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Abstract

Background: The high incidence of diabetes mellitus in modern conditions dictates the
need to search for new, including microscopic, opportunities to identify pathological
changes in the course of various physiological processes. The aim of the study: To
study the peculiarities of changes in the properties and parameters of erythrocytes in
various types of diabetes mellitus (types 1 and 2) in women of mature and elderly age.
Materials and methods: Venous blood of 55 women aged 30 to 70 years, divided into
study groups (women with type DM, women with type Il DM, control without endocri-
nopathy) was examined using atomic force and scanning probe microscopy. Results:
The authors found an increase in the percentage of pathological forms of erythrocytes in
patients with diabetes mellitus. An increase in the number of macrocytic forms of eryth-
rocytes was observed not only when compared with the control group (DM I -
12.20£2.14, DM II - 10.00+£1.20, control - 4.40+0.15), but and when comparing two age
groups of patients with type 2 DM (30-45 years old - 10.00+1.20, 60-70 years old -
13.20+1.90). The same tendency is typical for microcytes. Geriatric changes in the ge-
ometric parameters of erythrocytes in the group of patients with type 2 DM were char-
acterized by an increase in the volume, as well as the maximum height of erythrocytes
with increasing age of the patients. Conclusion: The use of atomic force microscopy in
the study of the biophysical parameters of erythrocytes makes it possible to identify pa-
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tients from high-risk groups by determining such changes as an increase in the number
of macrocytes, microcytes and pathologically altered forms of erythrocytes, a decrease
in the average volume and area of erythrocytes.

Keywords: geriatrics; diabetes mellitus; erythrocytes; atomic force microscopy
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Introduction. According to the WHO,
currently the total number of people with dia-
betes in the world has exceeded 100 million
(3% of the world's population). Early disabil-
ity and mortality, which are mainly caused by
diabetic angiopathies, are the most important
socioclinic problem of modern diabetology
[1, 2, 3]. The problem of diabetes mellitus and
its influence on the development of vascular
complications [4, 5, 6], as well as changes in
the rheological properties of blood, despite a
large number of different studies, remains rel-
evant [7].

For people with diabetes mellitus, the
rheological properties of blood are a vital in-
dicator [8-10], since as a result of prolonged
hyperglycemia, significant changes occur in
the body, the end result of which is an in-
crease in blood viscosity [11], which leads to
a decrease in blood flow velocity. As a result
of an increase in blood viscosity in combina-
tion with a change in the biophysical proper-
ties of erythrocytes [12] under the influence
of an increased concentration of glucose [13],
patients develop stagnation, damage to the
endothelial walls of blood vessels, and devel-
op micro- and microangiopathies [14]. Clear
changes are undoubtedly taking place at the
molecular level as well. The structure of
erythrocyte membranes changes, character-
ized by a change in the lipid phase with disor-
ganization and disruption of the functional
properties of the outer and deep layers, as
well as protein-lipid interactions.

Disorders of carbohydrate metabolism,
specific for diabetes mellitus (especially at the
stage of endocrinopathy decompensation),
lead to an increase in the proportion of mac-
rocytes and polymorphism in the size of
erythrocytes, sphericity of shape, the appear-

ance of a significant number of deformed and
hemolyzed cells, as well as shadow cells de-
void of hemoglobin. Qualitative rearrange-
ments in the erythron system under conditions
of prolonged decompensation of glycemia
enhance erythrodieresis, decrease the number
of erythrocytes circulating in the blood,
which, combined with their accelerated aging
and a decrease in deformability, enhances tis-
sue hypoxia.

It should be noted that various parame-
ters of erythrocytes undergo significant
changes in diabetes mellitus [15, 16, 17], but
it is difficult to identify them using standard
methods [18]. Therefore, in our study, we
tried to consider the possibility of using atom-
ic force microscopy (AFM) to study the cyto-
architectonics and various biophysical param-
eters [19] of erythrocytes in patients with dia-
betes mellitus of various types and ages. The
use of atomic force microscopy to study mi-
cro- and nanoscale areas of the surface of
erythrocytes and other blood cells makes it
possible to introduce new cellular parameters,
to obtain qualitatively new ideas about the
causes and mechanisms of changes in their
properties in diabetes mellitus.

