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Abstract

Diabetes mellitus (DM) constitutes a chronic metabolic disease characterized by elevated levels of blood glucose
which can also lead to the so-called diabetic vascular complications (DVCs), responsible for most of the morbid-

ity, hospitalizations and death registered in these patients. Currently, different approaches to prevent or reduce DM
and its DVCs have focused on reducing blood sugar levels, cholesterol management or even changes in lifestyle
habits. However, even the strictest glycaemic control strategies are not always sufficient to prevent the development
of DVCs, which reflects the need to identify reliable biomarkers capable of predicting further vascular complications
in diabetic patients. Endothelial progenitor cells (EPCs), widely known for their potential applications in cell therapy
due to their regenerative properties, may be used as differential markers in DVCs, considering that the number

and functionality of these cells are affected under the pathological environments related to DM. Besides, drugs com-
monly used with DM patients may influence the level or behaviour of EPCs as a pleiotropic effect that could finally be
decisive in the prognosis of the disease. In the current review, we have analysed the relationship between diabetes
and DVCs, focusing on the potential use of EPCs as biomarkers of diabetes progression towards the development

of major vascular complications. Moreover, the effects of different drugs on the number and function of EPCs have
been also addressed.
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Diabetes mellitus

Diabetes mellitus (DM) is considered a chronic and mul-
tifactorial metabolic disorder characterized by elevated
levels of blood glucose which result from a lack in insu-
lin secretion, insulin action or both, and it is associated
with serious damage and dysfunction overtime of the
eyes, kidneys, nerves, heart, and blood vessels between
other organs [1]. According to the International Diabetes
Federation, approximately 537 million people worldwide
suffered from DM in 2021, being this disease the cause
of 6.7 million deaths in the same year; furthermore, the
number of diabetic people is expected to increase to 643
million by 2030 and 783 million by 2045 [2].

Diabetes can be classified in different groups [3]. Firstly,
gestational diabetes mellitus (GDM) is understood as a
temporary phase of glucose intolerance that affects 25%
of pregnant women, and both, affected women and their
off-springs, are known to deal with a higher risk of devel-
oping type 2 diabetes mellitus (T2DM) [4, 5]. Secondly,
type 1 diabetes mellitus (T1DM) is caused by insulin
deficiency due to an autoimmune-mediated destruction
of pancreatic S-cells, which leads to an enhancement
of hyperglycaemia and oxidative stress, alterations in

lipid metabolism, and it is also related to endothelial
cell dysfunction and apoptosis [6]. In contrast, T2DM
takes place when the body cannot respond fully to insu-
lin, followed by an increase in insulin production and
subsequent insulin deficiency, heading to a permanent
hyperglycaemia and glucose intolerance [7]. Remarkably,
T2DM accounts for more than 90% of all diabetic people,
exerting a wider contribution to the rising prevalence of
DM globally compared to TIDM [8].

Although genetic predisposition plays an important
role in T2DM, other factors such as age, gender, ethnicity,
high body mass index, visceral obesity, high sugar intake,
GDM, hypertension and dyslipidaemia, constitute the
main non-genetic risk factors [9-11]. T2DM is closely
related to obesity and insulin resistance (IR) [12, 13]. The
last one, IR, begins years before T2DM in skeletal muscle,
adipose tissue and liver, and it is thought to be primar-
ily caused by ectopic lipid accumulation, as well as other
factors like endoplasmic reticulum stress and inflamma-
tion [14-16]. Likewise, obesity is a IR risk factor due to
the presence of fatty acids and inflammatory cytokines
and therefore usually drives towards T2DM [17]. At
first, pancreatic B-cells tend to increase the production
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of insulin in response of IR to overcome tissue require-
ments; however, B-cells number and functionality decline
over time, and insulin secretion is insufficient, leading to
the development of T2DM [18, 19]. B-cells impairment is
mainly related to lipotoxicity, glucotoxicity and glucolipo-
toxicity. Chronic exposure to saturated fat and hypergly-
caemia leads to metabolic, oxidative, and inflammatory
stress that cause S-cell exhaustion, apoptosis, and loss of
B-cells mass [18, 20, 21]. T2DM is preceded by an asymp-
tomatic phase of prediabetes characterized by compro-
mised glucose metabolism without fulfilling the criteria
to be classified as diabetes [22]. This state has also been
associated with the complications of diabetes, although it
can be reversed through physical exercise and weight loss
[18, 22]. The main biomarker used for the identification
of diabetes and prediabetes is glycosylated haemoglobin
(HbAlc), which correlates with chronic hyperglycaemia
[23]. Although some patients are initially asymptomatic,
polyuria, polydipsia, weight loss, polyphagia, and blurred
vision can be also indicators of diabetes [18].

Diabetes mellitus and cardiovascular
complications

The connection between DM and cardiovascular dis-
eases (CVD) has been related to how IR and hyperglycae-
mia promote atherosclerosis through several pathways,
including chronic inflammation and oxidative stress [24,
25]. Atherosclerosis is a complex process involving differ-
ent cell types and cell-to-cell interactions, characterized
by focal deposits of cholesterol and lipids in the arterial
intima, named atherosclerotic plaques. Hyperglycae-
mia, oxidative stress, and systemic inflammation lead
to the damage of endothelial cells (EC) and inflamma-
tion of the artery intimal layer [26]. Immune circulating
cells adhere to the injured area and then penetrate and
differentiate into macrophages that participate in lipid
uptake and accumulation of foam cells [25]. Subsequent
plaque formation causes the narrowing of blood vessels
lumen, which can progress towards thrombotic events
and further complications such as coronary artery dis-
ease (CAD), heart failure, cerebrovascular disease, or
peripheral artery disease (PAD) [27]. Therefore, current
strategies to beat DM are not only focused on modulat-
ing hyperglycaemic levels, but also to modulate pro-ath-
erosclerotic factors such as dyslipidemia, hypertension,
or by application of antithrombotic therapies [28].

The risk of CVDs in adults with diabetes is two- to
four-times greater than non-diabetic patients, represent-
ing nowadays a major burden of healthcare expenditure
[29-32]. Overall, DM greatly increases the risk of vascu-
lar complications, the so-called diabetic vascular compli-
cations (DVCs), responsible for most of the morbidity,
hospitalizations and death registered in these patients
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[29, 33, 34]. Thus, chronic hyperglycaemia induces
pathognomonic changes resulting in ‘microvascular’
(affecting small blood vessels) and ‘macrovascular com-
plications’ (due to damage to the arteries) [35]. Micro-
vascular complications include diabetic retinopathy
(DR), diabetic nephropathy (DN) and neural damage or
diabetic neuropathy (DNeu). Macrovascular complica-
tions include CAD, the major responsible of mortality
in diabetic patients, and PAD or the most severe form of
it, critical limb ischemia (CLI), as the principal cause of
lower extremity amputations [36—38]. There is not much
clarity on whether microvascular complications precede
macrovascular ones, or whether they progress simulta-
neously or independently. DM induces changes in the
microvasculature, causing extracellular matrix protein
synthesis, and thickening of capillary basement mem-
brane. All this, in conjunction with advanced glycation
end products, oxidative stress, low grade inflammation,
and neovascularization of vasa vasorum, can lead to mac-
rovascular complications [39].

Regarding microvascular complications, DNeu consti-
tutes the most common prevalent DVC, affecting over
50% of diabetic patients [40, 41], and this prevalence
increases with disease duration [42]. Clinically, DNeu
preferentially targets sensory and autonomic axons and,
in most severe cases, motor axons, and is headed as dif-
fuse or focal neuropathies, depending on the location of
nerve fibres involved [43]. On the other hand, DN occurs
in 20-50% of diabetic patients, and it constitutes the
major risk for end-stage kidney disease [44]. DN consti-
tutes a highly complex process, which involves changes in
renal structure and function [45], promoting an increase
of albumin excretion and impaired glomerular filtration
rate, among others [35, 46].

Finally, DR represents the leading cause of blindness
and vision loss worldwide [47], with an annual estimated
prevalence ranging from 2.2 to 12.7% [48]. DR is caused
by changes in vascular permeability, capillary microa-
neurysms and degeneration, excessive formation of new
blood vessels and impairment of the neural retina [49].
DR can be divided into non-proliferative (NPDR) and
proliferative DR (PDR) [50]. In non-proliferative initial
stages, patients do not suffer from visual impairments;
however, hyperglycaemia produces loss of intramu-
ral pericyte and the progressive thickening of the base-
ment membrane, altering vascular permeability and the
blood-retinal barrier [35]. In more severe stages, capil-
lary degeneration or occlusion generates an ischemia that
promotes the release of angiogenic factors. The forma-
tion of new blood vessels and accumulation of liquid in
the retina (diabetic macular oedema) triggers the pro-
gression into a proliferative stage, in which patients suffer
from visual impairments [51].
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Regarding macrovascular complications, DM is con-
sidered a risk factor in the development of CAD, one
of the main macrovascular complications of T2DM
[52, 53]. Indeed, CAD morbidity and mortality rates
are higher in the presence of diabetes [54]. Besides,
after suffering a myocardial infarction, diabetic
patients are more likely to suffer re-infarction or to
die than non-diabetic ones [55]. Similarly, DM is also
a major risk factor in the development of PAD, having
diabetic patients two-to seven-fold increased preva-
lence of PAD compared to non-diabetic population
[56]. Currently, PAD is considered the most prominent
form of atherosclerosis, which affects 5-10% of the
adult population (>202 billion people worldwide) [57].
The pathophysiology consists on the arterial obstruc-
tion and decrease of blood flow and therefore and
reduction of oxygen and nutrients supply to the lower
extremities [58]. In the presence of DM, hyperglycae-
mia correlates with platelet aggregation, inflammation,
endothelial dysfunction and vascular smooth muscle
cell dysfunction, mechanisms that promote the forma-
tion of atheromatous plaques that block arteries sup-
plying blood to the extremities in the pathophysiology
of diabetic PAD [59]. Furthermore, DM accelerates the
progression of PAD to CLI [60], which courses, among
others, with ischemic ulcers and gangrene of the
extremities [61]. The risk of amputation is 7-15 times
higher in diabetic CLI that in non-diabetic CLI [62],
negatively affecting the quality of life of these patients,
but it also increases the mortality rate [63].

Finally, the presence of comorbidities in patients
with micro- or macrovascular diabetic complica-
tions is frequent. For instance, several studies indi-
cate that DR, particularly PDR, and PAD are closely
related, as assessed by Ankle Brachial Index, Toe Bra-
chial Index and duplex ultrasonography [64]. PDR
and PAD share several risk factors such as hypergly-
caemia, blood pressure, dyslipidemia or albuminuria
[64], and in both cases, neovascularization/angiogen-
esis is involved [65]. PDR (also related to atheroscle-
rosis) is a strong risk factor for PAD [64, 66, 67], being
PDR patients more likely to suffer PAD than NPDR
patients, and moreover, PDR-T2DM patients have a
high prevalence of PAD. In addition, DR appears to be
a key factor for lower extremity amputation in patients
with T1DM and T2DM [68]. Likewise, T2DM patients
who undergo lower extremity amputation (LEA) pre-
sent higher risk of developing DR than those without
LEA [69]. In addition, some diabetic patients seem to
develop severe DR and PAD earlier and more aggres-
sive than others, independently of glycaemic control
and measured environmental factors [70, 71].

Page 4 of 24

Endothelial progenitor cells
Since their discovery, endothelial progenitor cells (EPCs)
have been defined as bone marrow (BM)-derived cells
that are mobilized into the bloodstream after being
stimulated endogenously or exogenously in response to
different pathological processes such as atherosclerosis
or ischemic damage [72, 73]. Once into the circulation,
EPCs help to promote the restoration of the damaged
endothelium [74, 75]. EPCs form a heterogeneous pop-
ulation that may differ in origin (BM, spleen, vascular
endothelium, adventitia) and can growth in adherence
to matrix molecules like fibronectin. EPCs were initially
characterized by the uptake of 1,1-dioctadecyl-3,3,3,3-
tetramethylindocarbocyanine-labelled acetylated low-
density lipoprotein (Dil-acLDL) and the binding of
fluorescein-isothiocyanate (FITC)-conjugated Ulex euro-
paeus agglutinin lectin (FITC-UEA-I) [76]. Currently,
several surface markers have also been associated with
these cells, including endothelial (vascular endothelial
growth factor receptor 2, VEGFR-2 or KDR; CD31 and
von Willebrand factor, vWF) and hematopoietic mark-
ers (CD34, CD133 and CD45) [74, 75, 77]. EPCs can be
obtained from different sources like BM, umbilical cord
blood, adipose tissue and peripheral blood (PB) [78].

EPCs are currently classified in two main populations:
early EPCs (eEPCs), also known as circulating angio-
genic cells (CACs) or myeloid angiogenic cells, and late
outgrowth EPCs or endothelial colony-forming cells
(ECECs) [79-82]. eEPCs are considered as angiogenic
cells with myeloid features [80, 83], characterized by a
spindle shape and the expression of several cell surface
markers like CD45, CD14, CD31 CD133, CD34 and
KDR. Moreover, eEPCs have a low proliferative potential
and they cannot form colony or meshes in culture during
in vitro assays [80, 83]. eEPCs participate in revasculari-
zation mainly through a paracrine manner, by the secre-
tion of several factors such as VEGEF, IL2, IL8, G-CSF,
GM-CSE, HGE, or IL10, to promote the activity of ECFCs
and other cells [84]. In addition, it has been described
that eEPCs can produce apoptotic bodies, microvesi-
cles and exosomes to stablish communication [84]. In
response of atherosclerotic, ischemic, angiogenic or
growth factors, eEPCs are chemoattracted to the affected
area and become activated [73, 85, 86], promoting the
regeneration of the damaged endothelium. Although the
molecular mechanisms that support the paracrine action
of eEPCs are not completely understood, the result of its
secretory activity is the creation of an angiogenic micro-
environment that boost the reparation of the endothe-
lium and the revascularization process [87].

