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Abstract

Introduction Glucagon-like peptide 1-receptor agonists (incretin mimetics) and dipeptidyl peptidase-4 inhibitors (incretin
enhancers) have been recently introduced in the treatment of diabetes mellitus. In particular, incretin mimetics seems to have
ancillary antioxidant/antinflammatory properties that might be involved in endothelial protection.

Aim To investigate the effect of incretin mimetic therapy (liraglutide, exenatide) given to 11 patients with type 2 diabetes
mellitus, on circulating endothelial progenitor cells (EPCs) (bone marrow-derived cells possibly participating in neovascu-
larization and endothelial protection and repair) and capillary density.

Methods Four diabetic patients were treated with exenatide (5 pg twice daily for 4 weeks and then 10 pg twice daily for
3 weeks) and 7 with liraglutide (0.6 mg per day for 1 week and then 1.2 mg per day for 3 weeks). Peripheral venous blood
samples were obtained before treatment (basal) and after 4 week in patients treated with liraglutide, and after 4 and 7 weeks
in patients treated with exenatide, since drug titration is usually longer. EPCs were evaluated by flow cytometry as CD34%/
KDR™ cells. Capillary density was evaluated by videomicroscopy, before and after venous congestion, in the dorsum of the
4th finger.

Results Patients treated with liraglutide (6 males 1 female, age 54 + 12 years) showed a decrease in body mass index and
blood pressure during treatment, while patients treated with exenatide (3 males 1 female, age 57 + 6 years) did not show any
relevant change. EPCs were significantly increased after treatment with exenatide, but not after treatment with liraglutide.
Capillary density was slightly increased only after 4 weeks of treatment with exenatide, however the increase was no longer
present at the final evaluation.

Conclusions Treatment with exenatide, but not with liraglutide, was able to increase the number of circulating EPCs, pos-
sibly through an antioxidative/antiinflammatory effect.
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1 Introduction

Diabetes is associated with an increased risk of cardiovascu-
lar events and complications which are not completely justi-
fied with the simultaneous presence of hypertension or dys-
lipidemia. Endothelial dysfunction represents an important
risk factor strongly associated with cardiovascular disease,
in particular in diabetic patients [1]. Therefore, integrity of
the endothelial monolayer plays a crucial role in the preven-
tion of vascular inflammation and atherosclerosis. Several
studies have demonstrated that the number of circulating
endothelial progenitor cells (EPCs) reflects the endog-
enous ability to repair vascular endothelial damage. EPCs
are recruited from the bone marrow to areas of endothelial
injury, where they may differentiate and promote revascu-
larization, restoring the integrity of the monolayer of the
endothelium [2]. A reduced number or function of EPCs
can therefore lead to endothelial dysfunction. The EPCs
pool declines in the presence of cardiovascular risk fac-
tors [2, 3] and its dysfunction may play an important role
in the development of cardiovascular disease in the setting
of diabetes [4]. It has been demonstrated that a decrease in
number of circulating EPCs and a decrease of EPCs func-
tion were correlated to atherosclerosis and vascular disease
in diabetic patient [4-6]. Recent studies suggest that drugs
commonly used in diabetic patients such as metformin, thia-
zolidinediones, glucagon-like peptide 1 (GLP-1) receptor
agonists, dipeptidyl peptidase-4 (DPP-4) inhibitors, insulin,
statins and angiotensin converting enzyme-inhibitors may
increase EPCs number and improve EPCs function [7]. In
particular, GLP-1 receptor agonists (incretin mimetics) and
DPP-4 inhibitors (incretin enhancers) have been recently
introduced in the treatment of diabetes mellitus and both
classes of drugs have been shown to improve endothelial
function in patients with diabetes. It has been demonstrated
that GLP-1 treatment enhanced the ability of EPCs to pro-
liferate and differentiate [8] and that sitagliptin treatment is
able to increase the number of circulating EPCs [9] and to
increase neovascularization in a mouse model [10]. Treat-
ment with linagliptin acutely increases putative vasculore-
generative and antiinflammatory cells in patients with type
2 diabetes (T2DM) [11]. In a recent case—control study,
exenatide has been shown to improve vascular endothelial
dysfunction [12]. Both drugs, GLP-1 and DPP-4, enhance
the activation of endothelial nitric oxide synthase (eNOS)
in endothelial cells. In addition incretin mimetics have anti-
oxidative properties. Clinical studies reported that exena-
tide reduces high sensitivity C-reactive protein (hsCRP)
and tumoral necrosis factor-alpha (TNF-alpha) in patients
with diabetes [13]. GLP-1 administration to patients with
T2DM, during a meal was able to reduce markers of oxida-
tive stress [14]. Oeseburg and colleagues demonstrated that
GLP-1 treatment decreases reactive oxygen species-induced
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endothelial cell senescence in a receptor-dependent manner
involving the activation of protein kinase A and the induc-
tion of antioxidant genes [15]. Thus incretin mimetics and
GLP-1 seem to have ancillary antioxidant/antinflammatory
properties that may contribute to increased EPCs survival
and function and also to neoangiogenesis.

