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Abstract

Diabetes reduces the number and induces dysfunction in circulating endothelial progenitor cells (EPCs) by mechanisms that
are still uncovered. This study aims to evaluate the number, viability, phenotype, and function of EPCs in dyslipidemic mice
with early diabetes mellitus and EPC infiltration in the aortic valve in order to identify possible therapeutic targets in diabetes-
associated cardiovascular disease. A streptozotocin-induced diabetic apolipoprotein E knock-out (ApoE ") mouse model
was used to identify the early and progressive changes, at 4 or 7 days on atherogenic diet after the last streptozotocin or
citrate buffer injection. Blood and aortic valves from diabetic or nondiabetic ApoE '~ animals were collected. ~ EPCs were
identified as CD34 and vascular endothelial growth factor receptor 2 positive monocytes, and the expression levels of a4f,
ayPs3, ovPs, B, o By, o5 integrins, and C-X-C chemokine receptor type 4 chemokine receptor on EPC surface were assessed
by flow cytometry. The number of CD34 positive cells in the aortic valve, previously found to be recruited progenitor cells,
was measured by fluorescence microscopy. Our results show that aortic valves from mice fed 7 days with atherogenic diet
presented a significantly higher number of CD34 positive cells compared with mice fed only 4 days with the same diet, and
diabetes reversed this finding. We also show a reduction of circulatory EPC numbers in diabetic mice caused by cell
senescence and lower mobilization. Dyslipidemia induced EPC death through apoptosis regardless of the presence of diabetes,
as shown by the higher percent of propidium iodide positive cells and higher cleaved caspase-3 levels. EPCs from diabetic mice
expressed a4 | and o3 integrins at a lower level, while the rest of the integrins tested were unaffected by diabetes or diet. In
conclusion, reduced EPC number and expression of a4 1 and aV33 integrins on EPCs at 4 and 7 days after diabetes induction
in atherosclerosis-prone mice have resulted in lower recruitment of EPCs in the aortic valve.
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stimulating factor, stromal cell-derived factor 1 (SDF-1), vas-
cular endothelial growth factor (VEGF), and erythropoietin-
mediated bone marrow mobilization®. On the contrary, EPC
counts are reduced in diabetes mellitus patients with cardio-
vascular events®, and this reduction is thought to be caused by
reduced mobilization due to lower nitric oxide availability®,
reduced proliferation and differentiation of bone marrow cells
into EPCs’, and also lower SDF-1, VEGF, and erythropoietin
levels which not only reduce EPC availability but also their
homing?®. SDF-1 is a chemokine whose actions are exerted
through the C-X-C chemokine receptor type 4 (CXCR4)
receptor expressed on all hematopoietic stem cells and
involved in their homing and mobilization®.

Various integrins are of importance in EPC mobilization
from bone marrow, adhesion to activated endothelial cells
(ECs), platelets, and extracellular matrix. It is already well
known that integrins are cell adhesion receptors that mainly
bind to extracellular matrix ligands and cell-surface ligands.
In humans, the integrin family is made of 24 transmembrane
o heterodimers, formed from 18o and 8p subunits’, binding
targets such as the fibronectin RDG motif, vitronectin, fibri-
nogen, the epitope GFOGER of collagen, laminin, vascular
cell adhesion molecule 1 (VCAM-1), intercellular adhesion
molecule (ICAM)-1,-2,-3,-5, and others®. Integrins play
roles not only in cell to cell and cell to extracellular matrix
adhesion but also in cell shape change, migration, differen-
tiation, proliferation, and apoptosis through inside-out and
outside-in signaling’.

Integrins are involved in EPC homing and recruitment of
circulatory cells as well as in interaction with the extracel-
lular matrix. The dimeric o4, integrin (also called very late
antigen-VLA-4) is a known ligand of VCAM-1 and fibro-
nectin'® expressed on monocytes, lymphocytes, natural
killer cells, eosinophils, neutrophils, and also on progenitor
cells. This integrin dimer was involved in EPC recruitment
by the activated endothelium as well as in EPC retention in
the bone marrow''. In diabetes, protein kinase A (PKA)-
mediated phosphorylation of oy, reduces EPC mobilization
from the bone marrow'?.

