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ABSTRACT

Background and Aim: Diabetes reduces the
levels of circulating endothelial progenitor cells
(EPCs), which contribute to vascular home-
ostasis. In turn, low EPCs levels predict pro-
gression of chronic complications. Several
studies have shown that hyperglycaemia exerts
detrimental effects on EPCs. Improvement in
glucose control with glucose-lowering medica-
tions is associated with an increase of EPCs, but
only after a long time of good glycaemic con-
trol. In the present study, we examined the
effect of a rapid glycaemic amelioration on EPC
levels in subjects hospitalized for decompen-
sated diabetes.

Methods: We used flow cytometry to quantify
EPCs (CD34"/CD133*KDR") in patients hospi-
talized for/with decompensated diabetes at
admission, at discharge, and 2 months after the
discharge. During hospitalization, all patients
received intensive insulin therapy.
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Results: Thirty-nine patients with type1l or
type 2 diabetes were enrolled. Average (+ SEM)
fasting glucose decreased from
409.2 £ 25.9 mg/dl at admission to
190.4 + 12.0mg/dl at discharge and to
169.0 £ 10.3 at 2months (both p < 0.001).
EPCs (per million blood cells) significantly
increased from hospital admission (13.1 + 1.4)
to discharge (16.4 +1.1; p=0.022) and
remained stable after 2 months (15.5 + 1.7;
p =0.023 versus baseline). EPCs increased sig-
nificantly more in participants with newly-di-
agnosed diabetes than in those with pre-
existing diabetes. The increase in EPCs was sig-
nificant in type 1 but not in type 2 diabetes and
in those without chronic complications.
Conclusion: In individuals hospitalized for
decompensated diabetes, insulin therapy
rapidly increases EPC levels for up to 2 months.
EPC defect, reflecting impaired vascular repair
capacity, may be reversible in the early diabetes
stages.

Keywords: Type 1 diabetes; Type 2 diabetes;
Progenitor cells; Glucose control; Intensive
insulin therapy; Newly diagnosed diabetes

I\ Adis


http://orcid.org/0000-0002-6510-2097
http://crossmark.crossref.org/dialog/?doi=10.1007/s13300-022-01273-5&amp;domain=pdf
https://doi.org/10.1007/s13300-022-01273-5

1328

Diabetes Ther (2022) 13:1327-1337

Key Summary Points

Why carry out this study?

Endothelial progenitor cells (EPCs) reflect
the endogenous regenerative capacity and
are reduced in diabetes.

Though diabetes therapy can improve
circulating EPC levels, we herein
examined the effect of acute glycaemic re-
compensation on EPCs.

What was learned from the study?

Despite glycaemic control took months to
increase EPC levels in prior studies on
outpatients with mildly decompensated
diabetes, we found that intensive insulin
therapy in people hospitalized with severe
hyperglycaemia elicits a rapid and
significant increase in EPCs.

The EPC increase was mostly evident in
patients with newly diagnosed diabetes
and in those without chronic
complications.

INTRODUCTION

Diabetes is a chronic progressive disease and
episodes of acute hyperglycaemia are relatively
common. Patients with decompensated dia-
betes are often admitted to the hospital, espe-
cially in case of severe symptomatic
hyperglycaemia, or in the presence of infections
or because of acute manifestations of chronic
complications, such as diabetic foot ulcers [1].
Acute hyperglycaemia is known to worsen vas-
cular function by compromising endothelial
homeostasis [2]. Endothelial progenitor cells
(EPCs) are a subtype of hematopoietic stem/
progenitor cells (HSPCs), provided with vascular
tropism, identified by surface expression of
VEGF receptor 2 (or KDR) along with stem cell
markers (CD34 and/or CD133) [3]. EPCs con-
tribute to wvascular repair and regeneration,

