measured the VEGF
expression of BM-MSCs from streptozotocin induced dia-
betic and control rats by isolating RNA and performing RT-
PCR experiments. The diabetic MSCs not only exhibited
reduced expression of VEGF-A, but also a decrease in three
other major angiogenic genes: angiopoietin 1, angiopoietin
2, and VEGF-C. Interestingly, this group also examined the
therapeutic and regenerative potential of the MSCs in vivo
by comparing the outcomes of injecting ischemic rat hind
limbs with either normal or diabetic MSCs, or phosphate-
buffered saline (PBS). Laser Doppler perfusion imaging
(LDPI) was then performed to assess hind limb perfusion,
which showed that injection of normal MSCs led to sig-
nificantly greater perfusion of the ischemic hindlimb, com-
pared to diabetic MSCs (p <0.01). Furthermore, the lack of a
therapeutic benefit observed after injection of diabetic MSCs
relative to the negative control group suggests that diabe-
tes may render MSCs essentially ineffective for improving
ischemia if unaltered [16].

The term “mobilopathy” is used to describe stem cells
that fail to mobilize effectively from the bone marrow [27].
While BM-MSCs undergo a so-called “mobilopathy,” they
also impact the mobilization of endothelial progenitor cells
(EPCs) via paracrine signaling [24]. The movement of
both MSCs and EPCs is essential for de novo blood vessel
formation. To study this, Rezabakhsh et al. examined how
incubating human MSCs in diabetic and non-diabetic serum
influenced their angiogenic paracrine effects on endothe-
lial cells (ECs), using a Matrigel plug assay in Wistar rats.
Here, MSCs were pre-conditioned with either normal or
diabetic serum for 7 days and then subsequently added to
the Matrigel before being injected subcutaneously into the
flanks of rats. After 7 days, immunohistochemistry was
performed on the Matrigel plugs and showed that MSCs
grown in diabetic serum had decreased levels of both vascu-
lar endothelial cadherin (VE-cadherin; p<0.01) and alpha
smooth muscle actin (a-SMA; p <0.0001) [28]. These two
proteins are essential for endothelial migration and vascular
smooth muscle formation, respectively [29, 30]. Further-
more, since both are essential to de novo angiogenesis, they
are often used together as a measure of blood vessel forma-
tion. The authors attributed the decreased blood vessel for-
mation they observed, to changes in the secretome of MSCs,
rendering them dysfunctional due to exposure to diabetic

serum [28]. It is thought that the mobilization of both MSCs
and EPCs from the bone marrow is essential in the initiation
of vasculogenesis and angiogenesis. In the next section, we
will also investigate the mechanism by which adiponectin
modulates MSC mobilization.

To measure the initiation of angiogenesis and endothelial
cell adhesion in vitro, researchers have also utilized blood
vessel tube formation assays, often specifically studying the
effect of diabetes on MSC-mediated angiogenesis [31]. For
example, Rezabakhsh et al. collected human BM-MSCs
from one healthy male donor and cultured them for 14 days
in 10% solutions of either diabetic or normal sera. It was
found that after seeding the BM-MSCs grown in diabetic
serum conditions in growth factor depleted Matrigel sub-
strate, they completely lost the ability to form blood vessel
tubes within 8—12 h. In addition, the researchers went on to
confirm that the diabetic sera decreased MSC to endothelial
cell trans-differentiation by fourfold (p <0.001). To assay for
changes in MSC migration in the diabetic state, Rezabakhsh
et al. cultured human MSCs in either diabetic or normal
sera for 7 days and subsequently seeded the samples on a
transwell migration assay containing stromal-cell derived
factor-1 alpha (SDF-1a), an important regulator known to
induce MSC migration [32, 33]. The researchers discovered
that MSCs pre-treated with diabetic sera displayed a sig-
nificantly decreased migration rate (p <0.01) [28]. Taken
together, these findings suggest that the normal pathways of
MSC and endothelial cell communication, which are essen-
tial for angiogenesis and vasculogenesis, are dysfunctional in
the diabetic state, in part due to changes in MSC migration.