There is data supporting that the o3 and oy B5 integrins,
promiscuous ligands for vitronectin, fibronectin, fibrinogen,
osteopontin, and von Willebrand factor, are involved in EPC
adherence to denuded vessels as the inhibition of o5 and
ayPs integrins blocks the re-endothelialization of denuded
arteries'>"'*. Another integrin shown to be involved in the
adhesion is the B3, integrin binding the receptor for advanced
glycation end products at the surface of ECs'>, while the
o B, integrin dimer binds ICAM-1 on activated ECs'®.

Integrin levels are altered in pathology both with roles in
healing mechanisms and as collateral targets. In models of
shear stress, similar to that in atherosclerosis or valve stenosis,
upregulation of the B and B integrins, facilitating EPC adhe-
sion to the lesion site!’, and EPC differentiation associated
with lower CD34 and CD133 stem cell marker mRNA levels
were observed'®. In cultured human glomerular epithelial
cells, the presence of high (25 mM) glucose upregulated o5

and o P integrins and downregulated o, o, and o integ-
rins, leading to an overall lower collagen IV binding'’.
However, due to the scarce circulatory presence of EPCs,
their integrin expression profile was, to our knowledge only,
evaluated after culturing, proliferation, and differentiation. In
this study, we aimed to evaluate circulatory EPC number,
viability, and integrin expression profile in the early stages
of diabetes using a streptozotocin (STZ)-induced diabetic
model on mice prone to atherosclerotic lesions. Moreover,
since there are reports which suggest that in patients with
aortic stenosis, valvular EC regeneration is impaired not only
by increased senescence of valvular ECs but also by a reduced
number and function of circulating EPCs*°, we also aimed to
evaluate the aortic valve homing and recruitment ability of
EPCs in the context of progressive diabetic valvulopathy.

Materials and Methods
Animals

Apolipoprotein E knock-out (ApoE ") mice from the
breeding colony of Taconi were bred in our facility at the
Institute of Cellular Biology and Pathology (ICBP) “Nicolae
Simionescu”, kept under a 12 h light:12 h dark cycle, with
food and water ad libitum. All experimental protocols were
approved by the Ethics Committee of ICBP “Nicolae
Simionescu” and by the national authority in charge,
ANSVSA.

Male, 12-weeks-old, ApoE~'~ mice were injected intra-
peritoneally (i.p.) for five consecutive days with 55 mg/kg of
body weight of STZ (Sigma-Aldrich, St. Louis, MO, USA)
in citrate buffer (final citrate concentration 20.7 mM), pH
4.5, or with an equivalent volume of citrate buffer (CIT, pH
4.5) as recently described by Tucureanu et al*'. After the last
i.p. injection, the diet was switched from standard chow to
atherogenic diet (standard chow supplemented with 1% cho-
lesterol and 15% butter) for 4 days (STZ4 and CIT4 groups,
8 and 7 animals, respectively) or 7 days (STZ7 and CIT7
groups, 8 animals each) when the animals were sacrificed.
Consequently, four experimental groups of mice were estab-
lished: STZ4, STZ7, and appropriate controls such as CIT4
and CIT7. After profound surgical anesthesia was induced
with a ketamine and xylazine mixture (100 mg/10 mg/kg
body weight) via i.p. injection, blood was collected on
5 mM EDTA through a ventricular puncture, mice were
perfused with phosphate-buffered saline (PBS; pH 7.2), and
the aortic valves were collected from each animal by
dissection.