though the mechanism whereby EPCs exert
these actions is debated. Initial studies sug-
gested that EPCs were recruited to sites of vas-
cular injury, where they differentiated into
functional mature endothelium and were inte-
grated into the vasculature [4, 5]. It is now rec-
ognized that EPCs may contribute to
endothelial repair and neoangiogenesis mostly
by providing paracrine signals [6-9]. Evidence
accumulated over the last two decades suggests
that HSPCs and EPCs play a role in the patho-
genesis of diabetes complications [10]. HSPCs
and EPCs are significantly reduced in people
with diabetes as compared to those without.
Furthermore, among people with diabetes,
lower levels of HSPC predict the future onset or
progression of micro- and macroangiopathy
[11, 12]. EPCs are particularly reduced in
patients with peripheral arterial disease (PAD),
one of the most typical cardiovascular disease
manifestation of diabetes [13, 14]. In addition, a
decrease in EPCs was associated with a higher
risk of mortality and PAD-related events [15].
Prior studies widely support the detrimental
role of high glucose on EPC function and levels
[16, 17]. An improvement in glucose control
with basal insulin or sodium-glucose co-trans-
porter 2 inhibitor (SGLT2i) has been associated
with an increase of EPCs, but only after a rela-
tively long time (3-6 months) of good gly-
caemic control [18, 19]. On the other hand, the
effect of glucose control on EPCs in acutely
decompensated patients is mostly unknown.
In the present study, we examined the effect
of a rapid glycaemic amelioration with inten-
sive insulin therapy on EPC levels in patients
hospitalized for decompensated diabetes.

METHODS

Study Design and Objective

This was a longitudinal observational study
performed on patients consecutively admitted
to the Division of Metabolic Diseases of the
University Hospital of Padova between January
2017 and July 2019. The protocol was approved
by the ethics committee of the same hospital
(no. 50n/A0/20) and was conducted in
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accordance with the Declaration of Helsinki. All
patients signed informed consent for blood
sampling and data collection. The aim of the
study was to evaluate the change in EPC levels
after glycaemic control in individuals hospital-
ized for/with decompensated diabetes. For this
purpose, EPC quantification was assessed in the
acute decompensated phase at hospital admis-
sion, at the time of discharge, and 2 months
after discharge. Furthermore, to evaluate to
what extent the known EPC reduction observed
in diabetes is reversible with glycaemic control,
we explored whether baseline clinical charac-
teristics impacted on EPC changes.

Study Patients

Inclusion criteria were as follows: type 1 dia-
betes (T1D) or type 2 (12D), age 18-85 years,
hospitalization for acute glycaemic decompen-
sation or patients hospitalized for another cause
with acute glycaemic decompensation (define
as plasma glucose level greater than 250 mg/dl).
Exclusion criteria were ongoing sepsis, neo-
plasms, estimated life expectancy less than
6 months, dialysis, chronic immune-inflamma-
tory conditions, immunosuppression or steroid
therapy, organ transplantation, pregnancy or
lactation, and inability to provide informed
consent.

Data Collection

For all patients, we recorded the following
information at baseline: age, sex, weight,
height, body mass index (BMI, calculated as
weight in kilograms divided by the square of
height in metres), type of diabetes (T1D or
T2D), known diabetes duration, HbAlc and
fasting plasma glucose (FPG), lipid profile (total,
HDL and LDL cholesterol, and triglycerides),
serum creatinine, urinary albumin to creatinine
ratio (milligrams per gram), smoking habit (de-
fined as habitual active smoking of one or more
cigarettes per day), medical history, and ongo-
ing medications. Hypertension was defined as
systolic blood pressure of at least 140 mmHg
and/or diastolic blood pressure of at least
90 mmHg and/or use of antihypertensive