The second main cell type is ECFCs, which are recog-
nized as cobblestoned cells with self-renewal potential
[88] and membrane markers resembling those of EC,
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being positive for CD31, CD34, CD105, CD146, and
negative for CD45 and CD14 [83, 89]. Sometimes, ECFCs
have also been reported to express low levels of CD45
(CD45%™) [90] and high levels of CD34 and KDR [91].
ECFCs can be isolated from peripheral blood mononu-
clear cells (PBMCs), umbilical cord blood, adipose tis-
sue or from tissue-resident vascular endothelium [80].
ECECs display a great proliferative ability and possess a
strong angiogenic potential, enabling the formation of
tube-like structures in vitro. Compared to eEPCs, ECFCs
are considered the “true” EPCs, due to their participation
in revascularization by direct incorporation in the newly
formed vessels in vivo [92]. Aside, a third subpopulation
of EPCs, called colony-forming units (CFU)-Hill cells,
derived from the culture of non-adherent PBMC has also
been proposed [93]. CFU-Hill cells are formed by a het-
erogeneous group of KDR and CD31 positive cells and
form colonies that include round cells at the centre sur-
rounded by spindle-shaped cells [91].

EPCs as biomarkers of cardiovascular risk
As reported above, EPCs play an important role in
the maintenance of the cardiovascular system by
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participating in the healing of the damaged endothe-
lium and in the neovascularization process [94]. How-
ever, in the presence of cardiovascular risk factors like
metabolic syndrome, hypercholesterolemia, hyperten-
sion chronic kidney disease, smoking, and diabetes,
the number and functionality of EPCs are negatively
affected, causing a detrimental effect on the conserva-
tion of the healthy endothelium and the consequent
worsening of endothelial dysfunction, atherosclerosis
and cardiovascular disease [95]. In this regard, EPCs
are currently considered as potential biomarkers of
vascular homeostasis and cardiovascular risk prog-
nosis, due to the reduced number and impaired func-
tion in the presence of DM (Fig. 1), although a better
understanding of their implications in these patholo-
gies is needed [96]. Different studies have analysed the
connections between EPCs and diabetes and their use
as potential biomarkers of DVC, evaluating the effect
of DM and DVCs over eEPCs or ECFCs number/func-
tionality. However, most articles do not totally clarify
the subpopulation of EPCs studied. Thus, in order to
facilitate the comparison between different studies,
the EPCs phenotypes based on the cell surface markers
used for cell identification, have been highlighted in the
present review.
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Fig. 1 EPCsin diabetes mellitus and vascular complications. In the presence of DM and hyperglycaemia, there is an increment of inflammation
and ROS and AGEs generation, which are associated with the deregulation of important biochemical pathways (NADPH/ROS/INK, VEGF/PI3K/Akt/
eNOS, Wnt/B-catenin...) affecting EPCs performance: eEPCs mobilization is negatively affected by these conditions, leading to a reduction in eEPCs
number in BM and PB. Meanwhile, ECFCs functionality (wound healing and tube formation abilities, angiogenesis, migration, proliferation...)

is compromised due to the hostile diabetic environment. All these abnormalities promote the development of DVCs (PAD, DR, DNeu, DN...).
Further, DVCs aggravate the pathological environment, damaging EPCs behaviour
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EPCs in diabetes mellitus

To date, many studies have evaluated the levels of EPCs
in DM (Table 1), finding similar results. In terms of
T1DM, authors like Maiorino et al. and Salem et al. have
stated that the low number of circulating EPCs (cEPCs:
CD347CD133*KDR™) could be considered as a predic-
tor of the cardiovascular risk and the mortality income
of these patients, existing an inverse correlation between
glucose levels and cEPCs number [97, 98]. Moreover,
T1DM has been recently associated with a worsened
EPCs mobilization after exercising and reduced EPCs
number in PB [99, 100]. Regarding T2DM, the levels of
circulating PB cells (CPCs: CD34%) and EPCs (CD34%"
KDR*) appear to be reduced in T2DM patients [101].
Also, cEPCs (CD341/CD34" KDR") and CACs (KDR*
eNOS™ collagen type 1 Col1+) levels were found reduced
in T2DM patients, while smooth muscle progenitor cells
(SMPCs: CD14" CD105") levels did not change, caus-
ing an imbalance in the cEPCs/CACs-SMPCs ratios
in these patients [102]. Besides, the lower numbers of
EPCs (CD34"KDRY) appeared inversely correlated with

Table 1 Clinical studies analysing EPCs levels in DM patients
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plasma glucose and HbAlc levels in T2DM patients
[103]. Other researchers reported an increase of cEPCs
levels (CD34*CD133"KDR") after two months of gly-
caemic control in newly-diagnosed diabetic patients,
T1DM patients and diabetic patients without compli-
cations, while the levels did not change in patients with
pre-existing DM, T2DM patients, and diabetic patients
with DVC [104]. Furthermore, Egan et al. claimed that
the low levels of the called “putative EPCs” (pEPCs;
CD34%/CD31*CD34%/CD117*CD34%/CD133*CD34™"/
KDR*CD341), in addition to the levels of haematopoietic
cells (KDR*CD1177/CD133* KDR™), could be used as a
biomarker of the mortality risk over a period of 10 years
in T2DM patients [105, 106].

The reduction in the number of EPCs in DM could be
explained by both defects in the mobilization of EPCs
from the BM and/or by pathological changes in the BM
itself. Thus, the impaired mobilization of EPCs seen in
DM has been linked to a deficiency in the enzymatic
activity of the endothelial nitric oxide synthase (eNOS),
essential for EPCs homing, which might be related to the

Author (year) DM EPCs phenotypes EPCs number in DM versus HC References
Maiorino, M.I. (2015) T1DM cEPCs: CD34* {T1DM [97]
CEPCs: CD133%
CEPCs: CD34* CD133"*
CEPCs: CD133* KDR*
CEPCs: CD34" CD133* KDR*
Salem, MA. (2022) TIDM CEPCs: CD34" CD133" KDR* {T1IDM [98]
Taylor, G.S. (2021) T1DM HPCs: CD34* IMobilization after exercise [99]
HPCs: CD34* CD459m
EPCsCD34* KDR*
EPCs: CD34* CD45%™ KDR*
Maio, A. (2022) T1DM EPCs: CD34" IT1DM [100]
EPCs: CD34" CD133*
EPCs: CD34" KDR*
Fadini, G.P. (2005) T2DM CPCs: CD34* {T2DM [101]
EPCs: CD34" KDR*
Van Ark, J. (2012) T2DM CEPCs: CD34* {T2DM [102]
CEPCs: CD34" KDR* {T2DM
CACs: KDR* eNOS* Col1* {T2DM
SMPCs: CD14" CD105* NCT2DM
Churdchomijan, W. (2010) T2DM EPCs: CD34" KDR* {T2DM [103]
Bonora, BM. (2022) T1DM /T2DM CEPCs: CD34"/CD133*KDR" 1 Glycaemic control [104]
Egan, C.G. (2008) T2DM pEPCs: CD34* {T2DM [105]
. + +
Egan, CG. (2018) T2DM PEPCs: CD31~ CD34" {T2DM [106]
pEPCs: CD117* CD34
pEPCs: CD133* CD34*
PEPCs: KDR* CD34*
HC: KDR* CD117*
HC: CD133* KDR*
Fadini, GP (2013) T2DM CPCs: CD34* {T2DM (BM) [110]

Different clinical studies evaluating the number of EPCs in the peripheral blood (PB) of diabetic patients are shown

T1DM type 1 diabetes mellitus, T2DM type 2 diabetes mellitus, HPCs hematopoietic progenitor cells, EPCs endothelial progenitor cells, cEPCs circulating endothelial
progenitor cells, CPCs circulating peripheral blood progenitor cells, CACs circulating angiogenic cells, SMPCs smooth muscle progenitor cells, pEPCs putative

endothelial progenitor cells, HC healthy control, wo without, NC no changes
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diabetes-induced reduction of the lymphocyte and mes-
enchymal stromal populations in the BM [107]. Similarly,
a reduced expression of nicotinamide phosphoribosyl-
transferase, an essential enzyme for NAD biosynthesis,
in BM-derived cells in diabetic db/db mice, essential for
NAD biosynthesis, was also associated with a lower
mobilization of EPCs [108]. Meanwhile, the histopathol-
ogy of diabetic BM has been reported, finding a dimin-
ished hematopoietic tissue, fat deposition, microvascular
density reduction and apoptotic activation in the BM
[109], as well as a decrease in CD34" cells from BM aspi-
rates of T2DM patients [110].

Impaired functionality of ECPs under hyperglycaemic
conditions

EPCs functionality is also affected in DM. Loomans et al.
[111] reported that EPCs (Dil-acLDL* FITC-UEA-I)
isolated from T1DM patients presented reduced angio-
genic abilities, although apoptosis was not altered com-
pared to EPCs isolated from healthy controls (HC).
Besides, ECFCs from T2DM patients have been found
to exhibit reduced proliferative and migratory abili-
ties [112], and EPCs (Dil-acLDL* FITC-UEA-IT CD34"
CD31tCD146'KDRY) isolated from T2DM patients
showed reduced proliferation, adhesion and tube form-
ing ability [113]. Also, a lower isolation rate of EPCs and
ECFCs from the PB of T2DM patients in comparison
with HC has been described [114]. Similarly, CD34* cells
from T2DM patients exhibited a reduction in its vasodi-
latory, proliferative, migratory and angiogenic function,
that seemed to be associated with changes in its secretory
profile and a worsening of the response to hypoxia [114].
Also, the diminished angiogenic potential of ECFCs
(Dil-acLDL* FITC-UEA-IT CD34TKDR*VWF+tCD144%)
from T2DM patients was associated with the impaired
production of angiogenic cytokines [115]. Moreover, the
in vitro high glucose exposure (HGE) of EPCs caused det-
rimental effects on viability, migration, proliferation and
angiogenesis, with an increase in apoptosis in these cells
[103, 116], while hyperinsulinemia triggered a reduc-
tion in the in vitro proliferation and tube formation abil-
ity of EPCs (Dil-acLDL*" FITC-UEA-I* CD34tCD105"
CD106"CD133*VEGFR2*vWEF™) and increased apopto-
sis by downregulation of the PI-3K/Akt/eNOS pathway
and upregulation of p38 MAPK [117].

Concerning the mechanistic aspects that could explain
the reduced number and dysfunction of diabetic EPCs,
different factors like oxidative stress, glycation of lipid
and proteins or the lower production of NO have been
addressed [118—122]. The high presence of ROS has been
associated with a reduction in the levels of the hypoxia
inducible factor-1 (HIF-1), hampering the under-hypoxia
expression of genes related to EPCs mobilization and
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angiogenesis, like SDF-1 and VEGF [119, 123]. Also, the
presence of advanced glycation-end products (AGEs) in
DM negatively affects EPCs functionality through the
activation of RAGE and the affection of the NADPH/
ROS/JNK pathway [124]. Likewise, the dysfunctionality
of diabetic EPCs has been associated with a dysregulation
of the VEGEF/PI3K/Akt/eNOS pathway, mainly due to
the reduction of the NO availability [125]. In accordance,
defects in the production of NO by eNOS and a major
production of superoxide anion (O,~) were also related
to the lower levels of EPCs found in DM patients and
their impaired functionality [121]. Besides, the inhibition
of the Wnt/pB-catenin pathway has been also reported
to dysregulate DM-EPCs and to inhibited wound heal-
ing [116, 126]. In addition, the platelet-derived growth
factor (PDGF) signalling pathway seemed to be related
to the dysfunctionality of diabetic EPCs, although more
research is needed to better understand the underly-
ing mechanisms [116, 127]. Recently, Tiang et al. [128]
reported that the increased autophagy and apoptosis
found in EPCs after incubation under HGE were caused
by the activation of circcADAMY9, a circRNA mol-
ecule which induces autophagy by activation of PTEN,
through the AKT/mTOR pathway. Finally, a transcrip-
tome analysis revealed that Rno-miR-10b-5p and Tgfb2
are important regulators of EPCs dysfunction in diabetes,
proposing novel targets to recover EPCs functionality
[129].

EPCs in DVC

The connection of EPCs with cardiovascular risk condi-
tions, as well as the correlation of diabetic impaired EPCs
with the occurrence and severity of micro- and macro-
vascular complications, suggests their suitability as bio-
marker of DVC, as well as their potential use as predictor
of CVD outcomes, which could be of particular interest
for diabetic patients [130, 131].

EPCs in peripheral artery disease and critical limb ischemia
There is a current controversy regarding the behaviour of
EPCs in PAD and diabetic PAD. However, such dispute
may be explained by the different methods applied for
cell counting and a lack of agreement in the nomencla-
ture used between researchers, which sometimes causes
the inappropriate comparison of different EPCs subtypes
[132] (Table 2).

To begin with, Bitterli et al. demonstrated that the
levels of cEPCs (CD34% KDR") were lower in PAD
patients in comparison with HC, and the colony-form-
ing ability of these cells was also reduced in the disease
group. Surprisingly, the levels of cEPCs in DM patients
with PAD (PAD-DM) were slightly higher, not-signif-
icantly, than in PAD patients without DM, although
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Table 2 Studies analysing EPCs levels in DM patients with PAD and CLI
Author (year) DM EPCs phenotypes EPCs number Control References
Bitterli, L (2016) DM CEPCs: CD34" KDR* YPAD with and wo DM HC [133]
Delva, P (2008) DM CEPCs: CD34* cEPCs: CD34" CD133* ECFCs: CD34*  {PAD with and wo DM HC [132]
CD31* CD144" VPAD with and wo DM
TPAD with and wo DM
Fadini, GP (2006) T2DM CEPCs: CD34" KDRY cEPCs: CD133* KDR* {DM-PAD DM [134]
CEPCs: CD347CD133" KDR*
Krutikov, A (2009) DM EPCs: CD34" CD133* EPCs: CD34" CD133" KDR* TDM-PAD DM [135]
Chen, MC (2009) T2DM CEPCs: CD133* KDR-1* DM HC and DM-CLI [136]
Hayek, SS (2016) DM PCs: CD34* LCAD and PAD CAD [137]
PCs: CD34*/KDR* VCAD and PAD
Spinetti, G (2013) T2DM PCs: CD34* CD14* CD459™ KDR* CXCR4* DM and CLI-DM HC [109]

DM diabetes mellitus, T2DM type 2 diabetes mellitus, cEPCs circulating endothelial progenitor cells, EPCs endothelial progenitor cells, PCs circulating progenitor cells,
PAD peripheral artery disease, CAD coronary artery disease, CL/ critical limb ischemia, DNeu neuropathy,: healthy control

the concomitant DM seemed to aggravate the disease,
being related to a narrowing in the vessel wall [133].
Similarly, Delva et al. [132] found that when comparing
EPCs isolated from PAD patients and HC, the results
varied depending on the EPC subtype, finding a reduc-
tion in cEPCs (CD34%, CD34" CD133%) but an aug-
mentation in ECFCs (CD34" CD31% CD144%) in PAD
patients versus HC. Despite this, no differences were
seen in EPCs levels in PAD patients with and without
DM [132]. Besides, several subpopulations of cEPCs
(based on the differential expression of CD34, CD133
and KDR) were reduced in PAD-DM patients compared
to DM patients without PAD, specially CD34% KDR™
cells, which negatively correlated with the severity of
PAD in DM patients [101, 134]. In this case, EPC func-
tionality was determined by testing the properties of
ECFCs (Dil-acLDL™), finding a reduced adhesion ability
of cells derived from PAD-DM patients [134]. Contrary,
Krutikov et al. [135] found an augmentation of EPCs
(CD34" CD133*%/CD34' CD133" KDR) levels in PAD-
DM patients as compared with DM patients without
PAD, being similar to the levels found in HC. In agree-
ment with this, Chen et al. described a reduction in the
levels of cEPCs (CD133* KDR-1") in DM patients com-
pared to DM-CLI patients and HC. These cEPCs levels
correlated with plasma VEGF levels [136]. However, the
migratory ability of isolated EPCs in response to VEGF
was impaired in DM and DM-CLI patients versus HC
[136]. Further, a large cohort-study demonstrated
that the levels of circulating progenitor cells (PCs)
(CD34%/CD34" KDR') could be used as predictors of
the development of PAD in patients with known CAD,
being DM a risk factor in the development of PAD in
these patients [137]. Meanwhile, Spinetti et al. [109]
observed a reduction in the PCs levels (CD34" CD14"
CD45%™ KDR* CXCR4") of DM patients in BM and PB

in comparison with HC, although no differences were
seen between DM and CLI-DM patients.