In their article, the authors tried to study
the geriatric features of changes in the proper-
ties and parameters of erythrocytes in various
types of diabetes mellitus (type 1 and type 2)
in women of mature and elderly age using
innovative research methods (atomic force
microscopy).

Materials and methods. In the course
of the study, patients were examined on the
basis of the Regional State Budgetary
Healthcare Institutions: "City Polyclinic of the
City of Belgorod” in the period from 2018 to
2020. Morphological and biochemical devel-
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opments were carried out at the Department
of Pathology of the Medical Institute of Bel-
gorod State National Research University, as
well as at the Scientific, Educational and In-
novation Center "Nanostructured Materials
and Technologies" of the Federal State Au-
tonomous Educational Institution of Higher
Education "Belgorod State National Research
University”. 55 women from 30 to 70 years
old were selected, who made up the following
groups:

1st - women with type | diabetes melli-
tus at the age of 30-45 (DM 1) (15)

2nd - women with type Il diabetes
mellitus

2A - women with type Il diabetes melli-
tus at the age of 30-45 (10)

2B - women with type Il diabetes melli-
tus at the age of 60-70 (10)

3th - control group - women without
endocrinopathies and severe somatic patholo-
gy

3A - control group - women without
endocrinopathies and severe somatic patholo-
gy at the age of 30-40 (10)

3B - control group - women without en-
docrinopathies and severe somatic pathology
at the age of 60-70 (10)

The criterion for inclusion of patients in
groups 1 and 2 was the presence of diabetes
mellitus, confirmed by appropriate clinical
data and examinations.

Blood was taken from a vein by punc-
ture of the cubital vein, the blood was mixed
in a test tube with an anticoagulant (heparin).
When conducting a laboratory test, we used
the method of washing the erythrocyte mass
based on the principle of diluting the test ma-
terial with an isotonic solution, an aqueous
solution isotonic to blood plasma, the main
reagent of this type is a physiological solution
- an aqueous solution of sodium chloride with
a mass fraction of ® (NaCl) =0.9 %, and its
centrifugation. Then the samples were mixed
on a defatted glass slide for immunohisto-
chemistry and placed in a humid chamber for
scanning. The surface morphology of erythro-

cytes was studied using a scanning probe mi-
croscope NTEGRA-AURA (NT-MDT, Ze-
lenograd). SPM images were obtained in the
mode of semicontact atomic force microscopy
(AFM) using cantilevers of the DCP11 series
with a radius of curvature of 70 nm. The work
was carried out in contact modes of intermit-
tent and constant profile using Si or SiN can-
tilevers, using a low atmospheric vacuum.
Statistical processing of the obtained AFM
images was carried out using the software
package "Image Analysis P9" (NT-MDT).
The following geometrical parameters of
erythrocytes were calculated: Area is the
cross-sectional area of the particle at the level
of half the height of the erythrocyte, Volume
is the volume of the particle, Max Z is the
value of the local maximum, the height of the
erythrocyte measured from the general zero
level, Perimeter is the perimeter of the sec-
tion, Diameter is the effective diameter, de-
fined as the diameter of a circle whose area is
equal to the sectional area Diameter =
2\(Area / m). The use of the method allows to
reduce the research time and obtain high-
resolution scans of cells, while maintaining
their viability, native size and shape.

Results and discussion. When analyz-
ing the AFM data in a group of practically
healthy people, we obtained data on the state
of erythrocytes. It should be noted that with
diabetes, stasis, sludge and thrombosis were
expressed, which was more pronounced in
type 1 diabetes (Fig. 1, 2).

The largest percentage of the erythro-
cyte population in the control group (woman
in age 30-45 years) was represented by
normocytes (87.30+1.43). The share of mi-
crocytes accounted for 6.30+1.52, and macro-
cytes — 6.40+0.13 (Fig. 1). As can be seen
from the table below, disturbances in carbo-
hydrate metabolism, changes in the mem-
brane and cytoplasm of erythrocytes under the
influence of the toxic effect of excess glucose
lead to polymorphism of their sizes in all
types of diabetes mellitus (Table 1, Fig. 2).
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Fig. 1. Erythrocytes of the control group. Woman (30 years). The cells are similar in diameter
and similar in shape. Atomic force microscopy. 2D image.
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Fig. 2. Erythrocytes of a woman with type | diabetes mellitus (65 years). The cells are of different
diameters with a disturbed shape. Erythrocyte sludge. Atomic force microscopy. 2D image.