The biochemical and echocardiographic parameters, as
well as the aortic valve histology of these animals, were
presented at length in our recent article’'. This model of
STZ-induced diabetes on a background of diet-induced
atherosclerosis recapitulates the major aspects of valve
pathology within 7 days of atherogenic diet after the last
STZ injection.
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Flow Cytometry Analysis of Circulating Endothelial
Progenitor Cells

The mononuclear cell fractions were obtained from the whole
blood of each mouse by density gradient centrifugation using
Histopaque-1077 (density 1.077 g/ml; Sigma-Aldrich, St. Louis,
MO, USA) according to the manufacturer’s protocol. The
remaining erythrocytes were lysed by a 5-min incubation with
ammonium-chloride-potassium (ACK) lysing buffer (Life
Technologies, Waltham, MA, USA), and unspecific binding
was blocked by washing with 2% fetal bovine serum (FBS) in
PBS. Cells were numbered and aliquoted at 2 x 10°/sample. All
samples, except the autofluorescence and isotype control sam-
ples, were incubated with both anti-CD34-AlexaFluor488
(FAB65181G; R&D Systems, Minneapolis, MN, USA) and
anti-VEGFR?2 allophycocyanin (APC) (FAB4432A; R&D Sys-
tems, MN, USA) antibodies for the identification of EPCs as
previously described by Georgescu et al*>*, In addition, each
sample was also incubated with anti-CD133-phycoerythrin (PE)
(BZ-141204; Biolegend, San Diego, CA, USA), anti-CXCR4-
PE (FAB21651P-100; R&D Systems, MN, USA), anti-o; 3,
integrin (unconjugated ab13219; Abcam, Cambridge, UK),
anti-as integrin-PE (103905; Biolegend, San Diego, CA, USA),
anti-B;-PE (FAB2405P; R&D Systems, MN, USA), anti-a4f1
(unconjugated BZ-103705; Biolegend, San Diego, CA, USA),
anti-oiyPB3-PE (sc7312; Santa Cruz, Dallas, TX, USA), anti-
caspase3 (unconjugated 9664; Cell Signaling Technology, Lei-
den, The Netherlands), anti-TRF2 (unconjugated MA141001;
Thermo Fisher Scientific, Waltham, MA, USA), anti-oty s
(unconjugated sc81632; Santa Cruz, Dallas, TX, USA) antibo-
dies, or propidium iodide. Where needed conjugated secondary
antibodies such as goat anti-mouse-PE (ab7002; Abcam), goat
anti-rat-PE (A10545; Invitrogen Waltham, MA, USA), and goat
anti-rabbit-PE (FO0110; R&D Systems, MN, USA) were also
added after a wash. Samples were measured using a Gallios
Beckman Coulter flow cytometer (ex: 488 nm, em: 525 nm
BP for Alexa Fluor 488; em: 575 nm BP for PE; and ex:
635 nm, em: 660 nm BP for APC), and data were analyzed using
Flowing Software 2 (Turku University, Finland). For the gating
strategy see Supplemental Fig. 1.

Immunohistological Examination of Aortic Valve Leaflets

The heart specimens were cryoprotected in solutions contain-
ing increasing concentrations of glycerol (5%, 10%, 20%, and
50%), washed in 3% sucrose, snap-frozen in liquid nitrogen,
and mounted in OCT compound (NEG-50, Thermo Scientific,
Waltham, MA, USA). Serial cryostat sections, S-um thick
(Leica CM1850, IL, USA), containing the three aortic valvular
leaflets were collected on poly-L-lysine-treated slides. The sec-
tions were fixed in cold acetone for 20 min at —20 °C, washed,
and incubated in 0.1% Sudan Black B in ethanol for 1 min for
autofluorescence reduction. Afterblocking in 3% bovine serum
albumin (BSA) for 30 min, the sections were incubated over-
night at 4 °C with anti-CD34-AlexaFluor488 (FAB65181G;
R&D Systems, MN, USA). The next day, the sections were

incubated for 5 min with 0.4 pg/ml 4',6-diamidino-2-
phenylindole (DAPI); coverslips were mounted using ProLong
Gold Antifade Mountant (Thermo Fisher Scientific, Waltham,
MA, USA) and after curing the mountant for 24 h at 4 °C, the
coverslips were sealed with acrylic nail polish. Bright-field
images, as well as DAPI and CD34-AlexaFluor488 fluores-
cence images, were acquired with a fluorescence microscope
(Olympus IX81, Shinjuku, Tokyo, Japan), using the same
exposure for all sections. All cells, as indicated by the DAPI-
stained nuclei and the CD34 positive cells were counted auto-
matically using an ImageJ 1.48v Macro requiring the user to
select the leaflet area from bright-field images. The CD34 pos-
itive cells (EPCs) were defined as regions of more than 500
contiguous pixels each having a fluorescence intensity of more
than the mean intensity + 2 standard deviations of the pixels’
grayscale intensity in that image.