EPCs in diabetic retinopathy

As it can be deduced from above, in macrovascular com-
plications, dysfunctional EPCs may impede the compen-
satory angiogenesis necessary to reduce the progression
of the ischemic process. Nevertheless, in complications
such as DR, an excessive microvasculature formation
worsens the patient’s condition [138, 139]. Interestingly,
retinal cells release neurotrophic factors under hypoxia,
so that DM patients experience poor vessel growth in
heart and limbs, but due to the retinal microenviron-
ment, they experience increased angiogenesis in the
presence of retinal complications [140]. In this sense, dia-
betic patients face a paradoxical situation in which both,
lower and excessive numbers of EPCs are associated with
DVC [141]. This situation highlights the importance of
addressing how EPCs are affected under DR, not only to
use them as potential biomarkers to predict the develop-
ment of the microvascular complication, but also to bet-
ter understand the disease.

Still, the literature reflects conflictive results: no
changes, reduction, and augmentation of EPCs levels;
they all have been associated with DR (Table 3). First,
Torre et al. [142] found that although T1DM patients
faced lower levels of ECFCs (CD45%™ CD34*CD144")
than HC, there were not differences in the levels of
ECFCs or eEPCs (CD45%™ CD34"KDR') between DR
and T1DM patients without DR. Meanwhile, Fadini
et al. [141] determined that CD34* cEPCs were reduced
in DR patients (without discriminating between PDR
and NPDR) while CD34"KDR* cEPCs levels were
lower in DM patients with PAD, existing differences in
the CD347/CD34*KDR™ ratio between DR and PAD
patients. Contrary, Lee et al. [143] demonstrated that
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Table 3 Studies analysing EPCs levels in DM patients with DR
Author (year) DM EPCs phenotypes EPCs number Control References
Fadini, GP (2006) T2DM CEPCs: CD34" {DR; NC in PAD DM [141]
CEPCs: CD347KDR* {PAD; NC in DR;
Torre, N (2015) T1DM eEPCs; CD45%™ CD34* KDR* NCin DR T1DM [142]
ECFCs: CD45%™ CD34* CD144*
Lee, IG (2006) T2DM CEPCs: CD347" TPDR; NPDR HC and DM [143]
Brunner, S (2009) T1DM CPCs: CD34+ CD133* {NPDR; 1PDR HC [144]
EPCs: CD34* CD133* CD309*
ECFCs: CD34* CD133* CD309* CD31*
Liu, X (2010) T2DM cEPCs: CD34" CD133" *Severe NPDR to PDR HC [140]
Tan, K (2010) T1DM ECFCs: CD34* CD45~ TPDR HC [146]
Huang, YC (2018) T2DM ECFCs: CD31* KDR-2* CD459™ CD133* {PDR NPDR [147]
Lombardo, M (2012) T2DM pre-EPCs: CD34* CD133* CD117* TDR-PAD HC [148]
EPCs: CD34" CD133* KDR* {DR-PAD
late EPCs: CD31* KDR* VE-cadherin * {DR-PAD
CECs: CD45~ CD31* CD146" TDR-PAD
activated CECs: CD106* TDR-PAD
Zerbini, G (2012) T1DM CFU-Hill cells: CD45* CD14 * TNPDR NC in NPDR HC [149]
ECFCs: CD34* KDR* CD133~ CD459m
Hu, L (2011) T2DM CPCs: CD34* EPORT I{NPDR HC [150]
EPCs: CD34" KDR* EPOR* INPDR
{PDR
{PDR-DN

DM diabetes mellitus, TTDM type 1 diabetes mellitus, T2DM type 2 diabetes mellitus, cEPCs circulating endothelial progenitor cells, eEPCs early endothelial progenitor
cells, ECFCs endothelial colony progenitor cells, EPCs endothelial progenitor cells, CECs circulating endothelial cells, DR diabetic retinopathy, NC no changes, PDR
proliferative diabetic retinopathy, NPDR non proliferative diabetic retinopathy, PAD peripheral artery disease, DN diabetic nephropathy, HC healthy control

cEPCs (CD34") were increased in PDR and NPDR
patients compared to HC or DM patients without DR.

In an attempt to clarify these discrepancies, differ-
ent subtypes of EPCs at different stages of DR have
been evaluated. Thus, according to Brunner et al,
the levels of different populations of EPCs: CPCs
(CD347CD133"), the most primitives EPC sub-
type; eEPCs (CD347CD1337CD309") and ECFCs
(CD347CD133*CD309"CD31%) were all lower in
T1DM patients with NPDR but augmented in PDR.
These results suggest that, although these cells undergo
a reduction in the first stages of DR, later, their lev-
els increase with the progression and severity of the
disease [144]. Similarly, an augmentation of cEPCs
(CD341tCD133%) in DM patients with severe NPDR to
PDR in comparison with HC, and an increment in the
colony-forming ability of cells isolated from patients
with severe DR was also described by Liu et al. [145].
Of note, Tan et al. [146] reported that, despite the aug-
mentation of circulating ECFCs levels (CD347CD457)
in PDR, these cells showed impaired migratory and
tube-forming abilities, being unable to repair the dam-
age endothelium. Finally, although the majority of studies
have seen increased levels of EPCs in PDR, other authors
identified lower levels of EPCs (CD31tKDR-2*CD45%™
CD133%) in PDR compared to NPDR [147]. Besides,
differences in EPCs subtypes behaviour were also seen

by Lombardo et al., who classified EPCs in pre-EPCs
(CD347CD133*CD117"), EPCs (CD34*CD1337KDR")
and late EPCs (CD31"KDR', VE-cadherin®). These
authors indicated that T2DM patients with and with-
out macro- and microvascular complications (primary
PAD and DR) did not significantly differ in pre-EPCs
and EPCs levels compared to HC [148]. However, a sub-
set of both groups of patients seemed to have increased
and decreased levels of pre-EPCs and EPCs, respectively,
while late EPCs were augmented in both groups com-
pared to HC [148]. Oppositely, Zerbini et al. [149] found
that ECFCs (CD45%™ CD34" KDR™) did not vary sig-
nificantly between T1DM patients with NPDR and HC,
although the number of CD457CD14" CFU-Hill cells
increased in NPDR compared to HC, when measured as
the number of colonies formed in vitro by 10° PBMCs.
These CFU-Hill cells presented a lower expression of
genes associated with apoptosis (CASP1, CASP2) and
cell-matrix interactions (integrins, ITGAV, ITGB1 and
urokinase plasminogen activator, PLAU), and a lower
expression of the homing receptor CXCR4 for SDF-1,
which could be associated with their impaired function-
ality [149]. In addition, a study evaluating the role of the
erythropoietin (EPO) and its receptor (EPOR) in dif-
ferent stages of DR, found that CPCs (CD34" EPOR™)
were reduced in NPDR patients compared to HC while
those levels did not significantly vary in PDR patients and
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DR patients with diabetic nephropathy (DR-DN) [150].
Besides, EPCs levels (CD34*KDRYEPOR") were signifi-
cantly reduced in all groups compared to HC, although
arebound in PDR and PDR-DN patients was seen [150].

EPCs in other DVCs

EPCs levels have been evaluated in other DVCs (Table 4),
including microvascular complications like DNeu or DN.
Thus, DNeu T2DM patients present increased numbers
of the different subpopulations of EPCs compared to
T2DM patients without DNeu [151]. On the other hand,
although DN has been mostly related to a reduction in
the EPCs number [152], similar levels of EPCs (Dil-
acLDL* FITC-UEA-I* CD34%) were found in T1DM
patients with and without DN, where DN patients faced
a higher CVD risk, due to the longer diabetes duration,
poorer glycaemic control and higher very low-density
lipoprotein (VLDL) and triglycerides [153]. However,
these results might have been influenced by the use of
statins, which are known to increase EPCs number [153].
Finally, Pala et al. [154] reported lower levels of cEPCs
(CD34%) in DM patients with DN who had developed
stage 5 chronic renal disease (CRD) compared to HC,
DM patients and CRD patients without DM.

Finally, in correlation with all these DVCs, the involve-
ment of EPCs in the thrombotic events linked to DM
has been also explored. Indeed, EPCs seem to have an
antithrombotic function, promoting the recanaliza-
tion of the thrombus and the neovascularization of the
damage tissue [155], although DM seem to reduce the
antifibrinolytic activity of EPCs [130]. Interestingly,
DM was found associated with a higher risk of develop-
ing vascular thrombosis in haemodialysis patients, with
a negative correlation between thrombosis and EPCs
number (CD34" KDR™) [156]. Also, the levels of cEPCs
(CD133"KDR"/CD34" KDR") were reduced in DM
and non-DM patients that suffered stent thrombosis in

Table 4 Studies regarding EPCs levels in other DVCs
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comparison with those who did not [157]. Of note, reti-
nal microthromboses are usually present in DR [158],
although the role of EPCs in this concern is not fully
understood and more research is needed.

Overall, the potential use of EPCs as biomarkers of
DVC seems clear. Regarding macrovascular complica-
tions, a decrease in the number of EPCs has been fre-
quently described, which negatively correlates with the
severity of the disease, although different tendencies,
such as increases in the number of EPCs with the disease
or no changes, have been also reported. Such variations
of EPC levels could be due to several factors, as previ-
ously mentioned, including the lack of heterogeneity in
the type of EPC analysed, differences in the measurement
systems used, the population sample size or even the
drug treatments applied to DM patients. In microvascu-
lar complications, especially in DR, the issue is even more
complicated, since depending on the state of the disease
(NPDR, PDR) and the concomitance of macrovascular
complications, it can be observed both, augmentations,
and diminutions in the number of EPCs. Nevertheless, in
all cases, the functionality of EPCs is compromised in the
presence of DVC, so the next steps should be focused on
a better understand why these cells become so affected
under hyperglycaemic conditions.

Drugs modulating EPCs levels in DM patients

Given the negative impact of DM and DVCs over EPCs
function and numbers, the use of drugs contributing to
ameliorate such effects may be useful to prevent further
vascular complications. Unfortunately, the treatments
commonly used for DM patients usually affect EPCs lev-
els, either by controlling glucose and lipid levels itself
and therefore reducing EPCs number, or by specific
mechanisms that are not always fully understood [159].
Therefore, these pleiotropic effects should be consid-
ered during clinical trials that evaluate disease’s effects

Author (year) DM DvC EPCs phenotypes EPCs number  Control References
Eleftheriadou, | (2020) T2DM DNeu EPCs: CD459™ CD34* TDNeu T2DM [151]

EPCs: CD459™ CD34* CD309*

EPCs: CD459™ CD34* CD31*

EPCs: CD459™ CD34* CD309* CD31+

EPCs: CD459™ CD34* CD309* CD133*

EPCs: CD459™ CD34* CD309* CD133* CD31*
Reinhard, H (2011) TIDM DN EPCs: Dil-acLDL* FITC-UEA-I* CD34* NCin DN T1DM [153]
Makino, H (2009) T2DM DN CEPCs: CD34" DN T2DM [152]
Pala, C (2013) DM DN EPCs: CD34" {DM-CRD HC,DMwo DN,  [154]

(CRD, stageb) CRD wo DM

DM diabetes mellitus, TTDM type 1 diabetes mellitus, T2DM type 2 diabetes mellitus, DNeu diabetic neuropathy, AMI acute myocardial infarction, DN diabetic
nephropathy, CRD chronic renal disease, EPCs endothelial progenitor cells, cEPCs circulating endothelial progenitor cells, HC healthy control, wo without
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on EPCs, given that it could influence the results. Table 5
reviews the main studies that have evaluated the effect of
several drugs used with DM patients over EPCs.

Insulin

The effect of insulin on EPCs has been widely studied.
Thus, insulin treatment of streptozotocin (STZ)-induced
DM mice increased EPCs mobilization (Dil-acLDL*
FITC-UEA-I" Sca-1* c-kit" Flk-1*) and improved
revascularization after hind limb ischemia (HLI), being
this effect associated with the regulation of the VEGF/
Akt/eNOS and SDF-1/MMP-9 pathway [159]. Like-
wise, clinical trials have shown similar results. Indeed,
insulin therapy increased cEPCs levels (CD1337KDR"/
CD34*tCD133*KDR") in T2DM patients after 6 months
of treatment alternating basal insulin analogues glar-
gine and detemir [160], and a 4-months-treatment of
T2DM patients with either, insulin glargine or NPH
insulin increased the outgrowth of EPCs (CD34" KDR™)
in comparison with oral medication [161]. Interestingly,
a 2 years-treatment with insulin pumps increased the
number of circulating progenitor cells (CPCs; CD34*/
CD133"/CD34*CD133%) and cEPCs (CD34*KDR*/
CD133"KDR*"/CD34*CD133"KDR") in TIDM patients,
diminishing the cardiovascular risk [162]. Besides, a con-
tinuous subcutaneous insulin infusion in T1DM patients
improved EPCs levels in a major extend that multiple
daily injections, due to the lower glucose variability dur-
ing the day [163]. In contrast, a recent study reported
that the levels of some subtypes of EPCs (CD34%/
CD133%/CD34tCD133%/CD34TKDR') were reduced
in newly diagnosed T2DM patients and did not vary
after intensive insulin therapy; however, a pool of EPCs
(CD34*KDR'CD133%) was increased in these patients
and decreased after intensive insulin therapy, with a
simultaneous reduction in oxidative stress and inflamma-
tion [164].