Capillary density is decreased in hypertension, diabetes
and obesity [16, 17] and this might contribute to impaired
tissue perfusion [17]. The potential effects of incretin mimet-
ics and incretin enhancers in terms of vasculogenesis, possi-
bly mediated by a modulation of acting on vascular endothe-
lial growth factor (VEGF) [8], might therefore be assessed
by evaluating capillary density [18].

Therefore the aim of the present study was to investigate
the effect of incretin mimetic therapy (such as liraglutide
and exenatide) given to patients with non-insulin dependent
diabetes mellitus, on concentration of circulating EPCs and
on capillary density.

2 Methods

Eleven patients with T2DM, with indication for GLP-1 treat-
ment, were included in the study. Four diabetic patients were
treated with exenatide 5 pg twice daily for 4 weeks and then
10 pg twice daily for 3 weeks. Seven patients were treated
with liraglutide 0.6 mg per day for 1 week and then 1.2 mg
per day for 3 weeks. Patients with previous cardiovascular o
cerebral events, clinic or laboratory evidence of renal failure
were excluded from the study. Previous treatment (at least
3 months before study entry) with antihypertensive agents,
statins and antiplatelets agents was left unchanged until the
end of the study. Peripheral venous blood samples were
obtained from each patient, after overnight fasting, for labora-
tory tests before treatment (basal) and after 4 week in patients
treated with liraglutide, and after 4 and 7 weeks in patients
treated with exenatide, since drug titration is usually longer.

2.1 EPCslIsolation and Count

The number of EPCs was assessed using an in vitro assay as
previously described [19, 20].

In particular, negative lineage (Lin-) mononuclear cells
were obtained by enrichment from 20 mL peripheral blood
mononuclear cells using 1 mL of a human progenitor cell
enrichment cocktail (RosetteSep, StemCell technologies,
Voden Medical Instruments S.p.A., Peschiera Borromeo,
Milano, Italy). The enriched negative lineage mononuclear
cells were collected by Ficoll density gradient centrifuga-
tion (Ficoll-Paque PLUS, GE-Healthcare, Fisher Scientific
SAS, Illkirch Cedex, France), then washed and preincubated
for 15 min with 50 pL of a FcR Blocking Reagent Human
(Miltenyi Biotec, Calderara di Reno, Bologna, Italy) to
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inhibit non-specific binding or specific binding via Fc recep-
tors. These cells were then subjected to double labelling with
5 pL of anti-CD34-fluorescein isothiocyanate (FITC) anti-
bodies and 20 pL of anti-KDR (APC) antibodies. 7TAAD
(Beckman Coulter, Cassina De’ Pecchi, Milan, Italy) was
used for real time viability staining to identify dead cells
20 min before flow cytometry. The labelled cells were ana-
lysed by four-colour flow cytometry with a FACS Calibur
flow cytometer (fluorescence-activated cell sorter). Positive
double staining for both CD34" and KDR™" were considered
as EPCs mature on peripheral blood.

2.2 Evaluation of Capillary Density

Skin capillary density was assessed by capillaroscopy before
and after venous congestion, as described elsewhere [21-23].
Briefly, after a period of rest in sitting position in a quiet
and temperature controlled room (21-22 °C), capillaries
from nailfold and the dorsum of the fourth finger of the
non-dominant hand were visualized by using an epi-illumi-
nated microscope containing a 100 W mercury vapour lamp
light source, and pictures (final magnification of 200) were
obtained by video-microscopy (Videocap 3.0 D1 200, DS
Medica, Milano, Italy) in baseline conditions (basal capillary
density) and after venous congestion (total capillary density),
in order to visualize functionally excluded capillaries. Venous
congestion was induced by inflating at to 60 mmHg for 2 min
a miniature blood pressure cuff applied to the base of the

fourth finger of the non-dominant hand [21-23]. Images
(final magnification of 200) were also obtained before and
after venous congestion at the distal third forearm on the
sagittal line by using a traditional pressure cuff. Capillary
density was defined as the number of capillaries per square
millimeter of the microscopic field and was counted by hand.
The first row of the nailfold capillaries was considered.