medications. Dyslipidaemia was defined as a
total cholesterol level greater than 200 mg/dl or
a triglycerides level greater than 150 mg/dl
confirmed after glucose control amelioration or
use of lipid-lowering medication. Diabetic kid-
ney disease was defined as urinary albumin to
creatinine ratio of at least 30 mg/g (using the
latest data available before the hospitalization)
and/or an estimated glomerular filtration rate
(eGFR according to the CKD-EPI equation [20])
equal to or lower than 60 ml/min/1.73 m?.
Diabetic retinopathy was defined on the basis of
digital fundus photography scored by ophthal-
mologists. Somatic peripheral neuropathy was
defined, after exclusion of non-diabetic causes,
by the presence of typical symptoms (tingling,
numbness, or pain in the toes, feet, legs, fingers,
hands, and arms, or wasting of the muscles of
the feet or hands), confirmed by clinical exam-
ination (ankle reflexes, 10-g monofilament
sensitivity, vibratory perception threshold, and
pinprick) and eventually by electromyography.
Autonomic neuropathy was defined using four
cardiovascular autonomic function tests, as
follows: deep breathing, lying-to-standing, Val-
salva manoeuvre, and orthostatic hypotension.
Cerebrovascular disease was defined as the
presence of carotid artery plaques at routine
ultrasound examination or a history of tran-
sient ischemic attack, or cerebral ischemia.
Coronary artery disease was defined as a history
of angina or myocardial infarction, or evidence
of significant coronary artery disease at coro-
nary angiography or history of revasculariza-
tion. Peripheral arterial disease was defined as a
history of claudication or rest pain, significant
stenosis in leg arteries upon ultrasound exami-
nation or history of revascularization.

Treatment and Study Protocol

During the hospital stay, all patients were trea-
ted with insulin therapy (continuous intra-
venous and/or subcutaneous) according to the
international guidelines of care for the hospi-
talized patient with hyperglycaemic decom-
pensation [21, 22]. After patients signed written
informed consent, three fasting blood samples
were collected for the quantification of
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circulating EPCs: at the time of hospital admis-
sion (or within 48 h), at the time of discharge
and 2 months later.

EPC Quantification

EPCs were measured by flow cytometry, as pre-
viously described in detail [12], based on the
surface expression of the CD34, CD133, and
kinase insert domain-containing receptor
(KDR). Briefly, EDTA-anticoagulated blood
samples were freshly analysed within 4 h. After
red blood cell lysis, cells were stained with flu-
orescein isothiocyanate-conjugated anti-CD34,
allophycocyanin-conjugated anti-CD133, PE-
conjugated anti-KDR and PerCP-CyS5.5-conju-
gated anti-CD45 monoclonal antibodies. CD45
diminished staining was used to confirm stem/
progenitor cell identity. At least 5 x 10° events
were acquired. Relative cell count was expressed
as cells/10°. EPCs were defined as CD34"KDR™,
CD133"KDR* or CD34*CD133*KDR* cells.
Since there are few differences among the vari-
ous EPCs phenotypes, we combined cells
expressing CD34 or CD133 together with KDR
as EPCs (CD34%/CD1337KDR™ cells). The same
trained operator performed all analyses
throughout the study.

Statistical Analysis

On the basis of our previous experience in a
similar setting [23], we calculated that the
standard deviation of EPC is approximately
9 cells/10°. We hypothesized a 25% increase in
the level of EPC after a few days of glucose
control compared to baseline. At least 38
patients were needed to identify this difference
with « =0.05, f=0.20 and a dropout rate of
5%.

Data are expressed as mean =+ standard
deviation if normally distributed or as median
(interquartile range) if not. Categorical variables
are presented as numbers and percentages.
Normality was checked using the Shapiro-Wilk
test and variables with markedly skewed distri-
bution were log-transformed before analysis
with parametric tests. Variables collected at
follow-up were compared to data at baseline

using the two-tailed paired Student’s ftest.
Comparisons between different time points
were performed using the analysis of variance
for repeated measures. Comparisons between
two groups were performed using the two-tailed
unpaired Student’s ttest for continuous vari-
ables and the ;> test for categorical variables.
Statistical significance was accepted at p < 0.05.
SPSS version 22.0 was used.