Sulfonylureas

Sulfonylureas, drugs that stimulate the release of insu-
lin reducing blood glucose, have also been studied
regarding their effect on EPCs. For instance, an aug-
mentation of EPCs levels (CD45%™CD34+ KDR*) was
seen after 12 weeks of gliclazide treatment in T2DM
patients, together with improved endothelial function
and reduced levels of oxidant stress markers like serum
malondialdehyde and superoxide dismutase [165].
However, glibenclamide did not improve EPCs levels
(CD34*CD133*KDR™) in T2DM patients [166].

Metformin
The effect of metformin, an oral hypoglycaemic drug
derived from biguanide, has also been evaluated.

Page 11 of 24

Metformin administration to induced-T1DM mice
decreased blood glucose levels, while increased EPCs
numbers (Dil-acLDL* FITC-UEA-IT Sca-1* Flk-17)
and improved in vivo wound healing and angiogen-
esis [167]. Also, metformin rescued the functionality of
EPCs under HGE conditions through the AMPK/eNOS
pathway [167]. Similarly, Han et al. [168] affirmed that
metformin could improve EPCs levels (Sca-1* Flk-17)
in an obese murine model of T2DM, rescued in vivo
wound healing and in vitro angiogenesis, besides increas-
ing NO production and reducing oxidative stress. At
the clinical side, metformin increased cEPCs levels
(CD45%MCD34TKDRY) in T1IDM patients while reduced
the number of circulating endothelial cells (cECs;
CD45%™ CD133~ CD34" CD144" KDR') and aug-
mented the in vitro formation of colonies and the adhe-
sion of pro-angiogenic cells to fibronectin [169].

Further, several clinical trials have shown that the com-
bination of the above-mentioned drugs could be a plausi-
ble option to improve endothelial function in DM. Thus,
the combination of gliclazide and metformin increased
cEPCs levels (CD45%™CD34+KDR") in T2DM patients
more than metformin mono-treatment, although glu-
cose control was similar in both groups [170]. Likewise,
insulin plus metformin treatment augmented cEPCs lev-
els (CD34*tCD133*KDR*) and improved functionality in
T2DM patients in a major extend that metformin mono-
treatment [171].

Thiazolidinediones

Regarding thiazolidinediones, a 12-week treatment
of recently diagnosed T2DM patients with rosiglita-
zone reduced glucose levels, increased EPCs number
(CD347CD133%) and improved its migratory ability
[172]. Besides, rosiglitazone treatment of EPCs (Dil-
acLDL* FITC-UEA-I*CD133*CD34*KDR") isolated
from healthy individuals, improved EPCs in vitro pro-
liferation, migration and NO synthesis, while reduced
apoptosis, restoring the negative AGEs-induced effects
[173]. In addition, the administration of EPCS (Dil-
acLDL*FITC-UEA-IT CD31TvWF'KDRTCD14") iso-
lated from T2DM patients after a 2-weeks -treatment
with rosiglitazone, promoted an improved in vivo revas-
cularization in nude mice with carotid artery injury com-
pared to EPCs isolated from T2DM patients before the
treatment [174]. In an attempt to better understand the
mechanisms by which rosiglitazone acts improving EPC
function, Zhou et al. found that the 4-weeks rosiglitazone
treatment of a T2DM murine model enhanced the in vivo
wound healing and angiogenesis via stimulation of VEGF
and SDF-1 [175]. Rosiglitazone also improved the in vitro
EPCs migration and angiogenesis, and reduced IR signal-
ling defects in EPCs [175].
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Similarly, pioglitazone increased EPCs levels (Dil-
acLDL" FITC-UEA-I* Vwft Tie-2%) and functionality
while enhanced lipidic control in T2DM patients [176].
Likewise, the ex vivo administration of pioglitazone of
early (Dil-acLDLT FITC-UEA-I" KDRTCD31*CD146%
vWF*CD45*CD14") and late EPCs (Dil-acLDL* FITC-
UEA-I*  KDR'TCD31*CD146"vWF") isolated from
individuals with impaired glucose tolerance, increased
viability and their tube forming ability while reduced
the expression of pro-inflammatory markers (ICAM-
1, VCAM-1, TNF-a) [177]. Finally, an in vitro study
reported that hyperglycaemia reduced the adhesion of
EPCs (Dil-acLDL* FITC-UEA-I* KDRTCD31%) to arter-
ies, and this effect was reversed by the pioglitazone treat-
ment [178].

DPP-4 inhibitors

The effects over EPCs of other treatments currently used
to treat T2DM patients such as the dipeptidyl pepti-
dase 4 (DPP-4) inhibitors have been widely studied.
For instance, a 4-week sitagliptin treatment increased
EPCs (CD34"/CD34*KDR') and SDF-1 levels in T2DM
patients [179], in agreement with another study in which
12-weeks sitagliptin treatment doubled the number of
EPCs (CD34*CXCR4") in these patients [180]. In the
same way, sitagliptin improved revascularization and
angiogenesis in an T2DM murine model with HLI and
could restore the detrimental effects of HGE in EPCs
(CD34*KDR™), reducing the in vitro apoptosis and oxi-
dative stress while increasing the tube formation abil-
ity and autophagy [181]. Besides, co-administration of
sitagliptin and metformin promoted a major increment
in EPCs number (CD34*KDR*/CD34*CD133*KDR")
compared with monotherapy, together with an increase
of glucagon like peptide-1 (GLP-1), NO, and SDF-la
levels in T2DM patients [182]. Also, according to Naka-
mura et al. [183], sitagliptin promoted a major increase
of EPCs levels (CD34™") rather than the alpha glucosidase
inhibitor voglibose, although the endothelial function
seemed to be similar in both groups. Similarly, Dei et al.
[166] compared the effects of the DPP-4 inhibitor vilda-
gliptin and the sulfonylurea glibenclamide, founding that
although both controlled glucose levels, only vildaglip-
tin achieved a significant augmentation in EPCs number
(CD34*tCD1331KDR™) with a reduction in SDF-1a levels.
Further, Negro et al. [184] reported a similar increase in
EPCs levels (CD133"KDR*CD45 /CD34*KDR1TCD457)
after 4-months treatment with either DPP-4 inhibi-
tor alogliptin and the sulfonylurea gliclazide. Also, a
12-weeks saxagliptin treatment of newly diagnosed
T2DM patients improved endothelial function by
increasing the flow-mediated vasodilation and increas-
ing EPCs number (CD347CD133*KDR") in a similar
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manner as metformin treatment [185]. Then, Dore et al.
[186] assessed the effect of combining saxagliptin and
metformin treatment as compared to metformin mono-
therapy, noting that there were not changes in the CD34*
cEPCs number between both groups, although the num-
ber of CD31" cECs increased in the combined group,
together with a higher percentage of CD34TCXCR4" in
the CD34* population, denoting an enhanced migratory
ability of EPCs.

Interestingly, the administration of biocompatible
membranes impregnated with saxagliptin boosted the
in vitro EPCs migration and the in vivo diabetic wound
healing in mice, while it augmented the expression of
insulin-like growth factor I (IGF-1) and transforming
growth factor-p1 (TGF-B1), compared to the membrane
without drug [187]. In contrast to saxagliptin, linaglip-
tin did not change the levels of EPCs in T2DM patients
[188, 189], although it was associated with an increment
in angiogenic T cells (Tang cells: CD3*CD31*CXCR4™")
[189]. Finally, a recent study determined that the DPP-4
inhibitor teneligliptin increased (not significantly) the
EPCs levels (CD34") in T2DM patients after 28 weeks of
treatment, although reduced SDF-1a levels, contrary to
the tendency previously seen [190].

GLP-1 receptor agonists

Other studies have evaluated the influence of GLP-1
receptor agonists (incretin mimetics) on EPCs. For
instance, De Ciuceis et al. [191] compared the effects
of exenatide and liraglutide, showing that only the first
one was able to increase EPCs numbers (CD34" KDR™)
in T2DM patients after 4 and 7 weeks of treatment. The
AngioSafe Type 2 Diabetes Study evaluated whether
GLP-1 receptor agonists could be associated with the
development of DR in T2DM patients, detecting no
changes in the number of hematopoietic progenitor cells
(HPCs: CD347CD45%™) and HPCs cells with angio-
genic activity (CD347CD45%™MCD1337CD31") after the
4-weeks treatment with liraglutide [192]. These “nega-
tive results” supported the lack of association between
GLP-1 Receptor Agonists and severe DR, given that
a rapid change in EPCs number could be related to the
development of the complication [192], in agreement
with the LYDIA trial, that did not find any changes in
the levels of CPCs (CD347/CD34" CD133%/CD34*
CD45%™/CD34" CD45%™ CD133%) or EPCs (KDR co-
expression with previous biomarkers), after 26-week
liraglutide treatment, compared to sitagliptin [193].
Nevertheless, liraglutide improved the in vivo angiogen-
esis and recovered the blood supply in a murine model
of T2DM with HLI, and recovered the in vitro hEPCs
(CD144"CD34"VEGFR2"CD14 CD457) migration
and angiogenesis after HGE, being this related to the
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reduction of oxidative stress and over-expression of the
human nuclear factor erythroid 2-related factor 2 (Nrf2)
[194]. Besides, the 12-weeks treatment of dulaglutide in
combination with metformin increased EPCs number
(CD34"CD133"KDR™") and improved the in vitro EPCs
proliferation, adhesion, migration, and tubule formation
abilities in comparison with metformin monotherapy,
in association with an anti-inflammatory activity and
enhanced NO production [195].

SGLT2 inhibitors

Sodium glucose cotransporter-2 (SGLT2) inhibitors
have been associated with several effects on EPCs. Thus,
the 16-week treatment with Canagliflozin in combina-
tion with metformin and/or insulin of T2DM patients
increased EPCs (CD34") expression of SDF1 and the
migratory ability of EPCs in response to SDF1-a [196].
Canagliflozin did not affect EPCs number in compari-
son with placebo, although a reduction in EPCs num-
ber was seen at the beginning of the treatment that was
reversed in the following weeks [196]. Similarly, Bonora
et al. determined that after 12 weeks of treatment with
dapagliflozin, the number of circulating stem cells CSC
(CD34%) and EPCs (CD34TKDRY) were slightly reduced
in T2DM patients, while the same duration treatment
with empagliflozin diminished the CSC levels in a non-
significant way [197]. However, a long dapagliflozin treat-
ment (1.5 years) increased EPCs level [197].

Statins and PCSK9 inhibitors

Apart from the treatments directly applied to tackle
hyperglycaemia, DM patients usually receive addi-
tional drugs due to associated comorbidities that also
can affect EPCs levels. For instance, hydroxy-methyl-
glutaryl-Coenzyme A (HMG-CoA) reductase inhibi-
tors, also called statins, are widely known to manage
EPCs levels in hypercholesterolemic patients [198], and
several studies have evaluated this pleiotropic outcome
specifically in DM patients. Thus, atorvastatin signifi-
cantly increased CPCs number (CD45-CD34"CD133")
after 8—10 weeks treatment in DM patients with CVDs,
however, this increase was lower and non-significant in
non-DM patients with CVDs [199]. In addition, although
pitavastatin and atorvastatin reduced the lipidic profile
in hyperlipidemic patients, only pitavastatin promoted
a significant increase of EPCs (CD34*KDR™) [200].
Moreover, statin discontinuation increased the lev-
els of different subpopulations of EPCs (CD34"KDR*/
CD133*KDR*/CD34*CD133*KDR*/CD34"CD457) as
compared with a continuous treatment. The disruption
of the treatment with statins caused a worse control of
cholesterol concentration, and thus, the beneficial effects
of the augmentation of EPCs could be reversed by the
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lipidic accumulation or even had a detrimental effect on
PDR patients [201]. Further, Briguori et al. [202] evalu-
ated the effect of the statin intensity on EPCs in DM
patients with CAD who underwent drug-eluting stent
implantation and were assigned high- or moderate-
intensity atorvastatin therapy. Three months after the
intervention, the number of EPCs (CD34" KDR™ 133"/
CD34* KDRY) was higher and a reduction of restenosis
was seen in the high intensity group compared to the
moderate one. Further, statin treatment during 3 months
before an AMI prevented the reduction of EPCs levels
(CD45%™CD34" KDR* CXCR41/CD45%™CD34" KDR*
CD1337) that is usually caused after the incident, in both,
DM and non-DM patients [203]. Moreover, a high inten-
sity statin therapy after AMI also avoided the reduction
of the EPCs levels [203]. Contrary, a high-to-moderate
intensity statin therapy was associated with a reduc-
tion in the EPCs number (CD34" KDR"), in comparison
with a low intensity statin therapy in DM and non-DM
patients with coronary angiography [204].

Apart from statins, the protease proprotein convertase
subtilisin/kexin type 9 inhibitors (PCSK9i) constitute a
promising lipid-lowering therapy currently used to atten-
uate atherosclerosis [205], whose effect over EPCs has
also been assessed. Thus, Ben Zadok et al. [206] showed
that the 3-months treatment with PCSK9i, reduced
the lipidic levels and increased cEPCs number (CD34*
KDR*/CD133*KDR") in CAD and PAD patients (10% of
the patients suffered DM), and improved the in vitro col-
ony-forming ability and viability of cEPCs. Interestingly,
statins increased the levels of PCSK9 in both, T2DM and
non-DM patients and, this increment of the PCSK9 levels
after the statin treatment in the T2DM group was associ-
ated with a reduction of the total levels of EPCs (CD45~
CD34") and eEPCs (CD45"CD34"CD146) [207]. These
results disagree with most of the studies that associate
the use of statins with the increment in EPCs [199-203],
as mentioned above. However, the effect of statins on
EPCs is somehow controversial, since results not only
reflects an increment in EPCs, but also no change, or a
reduction of its levels [199-204]. These conflicting results
may be explained by the different statins employed or the
intensity or duration of the therapy.