In addition, delta gain (absolute difference between total
and basal capillary density) and % capillary recruitment
(delta gain/total capillary density X 100) were calculated.

Capillary density was determined by two independent
operators and findings were averaged.

2.3 Statistical Analysis

Results are expressed as the means + standard deviation (SD).
Comparison of continuous variables in the clinical study was
performed by Student paired or unpaired 7 test, as appropriate.
The statistical significance was set at the conventional level
of 5%. All variables investigated were normally distributed.

3 Results

Demographic, haemodynamic, and humoral characteristics
of the patients are summarized in Tables 1 and 2. Consider-
ing the two treated groups together (Table 1) after 3 weeks
of treatment with full dose, no difference in anthropometric

Table 1 Demographic characteristics of patients enrolled in the study (data are presented as means +DS; *p <0.05, **p <0.01, ***p <0.001 vs.

baseline)

Exenatide + liraglutide n = 11
Age 55+10.17
Gender (m/f) 9/2
Height (m) 1.69 + 0.1

Baseline Final

Weight (kg) 96.1+15.65 92.75+15.53
BMI (kg/m?) 33.69+5.22 32.17+4.4
Circumference (cm) 112.55+11.99 108.2+10.01
SBP mean (mmHg) 126.07 +8.86 119.34 +8.03
DBPmean (mmHg) 82.28+7.69 83+6.52
HR (bpm) 81.82+7.67 82+7.31
HbAlc (%) 8.23+1.56 7.35+£0.9
Chol TOT (mg/dl) 173.28 +£28.24 146.4+25.61*
Chol HDL (mg/dl) 43.55+9.49 39.67+4.98
TRG (mg/dl) 209.82+149.18 146.3+51.9
Chol LDL (mg/dl) 87.77+30.81 79.07 +£25.85
Serum glucose (mg/dl) 171.46 +£38.21 128.1 £23.23%*
Serum creatinin (mg/dl) 0.9+0.19 0.89+0.19

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, HR heart rate, HbAIc glycated hemoglobin, Chol cholesterol,

TRG triglycerides
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characteristics and in hemodynamic profile was detected.
Conversely, between basal and final visit, a significant reduc-
tion in total-cholesterol and in fasting blood glucose was
detected. In patients treated with exenatide no difference
in anthropometric and hemodynamic characteristics was
observed in each visit, except for a not statistically signifi-
cant reduction in SBP during an intermediate visit (p~0.10).
No difference in humoral parameters was found.

In patients treated with liraglutide a significant reduction
in weight, body mass index and abdominal circumference
was detected between basal visit and final visit respectively
(Table 2). An improvement of glycemic control was evident
after 3 weeks of treatment with liraglutide with a reduction
of glycated hemoglobin and fasting blood glucose (Table 2).
Furthermore a reduction of total cholesterol was observed in
patients treated with liraglutide after 3 weeks of treatment
(Table 2).

3.1 EPC Number

Double positive EPCs (CD34*/KDR™) is expressed as num-
ber of EPCs x 10° Lyn-cells. Considering the two treated
groups together, no significant difference in EPC number
was observed between the basal and final visit (Table 3).
However, when patients were subdivided according to the
drug treatment, the EPC number significantly increased in
patients treated with exenatide (Fig. 1) at the intermediate
visit (Table 3). This increase was maintained also after 3
weeks. No significant difference in EPC count was detected
in patients treated with liraglutide in each visit (Table 3,
Fig. 2).

3.2 Evaluation of Capillary Density

Considering the two treated groups together, no significant
differences were observed in total capillary density at the
end of the study in both the dorsum of the fourth finger and
the forearm (Table 4). Considering the two groups sepa-
rately, in the patients treated with exenatide a slight increase
in total capillary density in the forearm was detected at the
intermediate visit, but not at the end of the study (Fig. 3).

Table 3 Number of EPC CD347/KDR* (number of EPCsx10°
Lyn-cells) in all patients enrolled in the study (data are expressed as
means +DS; *p<0.05, **p<0.01, ***p <0.001 vs. baseline)

Number of EPC
Baseline  Intermediate visit Final visit
All patients 173+133 187+146
(exenatide+liraglutide)
Exenatide 126 £108 284+ 177* 254+170
Liraglutide 201+147 159+ 140

No statistically significant difference in the dorsum of the
fourth finger was found in the group treated with exenatide.
No significant difference in the total capillary density was
detected in the liraglutide group in the forearm (Fig. 4) or in
the dorsum of the fourth finger.