Results

ApoE ™"~ Mice with Diabetes and High-Fat Diet, a
Model for Diabetic Dyslipidemia

In this experimental model, mean glycemia values for CIT
control groups were 144.3 + 5.2 mg/dl for CIT4 and 144.3
+ 5.2 mg/dl for CIT7, while for STZ groups, these were
219.1 + 18.2 mg/dl for STZ4 and 271.8 + 25.8 mg/dl for
STZ7 as previously published?!. Also, the duration of the
atherogenic diet of 4 or 7 days significantly interacted with
diabetes to increase plasma cholesterol and triglyceride con-
centration and induce early molecular and functional
changes in aortic heart valves®'.

Number and Viability of Circulating Endothelial
Progenitor Cells Decline in ApoE~'~ Mice with
Diabetes and High-Fat Diet

EPCs phenotype was tested by flow cytometry, where EPCs
were identified as CD34/VEGFR double-positive monocyte-
derived cells. Another marker for circulatory EPCs (early
EPCs) described in the literature is the stem-cell marker
CDI133 and, as expected, the majority (more than 94% for
all groups) of EPCs were also CD133 positive cells (see Fig.
1A). Further, the cell count and viability of EPCs from the
atherogenic diet-fed control (CIT4 and CIT7 groups) and
diabetic animals (STZ4 and STZ7 groups) were studied.
EPCs’ viability, as measured by propidium iodide staining,
dropped from 95.4% at 4 days to 66.5% at 7 days in the CIT
groups (one-way analysis of variance [ANOVA], Bonferroni
posttest, **P < 0.01) and from 87.4% to 64.3% in the STZ
groups (one-way ANOVA, Bonferroni posttest, *P < 0.05;
Fig. 1B), suggesting that the diet length is the main source of
variance. This reduction in viability was potentially caused
by apoptosis as shown by the higher cleaved Caspase 3 levels
in EPCs from the 7-day groups, regardless of diabetes (two-
way ANOVA, *P<0.05 F ig. 2A). However, the cell death
was not mirrored by the EPCs’ count, as diabetes alone, with
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Figure |. EPC phenotype and viability. (A) The vast majority of EPCs identified as CD34+-/VEGFR+ cells were also CD 133+ corresponding
to the early EPC phenotype normally found in circulation. (B). Seven-day long atherogenic diet and not diabetes-induced EPCs cell death as
measured by propidium iodide staining. EPC: endothelial progenitor cell; VEGFR: vascular endothelial growth factor receptor.
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Figure 2. EPC numbers and alterations. EPCs from atherogenic diet-fed animals suffered apoptosis, as shown by the elevated cleaved
caspase-3 levels in STZ7 and CIT7 groups (A). However, circulatory EPC counts were reduced in diabetic animal groups (STZ4 and STZ7)
compared with control groups (CIT4 and CIT7) (B) as diabetic EPCs show lower but not significantly modified levels of the chemotaxis-
mediating CXCR4 (C) and the TRF2 levels seemed to be higher in EPCs from diabetic animals, but no statistical significance was noted
among groups (D) (*P < 0.05, *P < 0.0 in one-way ANOVA and #P < 0.05 in two-way ANOVA). ANOVA: analysis of variance; CIT: citrate
buffer; CXCR4,: C-X-C chemokine receptor type 4; EPC: endothelial progenitor cell; STZ: streptozotocin.

