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ABSTRACT

Background. Obesity is considered to be a risk factor for Gestational Diabetes Mellitus
(GDM), which is characterised by hyperglycaemia in pregnant women. Recent studies have
demonstrated that glycated erythrocytes are more prone to eryptosis, a unique regulated cell death
observed only in mature erythrocytes.

The aim of the current study was to analyse how eryptosis might contribute to GSM in mater-
nal obesity.

Materials & Methods. Eryptosis parameters were assessed in pregnant women enrolled for
the study: group 1 consisted of 12 obese pregnant women without the signs of GDM, 15 pregnant
women without obesity but with GDM were included in group 2, 14 obese pregnant women with
GDM were in group 3, group 4 (control) consisted of 15 pregnant women without the signs of
obstetric and extragenital pathology. Phosphatidylserine externalisation was assessed by flow cy-
tometry following Annexin V-FITC staining of circulating erythrocytes isolated from the preg-
nant women. Additionally, 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) staining was
used to analyse oxidative stress parameters in circulating erythrocytes.

Results. Groups 1, 2 and 3 of pregnant women showed a higher degree of ROS-dependent
eryptosis compared to the control group (V). There was no statistically significant difference
(p>0.05) in the eryptosis of circulating erythrocytes between pregnant women of groups 1 and 2.
However, the percentage of phosphatidylserine-dispersed erythrocytes in eryptosis and the level
of ROS was statistically significantly higher in pregnant women of group 3 compared to pregnant
women of groups 1 and 2.

Conclusions. GSM associated with maternal obesity is accompanied by accelerated ROS-de-
pendent eryptosis. Enhanced eryptosis might act as an additional factor contributing to thrombosis

and endothelial dysfunction in obese pregnant women with GDM.
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Introduction

Gestational Diabetes Mellitus (GDM) is a con-
dition associated with hyperglycaemia developing
in pregnant women [1]. Compelling evidence sug-
gests that obesity, together with high maternal
age, is a significant risk factor for GDM develop-
ment [2]. Since overweight and obesity have be-
come a global health concern with a clear increa-
sing trend, including among women [3], it is im-
portant to focus on the search for novel links be-
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tween obesity and GDM that might be of predic-
tive value. In the current study;, it has been hypothe-
sised that eryptosis defined as a caspase-inde-
pendent, calcium-dependent regulated cell death
modality of erythrocytes [4] might be such a link.
Notably, accelerated eryptosis has been demon-
strated to be observed in diabetes mellitus and its
enhancement has been primarily attributed to oxi-
dative stress-mediated damage to erythrocytes [5].
In general, glycated erythrocytes have been shown
to be more prone to oxidative damage and eryp-
tosis [6]. At the same time, enhanced eryptosis is
accompanied by intensified clearance of eryptotic
red blood cells primarily related to recognition of
eryptosis-associated externalised phosphatidyl-
serine molecules by macrophages with their sub-
sequent uptake referred to as efferocytosis, which
might result in anaemia [7]. Moreover, the eleva-
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ted number of phosphatidylserine-exposing eryp-
totic erythrocytes might be associated with en-
hanced blood clotting and damage to endothelial
cells leading to endothelial dysfunction [8]. It
should be emphasised that platelet and endothelial
dysfunction is a common issue in GDM, which
still remains poorly investigated [9]. Given the
thrombosis- and endothelial dysfunction-promo-
ting consequences of eryptosis and its contribu-
tion to erythrocyte damage in diabetes mellitus, its
activation seems to be a possible factor that might
be of huge importance in the pathogenesis of
GDM.

Aim

This study was designed to analyse oxidative
stress-mediated eryptosis in GDM and investigate
its possible contribution to the emergence of
GDM in maternal obesity.

