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Adult Stem Cells: Beyond Regenerative Tool, More as a
Bio-Marker in Obesity and Diabetes

Sabyasachi Sen

Division of Endocrinology, Department of Medicine, The George Washington University, Washington, DC, USA

Obesity, diabetes, and cardiovascular diseases are increasing rapidly worldwide and it is therefore important to know the effect of
exercise and medications for diabetes and obesity on adult stem cells. Adult stem cells play a major role in remodeling and tissue
regeneration. In this review we will focus mainly on two adult stem/progenitor cells such as endothelial progenitor cells and mes-
enchymal stromal cells in relation to aerobic exercise and diabetes medications, both of which can alter the course of regeneration
and tissue remodelling. These two adult precursor and stem cells are easily obtained from peripheral blood or adipose tissue de-
pots, as the case may be and are precursors to endothelium and mesenchymal tissue (fat, bone, muscle, and cartilage). They both
are key players in maintenance of cardiovascular and metabolic homeostasis and can act also as useful biomarkers.
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INTRODUCTION

At present obesity, diabetes, hypertension, stroke, and coro-
nary artery diseases (CAD) are rising dangerously worldwide.
According to National Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK, Bethesda, MD, USA), one in three
adults are obese and two in every three adults are overweight
and obese [1]. World Health Organization estimated 422 bil-
lion people are suffering from diabetes [2]. Centers for Disease
Control and Prevention (CDC, Atlanta, GA, USA) also antici-
pates that one out of three adults suffer from hypertension.
One out of every 20 deaths are due to stroke and one out of
every four deaths are due to CAD in USA [3-5]. According to
CDC 84 million Americans also have prediabetes [6], a condi-
tion associated with increased risk of type 2 diabetes mellitus
(T2DM), cardiovascular disease (CVD) which includes hyper-
tension, CAD and stroke. In addition to morbidity and mortal-
ity these health conditions are associated with a large economic
burden. CDC estimates that annual medical cost of obesity in
the United States was $147 billion dollars [1]. The American

Diabetes Association (ADA) reported that it costs $245 billion
dollars to treat diabetes and related complications in the Unit-
ed States [7]. According to CDC, approximately $46 billion
was used to treat hypertension, $34 billion for stroke and $200
billion for heart disease [3-5].

Diabetes medications and non-pharmaceutical approach
such as exercise has shown to be effective in decreasing the
cardiovascular risks associated with obesity and diabetes. The
US Diabetes Prevention Program (DPP) validated that physi-
cal exercise significantly reduced the risk of developing diabe-
tes and CVD was significantly reduced in the DPP and Diabe-
tes Prevention Program Outcomes Study (DPPOS) study [8].
According to CDC, physical exercise not only reduced risk of
developing diabetes and CVD but also helped to reduce body
weight and even reduced the risk of developing certain cancers
[9]. In addition, exercise also strengthen bones and muscles,
improves mental health, daily activity, prevent falling by in-
creasing balance. In combination with dietary changes, exer-
cise can increase life expectancy irrespective of age, ethnicity,
body shape, or body mass [9].
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Role of adult stem cells in diabetes and obesity

It is important to ascertain ideal biomarkers to detect the ef-
fect of both exercise and diabetes medications. The effect of ex-
ercise has been studied extensively using body composition
parameters such as muscle mass, fat mass, weight, physical fit-
ness (cardiovascular capacity, strength, agility, flexibility), heart
rate, and blood pressure [10]. Currently, the standard practice
for monitoring effect of exercise is by analyzing plasma or se-
rum biochemistry. However, it may be more informative to
study cells rather than plasma to observe effect at a cellular lev-
el, using adult stem cells (ASCs).