In addition to the impaired angiogenic capacity of BM-
MSCs as a result of diabetes, alterations to the angiogenic
capabilities of ADSCs have been reported in diabetic states
[34]. Using RT-qPCR, Rennert et al. studied the expression
of angiogenic genes in ADSCs isolated from the inguinal
fat pads of T2DM and wild-type (WT) mice [35]. The dia-
betic condition resulted in a dysfunctional signaling environ-
ment in situ, with a statistically significant decrease in the
expression of essential angiogenic genes VEGF-A (p<0.01)
and SDF-1a (p <0.05). Other studies have confirmed that
ADSCs and BM-MSCs isolated from streptozotocin induced
Type 1 diabetic (TIDM) mice also display significant
decreases in VEGF-A expression (p <0.005 and p=0.02)
[36, 37]. To investigate the ability of ADSCs to form vascu-
lar networks, Rennert et al. went on to isolate ADSCs from
the stromal vascular fraction (SVF) of the inguinal fat pads
of T2DM and WT mice and performed Matrigel tubule for-
mation assays. The T2DM ADSCs displayed a near sixfold
decrease in tubular structures (p <0.001) versus WT con-
trols, indicating that the pro-angiogenic effects of ADSCs are
severely impaired by the diabetic state. The authors hypoth-
esized that the decrease in angiogenesis may be an issue of
proliferation, due to a decrease in the fraction of ADSCs in
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the SVF. This hypothesis was confirmed by flow cytometry
analysis, in which the WT-SVF contained a significantly
larger proportion of ADSCs (CD457/CD317/CD34" cells)
compared to T2DM-SVF and TIDM-SVF (p<0.01). The
SVF refers to the aqueous fraction of lipoaspirate isolated
following enzymatic digestion [38] and contains a hetero-
geneous group of cells—including subgroups with differing
levels of angiogenic capacities [39]. In order to elucidate the
changes that occur in diabetic adipose tissue, Rennert et al.
employed single-cell transcriptional analyses and clustering
of the gene profiles to determine that there were three major
subpopulations of ADSCs. One subpopulation of ADSCs
was specifically associated with an elevated angiogenic and
vasculogenenic gene profile. This subpopulation of ADSCs,
which was deemed essential for angiogenesis and vasculo-
genesis, was expressed at a lower proportion in the T2DM
and T1DM cell populations compared to WT [35]. These
findings suggest that the diabetic state impairs the overall
angiogenic gene expression of ADSCs by selectively dimin-
ishing a subpopulation of ADSCs associated with vasculo-
genesis and angiogenesis.

Depending on the tissue type, the vascular complica-
tions that arise in diabetics are due to either increased or
decreased vascular processes, a concept that has specifi-
cally been termed in this context, the “angiogenic paradox”
[22, 40-42]. This paradox is due to the altered secretion of
both pro-angiogenic and anti-angiogenic factors in diabetes,
which makes the treatment of diabetic vascular complica-
tions problematic [40, 43, 44]. The modulation of VEGF
secretion, by a number of upstream factors, results in what
is described as an ‘angiogenic switch’ of VEGF and other
associated angiogenic factors [40, 42, 43]. Although the
MSC secretome has not been precisely characterized, it is
thought to provide some of the upstream factors that mediate
angiogenesis and vasculogenesis [41, 45]. Overall, the mech-
anisms that control normal angiogenic processes require a
fine equilibrium between both stimulating and inhibiting
factors. This delicate balance is often disturbed by a variety
growth factors, cytokines, hematopoietic factors, and meta-
bolic changes that arise differentially in specific tissues in
the diabetic state [46].

While in the previous studies discussed, the levels of
angiogenic factors and blood vessel formation were severely
attenuated due to the dysfunction in diabetic MSCs, other
tissues such as the retina and kidney display increased
angiogenesis [47—-49]. It is thought that diabetic retinopathy
involves a loss of pericyte cells and the disruption of their
interaction with ECs in the retina, which ultimately leads to
increased EC proliferation and angiogenesis [50, 51]. It is
hypothesized that the extracellular vesicles (EVs) of diabetic
MSCs mediate this process in its earliest stages of pericyte
detachment and in later stages of uncontrolled and exces-
sive EC proliferation and angiogenesis. To demonstrate this,
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Beltramo et al. isolated EVs from human adipose tissue-
and bone marrow-derived MSC cultures exposed to either
high glucose (28.0 mmol/l, HG) or physiological condi-
tions (5.6 mmol/l, NG). It was found that after adding the
isolated EVs from the HG MSC cultures to sub-confluent
human retinal pericyte cultures, an increased time-dependent
detachment of pericytes was observed. This group further
stressed the high-glucose and control MSC groups by expos-
ing each to either hypoxic or normoxic conditions and dis-
covered that EVs derived from MSC’s exposed to both high
glucose and hypoxia together showed the highest pericyte
detachment rate. These findings support the suggestion that
EVs produced by MSCs mediate the early stages of diabetic
retinopathy [10]. It is important to note that the micro- and
macrovascular changes that occur in diabetes, in some cases,
cause a state of physiologic hypoxia. Several authors, such as
Kinnaird et al., have shown that MSC production of VEGF,
as well as endothelial and smooth muscle cell migration,
is increased several fold in response to hypoxia [51, 52].
In turn, it was also found that the EVs isolated from MSCs
placed in the hyperglycemic/hypoxic conditions resulted in
increased expression of VEGF from human retinal pericyte
cultures [51]. This finding suggests that the MSC secretome
may also mediate later stages of diabetic retinopathy where
significant angiogenesis occurs. The changes described in
the retina versus those seen in ischemic limbs are examples
of the ‘angiogenic paradox’, which is shown to be at the
very least, partially mediated by the secretome of MSCs.
Although the diabetic retina displays increased MSC-
mediated angiogenesis, most other diabetic tissue show the
reverse [4]—as is seen in diabetic cardiomyopathy and dia-
betic wound healing processes [16, 53].