Materials & Methods

Patients and their groups

56 pregnant women included in the study were
divided into four groups: group 1 consisted of 12
obese pregnant women without signs of GDM, 15
pregnant women without obesity but with GDM
were included in group 2, 14 obese pregnant
women with GDM were in group 3, group 4 (con-
trol) consisted of 15 pregnant women without
signs of obstetric and extragenital pathology. The
examination of women took into account their
age, weight, height, Body Mass Index (BMI), re-
sults of clinical and laboratory tests (clinical and
biochemical blood tests including blood glucose,
C-reactive protein, coagulogram, lipidogram), in-
strumental examination (ultrasound examination
of the fetoplacental complex, cardiotocography).

Sample preparation

Eryptosis parameters were assessed in pregnant
women enrolled for the study: group 1 consisted
of 12 obese pregnant women without signs of
GDM, 15 pregnant women without obesity but
with GDM were in group 2, 14 obese pregnant
women with GDM were in group 3, group 4 (con-
trol) consisted of 15 pregnant women without the
signs of obstetric and extragenital pathology. The
samples were collected in anticoagulant-contai-
ning (K2EDTA-containing) vacutainers and ana-
lysed within 2 h of collection to ensure reliable re-
sults. Fresh blood samples were used to prepare
erythrocyte solution. Briefly, 5 ul of blood was ali-
guoted and added to a Ringer solution containing
125mM NaCl, 5mM KCI, 2mM CacCl,, 2mM
MgClz, 32mM HEPES, and 5mM glucose. The
cells were centrifuged at 1500 g for 5 min. The

cells were resuspended in the Ringer solution and
the washing procedure was repeated twice to ob-
tain erythrocyte suspensions for further staining
[10; 11].

Detection of eryptosis by determining phospha-
tidylserine externalisation

The washed erythrocytes obtained from preg-
nant women were resuspended in 100 pl Annexin-
binding buffer containing annexin V-FITC (BD
Pharmingen™, FITC annexin V, Franklin Lakes,
NJ, USA) for 30 min. This annexin-binding buffer
contains calcium ions to ensure interactions of an-
nexin V with the exposed phosphatidylserine mol-
ecules located on the surface of erythrocytes. Af-
ter incubation, the cells were washed and resus-
pended in 100 pl Annexin-binding buffer [12].
The fluorescence was detected in the FL1 FITC
channel (excitation 488 nm and emission 525 nm).
The gating strategy included identification of the
percentage of the erythrocytes with a high degree
of translocated phosphatidylserine molecules in-
dicating eryptotic cells.

Quantification of intracellular ROS levels in
erythrocytes

In brief, 2',7'-dichlorodihydrofluorescein diac-
etate (H2DCFDA) supplied by Invitrogen™
(Waltham, MA, USA) was used to detect intracel-
lular reactive oxygen species (ROS) levels cha-
racterising the state of the redox metabolism in
erythrocytes. An aliquot of erythrocytes obtained
as outlined above was stained with the stock solu-
tion of the dye in DMSO to obtain a final concen-
tration of 10 uM. The cells were incubated for 30
min at 37°C in H2DCDA-containing phenol free
medium. The fluorescence was detected in the
FL1 FITC channel (excitation 488 nm and emis-
sion 525 nm). To quantify the data, the mean flu-
orescence intensity (MFI) was evaluated [11].

Data collection and post-acquisition analysis

A total of 100,000 events were collected per
sample by a BD FACS Canto™ II flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA).
The doublets were excluded. The fluorescence
was analysed in the population of single cells.
FlowJo™ (v10, BD Biosciences, USA) software
was used to process the raw data.