WHY ADULT STEM CELLS

Stem cells are nonspecialized cells which can differentiate into
specialized tissue specific cells which subsequently leads to or-
gan development. Predominantly, stem cells are divided into
embryonic and somatic or ASCs. The roles of stem cells on
embryonic development has remained as the main focus in re-
generative medicine for long time compared to ASCs. ASCs
can be found in different tissue including bone marrow, pe-
ripheral blood, blood vessels, skeletal muscle, adipose tissue,
brain and many other tissues by forming a niche for specific
and multi-tasking activities. For endothelial progenitor cells
(EPCs) and mesenchymal stromal cells (MSCs), bone marrow
is the main reservoir. Peripheral blood contain approximately
1% of mononuclear cells (MNCs) as EPCs. MSCs obtained
from bone marrow and adipose tissue has also been well estab-
lished for MSC production [11]. Predominantly, ASCs are re-
sponsible for daily tissue or cell maintenance, remodeling and
regeneration of multiple tissues and especially to replenish cell
death from apoptosis [12]. Often, ASCs respond to tissue-spe-
cific signals by migrating to the proximity of the injury site.
Exercise can influence these ASCs function including mobili-
zation in response to a chemotactic factor and fate by altering
extracellular matrix composition, and inflammation [13]. In
addition, exercise has been shown to promote migratory ca-
pacity of stem cells.

EFFECT OF EXERCISE ON ENDOTHELIAL
PROGENITOR CELLS

Effects on endothelial progenitor cell

Human EPCs are circulating progenitor cells, abundantly
available in peripheral blood, bone marrow and umbilical
cord. They are much more abundant in bone marrow than pe-
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ripheral blood. Most commonly, EPCs are defined by cell sur-
face markers that are progenitor such CD34 or CD133 along
with a endothelial cell mark such as vascular endothelial
growth factor receptor 2 (VEGFR?2) (also known as kinase do-
main receptor [KDR]) such as CD34+ or CD34+/KDR+ or
CD34+/KDR+/CD133+. EPCs ideally defined as CD34 plus
KDR positive cells, play an important role in angiogenesis and
neovascularization, predominantly, by incorporation into the
endothelium or by its paracrine properties that favor de novo
vessel formation [14]. CVD and diabetes often leads to the vas-
cular damage and EPCs play a vital role in repair and regenera-
tion of blood vessels. The benefit of physical activity can be en-
hanced by healthy nutrition and both can synergistically help
to prevent or reverse the outcome of poor CVD outcomes of
diabetes [15].

Metabolic disorders like diabetes dramatically decrease EPC
number and impair its function. On the other hand, it is well
established that increase of EPC number and function is bene-
ficial for both diabetes and CVD [10,13].

Physical activity increases the production and increases cir-
culating numbers of EPCs. Studies have showed that EPC pro-
duction is partially dependent on nitric oxide (NO) production
which may be secondary to its antiapoptotic effect [16,17].
Similarly, it is also reported that exercise helps to reduce phos-
phoinositide 3-kinase mediated apoptosis which depends on
NO [18].

Prostaglandin E1 (PGE1)-mediated upregulation of EPC is
also linked to the improvement of EPC function and improved
angiogenesis. [19]. Another study showed improvement of EPC
number may be related and preceded by an increase in plasma
VEGE They showed in patients with CAD, exercise induce a
short-term myocardial ischemia which increase EPC numbers,
depending on of bio-availability VEGF [20]. In addition to this
study, patients with chronic heart failure show increased EPC
counts by increasing not only plasma VEGF but also stromal
derived factor 1 (SDF-1) levels post exercise [21]. Rise of
CD34+/VEGFR2+ cell number may be also influenced by al-
terations in oxidative stress [22-24].

Exercise not only increases number of EPCs but also im-
proves function of EPCs. Sen et al. [25] showed a 6-week exer-
cise program improves CD34+ cell function by increasing mi-
gration of EPCs in response to the chemotactic factor SDF-1o
which leads to enhanced vasculoneogenesis.