Renin-angiotensin system (RAS) inhibitors

Angiotensin II receptor antagonists, usually employed
to reduce high blood pressure, have been recognized
to increase the EPCs levels in DM patients. Indeed, the
antagonists Olmesartan and Irbesartan were found to
increase the levels of EPCs (Dil-acLDL* FITC-UEA-
I) in T2DM patients after 4 and 12 weeks of treatment
[208], while the angiotensin-2 receptor blocker valsartan
increased the levels of CD14" KDR" cells in DM patients
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with asymptomatic CAD [209]. Also, the oral adminis-
tration of perindopril increased the number of cEPCs
(CD34"CD133"KDR") in T2DM patients that suffered
AMLI, at days 1, 3, 5, 7, 14, and 28 after percutaneous cor-
onary intervention [210]. The treatment also increased
the plasma levels of VEGF and SDF-1la, reduced the
high-sensitivity C reactive protein (hsCRP) levels and
improved the clinical outcomes of the patients [210].
Similarly, the renin inhibitor aliskiren, but not hydro-
chlorothiazide, improved the vascular function T2DM-
hypertensive patients through the reduction of the blood
pressure, the increase of the brachial artery flow-medi-
ated dilatation, and the enhancement of the left ventric-
ular function, and it also promoted the augmentation of
EPCs (Dil-acLDL" FITC-UEA-I") levels and the pool of
CD347CD133" cells [211].

Other treatments

Apart from the above-mentioned treatments, other
drugs applied in DM patients have also been demon-
strated to influence EPCs number and functionality. For
instance, calcium channel blockers (CCBs), drugs mainly
employed to treat hypertension [212], have been shown
positive effects over EPCs, by improving EPCs function-
ality as well as increasing the number of EPCs in several
in vitro studies [213, 214]. Similarly, Alpha-glucosidase
inhibitors (AGI), commonly used to reduce glucose levels
in T2DM [215], were found to increase the levels of EPCs
(Sca-1" Flk-17) in a T2DM murine model, and improved
the in vivo wound healing and angiogenesis through
the Akt/eNOS signalling pathway [216]. In the same
line, Jeong et al. compared the action of the 10-weeks-
treatment with two antiplatelet drugs, the P2Y;, recep-
tor antagonists ticagrelor and prasugrel, assessing that
only the first one was able to increase the level of EPCs
(CD34*"KDR*/CD34"CD117*/CD34*CD133*) in T2DM
patients with non—ST-segment elevation acute coronary
syndrome. This increase was associated with the higher
serum levels of adenosine caused as a pleiotropic effect of
ticagrelor [217].

Finally, a combination of different treatments may be
useful in the management of the vascular health in DM.
In this sense, a multifactorial treatment including mono-,
dual-, triple- or quadruple therapies with metformin,
aspirin, statins and angiotensin II blockers increased
the EPCs levels (Dil-acLDL* FITC-UEA-I") of T2DM
patients after 90 days, especially when applying the quad-
ruple therapy [218].

Conclusions

The enormous number of studies highlighted here cor-
roborate the potential of using EPCs as biomarkers of
DM and its vascular-related complications, given the
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effect that these pathologies exert over EPCs number
and function. Nevertheless, the variability seen between
the studies might be explained by the lack of consensus
in the surface markers employed to define these cells, but
also on the influence that DM comorbidities can exert
over these cells. Additionally, the treatments applied to
DM patients also affect the number as well as the func-
tionality of these cells. Finally, apart from the biomarker
role assigned to these cells, future studies should further
evaluate the molecular mechanisms by which EPCs role
is impaired in DM and moreover, in the presence of vas-
cular diabetic complications, in order to provide more
specific and personalized therapies to diabetic patients.
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AGEs Advanced glycation-end products
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CEPCs Circulating endothelial progenitor cells
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CPCs Circulating progenitor cells
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CSCs Circulating stem cells
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DN Diabetic nephropathy
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ECFCs Endothelial colony-forming cells
ECs Endothelial cells

eEPCs Early endothelial progenitor cells
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EPCs Endothelial progenitor cells
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IGF-1 Insulin-like growth factor |
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NPDP Non-proliferative diabetic retinopathy

PAD Peripheral artery disease
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PBMCs Peripheral blood mononuclear cells

PCs Progenitor cells

PCl Percutaneous coronary intervention

PCSK9i Protease proprotein convertase subtilisin/kexin type 9 inhibitors
PDGF Platelet-derived growth factor

PDR Proliferative diabetic retinopathy

pEPCs Putative endothelial progenitor cells
PPARa Peroxisome proliferators-activated receptor a
RAS Renin-angiotensin system

ROS Reactive oxygen species

SGLT2 Sodium glucose cotransporter-2
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TGF-B1 Transforming growth factor-31
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VLDL Very low-density lipoprotein

VWF Von Willebrand factor

Acknowledgements

We would like to thank Sara Eslava and all the members of the @CellTher-
apy82 group for their support. Some images included in graphical abstract
and Fig. 1 were obtained via SMART (https://smart.servier.com).

Author contributions

JBC drafted the manuscript, collected the data and provided the figures, and
approved the manuscript. AB, LBC, MRT, ARV and collected the data, contrib-
uted to final draft, and approved the manuscript. MJP and ISG contributed
to the final approval. MCD worked in design and concept, drafted the manu-
script, final approval and funding.

Funding

Funding for open access publishing: Universidad de Cadiz/CBUA This work
was supported by funds from the Institute of Health Carlos Il ISCIII (PI20-
00716), as well as the Junta de Andalucia PAIDI-RETOS-2020 (P120-00932)
co-funded by European Regional Development “A way to make Europe” The
funding body played no role in the design of the study, collection, analysis,
interpretation of data or in writing the manuscript.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Biomedicine, Biotechnology and Public Health Department, Science Faculty,
Cadiz University, Torre Sur. Avda. Republica Saharaui S/N, Poligono Rio San
Pedro, Puerto Real, 11519 C4diz, Spain. 2Biomedical Research and Innovation
Institute of Cadiz (INIBICA), Cadiz, Spain. *Maimonides Biomedical Research
Institute of Cordoba (IMIBIC), Cérdoba, Spain. “Cell Biology, Physiology

and Immunology Department, Cérdoba University, Cérdoba, Spain.

Received: 19 July 2023 Accepted: 13 October 2023
Published online: 10 November 2023

2.

20.

21.

22.

23.

24.

25.

26.

27.

Page 19 of 24

References
1.

American DA. Diagnosis and classification of diabetes mellitus. Diabetes
Care. 2013;36(Suppl 1):567-74.

International Diabetes Federation. IDF Diabetes Atlas, 10th edn. Brus-
sels, Belgium. 2021.

Kharroubi AT, Darwish HM. Diabetes mellitus: the epidemic of the
century. World J Diabetes. 2015;6(6):850-67.

Choudhury AA, Devi RV. Gestational diabetes mellitus—a metabolic
and reproductive disorder. Biomed Pharmacother. 2021;143:112183.
Murphy HR, Bell R, Cartwright C, Curnow P, et al. Improved pregnancy
outcomes in women with type 1 and type 2 diabetes but substantial
clinic-to-clinic variations: a prospective nationwide study. Diabetologia.
2017,60(9):1668-77.

Ndisang JF, Vannacci A, Rastogi S. Insulin resistance, type 1 and

type 2 diabetes, and related complications 2017. J Diabetes Res.
2017;2017:1478294.

Ma CX, Ma XN, Guan CH, Li YD, et al. Cardiovascular disease in type 2
diabetes mellitus: progress toward personalized management. Cardio-
vasc Diabetol. 2022;21(1):74.

Wild S, Roglic G, Green A, Sicree R, et al. Global prevalence of diabetes:
estimates for the year 2000 and projections for 2030. Diabetes Care.
2004,27(5):1047-53.

Bonsembiante L, Targher G, Maffeis C. Type 2 diabetes and dietary car-
bohydrate intake of adolescents and young adults: What is the impact
of different choices? Nutrients. 2021;13(10):3344.

Kolb H, Martin S. Environmental/lifestyle factors in the pathogenesis
and prevention of type 2 diabetes. BMC Med. 2017;15(1):131.

Laakso M. Biomarkers for type 2 diabetes. Mol Metab.
2019;275:5139-46.

Deshpande AD, Harris-Hayes M, Schootman M. Epidemiology of diabe-
tes and diabetes-related complications. Phys Ther. 2008;88(11):1254-64.
Park SY, Gautier J-F, Chon S. Assessment of insulin secretion and insulin
resistance in human. Diabetes Metab J. 2021;45(5):641-54.

DeFronzo RA, Ferrannini E, Groop L, Henry RR, et al. Type 2 diabetes
mellitus. Nat Rev Dis Primers. 2015;1:15019.

Gilbert M. Role of skeletal muscle lipids in the pathogenesis of

insulin resistance of obesity and type 2 diabetes. J Diabetes Investig.
2021;12(11):1934-41.

Lee SH, Park SY, Choi CS. Insulin resistance: from mechanisms to thera-
peutic strategies. Diabetes Metab J. 2022;46(1):15-37.

Wondmkun YT. Obesity, insulin resistance, and type 2 diabetes:
associations and therapeutic implications. Diabetes Metab Syndr Obes.
2020;13:3611-6.

Reed J, Bain S, Kanamarlapudi V. A review of current trends with type 2
diabetes epidemiology, aetiology, pathogenesis, treatments and future
perspectives. Diabetes Metab Syndr Obes. 2021;14:3567-602.

Wysham C, Shubrook J. Beta-cell failure in type 2 diabetes: mechanisms,
markers, and clinical implications. Postgrad Med. 2020;132(8):676-86.
Galicia-Garcia U, Benito-Vicente A, Jebari S, Larrea-Sebal A, et al. Patho-
physiology of type 2 diabetes mellitus. Int J Mol Sci. 2020;21(17):6275.
Cerf ME. Beta cell dysfunction and insulin resistance. Front Endocrinol
(Lausanne). 2013;4:37.

Schlesinger S, Neuenschwander M, Barbaresko J, Lang A, et al.
Prediabetes and risk of mortality, diabetes-related complications and
comorbidities: umbrella review of meta-analyses of prospective studies.
Diabetologia. 2022;65(2):275-85.

Dorcely B, Katz K, Jagannathan R, Chiang SS, et al. Novel biomarkers for
prediabetes, diabetes, and associated complications. Diabetes Metab
Syndr Obes. 2017;10:345-61.

Katakami N. Mechanism of development of atherosclerosis and
cardiovascular disease in diabetes mellitus. J Atheroscler Thromb.
2018;25(1):27-39.

Poznyak A, Grechko AV, Poggio P, Myasoedova VA, et al. The diabetes
mellitus-atherosclerosis connection: the role of lipid and glucose
metabolism and chronic inflammation. Int J Mol Sci. 2020;21(5):1835.
Haas AV, McDonnell ME. Pathogenesis of cardiovascular disease in
diabetes. Endocrin Metab Clin. 2018;47(1):51-+.

Shah AD, Langenberg C, Rapsomaniki E, Denaxas S, et al. Type 2
diabetes and incidence of cardiovascular diseases: a cohort study in 1.9
million people. Lancet Diabetes Endocrinol. 2015;3(2):105-13.


https://smart.servier.com

Benitez-Camacho et al. Stem Cell Research & Therapy

28.

29.

30.

31.

32.

33.
34.
35.

36.

37.
38.

39.

40.

42.
43.

44,

45.
46.

47.

48.
49.

50.

52.

53.

54.

(2023) 14:324

Ajjan RA, Kietsiriroje N, Badimon L, Vilahur G, et al. Antithrombotic
therapy in diabetes: which, when, and for how long? Eur Heart J.
2021;42(23):2235-59.

Xie F, Chan JC, Ma RC. Precision medicine in diabetes prevention, clas-
sification and management. J Diabetes Investig. 2018;9(5):998-1015.
Huang D, Refaat M, Mohammedi K, Jayyousi A, et al. Macrovascular
complications in patients with diabetes and prediabetes. Biomed Res
Int. 2017,2017:7839101.

Leon BM, Maddox TM. Diabetes and cardiovascular disease: epidemiol-
ogy, biological mechanisms, treatment recommendations and future
research. World J Diabetes. 2015;6(13):1246-58.

Ramu A, Sanjay KB. Novel biomarkers to understand cardiovascular
complications in diabetes. In: Mu W, Frank AW, editors. Role of Biomark-
ers in Medicine. Rijeka: IntechOpen; 2016. p. 5.

Beckman JA, Creager MA. Vascular complications of diabetes. Circ Res.
2016;118(11):1771-85.

Ingelfinger JR, Rosen CJ. Cardiac and renovascular complications in
type 2 diabetes—Is there hope? N Engl J Med. 2016;375(4):380-2.
Forbes JM, Cooper ME. Mechanisms of diabetic complications. Physiol
Rev. 2013;93(1):137-88.

Duckworth W, Abraira C, Moritz T, Reda D, et al. Glucose control and
vascular complications in veterans with type 2 diabetes. N Engl J Med.
2009;360(2):129-39.

Henning RJ. Type-2 diabetes mellitus and cardiovascular disease. Future
Cardiol. 2018;14(6):491-509.

Vadivelu R, Vijayvergiya R. Panvascular risk factor-diabetes. Cor Vasa.
2018,60(1):218-29.

Chawla A, Chawla R, Jaggi S. Microvasular and macrovascular complica-
tions in diabetes mellitus: distinct or continuum? Indian J Endocrinol
Metab. 2016,20(4):546-51.

Callaghan BC, Price RS, Chen KS, Feldman EL. The importance of rare
subtypes in diagnosis and treatment of peripheral neuropathy: a
review. JAMA Neurol. 2015;72(12):1510-8.

Callaghan BC, Kerber KA, Lisabeth LL, Morgenstern LB, et al. Role of neu-
rologists and diagnostic tests on the management of distal symmetric
polyneuropathy. JAMA Neurol. 2014;71(9):1143-9.

Papanas N, Ziegler D. Risk factors and comorbidities in diabetic neu-
ropathy: an update 2015. Rev Diabet Stud. 2015;12(1-2):48-62.
Feldman EL, Callaghan BC, Pop-Busui R, Zochodne DW, et al. Diabetic
neuropathy. Nat Rev Dis Primers. 2019;5(1):41.