Statistical analysis

Comparative analysis was performed by carry-
ing out the ANOVA test followed by the post-hoc
Tukey test. The difference was considered statis-
tically significant at p<0.05. Data are shown in
Figures as mean and standard deviation (SD).
Graph Pad Prism 5.0 software (USA) was used to
provide statistical analysis.
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Results

Patient’s characteristics

The age of pregnant women ranged from 18 to
39 years. The mean age of obese women was
(32.4£3.2) years, women with GDM — (34.7+3.6)
years, obese and gestational diabetes mellitus —
(33.5+2.9) years, and control group women —
(27.3+2.8) years. The BMI in obese pregnant wo-
men was (37.2+3.5) kg/m?, in gestational diabetes
mellitus — (28.4+2.9) kg/m?; in gestational diabe-
tes mellitus with obesity — (35.4+3.6) kg/m?, in the
control group — (24.9+2.1) kg/m?,

In this study, the eryptosis of circulating eryth-
rocytes was judged primarily by the evaluation of
phosphatidylserine externalisation. To quantify the
degree of eryptosis, the percentage of cells expres-
sing the high content of phosphatidylserine mole-
cules on the cell surface was identified and com-
pared. Since this parameter is considered a hall-
mark of eryptosis, it was selected as the most reli-
able available marker. Expectedly, maternal obe-
sity, GDM and their combination were found to be
associated with enhanced phosphatidylserine ex-
ternalization compared to healthy non-obese preg-
nant females (Figure 1), which suggests accelera-
tion of eryptosis.

Comparative analysis revealed that non-obese
women with GDM and obese women not diag-
nosed with GDM had a negligible statistically in-
significant difference (p>0.05) in the number of
cells with significantly externalised phosphatidyl-
serine molecules (Figure 1) indicating that the de-

—
T

gree of eryptosis was comparable between the
above-mentioned groups. Representative histo-
grams reflecting eryptosis-characterising phos-
phatidylserine externalisation are available in Fi-
gure 2.
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Fig. 2. Representative histograms demonstrate
the population of the erythrocytes with the high
degree of phosphatidylserine externalization
(eryptotic cells) in obese pregnant women
without GDM (green line), non-obese pregnant
women with GDM (yellow line),
and obese females with GDM (red line).

Note: GDM — gestational diabetes mellitus;
PS — phosphatidylserine.
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Fig. 1. Evaluation of eryptosis in circulating erythrocytes by assessing the percentage of cells with the high
degree of phosphatidylserine externalization in healthy non-obese pregnant females (blue), obese pregnant
females without GDM (green), non-obese pregnant women with GDM (yellow),
and maternal obesity with GDM (red). ANOVA and Tukey tests, mean and standard deviation (SD).

Note: GDM — gestational diabetes mellitus;

* — indicates a statistical difference compared to the control samples (p<0.05).
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On the contrary, GDM developed against
a background of maternal obesity was found to be
associated with accelerated eryptosis, evidenced
by a statistically significant increase in the percen-
tage of phosphatidylserine-expressing erythrocy-
tes compared to both groups. Abundant evidence
indicates that eryptosis is triggered by oxidative
stress mediated by excessive production of ROS.
Thus, our next step was to quantify ROS produc-
tion in erythrocytes isolated from all three groups
of pregnant women enrolled for the study. ROS
quantification was performed by using the H2DCFDA
staining. The data on the content of intraerythro-
cytic ROS were perfectly in line with the assess-
ment of the phosphatidylserine externalisation.
Maternal obesity, GDM and their combination re- DCF fluorescence
sulted in elevation of intracellular ROS concentra-
tions (Figure 3) compared to non-obese pregnant

Count

women with no GDM. Fig. 4. Representative histograms reflect
ROS levels were found to be comparable in the intracellular ROS levels in circulating
non-obese women with GDM and non-GDM erythrocytes of obese pregnant women
obese women. At the same time, obese pregnant without GDM (green line),
women diagnosed with GDM had higher intracel- non-obese women with GDM (yellow line),
lular ROS levels, which was confirmed by higher and obese females with GDM (red line).
values of the ROS-dependent fluorescence (Fig-
ure 3). Representative histograms demonstrating Note: DCF — dichlorofluorescein;
the ROS-dependent fluorescence in erythrocytes GDM - gestational diabetes mellitus;
of pregnant women are shown in Figure 4. ROS - reactive oxygen species.
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Fig. 3. Intracellular ROS levels in circulating erythrocytes of healthy non-obese pregnant females (blue),
obese pregnant women without GDM (green), non-obese women with GDM (yellow), and obese females with
GDM (red). ANOVA and Tukey tests, mean and standard deviation (SD).