While much of the current literature describes the dys-
function in diabetic MSCs involved in angiogenesis, only
a few investigators have studied mechanisms to recover or
improve the lost MSC angiogenic potential. In one such
study, Kim et al. hypothesized that administration of oxy-
tocin could recover the angiogenic potential of diabetic
MSCs [54]. This hypothesis was based on previous stud-
ies that successfully demonstrated the hormone’s ability to
induce cardiomyogenesis [55] and endothelial cell migration
[56], when administered to MSCs found in the myocardium.
After isolating BM-MSCs from both non-diabetic and strep-
tozotocin induced diabetic rats, Kim et al. quantified the
angiogenic activity of MSCs by measuring tube length and
tube area before and after treatment with oxytocin. It was
found that with no treatment, the diabetic MSCs displayed
a tenfold decrease in tube length and a sevenfold decrease
in tube area. However, pre-treatment with 100 nM of oxy-
tocin improved the diabetic MSC angiogenic potential,
which showed a 2.6-fold increase in tube length and ten-fold
increase in tube area compared to PBS treated diabetic BM-
MSCs. The authors hypothesized that oxytocin treatment
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ameliorates impaired angiogenic function through induction
of Kriippel-like factor 2 (KLF2), a critical angiogenic factor
and master regulator of endothelial development. To con-
firm that KLF2 expression was induced by oxytocin, KLF2
mRNA levels were assessed in diabetic-MSCs treated with
different concentrations of oxytocin. While KLF2 expression
was impaired in diabetic MSCs compared to non-diabetic
cells, its expression was recovered by oxytocin in a dose-
dependent manner. Furthermore, to confirm whether KLF2
was a mediator of oxytocin’s ability to restore angiogenic
potential, Kim et al. knocked down KLF2 in vitro using
siRNA. The researchers found that oxytocin treatment was
unable to restore KLF2 levels and induce tube formation in
the siRNA transfected cells, which demonstrates that oxy-
tocin’s ability to improve the angiogenic potential of diabetic
MSCs can be attributed to its interaction with KLF2 [54].

In summary, the diabetic state impairs the angiogenic
functions of MSCs leading to pathological changes. While
the modulation of angiogenic behavior is tissue dependent,
in vitro studies have shown that diabetes alters MSC VEGF
expression and decreases MSC migration necessary for
vasculogenesis. Due to the limited number of studies, addi-
tional research is required to fully uncover the mechanisms
by which diabetic MSCs are dysfunctional and play a role in
mediating angiogenesis. With an improved understanding,
novel therapeutics targeting the diabetic MSC can be devel-
oped to help ameliorate additional pathologies associated
with diabetes.

Pro-inflammatory cytokines

Inflammatory cytokines are chronically elevated in diabetics
and it is important to explore the effect of this altered state
on the function and differentiation patterns of MSCs. MSC
function is highly regulated by cytokines [57-59]. Changes
in cytokine interactions can induce altered patterns in the
MSC secretome [60], which mediates critical cell signal-
ing and migratory pathways [61]. The disruption of these
processes also has downstream effects on MSC differentia-
tion. In this section, we will explore how the diabetic milieu
affects MSCs and how these changes may contribute to fur-
thering diabetic pathology.

In the diabetic milieu, several interleukins (IL) are
elevated, most notably of which is IL-6, a pro-inflam-
matory cytokine [62]. Previous studies have shown that
IL-6 has a role in modulating glucose uptake and insulin
sensitivity [63]. In one experiment, Madhira et al. com-
pared the secretomes of BM-MSCs isolated from obese
(WNIN/ODb), insulin resistant (T2DM), lean control (lean)
and parental control (control) rats, using RT-PCR. Their
analysis showed that mRNA levels of inflammatory mark-
ers, specifically IL-6, were significantly elevated in the
secretome of BM-MSCs from the diabetic mouse model

(p <0.05). They also found that the increase in IL-6 was
proportional to the increase in thiobarbituric acid reacting
species (TBARS), a marker of oxidative stress [59]. These
results suggest that the diabetic milieu induces MSCs to
contribute to the chronic inflammatory state. Altogether,
the IL-6 signaling protein mediates the chronic low-grade
inflammatory state of DM and is secreted at an increased
level in diabetics by BM-MSCs.

TNF-a is another pro-inflammatory cytokine involved
in the pathogenesis of insulin resistance [64]. A meta-
analysis of Type 1 DM (T1DM) patients indicated consist-
ently elevated levels of TNF-a [65]. During the immune
response, TNF-« is primarily secreted by macrophages and
to a lesser degree, by adipocytes [53]. On the molecu-
lar level, TNF-a signaling leads to an up-regulation of
protein-tyrosine phosphatase, which dephosphorylates
tyrosine residues on the insulin receptor leading to a down
regulation of the insulin-signaling cascade [63]. This
mechanism inhibits the effects of insulin and can further
increase insulin resistance and decrease insulin sensitivity.