Selby NM, Taal MW. An updated overview of diabetic nephropathy:
diagnosis, prognosis, treatment goals and latest guidelines. Diabetes
Obes Metab. 2020;22(Suppl 1):3-15.

Tang SCW, Yiu WH. Innate immunity in diabetic kidney disease. Nat Rev
Nephrol. 2020;16(4):206-22.

Pelle MC, Provenzano M, Busutti M, Porcu CV, et al. Up-date on diabetic
nephropathy. Life (Basel). 2022;12(8):1202.

Thomas RL, Halim S, Gurudas S, Sivaprasad S, et al. IDF diabetes atlas: a
review of studies utilising retinal photography on the global prevalence
of diabetes related retinopathy between 2015 and 2018. Diabetes Res
Clin Pract. 2019;157:107840.

Ren J, Zhang S, Pan'Y, Jin M, et al. Diabetic retinopathy: involved cells,
biomarkers, and treatments. Front Pharmacol. 2022;13:953691.

Wang W, Lo ACY. Diabetic retinopathy: pathophysiology and treat-
ments. Int J Mol Sci. 2018;19(6):1816.

Wong TY, Sun J, Kawasaki R, Ruamviboonsuk P, et al. Guidelines on
diabetic eye care: the international council of ophthalmology recom-
mendations for screening, follow-up, referral, and treatment based on
resource settings. Ophthalmology. 2018;125(10):1608-22.

Roy S, Kern TS, Song B, Stuebe C. Mechanistic insights into pathologi-
cal changes in the diabetic retina implications for targeting diabetic
retinopathy. Am J Pathol. 2017;187(1):9-19.

Ferrannini G, Manca ML, Magnoni M, Andreotti F, et al. Coronary

artery disease and type 2 diabetes: a proteomic study. Diabetes Care.
2020;43(4):843-51.

Patsouras A, Farmaki P, Garmpi A, Damaskos C, et al. Screening and
risk assessment of coronary artery disease in patients with type 2
diabetes: an updated review. In Vivo. 2019;33(4):1039-49.

American Diabetes Association. 9. Cardiovascular disease and risk
management: standards of medical care in diabetes-2018. Diabetes
Care. 2018;41(Suppl 1):586-104.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 20 of 24

Haffner SM. Coronary heart disease in patients with diabetes. N Engl
J Med. 2000;342(14):1040-2.

Soyoye DO, Abiodun OO, lkem RT, Kolawole BA, et al. Diabe-

tes and peripheral artery disease: a review. World J Diabetes.
2021;12(6):827-38.

Fowkes FG, Rudan D, Rudan I, Aboyans V, et al. Comparison of

global estimates of prevalence and risk factors for peripheral artery
disease in 2000 and 2010: a systematic review and analysis. Lancet.
2013;382(9901):1329-40.

Campia U, Gerhard-Herman M, Piazza G, Goldhaber SZ. Periph-

eral artery disease: past, present, and future. Am J Med.
2019;132(10):1133-41.

American Diabetes Association. Peripheral arterial disease in people
with diabetes. Diabetes Care. 2003;26(12):3333-41.

Beltran-Camacho L, Jimenez-Palomares M, Sanchez-Gomar |, Rosal-Vela
A, et al. Long term response to circulating angiogenic cells, unstimu-
lated or atherosclerotic pre-conditioned, in critical limb ischemic mice.
Biomedicines. 2021;9(9):1147.

Hiatt WR. Medical treatment of peripheral arterial disease and claudica-
tion. N Engl J Med. 2001;344(21):1608-21.

Dormandy JA, Murray GD. Reprinted article “The fate of the claudicant-
a prospective study of 1969 claudicants!” Eur J Vasc Endovasc Surg: Off J
Eur Soc Vasc Surg. 2011;42(Suppl 1):54-6.

Rachmanadi MB, Ismail MT, Anggraeni VY. Relationship between mean
platelet volume and critical limb ischemia in diabetes mellitus patients.
Int J Angiol. 2021;30(4):257-61.

Chen Y-W, Wang Y-Y, Zhao D, Yu C-G, et al. High prevalence of lower
extremity peripheral artery disease in type 2 diabetes patients with
proliferative diabetic retinopathy. PLoS ONE. 2015;10(3):e0122022.
Simo R, Carrasco E, Garcia-Ramirez M, Herndndez C. Angiogenic and
antiangiogenic factors in proliferative diabetic retinopathy. Curr Diabe-
tes Rev. 2006;2(1):71-98.

Li X, Wang Y-Z, Yang X-P, Xu Z-R. Prevalence of and risk factors for abnor-
mal ankle-brachial index in patients with type 2 diabetes. J Diabetes.
2012;4(2):140-6.

Chen S-C, Hsiao P-J, Huang J-C, Lin K-D, et al. Abnormally low or high
ankle-brachial index is associated with proliferative diabetic retinopathy
in type 2 diabetic mellitus patients. PLoS ONE. 2015;10(7):e0134718.
Pearce I, Simé R, Lévestam-Adrian M, Wong DT, et al. Association
between diabetic eye disease and other complications of diabetes:
implications for care. A systematic review. Diabetes Obes Metab.
2019,21(3):467-78.

Tsai FC, Lan YC, Muo CH, Yang YF, et al. Subsequent ischemic events
associated with lower extremity amputations in patients with type 2
diabetes: a population-based cohort study. Diabetes Res Clin Pract.
2015;107(1):85-93.

Hallman DM, Huber JC Jr, Gonzalez VH, Klein BE, et al. Familial aggrega-
tion of severity of diabetic retinopathy in Mexican Americans from Starr
County. Texas Diabetes Care. 2005;28(5):1163-8.

Leeper NJ, Kullo 1J, Cooke JP. Genetics of peripheral artery disease.
Circulation. 2012;125(25):3220-8.

Peplow PV. Influence of growth factors and cytokines on angiogenic
function of endothelial progenitor cells: a review of in vitro human
studies. Growth Factors. 2014;32(3-4):83-116.

Vega FM, Gautier V, Fernandez-Ponce CM, Extremera MJ, et al. The
atheroma plaque secretome stimulates the mobilization of endothelial
progenitor cells ex vivo. J Mol Cell Cardiol. 2017;105:12-23.

Morrone D, Picoi MEL, Felice F, De Martino A, et al. Endothelial progeni-
tor cells: an appraisal of relevant data from bench to bedside. Int J Mol
Sci. 2021;,22(23):12874.

Yang J-X, Pan Y-Y, Wang X-X, Qiu Y-G, et al. Endothelial progenitor cells
in age-related vascular remodeling. Cell Transplant. 2018;27(5):786-95.
Wu L, Chen W, Chen Z, Cao J, et al. Protocol update for late endothelial
progenitor cells identified by double-positive staining. J Cell Mol Med.
2022;26(2):306-11.

Werling NJ, Thorpe R, Zhao Y. A systematic approach to the establish-
ment and characterization of endothelial progenitor cells for gene
therapy. Hum Gene Ther Methods. 2013;24(3):171-84.

Chopra H, Hung MK, Kwong DL, Zhang CF, et al. Insights into
endothelial progenitor cells: origin, classification, potentials, and
prospects. Stem Cells Int. 2018;2018:9847015.



Benitez-Camacho et al. Stem Cell Research & Therapy

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

101.

(2023) 14:324

Banno K, Yoder MC. Tissue regeneration using endothelial colony-
forming cells: promising cells for vascular repair. Pediatr Res.
2018;83(1):283-90.

Wang X, Wang R, Jiang L, Xu Q, et al. Endothelial repair by stem and
progenitor cells. J Mol Cell Cardiol. 2022;163:133-46.

Kalka C, Masuda H, Takahashi T, Kalka-Moll WM, et al. Transplantation
of ex vivo expanded endothelial progenitor cells for therapeutic
neovascularization. Proc Natl Acad Sci USA. 2000;,97(7):3422-7.

Hur J, Yoon CH, Kim HS, Choi JH, et al. Characterization of two types
of endothelial progenitor cells and their different contributions to
neovasculogenesis. Arterioscler Thromb Vasc Biol. 2004;24(2):288-93.
Vinci MC, Carulli E, Rurali E, Rinaldi R, et al. The long telling story

of “endothelial progenitor cells”: Where are we at now? Cells.
2022;12(1):112.

Yan F, Liu X, Ding H, Zhang W. Paracrine mechanisms of

endothelial progenitor cells in vascular repair. Acta Histochem.
2022;124(1):151833.

Pula G, Mayr U, Evans C, Prokopi M, et al. Proteomics identifies thymi-
dine phosphorylase as a key regulator of the angiogenic potential of
colony-forming units and endothelial progenitor cell cultures. Circ
Res. 2009;104(1):32-40.

Eslava-Alcon S, Extremera-Garcia MJ, Sanchez-Gomar |, Beltran-
Camacho L, et al. Atherosclerotic pre-conditioning affects the
paracrine role of circulating angiogenic cells ex-vivo. Int J Mol Sci.
2020;21(15):5256.

Pelliccia F, Zimarino M, De Luca G, Viceconte N, et al. Endothelial pro-
genitor cells in coronary artery disease: from bench to bedside. Stem
Cells Transl Med. 2022;11(5):451-60.

O'Neill CL, McLoughlin KJ, Chambers SEJ, Guduric-Fuchs J, et al. The
vasoreparative potential of endothelial colony forming cells: a journey
through pre-clinical studies. Front Med. 2018;5:273.

Salybekov AA, Kobayashi S, Asahara T. Characterization of endothelial

progenitor cell: past, present, and future. Int J Mol Sci. 2022,23(14):7697.

Fadini GP, Losordo D, Dimmeler S. Critical reevaluation of endothelial

progenitor cell phenotypes for therapeutic and diagnostic use. Circ Res.

2012;110(4):624-37.

Van Craenenbroeck EM, Van Craenenbroeck AH, van lerssel S, Bruyn-
donckx L, et al. Quantification of circulating CD34+/KDR+/CD45dim
endothelial progenitor cells: analytical considerations. Int J Cardiol.
2013;167(5):1688-95.

Zhang Q, Cannavicci A, Kutryk MJB. Exploring endothelial colony-
forming cells to better understand the pathophysiology of disease: an
updated review. Stem Cells Int. 2022;2022:4460041-.

Hirschi KK, Ingram DA, Yoder MC. Assessing Identity, phenotype, and
fate of endothelial progenitor cells. Arterioscler Thromb Vasc Biol.
2008;28(9):1584-95.

Evans CE, Iruela-Arispe ML, Zhao Y-Y. Mechanisms of endothelial
regeneration and vascular repair and their application to regenerative
medicine. Am J Pathol. 2021;191(1):52-65.

Huang P-H, Chen J-W, Lin S-J. Effects of cardiovascular risk factors on
endothelial progenitor cell. Acta Cardiol Sin. 2014;30(5):375-81.
Heinisch PP, Bello C, Emmert MY, Carrel T, et al. Endothelial progenitor
cells as biomarkers of cardiovascular pathologies: a narrative review.
Cells. 2022;11(10):1678.

Maiorino MI, Della Volpe E, Olita L, Bellastella G, et al. Glucose variability

inversely associates with endothelial progenitor cells in type 1 diabetes.

Endocrine. 2015;48(1):342-5.

Salem MA, Abdelmaksoud AA, Issa HM, Ismail MA, et al. Levels of
endothelial progenitor cells in children and adolescents with type 1
diabetes; an early marker for detection of cardiovascular complications.
Roman J Diabetes Nutr Metab Dis. 2022;29(1):57-66.

Taylor GS, Shaw A, Smith K, Capper TE, et al. Type 1 diabetes patients
increase CXCR4(+) and CXCR7(+) haematopoietic and endothelial
progenitor cells with exercise, but the response is attenuated. Sci Rep.
2021;11(1):14502.

Maio A, Maiorino MI, Longo M, Scappaticcio L, et al. Change in circulat-
ing levels of endothelial progenitor cells and sexual function in women
with type 1 diabetes. J Clin Endocrinol Metab. 2022;107(9):e3910-8.
Fadini GP, Miorin M, Facco M, Bonamico S, et al. Circulating endothelial
progenitor cells are reduced in peripheral vascular complications of
type 2 diabetes mellitus. J Am Coll Cardiol. 2005;45(9):1449-57.

102.

105.

106.

107.

108.

112,

117.

118.

119.

120.

121.

Page 21 of 24

van Ark J, Moser J, Lexis CPH, Bekkema F, et al. Type 2 diabetes mellitus
is associated with an imbalance in circulating endothelial and smooth
muscle progenitor cell numbers. Diabetologia. 2012;55(9):2501-12.
Churdchomjan W, Kheolamai P, Manochantr S, Tapanadechopone P,

et al. Comparison of endothelial progenitor cell function in type 2
diabetes with good and poor glycemic control. BMC Endocr Disord.
2010;10(1):5.

Bonora BM, Cappellari R, Grasso M, Mazzucato M, et al. Glycaemic con-
trol achieves sustained increases of circulating endothelial progenitor
cells in patients hospitalized for decompensated diabetes: an obser-
vational study. Diabetes Ther Res Treatm Educ Diabetes Relat Disord.
2022;13(7):1327-37.

Egan CG, Lavery R, Caporali F, Fondelli C, et al. Generalised reduction of
putative endothelial progenitors and CXCR4-positive peripheral blood
cells in type 2 diabetes. Diabetologia. 2008;51(7):1296-305.

Egan CG, Fondelli C, Pierantozzi E, Tripepi G, et al. Putative endothelial
progenitor cells predict long-term mortality in type-2 diabetes. Endo-
crine. 2018;62(1):263-6.

Gallagher KA, Liu Z-J, Xiao M, Chen H, et al. Diabetic impairments

in NO-mediated endothelial progenitor cell mobilization and

homing are reversed by hyperoxia and SDF-1 alpha. J Clin Invest.
2007;117(5):1249-59.

Wang P, Yang X, Zhang Z, Song J, et al. Depletion of NAD pool con-
tributes to impairment of endothelial progenitor cell mobilization in
diabetes. Metab: Clin Exp. 2016;65(6):852-62.

Spinetti G, Cordella D, Fortunato O, Sangalli E, et al. Global remodeling
of the vascular stem cell niche in bone marrow of diabetic patients:
implication of the microRNA-155/FOX03a signaling pathway. Circ Res.
2013;112(3):510-22.