4 Discussion

In the present study, the effects of the incretin mimetics
exenatide and liraglutide on EPCs and capillary density
were evaluated in patients with T2DM. A short treatment
with exenatide was able to increase circulating EPCs num-
ber and total capillary density. These effects seems to be
independent of glycemic control, lipid profile or blood
pressure values, since no change in these parameters were
observed. Endothelial dysfunction is a well-accepted
marker of early vascular damage both in the coronary
and peripheral vasculature [24]; in T2DM, endothelial
impairment occurs also in patients with impaired glucose
tolerance or at the early stage of the disease, and play
an important role in atherosclerosis progression [25].
Furthermore, diabetic patients usually are characterized
by the presence of multiple cardiovascular risk factors
such as hyperlipidemia, smoking, obesity, and insulin
resistance which contribute to endothelial dysfunction.
Therefore, the study of endothelial function in patients
with T2DM may have important clinical implications and
may contribute to understand the mechanisms underlying
the pathogenesis of diabetic end organ damage and ath-
erosclerosis progression. Growing evidence suggests that
bone marrow—derived EPCs represent a reliable marker of
endothelial function and play an important role in vascular
homeostasis in adults. Bone marrow derived EPCs main-
tain endothelial function by contributing to reendotheliali-
zation and neovascularization [2, 3] and impaired mobili-
zation or depletion of these cells may lead to endothelial
dysfunction and cardiovascular disease progression.

It has been demonstrated that diabetic patients have a
decreased number of circulating EPCs and impaired EPCs
functions, as differentiation, migration and adhesion [7].
Egan et al. observed a reduction of progenitor cells in
patients with T2DM [26]; Fadini et al. also showed an EPCs
decrease in peripheral artery disease [27]. In both studies the
disease severity was negatively correlated with the EPCs
number [26, 27], especially CD34"KDR* phenotype which
seems to be the most appropriate phenotype to identify the
EPCs because those cells are more closely linked to cardio-
vascular damage in diabetes [28]. The EPC abnormalities
may correlate and contribute to increase cardiovascular risk
seen in patient with type 2 diabetes also after adjusting for
traditional risk factors. In a study of Werner et al, EPCs
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Fig.2 Number of of endothelial progenitor cells (EPCs) after liraglu-
tide treatment (number of EPCs x 10° Lyn-cells; p=ns)

number predicted severe endothelial dysfunction indepen-
dently from classic cardiovascular risk factors [29].

The mechanism by which diabetes affects endothelial pro-
genitor number and function is still debated. An increased
apoptosis combined with a reduction in proliferation of
EPCs was described in diabetic patients [30, 31]; further-
more a decreased nitric oxide (NO) bioavailability, induced
by hyperglycemia, may to reduce EPCs migration [32].

These observation led to search for treatments able to
improve endothelial monolayer integrity through EPCs
replacement, and to explain the mechanisms responsible
for endothelial progenitor dysfunction. Several drugs
commonly used in diabetes, included metformin and
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insulin, were recently found to increase EPCs number and
ameliorate EPCs function [7]. In particular GLP-1 recep-
tor agonists and DPP-4 inhibitors contribute to restore
endothelial monolayer by improving EPCs number and
migration. These recent antidiabetic drugs are endowed
with antinflammatory and antioxidant properties, act-
ing trough several molecular pathways [33]. It has been
demonstrated that the GLP-1 agonist exendin-4 is able to
stimulate proliferation of human coronary artery endothe-
lial cells through eNOS, protein kinase A (PKA) and
phosphoinositol-3 kinase—protein kinase B (PI3K/Akt)-
dependent pathways [34]. GLP-1 was found to induce
EPCs proliferation acting on VEGF [8]. Interestingly the
stromal derived factor (SDF)-1a, which is one of the most
important soluble regulator of EPCs, is a physiological
substrate of DPP-4 [35], therefore DPP-4 inhibition may
increase SDF-1a bioavailability and activity, with conse-
quent stimulation of EPCs. In a randomized study of 46
patients with T2DM 4-day treatment with linagliptin was
able to significantly increase CD34*CD133" progenitor
cells, CD34TKDR* EPCs, and CX3C chemokine recep-
tor 1 (CX3CR1) bright monocytes, with a concomitant
up-regulation of SDF-1a without any effect on metabolic
parameters [11]. Finally, it has been observed that in both
EPCs and endothelial cell cultures exposed to high glu-
cose concentrations (25 mmol/L), liraglutide was able to
increase sirtuin 6 (SIRT6) and to decrease nuclear factor-
kB expression [36]. However, sodium-glucose transporter
inhibitors such as dapagliflozin ere unable to increase
circulating EPCs [37].
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Table 4 Total capillary density (expressed as number of capillaries/mm? of cutaneous area) after venous congestion (data are expressed as
means +DS; *p <0.05, **p <0.01, ***¥p <0.001 vs. baseline)