Note: DCF — dichlorofluorescein;

GDM - gestational diabetes mellitus;

MFI — mean fluorescence intensity;

ROS - reactive oxygen species;

* — indicates a statistical difference compared to the control samples (p<0.05).
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Discussion

In this study, eryptosis parameters were as-
sessed in obese pregnant women without GDM,
non-obese pregnant women with GDM, and obese
pregnant females with GDM. We have hypothe-
sized that eryptosis might be a factor influencing
pathogenesis of GSM. In general, eryptosis is
a controlled cell death of erythrocytes typically
occurring in the injured or stressed cells to ensure
their non-immunogenic clearance by phagocytic
cells in the process called efferocytosis. Morpho-
logical changes characteristic of eryptosis are
comparable to those observed in apoptosis and in-
clude cell shrinkage and membrane blebbing [13].
However, there are cell-specific signalling path-
ways making it unique in comparison with apop-
tosis [4]. A key role in eryptosis is played by Ca?*
signalling, which mediates structural changes typ-
ical for this cell death and phosphatidylserine ex-
ternalization, a critical signal for macrophages
that mediates clearance of eryptotic erythrocytes
[7]. Phosphatidylserine externalization was used
as a marker of eryptosis in this study and its anal-
ysis revealed that the obese pregnant women with
GDM had enhanced eryptosis levels compared to
other groups of the pregnant women investigated
in this research. Notably, eryptosis can be enhan-
ced when ROS get accumulated, ceramide is pro-
duced in the cells by sphingomyelinases or when
prostaglandin E2 is overproduced [13]. As it tur-
ned out, phosphatidylserine externalization in the
obese pregnant women with GDM is paralleled
with ROS accumulation suggesting that eryptosis
in this condition is ROS-dependent. Our findings
are in line with other studies emphasizing the crit-
ical role of ROS in induction of eryptosis in hy-
perglycaemic conditions of diabetic patients [5].
Additionally, our study supports earlier remarks
concerning the potential of evaluating eryptosis
parameters in diagnostic purposes in diabetes mel-
litus [14].

Moreover, phosphatidylserine externalization
revealed in the current study might contribute to
pathological conditions associated with GDM in
maternal obesity. Phosphatidylserine-expressing
eryptotic erythrocytes interact with platelets and
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endothelial cells in a phosphatidylserine-depend-
ent manner, which results in activation of platelet
aggregation increasing blood coagulation and the
development of endothelial dysfunction, respec-
tively [8]. Notably, both obesity and GDM in-
creased the risk of thromboembolic complication
in pregnancy [15]. Similarly, endothelial dysfunc-
tion is common for maternal obesity and GDM
[16]. Thus, our study sheds light on the new mech-
anism that might be involved in the development
of thrombosis and endothelial dysfunction in
GDM developed against a background of mater-
nal obesity. It can be assumed therefore that eryp-
tosis might be inhibited therapeutically in the
obese pregnant women with GDM. However,
more studies are necessary to clarify the diagnos-
tic, prognostic and therapeutic potential of eryp-
tosis in pregnant women.

Conclusions

Enhanced ROS-dependent eryptosis is revea-
led for maternal obesity, GDM, and their combi-
nation. Our findings indicate that maternal obesity
with GDM is associated with enhanced eryptosis
compared to maternal obesity with no GDM or
GDM with no obesity suggesting that both condi-
tions potentiate each other in promotion of eryp-
tosis. Eryptosis in maternal obesity with GDM is
dose-dependent. Eryptosis might contribute to
thrombosis and endothelial dysfunction in mater-
nal obesity with GDM.
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