no source of variation from diet’s length, reduced the num-
ber of circulatory EPCs to about two-thirds of the ones
observed in citrate controls, even at 4 days after the last STZ
injection (0.16 and 0.15% EPC cells in CIT groups vs 0.10

and 0.11% in STZ groups at 4 and 7 days, respectively) (two-
way ANOVA, *P < 0.05, Fig. 2B). This is probably caused
by a drop in EPC’s mobilization from bone marrow as sug-
gested by a possible reduction in CXCR4 expression in cells
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Figure 3. Relative expression levels of integrins. Diabetes reduced the levels of a4B1 (A) and aVB3 (D) integrins and had no significant
effect on the relative expression level of aLB2 (B) and oVB5 (C) dimers and B1 (E) and o5 (F) monomers (two-way analysis of variance,

##p < 0,001, #P < 0.01).

from diabetic animals (our results showed a reduction by
42.1% at 4 days and by 50.8% at 7 days; however, these
results were not statistically significant) (two-way ANOVA,
P = 0.08; Fig. 2C). We also examined TRF2 levels, as
indicative of cell senescence, and not only EPCs in all
groups showed a higher level of this marker compared with
other monocytes, but EPCs from diabetic animals had double
TREF2 levels compared with the nondiabetic controls; how-
ever, no statistically significant modifications were seen
between the treatment groups (see Fig. 2D).

Expression of a4 1 and oVB3 Integrins on Circulating
Endothelial Progenitor Cells Diminishes in ApoE '~
Mice with Diabetes and High-Fat Diet

In our flow cytometry experiments, the o4f3; integrin expres-

sion level was significantly decreased in EPCs from diabetic
animals (STZ4 and STZ7 groups compared with CIT4 and

CIT7 groups) (two-way ANOVA, P <0.001, Fig. 3A). In
EPCs of diabetic origin, we also found a decrease in o3
integrin expression level (two-way ANOVA, *P < 0.01,
Fig. 3D). Also, by applying flow cytometry analysis, we
found no significant changes in the other integrins tested,
o5 and B; monomers and oy Bs and oy B, integrins (Fig. 3B,
C,E, F).

Recruitment of CD34 Positive Cells in Aortic Valve
Leaflets Decreases in ApoE~'~ Mice with Diabetes
and High-Fat Diet

To evaluate whether if the altered integrin expression
observed was associated with altered EPC recruitment in the
aortic valve (Fig. 4A, C-F), we assayed the CD34 positive
cell counts between investigated experimental groups
(STZ4, CIT4 and STZ7, CIT7). We observed that the 7-
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Figure 4. EPC recruitment in the aortic valve. Bright-field image with whole aortic valve section (A). Fluorescence microscopy images from
sections incubated with anti-CD34 antibodies (green) and 4',6-diamidino-2-phenylindole (blue) showing representative microscopic fields
for the CIT4 (C), CIT7 (D), STZ4 (E), and STZ7 (F) groups. Arrows show CD34-+ cells. Bar graph showing percent CD34-possitive cells for
the groups analyzed (B) (one-way analysis of variance, *P < 0.05). CIT: citrate buffer; EPC: endothelial progenitor cell; STZ: streptozotocin.

day atherogenic diet led to a higher CD34 positive cell num-
ber in the control group (CIT7), while diabetes (STZ7 group)
significantly reduced that number to values observed at ear-
lier time points (CIT4 and STZ4 groups; one-way ANOVA,
Bonferroni post-test, *P < 0.05; see Fig. 4B).

Discussions and Conclusions

Circulating progenitor cells are more affected in diabetes
associated with atherosclerosis, but the mechanisms involved
still need to be uncovered, especially in early diabetes®. The
aim of the present study was to investigate the mechanisms
involved in the dysfunction of circulating EPCs in early