MSCs are important contributors to bone healing.
Their differentiation into chondroblasts and osteoblasts
mediates the process of endochondral ossification. The
inflammatory process, which is equally important in bone
healing, is altered in diabetics due to increased levels of
inflammation in the diabetic state. To investigate the role
of TNF-a on MSC-mediated fracture repair in diabetics,
Ko et al. inflicted diabetic and non-diseased mice with
closed-transverse femur fractures. Immunohistochemis-
try was performed on femoral calluses from both groups
and it was observed that relative to normoglycemic mice,
femoral calluses of diabetic mice had a 3.2-fold increase
in TNF-a expression (p <0.05). Next, bone formation for
the callus site was quantified using haematoxylin and eosin
(H&E) staining, which showed that the diabetic femoral
calluses displayed a significant decrease in bone formation
with a lower osteoblast count. To further delineated the
role of TNF-a on MSC-mediated fracture repair in the dia-
betic state, Ko et al. also measured DNA fragmentation as
an indicator of apoptosis and determined that the diabetic
BM-MSCs demonstrated an 3.9 fold increase in apoptosis
and reduced proliferation (p < 0.05). In addition, the intra-
peritoneal injection of pegsunercept (4 mg/kg), an inhibi-
tor of TNF-a, was effective in reducing diabetic TNF-a
levels to the same as normoglycemic femoral calluses and
reducing MSC apoptosis to restore overall bone formation
[66]. From these findings, the mechanisms of TNF-o dam-
age to MSCs appear to include promoting MSC apoptosis,
decreasing MSC osteoblast differentiation, and inhibiting
overall MSC proliferation. Employing methods to attenu-
ate the elevated levels of TNF-a observed in diabetics may
be a promising strategy to improve bone formation post-
fracture as a potential target for future therapies.
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Chronic inflammation in diabetes is often worsened by
obesity, a phenotype that has been shown to independently
contribute to systemic inflammation [67, 68]. Adipose tis-
sue is often forgotten as an endocrine tissue, nonetheless, its
effect in metabolic regulation is crucial. Adiponectin is one
important cytokine secreted by adipose tissues involved in
both glucose regulation and free fatty acid oxidation [69].
Under normal conditions, adiponectin increases insulin
sensitivity [70] and those with higher levels of adiponectin
expression show a reduced incidence of diabetes [71]. In
addition, in both diabetic and obese serum, adiponectin has
shown markedly decreased levels when compared to serum
from non-diseased individuals.

Researchers have shown that adiponectin is important for
bone regeneration and is involved in mobilization of MSCs
from the bone marrow to fracture sites, via mediating the
interaction of SDF-1 with its receptor CXCR4 [72, 73]. Yu
et al. isolated BM-MSCs from WT mice and treated them
with adiponectin (10 g/ml), which they found to decrease
SDF-1/CXCR-4 expression. In the non-diseased state, adi-
ponectin creates a gradient of SDF-1 with high levels at
the site of bone injury and low levels in the bone marrow
[72]. The SDF-1 concentration gradient thereby regulates
the migration of MSCs out of the bone marrow and towards
the injured site [32]. However, when adiponectin levels are
low, as is the case in diabetes, the concentration gradient
or SDF-1 is altered and MSC migration is impaired. The
impairment of this signaling pathway ultimately contributes
to increased bone fracture risk and poor bone healing. These
complications may potentially improve through therapies
increasing adiponectin or modulating the SDF-1/CXCR-4
axis, allowing BM-MSCs to properly mobilize to sites of
bone injury and differentiate accordingly.

Another important endocrine function of adipose tissue
is its synthesis of leptin. Leptin is a key appetite regulating
hormone released by MSCs, in addition to adipocytes, which
binds to receptors in the hypothalamus to induce feelings
of satiety [74]. Leptin also plays a major role in glycemic
control by directly increasing insulin secretion, increasing
insulin receptor sensitivity, and improving glucose uptake
in peripheral tissues via an additional insulin-independent
mechanism [75]. In animal models, leptin administration
successfully treats T1DM and T2DM by inhibiting the hypo-
thalamic—pituitary—adrenal axis, leading to increased lipoly-
sis and decreased gluconeogenesis [76]. Leptin administra-
tion in both mice and humans has been utilized to decrease
food intake, ultimately resulting in weight loss [77]. To
investigate how diabetes alters BM-MSCs’ secretion of lep-
tin in vitro, Madhira et al. analyzed BM-MSCs from diabetic
rats and compared them to lean controls. It was observed
that leptin secretion in diabetic BM-MSCs was lower than
in their lean counterparts and the number of preadipocytes
was significantly increased in the diabetic group (p <0.05).
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The authors attributed the findings to BM-MSC functional
impairment due to the long-standing exposure to the diabetic
environment within the rats. These terminal changes due to
diabetic pathology, also described as the “disease memory”
of the BM-MSCs, contribute to the altered differentiation
and may be due to leptin resistance or a defective leptin
receptor [59]. In summary, leptin is a crucial regulator of
insulin and hyperglycemia systemically and its expression
is decreased in BM-MSCs due to extended exposure within
the diabetic environment.

In conclusion, the diabetic state alters MSC expression of
genes involved in the inflammatory process. The metabolic
changes seen in diabetes, such as the impairment of glucose
metabolism, results in increased fatty acid oxidation and
metabolic inflammation. Furthermore, altered metabolism
seen in diabetic states also activates pathways that lead to
the dysregulation of inflammatory cytokines, such as TNF-a,
adiponectin, and leptin, all of which can directly or indi-
rectly stimulate additional insulin resistance. Ultimately,
a positive feedback of insulin resistance and inflammation
occurs in diabetes, with MSCs significantly contributing
to the changes in the microenvironment that mediate these
processes.