Although normal sizes remain predomi-
nant in populations, the number of both mi-
crocytes and macrocytes increases. At the
same time, the number of macrocytes also
increases, although not so much (6.30+0.15).

In DM 1, the percentage of microcytes and
macrocytes was almost the same (15.10+1.50
and 12.2042.14, respectively), and compared
with the control group, the change in the size
of erythrocytes was both upward and down-
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ward. Regarding the geriatric aspects of
changes in the size of erythrocytes both in
normal conditions and in different types of
diabetes mellitus, a significant shift towards
macrocytic forms can be noted when compar-
ing two age groups in the control group
(4.40+£0.15 in women aged 30-45 and
7.30+0.38 for women aged 60-70 years, re-
spectively). At the same time, in the groups of

women with type 2 diabetes mellitus, this
trend not only persisted, but also worsened
due to profound and persistent metabolic
changes. So, in the group of women aged 60-
70 years, suffering from the above pathology,
the percentage of macrocytes was maximum
and amounted to 13.20+1.90.

Table 1
The ratio of erythrocytes in patients with various types of diabetes mellitus

Ratio of red blood | Control group | Control group DM 1 DM 2 DM 2

cells by size (%) (30-45 years) (60-70 years) (30-45 years) (30-45 years) (60-70 years)

N 10 10 15 10 10

Microcytes 7.30+1.50 5.40+1.40%** 15.10+1.50* 16.50+1.41* 8.40+1.50%**
Normocytes 88.30+1.40 87.50+3.60 72.70+£2.30* 73.50+£2.05* 78.40+£3.25
Macrocytes 4.40+0.15 7.30+0.38%* 12.20+2.14* 10.00£1.20* 13.20£1.90%**

Note: *p <0.05 in comparison with the group of practically healthy people; **p <0.05 in comparison with a similar

group in terms of age

Analysis of the diameter of erythrocytes
of different size groups showed that there is
no significant change in this parameter, both
in the direction of its increase and in the di-

rection of decreasing, with different types of
diabetes, only very minor fluctuations are ob-
served (Table 2).

Table 2

The ratio of the sizes of various types of erythrocytes in patients with diabetes mellitus

Diameter Control group Control group DM 1 DM 2 DM 2
erythrocytes (um) (30-45 years) (60-70 years) (30-45 years) (30-45 years) (60-70 years)
N 10 10 15 10 10
Microcytes 6.40+0.06 6.1+0.14 6.60+0.27 6.55+0.36 5.02+0.45
Normocytes 7.55+0.15 7.09+0.65 7.90+0.30 7.80+0.14 7.06+0.38
Macrocytes 8.19+0.06 8.35+0.16 8.75+0.44 8.55+0.56 8.95+0.86

Note: *p <0.05 in comparison with the group of practically healthy people; **p <0.05 in comparison with a similar

group in terms of age

With DM, cells of elongated and irregu-
lar shape appeared, which may indicate both a
violation of the elasticity of the membranes
and a difficulty in passing through the micro-
vasculature due to a change in its structure,
which is more pronounced in DM 1 (Fig. 2).
Individual erythrocytes were connected to
each other, as well as to endothelial cells, by
cytoplasmic bridges and fibrin filaments (to
the greatest extent in type 1 diabetes), which
contributed to stasis, sludge and thrombosis.