diabetes associated with severe atherosclerosis compared
with severe atherosclerosis alone. Moreover, we evaluated
the consequences of EPC dysfunction in their recruitment in
aortic valve lesions. To this end, we used ApoE ™'~ mice with
a high-fat diet to mimic severe atherosclerosis (CIT group) or
ApoE '~ mice with high-fat diet and diabetes (STZ group), to
mimic diabetes combined with atherosclerosis. The EPCs
were identified and quantified by CD34 and VEGFR2 stain-
ing, and the expression levels of a4B1, ovBs, v Ps, B1, o Po,
a5 integrins, and CXCR4 chemokine receptor on EPC surface
were assessed at 4 or 7 days after the last STZ or CIT injection
when the diet was switched from standard chow to athero-
genic diet. Also, EPC recruitment in the aortic valves was
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measured by identifying CD34 positive cells in valve sections
from the same four established experimental groups (STZ4,
STZ7, CIT4, and CIT7), as CD34 positive valve cells were
previously found to be recruited progenitor cells®.

Our data showed that the number and function of EPCs
declined in ApoE '~ mice with diabetes and a high-fat diet.
Also, the present results support the claims on the impor-
tance of a hypocaloric, polyunsaturated fat-rich diet, seeing
how the 7 days atherogenic diet alone was able to reduce
EPCs’ viability to two-thirds through apoptosis induction.

Regarding the function of EPCs, it was previously shown
that EPCs from diabetic patients have normal adhesion to
fibronectin and collagen but altered adhesion to activated
human umbilical vein ECs®’. Our results provide possible
clues toward the mechanism involved in this previous find-
ing: o4 integrin involved in adhesion to activated ECs is
reduced in EPC from diabetic animals (STZ4 and STZ7
groups), but not RGD-binding integrin (o5B;) which bind
fibronectin. Also, at both time points, EPCs from diabetic
mice expressed oyfP; integrin at a lower level, the rest of
integrins being seemingly unaffected by diabetes superim-
posed on atherosclerosis or atherosclerosis alone.

The observed trend of diminution of CXCR4 expression
levels in our study is in agreement with published data’
showing a 44% reduction in CXCR4 positive EPC cells in
diabetic patients compared with healthy controls. Moreover,
our data show that this modification occurs early in the pro-
gression of diabetes, CXCR4 levels being already reduced at
4 days after the last STZ injection (STZ4 group).

To the best of our knowledge, there have been no studies
investigating the EPC phenotype and their contributions to
aortic valve disease in diabetes associated with atherosclero-
sis or in atherosclerosis alone. In our experiments, aortic
valves from mice fed 7 days with a high-fat diet showed
an increased number of CD34 positive cells compared with
animals on shorter diet lengths and their diabetic counter-
parts. In a previous article, we showed that at this time point,
VCAM-1 and P-selectin are significantly increased in the
aortic valve, a hallmark of endothelium activation?!. This
probably leads to EPC recruitment from the circulation in
dyslipidemic controls (CIT4 and CIT7 groups) but, due to
their lower number and lower VCAM-1 ligand, o4, EPCs
from diabetic animals are recruited less efficiently.

Further studies are needed to elucidate the mechanisms
leading to the decrease of EPCs numbers in diabetes associ-
ated with severe atherosclerosis and to investigate the role of
EPCs in repairing early lesions associated with aortic valve
disease.

Recently, Abplanalp et al. showed that PKA-mediated
phosphorylation of a4f; induced by high glucose plays a
role in bone marrow retention of EPCs!2. Thus, the reduced
a4B; integrin levels observed in circulatory EPCs may be
caused by cells expressing lower levels of a4, being able
to escape into the bloodstream while those expressing higher
levels being retained in the bone marrow. These results point
to potential therapeutic avenues: one route would be that of

bone marrow PKA inhibition, which would help EPC mobi-
lization, and another could be the i.v. administration of auto-
logous or allogeneic EPCs modified to express higher o4,
and o3 levels to improve their adhesion at sites of vascular
and valvular lesions. This latter route is currently under
investigation in our group.

In conclusion, we show here that early stage diabetes
superimposed on atherosclerosis induced alterations in EPC
number, phenotype, and homing. These data indicate that
functional disruption of o4 3; and oy B5 integrins on EPCs may
represent a potential therapeutic target for aortic valve disease
by potentially influencing the reparative capacity of valvular
ECs in severe atherosclerosis-associated diabetes mellitus.
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