Fadini GP, Albiero M, Seeger F, Poncina N, et al. Stem cell compart-
mentalization in diabetes and high cardiovascular risk reveals the

role of DPP-4 in diabetic stem cell mobilopathy. Basic Res Cardiol.
2013;108(1):313.

Loomans CJM, de Koning EJP, Staal FJT, Rookmaaker MB, et al. Endothe-
lial progenitor cell dysfunction: a novel concept in the pathogenesis of
vascular complications of type 1 diabetes. Diabetes. 2004;53(1):195-9.
Leicht SF, Schwarz TM, Hermann PC, Seissler J, et al. Adiponectin pre-
treatment counteracts the detrimental effect of a diabetic environment
on endothelial progenitors. Diabetes. 2011;60(2):652-61.

Tepper OM, Galiano RD, Capla JM, Kalka C, et al. Human endothelial
progenitor cells from type Il diabetics exhibit impaired proliferation,
adhesion, and incorporation into vascular structures. Circulation.
2002;106(22):2781-6.

Jarajapu YP, Hazra S, Segal M, Li Calzi S, et al. Vasoreparative dysfunc-
tion of CD34+ cells in diabetic individuals involves hypoxic desensi-
tization and impaired autocrine/paracrine mechanisms. PLoS ONE.
2014;9(4):293965.

Ho JCY, Lai W-H, Li M-F, Au K-W, et al. Reversal of endothelial progenitor
cell dysfunction in patients with type 2 diabetes using a conditioned
medium of human embryonic stem cell-derived endothelial cells.
Diabetes Metab Res Rev. 2012;28(5):462-73.

LiY, ZhiK, Han S, Li X, et al. TUG1 enhances high glucose-impaired
endothelial progenitor cell function via miR-29c-3p/PDGF-BB/Wnt
signaling. Stem Cell Res Ther. 2020;11(1):441.

Tan Q, LiY, Li X, Zhang S. Hyperinsulinemia impairs functions of circulat-
ing endothelial progenitor cells. Acta Diabetol. 2019;56(7):785-95.
Krankel N, Adams V, Linke A, Gielen S, et al. Hyperglycemia reduces
survival and impairs function of circulating blood-derived progenitor
cells. Arterioscler Thromb Vasc Biol. 2005;25(4):698-703.

Wang K, Dai X, He J, Yan X, et al. Endothelial overexpression of
metallothionein prevents diabetes-induced impairment in ischemia
angiogenesis through preservation of HIF-1a/SDF-1/VEGF signaling in
endothelial progenitor cells. Diabetes. 2020;,69(8):1779-92.

Chen Q, Dong L, Wang L, Kang L, et al. Advanced glycation end prod-
ucts impair function of late endothelial progenitor cells through effects
on protein kinase Akt and cyclooxygenase-2. Biochem Biophys Res
Commun. 2009;381(2):192-7.

Thum T, Fraccarollo D, Schultheiss M, Froese S, et al. Endothelial nitric
oxide synthase uncoupling impairs endothelial progenitor cell mobili-
zation and function in diabetes. Diabetes. 2007;56(3):666—74.



Benitez-Camacho et al. Stem Cell Research & Therapy

122.

123.

124.

125.

126.

127.

129.

130.

131

132.

133.

134.

135.

136.

137.

140.

141.

142.

143.

(2023) 14:324

Chen YH, Lin SJ, Lin FY, Wu TC, et al. High glucose impairs early and late
endothelial progenitor cells by modifying nitric oxide-related but not
oxidative stress-mediated mechanisms. Diabetes. 2007;56(6):1559-68.
Bento CF, Pereira P. Regulation of hypoxia-inducible factor 1 and the
loss of the cellular response to hypoxia in diabetes. Diabetologia.
2011;54(8):1946-56.

Chen J, Jing J,Yu S, Song M, et al. Advanced glycation endproducts
induce apoptosis of endothelial progenitor cells by activating recep-
tor RAGE and NADPH oxidase/JNK signaling axis. Am J Transl Res.
2016;8(5):2169-78.

Dong Y, Zhou X, Zhang S, Lin X, et al. High-glucose induced HIF-1a
down-regulation impairs the function of the endothelial progenitor
cells via PI3K/AKT signaling pathway. 2019.

QiW,Yang C, Dai Z, Che D, et al. High levels of pigment epithelium-
derived factor in diabetes impair wound healing through suppression
of Wnt signaling. Diabetes. 2015;64(4):1407-19.

Grismaldo A, Sobrevia L, Morales L. Role of platelet-derived growth
factor c on endothelial dysfunction in cardiovascular diseases. Biochim
Biophys Acta (BBA) Gen Subj. 2022;1866(10):130188.

. Tian D, Xiang Y, Tang Y, Ge Z, et al. Circ-ADAMO targeting PTEN and ATG7

promotes autophagy and apoptosis of diabetic endothelial progenitor
cells by sponging mir-20a-5p. Cell Death Dis. 2020;11(7):526-.

Wan G, Xu Z, Xiang X, Zhang M, et al. Elucidation of endothelial pro-
genitor cell dysfunction in diabetes by RNA sequencing and construct-
ing INcRNA-miRNA-mRNA competing endogenous RNA network. J Mol
Med (Berl). 2022;100(11):1569-85.

Yiu KH, Tse HF. Specific role of impaired glucose metabolism and diabe-
tes mellitus in endothelial progenitor cell characteristics and function.
Arterioscler Thromb Vasc Biol. 2014;34(6):1136-43.

Aragona CO, Imbalzano E, Mamone F, Cairo V, et al. Endothelial progeni-
tor cells for diagnosis and prognosis in cardiovascular disease. Stem
Cells Int. 2016;2016:8043792.

Delva P, De Marchi S, Prior M, Degan M, et al. Endothelial progenitor
cells in patients with severe peripheral arterial disease. Endothelium.
2008;15(5-6):246-53.

Bitterli L, Afan S, Buhler S, DiSanto S, et al. Endothelial progenitor

cells as a biological marker of peripheral artery disease. Vasc Med.
2015;21(1):3-11.

Fadini GP, Sartore S, Albiero M, Baesso |, et al. Number and function of
endothelial progenitor cells as a marker of severity for diabetic vascu-
lopathy. Arterioscler Thromb Vasc Biol. 2006;26(9):2140-6.

Krutikov A, Anisimov S, Gabaidulina M, Meln |, et al. Endothelial pro-
genitor cells(EPC) in peripheral blood in diabetic foot with and without
PAD. Blood. 2009;114(22):5130.

Chen MC, Sheu JJ, Wang PW, Chen CY, et al. Complications impaired
endothelial progenitor cell function in Type 2 diabetic patients with or
without critical leg ischaemia: implication for impaired neovasculariza-
tion in diabetes. Diabet Med. 2009;26(2):134-41.

Hayek SS, MacNamara J, Tahhan AS, Awad M, et al. Circulating progeni-
tor cells identify peripheral arterial disease in patients with coronary
artery disease. Circ Res. 2016;119(4):564-71.

Capitao M, Soares R. Angiogenesis and inflammation crosstalk in
diabetic retinopathy. J Cell Biochem. 2016;117(11):2443-53.

Fadini GP, Avogaro A. Potential manipulation of endothelial progeni-
tor cells in diabetes and its complications. Diabetes Obes Metab.
2010;12(7):570-83.

Liu XL, LiYJ, LiuYZ, LuoY, et al. Endothelial progenitor cells (EPCs)
mobilized and activated by neurotrophic factors may contribute to
pathologic neovascularization in diabetic retinopathy. Am J Pathol.
2010;176(1):504-15.

Fadini GP, Sartore S, Baesso |, Lenzi M, et al. Endothelial progenitor cells
and the diabetic paradox. Diabetes Care. 2006;29(3):714-6.

Torre N, Ferndndez-Durango R, Gdmez R, Fuentes M, et al. Expression
of angiogenic microRNAs in endothelial progenitor cells from type 1
diabetic patients with and without diabetic retinopathy. Invest Oph-
thalmol Vis Sci. 2015;56:4090-8.

Lee IG, Chae SL, Kim JC. Involvement of circulating endothelial progeni-
tor cells and vasculogenic factors in the pathogenesis of diabetic
retinopathy. Eye (Lond). 2006;20(5):546-52.

Brunner S, Schernthaner G-H, Satler M, Elhenicky M, et al. Correla-

tion of different circulating endothelial progenitor cells to stages

145.

146.

148.

149.

150.

151.

152.

153.

154.

158.

159.

161.

162.

163.

164.

Page 22 of 24

of diabetic retinopathy: first in vivo data. Invest Ophthalmol Vis Sci.
2009;50(1):392-8.

Lois N, McCarter RV, O'Neill C, Medina RJ, et al. Endothelial progenitor
cells in diabetic retinopathy. Front Endocrinol. 2014;5:44.

Tan K, Lessieur E, Cutler A, Nerone P, et al. Impaired function of
circulating CD34(+) CD45(-) cells in patients with proliferative diabetic
retinopathy. Exp Eye Res. 2010;91(2):229-37.

Huang YC, Liao WL, Lin JM, Chen CC, et al. High levels of circulating
endothelial progenitor cells in patients with diabetic retinopathy

are positively associated with ARHGAP22 expression. Oncotarget.
2018;9(25):17858-66.

Lombardo MF, lacopino P, Cuzzola M, Spiniello E, et al. Type 2 diabetes
mellitus impairs the maturation of endothelial progenitor cells and
increases the number of circulating endothelial cells in peripheral
blood. Cytom Part A:J Int Soc Anal Cytol. 2012;81(10):856-64.

Zerbini G, Maestroni A, Palini A, Tremolada G, et al. Endothelial progeni-
tor cells carrying monocyte markers are selectively abnormal in type 1
diabetic patients with early retinopathy. Diabetes. 2012;61(4):908-14.
Hu L-M, Lei X, Ma B, Zhang Y, et al. Erythropoietin receptor posi-

tive circulating progenitor cells and endothelial progenitor cells in
patients with different stages of diabetic retinopathy. Chin Med Sci J.
2011;26(2):69-76.

Eleftheriadou I, Dimitrakopoulou N, Kafasi N, Tentolouris A, et al.
Endothelial progenitor cells and peripheral neuropathy in subjects with
type 2 diabetes mellitus. J Diabetes Complicat. 2020;34(4):107517.
Makino H, Okada S, Nagumo A, Sugisawa T, et al. Decreased circulating
CD34+ cells are associated with progression of diabetic nephropathy.
Diabet Med. 2009;26(2):171-3.

Reinhard H, Jacobsen PK, Lajer M, Tarnow L, et al. Endothelial
progenitor cells in long-standing asymptomatic type 1 diabetic
patients with or without diabetic nephropathy. Nephron Clin Pract.
2011;118(3):c309-14.

Pala C, Altun |, Koker Y, Kurnaz F, et al. The effect of diabetes mellitus and
end-stage renal disease on the number of CD34+ cells in the blood.
Ann Hematol. 2013;92(9):1189-94.

Li WD, Li XQ. Endothelial progenitor cells accelerate the resolution of
deep vein thrombosis. Vascul Pharmacol. 2016;83:10-6.

Hsieh MY, ChenTY, Lin L, Chuang SY, et al. Deficiency of circulating
progenitor cells associated with vascular thrombosis of hemodialysis
patients. Nephrol Dial Transplant: Off Publ Eur Dial Transplant Assoc—
Eur Renal Assoc. 2017;32(3):556-64.

Lev El, Leshem-Lev D, Mager A, Vaknin-Assa H, et al. Circulating
endothelial progenitor cell levels and function in patients who experi-
enced late coronary stent thrombosis. Eur Heart J. 2010;31(21):2625-32.
Zhang W, Chen 'S, Liu ML. Pathogenic roles of microvesicles in diabetic
retinopathy. Acta Pharmacol Sin. 2018;39(1):1-11.

Dong L, Kang L, Ding L, Chen Q, et al. Insulin modulates ischemia-
induced endothelial progenitor cell mobilization and neovasculariza-
tion in diabetic mice. Microvasc Res. 2011;82(3):227-36.

Fadini GP, de Kreutzenberg SV, Mariano V, Boscaro E, et al. Optimized
glycaemic control achieved with add-on basal insulin therapy improves
indexes of endothelial damage and regeneration in type 2 diabetic
patients with macroangiopathy: a randomized crossover trial compar-
ing detemir versus glargine. Diabetes Obes Metab. 2011;13(8):718-25.
Oikonomou D, Kopf S, von Bauer R, Djuric Z, et al. Influence of insulin
and glargine on outgrowth and number of circulating endothelial pro-
genitor cells in type 2 diabetes patients: a partially double-blind, rand-
omized, three-arm unicenter study. Cardiovasc Diabetol. 2014;13:137.
Longo M, Scappaticcio L, Bellastella G, Pernice V, et al. Alterations in the
levels of circulating and endothelial progenitor cells levels in young
adults with type 1 diabetes: a 2-year follow-up from the observational
METRO study. Diabetes Metab Syndr Obes. 2020;13:777-84.

Maiorino MI, Casciano O, Volpe ED, Bellastella G, et al. Reducing glucose
variability with continuous subcutaneous insulin infusion increases
endothelial progenitor cells in type 1 diabetes: an observational study.
Endocrine. 2016;52(2):244-52.

Zhang W, Wang H, Liu F, Ye X, et al. Effects of early intensive insulin
therapy on endothelial progenitor cells in patients with newly diag-
nosed type 2 diabetes. Diabetes Ther: Res Treat Educ Diabetes Relat
Disord. 2022;13(4):679-90.



Benitez-Camacho et al. Stem Cell Research & Therapy

165.

166.

167.

168.

169.

170.

171.

173.

174.

175.

176.

177.

178.

179.

180.

183.

184.

(2023) 14:324

Chen L-L, Yu F, Zeng T-S, Liao Y-F, et al. Effects of gliclazide on endothe-
lial function in patients with newly diagnosed type 2 diabetes. Eur J
Pharmacol. 2011;659(2):296-301.

Dei Cas A, SpigoniV, Cito M, Aldigeri R, et al. Vildagliptin, but not glib-
enclamide, increases circulating endothelial progenitor cell number: a
12-month randomized controlled trial in patients with type 2 diabetes.
Cardiovasc Diabetol. 2017;16(1):27-.

Yu J-W, Deng Y-P, Han X, Ren G-F, et al. Metformin improves the angio-
genic functions of endothelial progenitor cells via activating AMPK/
eNOS pathway in diabetic mice. Cardiovasc Diabetol. 2016;15:88.