Oxidative stress markers

The pathogenesis of diabetes involves oxidative stressors
[78] that contribute to complications of the disease, such
as diabetic nephropathy and cardiomyopathy [71, 72, 79].
While the presence of oxidative stress in diabetics is well
established, the effects on MSCs has not been clearly deline-
ated. Under normal non-disease conditions, MSC cell popu-
lations are sensitive to oxidative stress and display some
antioxidant properties of their own [80]. Chronic hypergly-
cemia alters normal mitochondrial metabolic processes and
protein kinase C function, which then leads to increased for-
mation of reactive oxygen species (ROS), as well as reduced
levels of glutathione, an antioxidant necessary for ROS scav-
enging [81-83]. As a result, oxidative stressors are present
at much higher levels in diabetes and cannot be effectively
managed by the body’s normal antioxidant mechanisms. In
this section we will review the effects of oxidative stress on
diabetic MSC function.

In order delineate if diabetic MSCs contribute to oxida-
tive stress, Ali et al. isolated Wharton jelly-derived MSCs
and treated them with serum from either Type 2 diabetics
or non-diabetic patients. They observed that MSCs exposed
to diabetic serum possessed increased malondialdehyde lev-
els, an indicator for oxidative stress (p <0.001). In addition,
MSC:s treated with diabetic serum had decreased activity of
antioxidants enzymes, superoxide dismutase and glutathione
reductase (p<0.01 and p<0.001, respectively) [84].
Another group, Yan et al., investigated the source and impact
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of oxidative stress in T2DM mouse MSCs [85]. They cul-
tured BM-MSCs from control and diabetic mice and subse-
quently assayed for 2,7-dichlorofluorescein diacetate (DCF),
a marker for oxidative stress, and Nox4, a gene hypothesized
to be a cause of oxidative stress in diabetics [85, 86]. As
expected, diabetic MSCs demonstrated a greater than five-
fold increase in DCF and a 1.5-fold increase in Nox4 when
compared to controls (p < 0.05). To confirm the effect of
Nox4 expression on the increased oxidative stress in dia-
betic MSCs, Yan et al. pretreated diabetic MSCs with Nox4
siRNA and discovered that the knockdown of Nox4 restored
DCEF levels to that of the WT and a Cy3 siRNA control con-
dition (p <0.05) [85]. Taken together, these findings indicate
that diabetic MSCs, unlike non-diseased MSCs, contribute
to oxidative stress by both production of oxidative stressors
and reduction of key antioxidant enzymes.

The production of ROS, in part by diabetic MSCs and
other dysfunctional processes in diabetes, results in the
formation of advanced glycation end products (AGEs)
[87]. AGEs are formed when glucose is added to cytosolic
proteins through a process known as glycation [88]. As a
consequence of AGE accumulation, vascular compromise
occurs in diabetic tissue including the retina and kidney glo-
meruli [5]. AGEs also interact with specific surface receptor
proteins, such as scavenger receptors and the receptor for
advanced glycation end products (RAGESs) [89]. By binding
to their respective receptors, AGEs can alter intracellular
signaling pathways and interfere with normal MSC functions
[90, 91]. Researchers have found that both AGEs and ROS
production were significantly increased in diabetic BM-
MSCs and in diabetic tissue (p <0.01 and p <0.05, respec-
tively) [92, 93]. Bone marrow-derived MSCs isolated from
streptozotocin-induced diabetic rats, for example, have been
shown to have an almost 90% increase in RAGE expres-
sion when compared to MSCs from control rats (p <0.01)
[92]. When AGEs interact with RAGEs, pro-inflammatory
processes are initiated stimulating further increases in ROS
and nitric oxide production, exacerbating oxidative stress in
a positive feedback loop. More importantly, AGEs have been
shown to affect cell surface receptors on MSCs influencing
them to differentiate into adipocytes [16, 83, 85].

In conclusion, altered mitochondrial metabolism in diabe-
tes plays a major role in the formation of ROS and oxidative
stress. The hyperglycemic environment of diabetes creates
AGEs from increased systemic ROS, and the RAGE surface
receptors on MSCs interact with AGEs to trigger additional
oxidative stress and nitric oxide formation. Normal MSC
antioxidant properties are impaired, but oxidative stress
can be managed via antioxidant supplementation [85]. The
increased oxidative stress present in the diabetic state alters
the function of MSCs. These changes ultimately result in
altered differentiation, decreased proliferation and increased

apoptosis, all of which will be described in greater detail in
the following section.

Impaired differentiation and decreased
proliferation

Many of the complications that arise in diabetes as a result
of MSC dysfunction are due to the impaired differentiation
and proliferation of MSCs. Normal MSCs have the poten-
tial to differentiate into a variety of cell types, most notably
osteoblasts, chondroblasts, and adipocytes [94]. However,
disruptions in the balance of MSC differentiation patterns
can lead to various pathologies and downstream effects seen
in diabetes [95].

To investigate the proliferation rates of diabetic MSCs,
Kim et al. isolated diabetic BM-MSCs and compared them
to BM-MSCs derived from healthy rats. Cell counts were
obtained on a daily basis for 12 days and a significant
decrease in MSC proliferation was observed beginning on
day 7 in the diabetic MSC group (p <0.05). The difference
in proliferation continued until day 12, resulting in a two-
fold decrease in cell number in diabetic MSCs compared
to normal controls (p <0.001) by the last day of the study
[16]. In addition to exhibiting reduced proliferation rates,
the diabetic MSCs also showed an increased preference to
differentiate into adipocytes. Additionally, ADSCs have also
been shown to display an increased tendency to differenti-
ate into adipocytes in diabetic states [34]. Altogether, this
data suggests that diabetes impairs the overall proliferative
capacity of MSCs and promotes their disproportionate dif-
ferentiation into adipocytes, which may contribute to disease
burden [16, 35].