RESULTS

Patients Characteristics

Thirty-nine patients were enrolled in the study,
21 male and 18 female. Among them, 18 had
T1D and 21 had T2D. The baseline characteris-
tics of the study population are summarized in
Table 1. Patients were on average 47.6 years old,
and 38.5% had newly diagnosed diabetes,
among them seven had T1D and eight had T2D.
Patients had a baseline HbAlc value of 11.9%
(106 mmol/mol), indicating severely decom-
pensated diabetes. Almost 40% of the patients
had hypertension. Regarding diabetes compli-
cations, 28% had diabetic kidney disease, 23%
had neuropathy, and a quarter had retinopathy,
while the prevalence of known macroangiopa-
thy was lower.

Effect of Glycaemic Control on EPC Levels

During hospitalization, all patients were treated
with insulin therapy to optimize glycaemic
control. The mean duration of time spent in
hospital was 6 days. On average, FPG declined
from 409.2 £ 25.9 mg/dl to 190.4 + 12.0 mg/dl
at discharge (p < 0.001). At the end of observa-
tion, 2 months after hospital discharge, FPG
remained  stable at  169.0 & 10.3 mg/dl
(p <0.001 vs baseline; p =0.11 vs discharge;
Fig. 1a).

EPCs were also measured at the time of
hospital admission (baseline), at the time of
discharge, and 2 months after discharge. Com-
pared to baseline, EPC significantly increased
during the hospitalization from 13.1 £ 1.4/10°
to 16.4 +1.1/10% p=0.022) and then
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Table 1 Baseline characteristic of study patients

Variable Value
Demographics and anthropometrics
Age (years) 47.6 + 19.7

Sex male (%) 53.8

BMI (kg/m?) 25.1 4+ 5.9

Fasting plasma glucose, mg/dl 409.2 £ 25.9

HbAlc (%) 119 + 2.1

Diabetes duration (years) 9.8 £ 11.5

Known diabetes, % 615

Type 1/type 2 18/21
Concomitant risk factors

Hypertension (%) 38.5

Smoke (%) 25.6

Dyslipidaemia, % 744

Total cholesterol (mg/dl) 186.6 + 52.7

HDL cholesterol (mg/dl) 45.0 + 15.5

LDL cholesterol (mg/dl) 111.1 £ 48.1

Triglycerides (mg/dl) 152.3 + 99.1
Complications

Serum creatinine, ptmol/l 67.4 + 282

¢GFR (ml/min/1.73 m?) 141.1 + 67.6

Urinary albumin/creatinine ratio (mg/g) 462 & 104.0

Nephropathy (%) 282
Neuropathy (%) 23.1
Retinopathy (%) 25.6
Prior AMI, % 12.8
Prior Stroke, % 2.6
CVD history, % 7.7
Medications
APA, % 20.5
Statin, % 30.8
ACFEi/ARB, % 333
Anticoagulants, % 0.0
Insulin, % 48.7

Table 1 continued

Variable Value
Metformin, % 17.9
Other GLM, % 10.3

Data are expressed as mean = standard deviation, or
percentages

BMI body mass index, HDL high-density lipoprotein,
LDL low-density lipoprotein, ¢GFR estimated glomerular
filtration rate, CVD cardiovascular disease, APA anti-pla-
telet agents, ACE angiotensin-converting enzyme, ARB
angiotensin receptor blockers, GLM glucose-lowering
medication

remained stable at the end of the observation
period (15.5 + 1.7/10% p < 0.05 versus baseline;
p = 0.023 versus discharge; Fig. 1b).

Considering all time points together, there
was a significant inverse correlation between
glucose concentrations and EPC levels
(r=—0.20; p = 0.039; Fig. 1c).

Change in EPCs by Patient Characteristics

We then investigated whether EPC changes at
discharge compared to baseline were affected by
baseline characteristics of study patients.