Total capillary density in the forearm Total capillary density in the dorsum
Baseline Intermediate vist Final visit Basale Intermediate visit Final visit
All patients (exenatide ~ 7.7+1.5 - 7+1.58 99.18 +38.27 - 109.33+33.74
+ liraglutide)
Exenatide 6.33+0.58 7.25+0.50% 5.67+2.08 96.75 +60.19 128 +38.9 121+48.44
Liraglutide 8.29+1.38 - 7.67+0.81 100.57+24.97 - 95+26.23

Fig.3 Total capillary density S 10 7
in the forearm (expressed as =
SOF ) =

number of capillaries/mm~ of »

cutaneous area) after exenatide 3
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S
=
)
e
) -
~ B  Intermediate visit
E 6
=}
v
.E O Final visit
<
—
o -
2 4
<
3]
e
)
=
2 5
£
=
Z

0 - )

Fig.4 Total capillary density <
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4.1 Limitations of the Study short. Second, we did not consider potential confounding

factors as hypertension, dyslipidemia, obesity, smoking his-
This study has some limitations. First, the number patients  tory which could influence both circulating EPC number and
enrolled is relatively small and the observation period is  capillary density. Third, the precise mechanism by which
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exenatide may influence EPCs has not been investigated in
the present study, and remains elusive.

Finally, there is no general agreement about the best
methodological approach to EPC count, since no gold
standard is acknowledged. However, the methods used in
the present study seems to provide a reasonable accuracy,
specificity and sensitivity [19, 20, 28, 50].

In conclusion, the improvement of endothelial function
and the circulating EPCs may represent a potential thera-
peutic target in patient with type 2 diabetes. The treatment
with GLP-1 agonists, such as exenatide, may be considered
an useful therapeutic option. Further studies are needed to
confirm this hypothesis.

5 Conclusions

The present study showed that exenatide but not liraglutide,
is able to significantly increase the number of circulating
EPCs and the capillary density. Conversely, liraglutide was
able to reduce weight, body mass index, abdominal cir-
cumference and total cholesterol and to improve glycemic
control without any significant effect on endothelial cells
and microcirculation. Hyperglycemia shift differentiation of
EPCs into an inflammatory phenotype [38]. Thus, exena-
tide could restore EPCs pool through its antiinflammatory
and antioxidant capability. Murthy et al demonstrated that
exenatide is able to attenuate intimal hyperplasia follow-
ing balloon catheter induced vascular injury in an animal
model of type 2 diabetes [39]. Some study described antiin-
flammatory effect of exenatide demonstrating the ability of
exenatide to reduce weight and inflammatory factors and to
increase the expression of adiponectin [40, 41]; exenatide
is able to improve endothelial dysfunction by inhibiting the
expression of monocyte chemotactic protein-1 (MCP-1) and
vascular cell adhesion molecule-1 (VCAM-1) and promoting
the phosphorylation of eNOS [42].

The evaluation of capillary density showed a slight
increase only after 4 weeks of treatment with exenatide;
however the increase was no longer present at the final
evaluation. It’s well demonstrated that essential hyperten-
sion is associated with capillary rarefaction [22]. Different
results were observed in patient with diabetes. A significant
correlation between retinopathy stages and functional alter-
ations during dynamic capillaroscopy was observed [43].
In a cross-sectional observational study including patients
with type 1 diabetes, it was shown that skin microvascu-
lar functional alterations were present in both extremities,
namely an absence of capillary reserve [44]. On the other
hand it was demonstrated that skin capillary density was
not altered in type 2 diabetes, or in subjects with impaired
glucose tolerance compared with age, sex and BMI matched
controls [45]. In several studies it has been shown that in
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hypertensive patients with good control of blood pressure an
increase in capillary density was observed suggesting that
some antihypertensive drugs, such as angiotensin-convert-
ing enzyme inhibitors and dihydropyridine calcium channel
blockers, improve microvessels structure and network den-
sity [46—48]. In the present study no significant modifica-
tion on blood pressure values was observed. Therefore, the
increase of capillary density observed might be secondary to
a reduction of arteriovenous shunts caused by NO-mediated
vasodilation during exenatide treatment. On the other hand,
Smits et al showed an augmented capillary perfusion in
healthy overweight men acutely treated with exenatide, inde-
pendent of NO, opening other fields of investigation [49].
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