Several in vitro studies have investigated the process by
which diabetic MSCs undergo adipogenesis to a greater
degree than normal MSCs [16, 85, 96]. To elucidate the
mechanisms behind reduced multipotency in diabetic MSCs,
Yan et al. compared the differentiation patterns of MSCs
from diabetic mice and healthy controls in adipogenic media
for 72 h [71]. The diabetic MSCs demonstrated a fourfold
increase in adipocyte differentiation (p <0.05), strongly sug-
gesting that the diabetic state alone influences MSC differen-
tiation patterns towards adipogenesis. This group suggested
that the increased tendency toward adipocyte differentiation
of MSCs was related to oxidative stress in the diabetic envi-
ronment. They tested this hypothesis by pre-treating dia-
betic MSCs with the antioxidant N-acetylcysteine (NAC),
before culturing the cells [85]. For the diabetic MSCs, NAC
pre-treatment successfully reversed the adipogenic influ-
ence on differentiation observed in the diabetes group [71].
While the exact cellular mechanisms involved in the process
require further investigation, these results provide prelimi-
nary evidence supporting the idea that increased oxidative
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stress from the diabetic environment plays an important role
in adipogenic differentiation of diabetic MSCs.

Although an increase in adipogenic differentiation of dia-
betic MSCs is consistently evident throughout the literature,
Barbagallo et al. went one step further to show that once
matured, the resulting adipogenic cells were dysfunctional
and did not possess the full gene profile of typical adipocytes
[97]. These results are consistent with the adipose tissue
dysfunction that is commonly seen in diabetic states. Dia-
betic MSCs show increased adipogenesis, but it is possible
that the mature cells that result, consistently show disrupted
cellular pathways resulting in the dysfunction of the adipose
tissue.

As mentioned previously, the presence of oxidative stress
in a high glucose environment leads to the formation of
AGEs, which can bind to the scavenger receptor on the sur-
face of MSCs [98]. It is believed that AGEs may also have
arole in stimulating MSC differentiation into adipocytes in
diabetes. In an experiment performed by Lee et al., MSCs
and preadipocytes were isolated from the SVF of high-fat
diet (HFD) fed mice, a model for early Type 2 diabetes and
impaired glucose tolerance [99], to measure gene expres-
sion of the scavenger receptor and other associated proteins.
Researchers found a greater expression of both scavenger
receptor class A member 5 (SCARAS), and preadipocyte
factor 1 (pref-1) in both the MSCs and preadipocytes of the
HFD mice (p <0.05) relative to healthy controls. While the
increase in preadipocyte commitment induced by the HFD
condition was expected, the concurrent increase in SCARAS
expression alluded to an association between SCARAS and
adipocyte differentiation. To test this hypothesis, Lee et al.
knocked down SCARAS via RNA interference in preadipo-
cyte cells from the HFD mice. This approach successfully
decreased adipocyte differentiation, while also significantly
reducing the expression of key adipogenic markers PPARg
and C/EPBa measured at 48 h (p <0.05). To further evalu-
ate the role of the SCARAS receptor in the induction of
adipogenesis, Lee et al. created a SCARAS-overexpressing
murine stem cell virus (MSCV) and transfected the plas-
mid into normal MSC cells. MSC cells transfected with the
MSCYV containing SCARAS showed enhanced adipocyte
differentiation and significantly elevated levels of triglyc-
eride content compared to MSCs transfected with a control
MSCYV plasmid (p <0.05) [100]. These results indicate that
SCARAS expression and activity play critical roles in both
early MSC differentiation into preadipocytes and the ter-
minal differentiation of preadipocytes into functional adi-
pocytes, which appears to be dysfunctional in the setting
of diabetes.

The increased tendency of diabetic MSCs to differentiate
into adipocytes is often coupled with a simultaneous impair-
ment in their ability to differentiation into osteoblasts. It is
well known that diabetics are at an increased risk for bone
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fractures and osteoporosis, which some researchers attrib-
ute to impaired osteogenic differentiation of diabetic MSCs
[8, 101]. In one study performed by Silva et al., BM-MSCs
from both streptozotocin induced diabetic and control rats
were cultured for 12 days in osteogenic media. Subsequently,
gPCR gene analysis was performed at days 5 and 12, which
showed that the diabetic BM-MSC cultures demonstrated
significantly reduced expression of two osteogenic markers,
alkaline phosphate and runt-related transcription factor-2
(RUNX2, p<0.05), indicating that osteogenic differentiation
potential was compromised in the diabetic state. Further-
more, Silva et al. cultured diabetic and healthy control MSCs
and assayed DNA content to estimate cell proliferation on
days 1, 5, 8, and 12. The diabetic MSC cultures displayed
significantly reduced cell numbers on days 8 and 12 when
compared to controls, suggesting that overall MSC prolifera-
tion is impaired in the diabetic state (p <0.05). To further
elucidate the mechanism behind this finding, an assay meas-
uring the activity of the pro-apoptotic factor, caspase-3, was
performed that showed increased apoptosis in the diabetic
MSCs on days 8 and 12 (p <0.05) [102]. Similar findings
have been observed in human MSCs cultured from adipose
tissue derived from diabetic patients [103]. When cultured
in osteogenic media, BM-MSCs exhibit reduced differentia-
tion and increased apoptosis, which may in part explain the
increased risk of bone fracture and impaired bone repair
seen in diabetes [104, 105].