Patients were categorized into two groups
according to the presence or absence of history
of diabetes before hospital admission, type of
diabetes (T1D vs T2D), and presence/absence of
diabetes complications. Compared to baseline,
EPCs significantly increased in patients with
newly diagnosed diabetes whereas they
remained stable in those with known pre-ex-
isting diabetes. The change from baseline was
significantly different between the two groups
(+ 7.0 £2.5/10° in newly diagnosed vs
+ 1.0 + 1.8/10° in pre-existing; p <0.05;
Fig. 2a).

EPCs significantly increased in subjects with
T1D while they remained stable in those with
T2D. However, the change from baseline
between the two groups did not reach a statis-
tically significant difference (+ 6.6 & 2.5/10° in
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Fig. 1 Glucose control and change in EPCs. Levels of
fasting plasma glucose (a) and EPC (b) in study patients at
baseline (admission to hospital), at discharge and 2 months

TID vs + 1.0+ 1.6/10° in T2D; p = 0.070;

Fig. 2b).
Finally, EPCs significantly increased in
patients without diabetic complications,

whereas they remained stable in the group of
patients with chronic complications. However,
the change from baseline was non-significantly
different between the two groups (+ 6.2 + 2.2/
10° without vs + 0.9 + 2.0/10° with complica-
tions; p = 0.082; Fig. 2¢).

DISCUSSION

This study demonstrates that improvement of
glycaemic control in patients hospitalized with
severely decompensated diabetes was followed

after discharge *p < 0.05 versus baseline. ¢ Shows the
correlation between fasting glucose and EPC levels, with
superimposed average and 95% CI levels at each time point

by a rapid increase of EPC levels that persisted at
least for 2 months after hospital discharge.
Considering the extensive literature on the
biological roles of EPCs, our data indicate that
glycaemic compensation can rapidly improve
endothelial function and rescue the endoge-
nous organism’s repair capacity.

When we analysed factors associated with
EPC changes after glycaemic optimization, we
found that the effect was significant in the
entire cohort, in those with newly diagnosed
diabetes, with T1D, and without chronic com-
plications. On the other hand, no significant
effect was found for people with T2D, those
with pre-existing diabetes, and with complica-
tions. The study was not powered to detect
effects within some small subgroups, but results
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Fig. 2 Factors affecting changes in EPC levels. Patients
were divided into subgroups according to the presence or
absence of history of diabetes before the hospital admission

are consistent with the hypothesis that gly-
caemic control can acutely improve EPC levels
when pursued during the early disease stages
and in younger ages. Indeed, the increase in
EPC levels was significantly greater in those
with decompensated newly diagnosed diabetes
than in those with pre-existing diabetes. Results
of the analysis stratified by type of diabetes and
by presence/absence of complications are con-
sistent with this view, though not formally
achieving significance in between-group
comparison.

It has been demonstrated that hypergly-
caemia is an important determinant of EPC
levels. Indeed, the reduction of circulating EPCs
is related to the degree of hyperglycaemia
[16, 17]. Previous studies have shown that
lowering glucose levels using different glucose-
lowering medications has the potential to raise
EPCs [24]. However, the rapid effect of few days
of glucose control on EPC levels was partially
unexpected. In prior studies conducted in out-
patients with mildly decompensated T2D,
months of good glycaemic control were needed
to increase the levels of EPCs [18, 19]. Fadini
et al. reported optimized glucose control by
add-on basal insulin in patients with T2D and
an average baseline HbAlc of 8.7% increased

(a), type of diabetes (b) and presence or absence of diabetes
complications (c) *p < 0.05 versus baseline. *p < 0.05
between groups

circulating EPCs only after 6 months of opti-
mized treatment. The levels of EPCs remained
unchanged after 3 months of therapy despite
substantial reductions in HbAlc [18]. Similarly,
12 weeks of treatment with dapagliflozin in
patients with T2D and a baseline HbA1lc of 8.1%
had no effect on EPC levels despite significant
improvements of glucose control (— 0.9%).
Only after a further observation of 74 weeks did
EPCs increase significantly compared to base-
line in patients who received dapagliflozin,
despite HbAlc remaining stable [19]. A short-
term assessment of EPC levels was not per-
formed in those studies. We would like to
underline that most prior studies recruited
outpatients with T2D and inadequate glycaemic
control, while those with acute glucose
decompensation were excluded [24].