It is also reported that exercise substantially influenced SDF-
Lo levels (bioavailability) over time [26]. In addition, studies
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have showed atherosclerotic plaque decline in response to ex-
ercise [27]. It has been reported that supervised exercise train-
ing (SET) boosts the circulating EPC counts and reduces
asymmetric dimethylarginine (ADMA) levels that leads to in-
creased angiogenesis and improved endothelial function and
decrease atherosclerosis. Therefore, cell mobilization induced
by exercise and reduction of ADMA may serve as a physiologic
mechanism repair for atherosclerosis [28-30].

In patients with hypertension, exercise reduces impairment
of EPC, which promote neovascularization to heal injury as a
result of chronic hypertension [31]. In an interesting review
Wahl et al. [32] summarized the process of EPC function. They
discussed, exercise promote mechanical stress to the tissue and
vasculature where the mechanical force directly or indirectly
regulates EPCs fate. Collectively, exercise promote release of
growth factors and other molecules like interleukin-6 (IL-6)
and NO which facilitate EPC differentiation and production
from bone marrow and also helps to promote migration and
homing in the hypoxic tissue to improve angiogenesis and vas-
culogenesis [32].

Expectedly, the benefit of exercise is time dependent. Dura-
tion of exercise directly impacts circulating EPCs numbers
[20]. It has been reported that intensive and moderate exercise
activity for 30 minutes, increase circulating EPC number but
this outcome is not seen when time of exercise is reduced to 10
minutes [33] and that a maximal bout of exercise, stimulates a
significant shift in CD34+ cells toward CD34+/KDR+ cells, in
other words making a progenitor cell population, more endo-
thelium-like.

Age and maturity affects endothelial progenitor cells

The CD34+/KDR+EPC numbers are two times higher in
young population compared to older group at resting state.
Pro-maturity states such as diabetes and prediabetes has
shown to reduce number of EPCs [10,34]. Studies showed that
exercise increased number of EPCs in middle age and older
persons [23]. Exercise helps the increase in prediabetes and di-
abetes setting even in middle aged individuals [23-25]. Inter-
estingly, one of the studies showed exercise increased number
of EPCs independent of age group [24].

Effect of novel diabetes medications on endothelial
progenitor cells

As mentioned above, EPCs can act as a cellular biomarker that
is more reliable than serum based markers for estimating and
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following endothelial dysfunction in early T2DM patients.
Thus, investigating EPCs could help develop a CVD risk esti-
mation, post pharmacotherapeutics [20,33,34].

Dipeptidyl peptidase-4 (DPP-4) inhibitors, a popular class of
antidiabetic medications, have been shown to achieve im-
proved glycemic control by lowering glycosylated hemoglobin
(HbA1Ic), without causing hypoglycemia, and are weight neu-
tral [7-9]. Because DPP-4 degrades particular incretins, such
as SDF-1q, its inhibition is also linked with a potential mecha-
nism to prevent vascular diseases. However, there is limited
data demonstrating the potential cardiovascular effects of
these medications. Only a few studies using either sitagliptin
or saxagliptin have shown an increase in EPCs, and thus po-
tential cardiovascular benefits, with DPP-4 therapy.

Metformin has commonly been used as the first line phar-
macologic agent for treating diabetes and pre-diabetes as per
the ADA guidelines. Metformin improves glycemic control by
decreasing hepatic glucose production, decreasing glucose ab-
sorption in the intestines and stomach, and increasing insulin-
mediated glucose uptake [7-9]. Metformin has been shown to
have cardio-protective effects by increasing colony forming
unit (CFU)-Hill’s colonies in type 1 diabetes mellitus [10], and
is known to also have cardio-protective properties in T2DM
subjects [34].

The up-regulation of SDF-1¢, and VEGE, both chemotactic
factors, in serum increases mobilization and recruitment of
EPC:s in the face of acute ischemic injury for repair and regen-
eration [34], and it postulated that DPP-4 inhibitors may in-
crease EPCs mobilization from the bone marrow via their role
in increased SDF-1o. presence in serum.