Han X, Tao Y, Deng Y, Yu J, et al. Metformin accelerates wound healing in
type 2 diabetic db/db mice. Mol Med Rep. 2017;16(6):8691-8.

Ahmed FW, Rider R, Glanville M, Narayanan K, et al. Metformin improves
circulating endothelial cells and endothelial progenitor cells in type 1
diabetes: MERIT study. Cardiovasc Diabetol. 2016;15(1):116-.

Chen LL, Liao YF, Zeng TS, Yu F, et al. Effects of metformin plus gliclazide
compared with metformin alone on circulating endothelial progenitor
cellin type 2 diabetic patients. Endocrine. 2010;38(2):266-75.

Asadian S, Alibabrdel M, Daei N, Cheraghi H, et al. Improved angiogenic
activity of endothelial progenitor cell in diabetic patients treated with
insulin plus metformin. J Cell Biochem. 2019;120(5):7115-24.

Pistrosch F, Herbrig K, Oelschlaegel U, Richter S, et al. PPARy-agonist
rosiglitazone increases number and migratory activity of cultured
endothelial progenitor cells. Atherosclerosis. 2005;183(1):163-7.

Liang C, Ren Y, Tan H, He Z, et al. Rosiglitazone via upregulation of Akt/
eNOS pathways attenuates dysfunction of endothelial progenitor
cells, induced by advanced glycation end products. Br J Pharmacol.
2009;158(8):1865-73.

Sorrentino SA, Bahlmann FH, Besler C, Miller M, et al. Oxidant stress
impairs in vivo reendothelialization capacity of endothelial progenitor
cells from patients with type 2 diabetes mellitus: restoration by the per-
oxisome proliferator-activated receptor-gamma agonist rosiglitazone.
Circulation. 2007;116(2):163-73.

Zhou G, Han X, Wu Z, Shi Q, et al. Rosiglitazone accelerates wound heal-
ing by improving endothelial precursor cell function and angiogenesis
in db/db mice. Peer). 2019;7:e7815-e.

Wang C-H, Ting M-K, Verma S, Kuo L-T, et al. Pioglitazone increases

the numbers and improves the functional capacity of endothe-

lial progenitor cells in patients with diabetes mellitus. Am Heart J.
2006;152(6):1051.e1-.8.

Spigoni V, Picconi A, Cito M, Ridolfi V, et al. Pioglitazone improves

in vitro viability and function of endothelial progenitor cells from indi-
viduals with impaired glucose tolerance. PLoS ONE. 2012;7(11):e48283.
Ruiz E, Redondo S, Gordillo-Moscoso A, Rodriguez E, et al. EPC adhesion
to arteries from diabetic and non-diabetic patients: effect of pioglita-
zone. FBL. 2009;14(9):3608-18.

Fadini GP, Boscaro E, Albiero M, Menegazzo L, et al. The oral dipeptidyl
peptidase-4 inhibitor sitagliptin increases circulating endothelial pro-
genitor cells in patients with type 2 diabetes: possible role of stromal-
derived factor-1alpha. Diabetes Care. 2010;33(7):1607-9.

AsoY, JojimaT, lijima T, Suzuki K, et al. Sitagliptin, a dipeptidyl pepti-
dase-4 inhibitor, increases the number of circulating CD34+CXCR4+
cells in patients with type 2 diabetes. Endocrine. 2015;50(3):659-64.
Dai X, Zeng J,Yan X, Lin Q, et al. Sitagliptin-mediated preservation

of endothelial progenitor cell function via augmenting autophagy
enhances ischaemic angiogenesis in diabetes. J Cell Mol Med.
2018;22(1):89-100.

Xu M, Zhao X, Zheng M, Deng D, et al. Acute effects of sitagliptin on
progenitor cells and soluble mediators in newly diagnosed type 2
diabetes. Int J Clin Pharmacol Ther. 2020;58(9):491-503.

Nakamura K, Oe H, Kihara H, Shimada K, et al. DPP-4 inhibitor and
alpha-glucosidase inhibitor equally improve endothelial function

in patients with type 2 diabetes: EDGE study. Cardiovasc Diabetol.
2014;13:110.

Negro R, Greco EL, Greco G. Alogliptin and gliclazide similarly increase
circulating endothelial progenitor cells in type 2 diabetes patients. Exp
Clin Endocrinol Diabetes: Off J. 2019;127(4):215-9.

Li F, Chen J, Leng F, Lu Z, et al. Effect of saxagliptin on circulating
endothelial progenitor cells and endothelial function in newly diag-
nosed type 2 diabetic patients. Exp Clin Endocrinol Diabetes: Off J.
2017;125(6):400-7.

186.

187.

189.

190.

191.

192.

193.

194.

195.

197.

199.

200.

201.

202.

203.

Page 23 of 24

Dore FJ, Domingues CC, Ahmadi N, Kundu N, et al. The synergistic
effects of saxagliptin and metformin on CD34+ endothelial progeni-
tor cells in early type 2 diabetes patients: a randomized clinical trial.
Cardiovasc Diabetol. 2018:17(1):65.

Lee C-H, Huang S-C, Hung K-C, Cho C-J, et al. Enhanced diabetic wound
healing using electrospun biocompatible PLGA-based saxagliptin
fibrous membranes. Nanomaterials. 2022;12(21):3740.

Baltzis D, Dushay JR, Loader J, Wu J, et al. Effect of linagliptin on vascular
function: a randomized, placebo-controlled study. J Clin Endocrinol
Metab. 2016;101(11):4205-13.

de Boer SA, Reijrink M, Abdulahad WH, Hoekstra ES, et al. Angiogenic

T cells are decreased in people with type 2 diabetes mellitus and
recruited by the dipeptidyl peptidase-4 inhibitor Linagliptin: a suba-
nalysis from a randomized, placebo-controlled trial (RELEASE studly).
Diabetes Obes Metab. 2020;22(7):1220-5.

Akashi N, Umemoto T, Yamada H, Fujiwara T, et al. Teneligliptin, a DPP-4
inhibitor, improves vascular endothelial function via divergent actions
including changes in circulating endothelial progenitor cells. Diabetes
Metab Syndr Obes. 2023;16:1043-54.

De Ciuceis C, Agabiti-Rosei C, Rossini C, Caletti S, et al. Microvascular
density and circulating endothelial progenitor cells before and after
treatment with incretin mimetics in diabetic patients. High Blood Press
Cardiovasc Prevent. 2018;25(4):369-78.

Gaborit B, Julla J-B, Besbes S, Proust M, et al. Glucagon-like pep-

tide 1 receptor agonists, diabetic retinopathy and angiogenesis:

the AngioSafe type 2 diabetes study. J Clin Endocrinol Metab.
2019;105(4):1549-60.

Ahmad E, Waller HL, Sargeant JA, Webb MBA, et al. Effects of liraglutide
versus sitagliptin on circulating cardiovascular biomarkers, includ-

ing circulating progenitor cells, in individuals with type 2 diabetes

and obesity: analyses from the LYDIA trial. Diabetes Obes Metab.
2021;23(6):1409-14.

Yan X, SuY, Fan X, Chen H, et al. Liraglutide improves the angiogenic
capability of EPC and promotes ischemic angiogenesis in mice under
diabetic conditions through an Nrf2-dependent mechanism. Cells.
2022;11(23):3821.

Xie D, LiY, Xu M, Zhao X, et al. Effects of dulaglutide on endothelial
progenitor cells and arterial elasticity in patients with type 2 diabetes
mellitus. Cardiovasc Diabetol. 2022;21(1):200.

Nandula SR, Kundu N, Awal HB, Brichacek B, et al. Role of Canagliflozin
on function of CD34+ve endothelial progenitor cells (EPC) in patients
with type 2 diabetes. Cardiovasc Diabetol. 2021;20(1):44.

Bonora BM, Cappellari R, Albiero M, Avogaro A, et al. Effects of SGLT2
inhibitors on circulating stem and progenitor cells in patients with type
2 diabetes. J Clin Endocrinol Metab. 2018;103(10):3773-82.

Pirro M, Schillaci G, Romagno PF, Mannarino MR, et al. Influence of
short-term rosuvastatin therapy on endothelial progenitor cells and
endothelial function. J Cardiovasc Pharmacol Ther. 2009;14(1):14-21.
Jaumdally RJ, Goon PKY, Varma C, Blann AD, et al. Effects of atorvastatin
on circulating CD34+/CD133+4/CD45— progenitor cells and indices of
angiogenesis (vascular endothelial growth factor and the angiopoietins
1 and 2) in atherosclerotic vascular disease and diabetes mellitus. J
Intern Med. 2010;267(4):385-93.

Lin LY, Huang CC, Chen JS, Wu TC, et al. Effects of pitavastatin versus
atorvastatin on the peripheral endothelial progenitor cells and vascular
endothelial growth factor in high-risk patients: a pilot prospective,
double-blind, randomized study. Cardiovasc Diabetol. 2014;13:111.
Fadini GP, Rigato M, Boscari F, Cappellari R, et al. Short-term statin
discontinuation increases endothelial progenitor cells without
inflammatory rebound in type 2 diabetic patients. Vascul Pharmacol.
2015,67-69:21-9.

Briguori C, Quintavalle C, D'Alessio F, Donahue M, et al. Impact of statin
therapy intensity on endothelial progenitor cells after percutaneous
coronary intervention in diabetic patients. The REMEDY-EPC late study.
Int J Cardiol. 2017,244:112-8.

Anténio N, Fernandes R, Soares A, Soares F, et al. Impact of prior chronic
statin therapy and high-intensity statin therapy at discharge on circulat-
ing endothelial progenitor cell levels in patients with acute myocardial
infarction: a prospective observational study. Eur J Clin Pharmacol.
2014,70(10):1181-93.



Benitez-Camacho et al. Stem Cell Research & Therapy ~ (2023) 14:324 Page 24 of 24

204. Florescu R, Liehn E, Schaaps N, Schroder J, et al. Dose-dependent
impact of statin therapy intensity on circulating progenitor cells in
patients undergoing percutaneous coronary intervention for the
treatment of acute versus chronic coronary syndrome. PLoS ONE.
2022;17(5):20267433.

205. LiuY, ZhaoY, Feng P, Jiang H. PCSK9 inhibitor attenuates atherosclerosis
by regulating SNHG16/EZH2/TRAF5-mediated VSMC proliferation,
migration, and foam cell formation. Cell Biol Int. 2023.

206. Itzhaki Ben Zadok O, Mager A, Leshem-Lev D, Lev E, et al. The effect of
proprotein convertase subtilisin kexin type 9 inhibitors on circulating
endothelial progenitor cells in patients with cardiovascular disease.
Cardiovasc Drugs Ther. 2022;36(1):85-92.

207. Tripaldi R, Lanuti P, Simeone PG, Liani R, et al. Endogenous PCSK9
may influence circulating CD45(neg)/CD34(bright) and CD45(neg)/
CD34(bright)/CD146(neg) cells in patients with type 2 diabetes mel-
litus. Sci Rep. 2021;11(1):9659.

208. Bahlmann FH, Groot KD, Mueller O, Hertel B, et al. Stimulation of
endothelial progenitor cells. Hypertension. 2005;45(4):526-9.

209. Berezin AE, Kremzer AA, Martovitskaya YV, Samura TA. The effect of angi-
otensin-2 receptor blocker valsartan on circulating level of endothelial
progenitor cells in diabetic patients with asymptomatic coronary artery
disease. Diabetes Metab Syndr. 2015;9(4):305-9.

210. SunJY, Zhai L, Li QL, Ye JX, et al. Effects of ACE inhibition on endothe-
lial progenitor cell mobilization and prognosis after acute myocar-
dial infarction in type 2 diabetic patients. Clinics (Sao Paulo, Brazil).
2013,68(5):665-73.

211. Raptis AE, Markakis KP, Mazioti MC, Ikonomidis |, et al. Effect of aliskiren
on circulating endothelial progenitor cells and vascular function in
patients with type 2 diabetes and essential hypertension. Am J Hyper-
tens. 2014,28(1):22-9.

212. Massie BM. Antihypertensive therapy with calcium-channel blockers:
comparison with beta blockers. Am J Cardiol. 1985;56(16):97h-100h.

213. SunJ, Xie J,Kang L, Ferro A, et al. Amlodipine ameliorates ischemia-
induced neovascularization in diabetic rats through endothelial
progenitor cell mobilization. Biomed Res Int. 2016;2016:3182764.

214. Yan L, Dong YF, Qing TL, Deng YP, et al. Metoprolol rescues endothelial
progenitor cell dysfunction in diabetes. PeerJ. 2020,8:29306.

215. Derosa G, Maffioli P. a-Glucosidase inhibitors and their use in clinical
practice. Arch Med Sci: AMS. 2012;8(5):899-906.

216. Han X, Deng Y, Yu J, SunY, et al. Acarbose accelerates wound heal-
ing via Akt/eNOS signaling in db/db Mice. Oxid Med Cell Longev.
2017;2017:7809581.

217. Jeong HS, Hong SJ, Cho SA, Kim JH, et al. Comparison of Ticagrelor
versus Prasugrel for inflammation, vascular function, and circulating
endothelial progenitor cells in diabetic patients with non-ST-segment
elevation acute coronary syndrome requiring coronary stenting: a
prospective, randomized, crossover trial. JACC Cardiovasc Intervent.
2017;10(16):1646-58.

218. Reinhard H, Jacobsen PK, Lajer M, Pedersen N, et al. Multifactorial
treatment increases endothelial progenitor cells in patients with type 2
diabetes. Diabetologia. 2010;53(10):2129-33.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Endothelial progenitor cells as biomarkers of diabetes-related cardiovascular complications
	Abstract 
	Diabetes mellitus
	Diabetes mellitus and cardiovascular complications
	Endothelial progenitor cells
	EPCs as biomarkers of cardiovascular risk
	EPCs in diabetes mellitus
	Impaired functionality of ECPs under hyperglycaemic conditions
	EPCs in DVC
	EPCs in peripheral artery disease and critical limb ischemia
	EPCs in diabetic retinopathy
	EPCs in other DVCs
	Drugs modulating EPCs levels in DM patients
	Insulin
	Sulfonylureas
	Metformin
	Thiazolidinediones
	DPP-4 inhibitors
	GLP-1 receptor agonists
	SGLT2 inhibitors
	Statins and PCSK9 inhibitors
	Renin-angiotensin system (RAS) inhibitors
	Other treatments

	Conclusions
	Acknowledgements
	References