In the current study, the beneficial effect of
the glycaemic improvement on EPC levels was
statistically significant only in newly diagnosed
diabetes and not in patients with a known his-
tory of diabetes. It is consistent with the
hypothesis that long-term hyperglycaemia is
responsible for progressive structural, morpho-
logical and functional damage to the bone
marrow (BM), resulting in an impaired release of
stem/progenitor cells to the circulation [25, 26].
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Reversing such morpho-functional alterations is
likely to require a much longer period of sus-
tained good glycaemic control. Indeed, EPCs
did not increase in patients with chronic com-
plications which can accompany BM damage.
This observation is not surprising since in pre-
vious studies, EPCs were found to be signifi-
cantly lower in patients with a long history of
T2D and especially in the presence of compli-
cations [27]. It has been widely recognized that
low progenitor cell levels predict the develop-
ment and the worsening of micro- and
macrovascular complications in individuals
with T2D [11, 12, 28, 29]. Finally, we found that
levels of EPC increased in subjects with T1D but
they remained stable in those with T2D. A
plausible explanation for this observation is
that most enrolled individuals with T1D were
young and had newly diagnosed diabetes
without complications. Therefore, before the
onset of end-organ complications, glycaemic
improvements may be able to act on reversible
mechanisms of EPC reduction, which are
eventually lost in the long run. Interestingly, in
agreement with this hypothesis, some in vitro
and in vivo studies have demonstrated the role
of a poor glycaemic legacy in epigenetic chan-
ges that also involve EPCs. These changes exert
a deleterious impact on proliferation activity,
migration capacity, and tube formation ability
and increased susceptibility to senescence and
apoptosis [30, 31].

Opposite results to ours were obtained in an
observational study performed by Zhang et al.
[32]. They reported that 2 weeks of intensive
insulin therapy reduced the levels of
CD34"CD133*KDR™" cells in 36 subjects with
newly diagnosed T2D. Surprisingly, they also
found that patients with T2D have significantly
higher levels of circulating EPC compared to
controls without diabetes. The authors indi-
cated these results as an attempt by the BM to
compensate for early vascular damage. How-
ever, such data are in contrast to the existing
literature which shows a reduction of progeni-
tor cells in subjects with T2D and already in
individuals with prediabetes [33]. Plausible
explanations for such opposing results include
differences in the study population

characteristics, in the study setting, and in the
method used to enumerate progenitor cells.

Limitations of our study include the rela-
tively small simple size that might have affected
the statistical power in some subgroup analyses.
We also acknowledge that we do not have
information on EPC traffic and function. A
further limitation is that, though we assessed
EPC levels after hospital discharge, we have no
information on whether the increased EPC
levels persist beyond 2 months.

Notwithstanding these limitations, our study
supports a view whereby an acute decompen-
sation of diabetes reduces EPCs similarly to
chronic hyperglycaemia. However, the levels of
EPC can be rapidly restored by an intensive
insulin treatment, especially in the early disease
stage. Therefore, our data highlight once more
the importance of improving glycaemic control
as early as possible in the natural history of
diabetes.

CONCLUSIONS

This study demonstrates that in subjects hospi-
talized with severely decompensated diabetes,
an improvement of glycaemic control by insu-
lin therapy rapidly increases EPC levels for up to
2 months after hospital discharge. Given the
role of EPCs in vascular homeostasis, glycaemic
improvement may be able to revert the
endogenous organism’s repair capacity, at least
in the early diabetes stages.
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