Since poor viability and impaired function of EPCs in early
diabetes will ultimately affect the repair and regeneration of the
endothelium, a prompt intervention may help to reduce or re-
verse cardiovascular risk by improving EPCs survival and func-
tion above and beyond adequate glucose metabolism control.

We conducted a study [34] where saxagliptin a DPP-4 en-
zyme inhibitor, was added to metformin. We wanted to inves-
tigate whether the number, function and gene expression of
peripheral blood derived CD34+ cells improved in T2DM pa-
tients, independent of glycemia improvements. In this 12
weeks, double-blind, randomized placebo-controlled trial, 42
subjects already taking metformin 1 to 2 g/day were random-
ized to placebo or saxagliptin 5 mg. Subjects aged 40 to 70
years with diabetes for <10 years, with no known CVD, body
mass index 25 to 39.9 kg/m’, HbAlc 6% to 9% were included.
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We evaluated EPCs number, function, surface markers and
gene expression, in addition to arterial stiffness, blood bio-
chemistries, resting energy expenditure, and body composi-
tion parameters. A mixed model regression to examine saxa-
gliptin versus placebo, accounting for within subject autocor-
relation, was done with SAS version 9.4 (SAS Institute Inc.,
Cary, NC, USA) (P<0.05).

Although there was no significant increase in CD34+ cell
number, CD31+ cells percentage (CD31/total MNCx100) in-
creased. Saxagliptin receiving arm showed increased CD34+
migration (in response to SDF-1a) with a trend of higher colo-
ny formation count. MNCs cytometry showed higher percent-
age of C-X-C chemokine receptor type 4 (CXCR4, a receptor
for SDF-1a) double positivity for both CD34 and CD31 posi-
tive cells, indicating a functional improvement. Gene expres-
sion analysis showed an upregulation in CD34+ cells for anti-
oxidant superoxide dismutase 1 (SOD1) (P<0.05) and a down-
regulation in CD34- cells for IL-6 (P<0.01). For arterial stift-
ness, both augmentation index and systolic blood pressure
measures went down in saxagliptin subjects (P<0.05). We
concluded that saxagliptin, a novel DPP-4 inhibitor when ad-
ministered orally, in combination with metformin, can help
improve cellular and biochemical parameters of endothelial
function in early diabetes before macrovascular complications
appear. We also established that CD34+ cells can act as a valu-
able biomarker [34].

Effects of exercise on mesenchymal stromal cells

MSCs are multipotent cells which can differentiate into osteo-
blasts, adipocytes, and chondrocytes. Sources of obtaining
MSC vary from umbilical cord blood, bone marrow, adipose
tissue, pancreatic islet, fetal liver to lung [35-38]. Often, MSCs
are defined by specific markers such as CD44, CD73, CD90,
CD105 but not CD31, CD34, CD45 [39].

Studies have showed that exercise may facilitate MSC mi-
gration by increasing IL-6 and recruit stem cells in the site of
injury [40]. It was reported that MSC secretome is responsible
for hematopoietic stem and progenitor cells (HSPC) mobiliza-
tion and proliferation and exercise induce homing of HSPCs
to extramedullary sites [41].

Often, the effect of MSC transplantation increased with ex-
ercise. Shin et al. [42] showed treadmill exercise increased
therapeutic MSC transplantation in traumatic brain injury in a
rat model. It has also been reported that exercise increased the
efficiency of MSC transplantation in cerebral ischemic rats by
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reducing apoptosis [43]. Another study showed that the stro-
mal vascular fraction, a well-known mixed population en-
riched with MSCs, and exercise, together helps to improve
pain in patient with knee osteoarthritis [44]. Another group of
scientists reported, exercise facilitates MSC transplantation in
idiopathic osteonecrosis of the femoral head by increasing vas-
cularization in bone graft [45].