Attention has recently shifted to elucidate the mechanism
by which reduced osteogenic potential of diabetic MSCs
occurs. First hyperglycemia, which is the hallmark of diabe-
tes, has been shown to significantly decrease the osteogenic
differentiation potential of MSC in vitro (p <0.05) [98]. This
reduced potential may also be explained by decreased levels
of proteins such as RUNX2, which has been shown to effect
activation of downstream osteogenic factors such as osteo-
pontin, osteocalcin, and osteoprotegerin, in the diabetic state
[102]. In addition, Wang et al. measured bone morphoge-
netic protein-2 (BMP-2), an upstream activator of RUNX2,
and determined that its expression by MSCs was decreased
in the high glucose state. This group also found that the
addition of exogenous BMP-2 to diabetic MSCs resulted in
normalization of RUNX2 levels and their osteogenic dif-
ferentiation [106]. These findings suggest that BMP-2 may
be a potential target to improve the impaired osteogenic dif-
ferentiation potential of MSCs in diabetes.

Cramer et al. showed that under increasing glucose con-
centrations, ADSCs cultured from both diabetic and control
patients, demonstrated progressively lower levels of mito-
sis as well as increased levels of apoptosis. The decreased
proliferation was confirmed by violet staining followed by
cell counting. Increased apoptosis was also confirmed via
an apoptosis assay, where flow cytometry was performed
to detect 7-amino-actinomycin D (7-AAD), which was
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observed in high glucose concentrations and exaggerated
in diabetic MSCs versus their control counterparts. The
results discussed support the idea that these cells display
“disease memory”’—a notion theorizing that cells are ter-
minally altered by their exposure to a disease state. The
high glucose environment also induces senescence, visu-
alized through B-galactosidase staining, in both healthy
and diseased cells, but diabetic MSCs underwent cellular
senescence at a significantly higher rate (p <0.05) [107]. In
another study, Gu et al. compared the proliferation and apop-
totic rates of BM-MSCs from non-obese diabetic (NOD)
mice and WT controls and determined that BM-MSCs from
NOD mice displayed significantly decreased proliferation
(p<0.01) and increased apoptosis (p < 0.05), consistent
with previous literature [108, 109]. Furthermore, Gu et al.
went on to demonstrate that the changes in proliferative and
apoptotic rates were associated with p21 expression, which
led them to believe that these changes were due alterations
in the NF-xB-p53/p21 pathway. To test this hypothesis, the
researchers transfected the BM-MSCs from NOD mice with
p21 siRNA. The knockdown of p21 expression significantly
increased proliferation rates (p < 0.05) and decreased apop-
totic rates (p < 0.05), suggesting that p21 expression plays a
role in the altered proliferation and apoptosis seen in NOD
mice [108].

Overall, MSCs in high glucose environments show signs
of increased apoptosis, and impairment in proliferation and
differentiation, which is most notable in that it predetermines
the preference of MSCs to differentiate into adipocytes over
chondroblasts or osteoblasts.

Discussion

Perturbations in MSC-mediated angiogenesis lead to sev-
eral complications, most notably diabetic nephropathy
and chronic foot ulcers as a result of delayed and impaired
wound healing, which affect 40% and 15% of the diabetic
population respectively [86, 100]. The imbalance of VEGF
seen in different organ systems poses a complex challenge
in the treatment of diabetic complications. For example, a
therapy that increases levels of VEGF systemically could
ameliorate diabetic cardiomyopathy, while exacerbating
diabetic retinopathy [40, 110]. Targeted therapy, such as
altering local levels of VEGF in the setting of diabetic retin-
opathy is feasible [111], but also impractical to control the
numerous systemic changes in VEGF at each site individu-
ally. The levels of VEGF and changes in angiogenesis are
both directly proportional to AKT1 [44] and eNOS levels
[16, 85], two downstream targets of VEGF, supporting the
notion that angiogenic changes are most likely specific to the
VEGF-AKT1-eNOS pathway. Future studies should aim to

identify the pathways and genes involved with alterations in
angiogenesis at each individual tissue affected.

A systemic increase in pro-inflammatory cytokines medi-
ates the phenotype of chronic inflammation seen in diabetics.
There has been much promise with direct inhibition of both
TNF-a and the IL class of cytokines, in reducing inflam-
mation in diabetics [66, 112]. Decreases in MSC secretion
of adiponectin ultimately lead to reduced MSC migration,
which could explain why diabetics have impaired healing at
sites of tissue damage. While adiponectin-based therapy has
shown some promise in improving MSC migration, wound
healing, and bone formation, additional research is needed
to determine if adiponectin treatment is specifically appro-
priate for diabetic patients [72]. Systemic levels of leptin,
another major adipokine, are increased in diabetic patients.
The increase is mostly due to the preferred adipocyte differ-
entiation of diabetic MSCs and not to changes in the MSC
secretome. By normalizing MSC adipocyte differentiation in
diabetics, we may see normalization of leptin levels as well.