There was a change in the shape of
erythrocytes, a change in the ratio of various
forms of erythrocytes with an increase in the

percentage  of  pathologically  changed
(Table 3). In all types of diabetes mellitus
(DM 1, DM 2) in all aged groups, a signifi-
cant decrease in the number of discocytes was
observed (7430 <+ 0.62, 77.03+0.62,
75.01+3.60 respectively, compared with the
content of those in the control group in age
30-45 years - 90.67 + 2.44). These changes
indicate a reduced stability of erythrocyte
membranes due to its glycosylation, changes
in the lipid composition of the cell membrane,
as well as the configuration of protein mole-
cules, violation of the asymmetry and packing
of lipids in the membrane bilayer.
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Table 3

The ratio of pathological erythrocytes (by type) in patients with diabetes mellitus (%)

Type of eryth- Control group Control group DM 1 DM 2 DM 2

rocytes (30-45 years) (60-70 years) (30- 45 years) (30- 45 years) (60-70 years)
N 10 10 15 10 10

Discocytes 90.67+2.44 86.02+3.89** 74.30+0.62* 77.03+£0.62* 75.01+£3.60*

Reversibly 9.00+2.39 8.65+2.46 16.23£1.10%* 15.40+1.09* 14.20£2.04%*

modified

(transient)

Irreversibly 0.17+0.17 3.174£0.25%* 6.37+0.50* 6.10+0.48* 7.304£1.40**

changed (pre-

hemolytic)

Degenerative 0.17+0.17 2.17£0.17** 4.00+0.52* 3.00+0.32* 5.20+0.30**

forms

Note: *p <0.05 in comparison with the group of practically healthy people; **p <0.05 in comparison with a similar

group in terms of age

It should be noted that in the control
group, with increasing age of the subjects,
there is also a decrease in the number of nor-
mal discocytic erythrocytes (86.02+3.89 in
the age group of 60-79 years compared to
90.67+2.44 in the age group of 30-45 years).
It also follows from Table 3 that the process
of changing the ratio of various forms of
erythrocytes with a predominance of patho-
logically altered forms is physiological in na-
ture, which attracts attention when comparing
the results in groups of relatively healthy peo-
ple of different ages (the percentage of pre-
hemolytic and degenerative forms significant-
ly increases).

The same tendency is observed in the ra-
tio of types of erythrocytes in patients of differ-
ent ages with type 2 diabetes mellitus. Thus, the
maximum shift towards the prevalence of
pathologically altered forms is observed in the
group of women with type 2 diabetes mellitus
aged 60-70 years. The percentage of prehe-
molytic forms was 7.30+1.40, which is signifi-
cantly more than two times higher than that in
the group of healthy women of the same age
(3.17+0.25), as well as in the group of younger
women with the same pathology (6.10+0.48).
Degenerative forms of erythrocytes were also
significantly more frequent.

With endocrine pathology, such types of
degenerative cells as acanthocytes, cells in the
form of a "deflated ball" appeared, which is
especially clearly seen when using AFM due
to a change in the color of cells associated
with a reformation of their diameter. The so-

called vesicular cells and even schistocytes,
which are fragments of destroyed cells, ap-
peared. All these types with a violation of the
structure of cells cannot be restored. They be-
long to the group of irreversibly deformed or
prehemolytic.

The number of cells with hemolysis in-
creased. The surface of the cells was uneven.
The architectonics of plasma processes on the
surface of erythrocytes was impaired, which
is especially noticeable in type 1 diabetes.

When studying the cytoarchitectonics of
erythrocytes using a scanning probe microscope,
changes in various parameters were shown for
different types of diabetes (Table 4).

Both DM 1 and DM 2 these parameters
were characterized by a decrease in compari-
son with the control group. The average area
of erythrocytes in DM 1 was 33.50+1.40 um?,
in DM 2 (both age groups) — 32.20+1.50 and
33.10£1.90 um? (control — 43.00+1.10 pm?),
and the average volume — 4.40+0.40 um® in
DM 1 and 4.50 + 0.30 pm®in DM 2. Due to a
decrease in both of the above parameters, the
ratio of the cell surface area to its volume still
does not undergo fatal disturbances and re-
tains a value close to normal. At the same
time, the average maximum height of erythro-
cytes in both groups significantly increased,
the cells took on a more elongated shape, dif-
ferent from the correct discoid. With DM 1
and DM 2 (both age groups), such a parame-
ter as the average diameter of the erythrocyte
also decreased, and amounted to 6.30+0.45
um and 6.40+0.60, 6.90+0.70 um, respective-

ly.
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Table 4

Parameters of erythrocytes in various types of diabetes mellitus

Group Average Average Average maximum Average Average

erythrocyte area, erythrocyte erythrocyte height, erythrocyte erythrocyte
pm2 volume, pm3 pm perimeter, pm diameter, pm