Exercise plays a vital role in differentiation of multipotent
MSCs. It is reported that exercise promote bone differentiation
in MSCs. Li et al. [46] indicate mechanical force increased os-
teogenic differentiation by increasing bone formation tran-
scription genes such as RUNX2 and osteoclacin and at the
same time, it is responsible for reduction of peroxisome prolif-
erator-activated receptor gamma 2 (PPARy-2) and CCAAT/
enhancer binding protein o (C/EBPa) which indicates re-
duced adipogenesis. The effect of exercise on osteogenesis was
observed for bone marrow derived MSCs [47]. A study that we
conducted showed, exercise promote osteogenic differentia-
tion in veteran population post exercise. Interestingly, bone dif-
ferentiation markers genes such as Runt-related transcription
factor (RUNX2), alkaline phosphatase (ALPL), and osteocal-
cin (BGLAP) upregulated significantly which indicate osteo-
genic differentiation [48]. Cook and Genever [49], discussed
how signaling pathways manipulate MSC differentiation. Both
bone morphogenetic protein (BMP) and WNT signaling path-
ways play an important role on MSC differentiation. WNT sig-
naling promote osteogenic differentiation by upregulating
RUNX and inhibiting PPARy. On the other hand, BMPs acti-
vates osteogenic differentiation by activating RUNX (Fig. 1)
[49].

Maredziak et al. [50] showed that exercise is increasing bone
marrow derived MSC number. This group also reported ele-
vated ALPL, osteopontin and osteocalcin in plasma which may
indicate increased musculoskeletal function in mice [50]. It is
reported that exercise promote activation and differentiation of
skeletal muscle cells by promoting growth fractors such as in-
sulin growth factor 1 (IGF-1), mast-cell growth factor (MGF),
fibroblast growth factor (FGF), hepatocyte growth factor
(HGF), IL-6, and signaling molecule NO [32]. It is also report-
ed that exercise may improves cartilage repair followed MSC
transplantation [51].

Similar to exercise, weight reducing diabetes medications
may also alter MSC differentiation pathway. However, placebo
matched studies to elucidate such effects are warranted. There-
fore, MSC differentiation pathway away from adipogenesis and
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Fig. 1. Schematic representation of the role of bone morphogenetic proteins (BMPs) and Wnt on mesenchymal stromal cell
(MSC) osteogenic and adipogenic differentiation. BMPs play vital role in osteogenic differentiation via Runt-related transcription
factor 2 (RUNX2) whereas Wnt prevent adipogenesis by inhibiting peroxisome proliferator-activated receptor gamma (PPAR-G)
and activating RUNX2. Adapted from Cook et al. [49], with permission from Springer Nature. DxI5, distal less homeobox-5;
SMAD1/5, Smads (or SMADs) comprise a family of structurally similar proteins that are the main signal transducers for recep-
tors of the transforming growth factor beta (TGF-B) superfamily, which are critically important for regulating cell development
and growth; SREBP1, sterol regulatory element-binding protein 1; C/EBP, CCAAT/enhancer binding protein.

towards osteogenesis may act as a useful biomarker to monitor
effect of exercise and diabetes medications in subjects with dia-
betes. This may usher in assessing individual responses to ex-
ercise and diabetes medications.

CONCLUSIONS

Peripheral blood derived CD34+ progenitor cells and human
fat derived MSCs are two adult progenitor/stem cells that can
prove to be effective and efficient biomarkers, not only to mon-
itor exercise but also to monitor response to diabetes medica-
tions. Both of these two biomarkers are easily obtainable from
any adult person. This technology once perfected and stan-
dardized, can be a valuable cell based biomarker with predict-
ability of future benefit or lack of it from an intervention in
prediabetes, diabetes and obesity. It may also usher in an era of
individualized medicine when metabolic dysfunction has been
established to depend heavily on individual genetics, epi-
genetics, racial and ethnic differences.
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