Elevated levels of oxidative stress in the diabetic state
lead to formation of AGEs, which can be detrimental to
surrounding cellular function. Increased AGE formation is
coupled with increased formation of AGE receptors, includ-
ing the RAGE and the scavenger receptors, both of which
are found on the surface of MSCs. Lee et al. determined
that knocking down the scavenger receptor, SCARAS, could
effectively impair differentiation of preadipocytes into adi-
pocytes [100], however, future research is necessary to
understand the ultimate fate of these cells. It is possible that
these cells can de-differentiate into MSCs, and therefore be
used to ameliorate diabetic complications. At the moment,
oxidative stress can be effectively ameliorated through die-
tary supplementation of cysteine and glycine [113].

Decreased bone density is another serious sequela of
diabetes and a thorough understanding of the osteogenic
processes is necessary to prevent complications, such as hip
fractures. It appears that the compounding changes in the
microenvironment of diabetes foster cellular pathways that
decrease osteogenesis and increase adipogenesis, limiting
the multipotency of diabetic MSCs. The classic T2DM phe-
notype includes obesity and altered bone metabolism; both
of these characteristics can be explained by an increased
tendency of MSCs to undergo adipogenesis over osteogen-
esis under diabetic conditions. Moreover, the changes to the
aforementioned adipocytokines such as leptin and adiponec-
tin compound the effects of the impaired multipotency seen
in diabetic MSCs and result in an increased total fat mass
[80, 85].

The era of big data and personalized medicine will likely
uncover treatment strategies and approaches not previously
possible. One such approach was demonstrated by a group
at Stanford University, who employed single-cell transcrip-
tional analysis to uncover an MSC phenotype critical to
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diabetic wound healing. With the assistance of high-through-
put microfluidics and advanced mathematical modeling, the
group tested 386 surface markers and uncovered that a spe-
cific MSC subtype, DPP4+/CD55+, was critical to wound
healing in a murine model of diabetes, and that this subtype
is greatly reduced in the adipose stores of the human diabetic
population [114].

One potential therapeutic approach currently being
explored by The Center for Tissue Engineering at UC
Irvine involves the use of mechanical shear forces to mod-
ulate desired stem cell phenotypes in diseased tissue. For
example, liposuction aspirate was collected from diabetic
individuals undergoing routine procedures at the Veterans
Affairs Long Beach Health Care System (n=3) using a
3 mm cannula. Each adipose sample was then split into two
groups. The control group was adipose tissue that was left
unprocessed. The experimental group was then subjected to
intersyringe processing that exerts a maximal shear force of
3326 dyne/cm? as previously described [115]. After isola-
tion of the SVF using standard collagenase techniques [94]
and flow cytometric analysis, we have indeed observed an
increase in the critical DPP44-/CDS55 +MSC subpopulation
described by Rennert et al. (Fig. 2, p=0.001). We will soon
begin testing the therapeutic potential of this methodology
in a murine model of diabetes.

One limitation of our review worth noting is the absence
of a section on the paracrine mechanisms of MSCs and
ADSC:s. It is now understood that stem cells exert a majority
of their effects through paracrine and autocrine mechanisms.
Previous studies have focused on the capacity for stem cells

Fig.2 Histogram representing
phenotypic change in DPP4+/
CD55 +expression on human
diabetic MSCs after application
of mechanical shear stress
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to differentiate into diverse cell types, however recent evi-
dence suggests that the therapeutic effects of stem cells are
a result of their secreted factors [116]. These processes have
not been extensively investigated in the literature and there-
fore were not thoroughly discussed in an individual section.
Additionally, much of the articles reviewed focused on the
changes to the angiogenic potential of D-MSCs, with less
of an emphasis on the other topics we reviewed. We believe
that future studies that include exosome analysis of secreted
factors will help elucidate the effects of MSCs in both dia-
betic and non-diabetic states.

Conclusion

Complications related to diabetic MSC dysfunction con-
tribute to the major pathological changes seen in the grow-
ing diabetic population. Regenerative medicine utilizing
MSC transplantation has shown great promise in amelio-
rating multiple diabetic complications, including chronic
wound healing and impaired bone healing, primarily by the
improved differentiation patterning and secretory capacity
brought on by added MSCs [117]. These therapies are espe-
cially promising because MSCs are easily accessible and
can effectively evade immune responses, which is especially
appealing for diabetic patients due to the lack of effective
treatment options available when complications arise. Fur-
ther investigation of the changes in cytokine secretion, oxi-
dative stress competence, and differentiation potential in the

DPP4+/CD55+ Marker Expression of Mechanically
Activated Diabetic Lipoaspirate (n=3)

P =0.001

Mechanically Processed
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diabetic stem cell niche is still necessary to improve future
MSC based therapies.

Changes in the MSC microenvironment mediate many
of the common diabetic complications. Previous literature
has highlighted how altered angiogenesis, cytokine secre-
tion, oxidative stress, and proliferation and differentiation
impairment recapitulate these changes. To further under-
stand the secretome of MSCs, additional research needs to
elucidate the cellular mechanisms in play. We believe that
additional experimental analyses, including novel tools in
exosome analysis could help answer some of the questions
and advance future endeavors in regenerative and MSC
based therapies for diabetics.
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