Control A 43.00+1.10 5.50+0.70 0.55+0.07 0.29+0.03 7.40+0.30
Control B 44.00+1.20 5.70+1.10 0.51+0.09 0.30+0.05 7.70+0.40
DM 1 33.50+1.40* 4.40+0.40* 0.65+0.04* 0.42+0.06* 6.30+0.45*
DM 2 A 32.20+1.50* 4.50+0.30* 0.67+0.06* 0.43+0.07* 6.40+0.60*
DM 2B 33.10+1.90%* 5.90+0.50%* 0.81+0.15%* 0.49+0.09 6.90+0.70%*

Note: *p <0.05 in comparison with the group of practically healthy people; **p <0.05 in comparison with a similar

group in terms of age

The geometric parameters of erythro-
cytes in both age groups of healthy women
did not differ significantly. Geriatric changes
in the geometric parameters of erythrocytes in
the group of patients with type 2 diabetes
mellitus were characterized by an increase in
volume (4.50+0.30 um® and 5.90+0.50 pm®),
as well as the maximum height of erythro-
cytes (0.67+0.06 pm and 0.81+0.15 um) with
increasing age of the patients.

3 e 2
00

When analyzing the cells' images ob-
tained using AFM scans, a change in the
depth of the erythrocyte cavity was noted in
different types of diabetes mellitus. Thus, the
erythrocytes of patients in the control group
were characterized by a preserved discoid bi-
concave shape with a moderate depth of the
cavity, which is physiologically optimal char-
acteristics (Fig. 3).

T K/ e
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Fig. 3. Erythrocyte of a woman (40 years) in the control group. Moderate depth of the cavity of the
cell. Atomic force microscopy. Fig. A — three-dimensional image, Fig. B — graphic image.

In DM 2, although some concavity was
present on the erythrocyte, its depth was still
less than in the control group (Fig. 4). It
should be noted that the age of the patients
who made up the second study group (with
type 2 diabetes mellitus) was, on average,
more; they also more often had overweight,
increased lipoprotein levels and their fraction-
al imbalance, which may also deny a signifi-

cant effect on the molecular composition of
cellular membranes of erythrocytes, changing
its plasticity and leading to the loss of the
ability to efficiently circulate in the capillar-
ies. At the same time, a similar effect can be
observed in the long-term course of type 1
diabetes mellitus due to the long-term, early-
formed hyperglycemic state.
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Fig. 4. Red blood cell of a woman with (65 years) type 2 diabetes. The depths of the depression on
the cell surface are less than in the control group. Atomic force microscopy. Fig. A — three-
dimensional image, Fig. B — graphic image.

Completely different changes in the
shape of the erythrocyte were observed in DM
1. A significant decrease in the depth of the
cavity on the surface of the erythrocyte, ac-
companied by the unevenness of its surface,
was accompanied by a decrease in both the

volume and the area of the cell (Fig. 5). How-
ever, as with the opposite changes, this con-
tributed to the violation of the deformability
of erythrocytes when passing through the ves-
sels, to a decrease in the maximum possible
number of molecules carried on the surface.

nm
100 150 200 250 300 350 400 450

pm

Fig. 5. Erythrocyte of a woman (32 years) with type 1 diabetes mellitus. Significant increase in the
depth of the cavity on the cell surface. Atomic force microscopy. Fig. A — three-dimensional image,
Fig. B — graphic image.

Of course, the presence of pathology of
the endocrine system in old and old age con-
tributes to significant, in comparison with
those in practically healthy people, biochemi-
cal and electron-microscopic changes in
erythrocytes, which are directly proportional
to the duration of the course and stage of the
disease [2, 5]. Despite the fact that the profile
of changes in hematological parameters and
morphometric characteristics can be assessed
as a manifestation of adaptive processes in the
erythrocyte system aimed at increasing the

rheological properties of blood and reducing
tissue hypoxia, their long-term preservation
leads to a violation of adaptation mechanisms
and exacerbation of pathological processes
[10, 17]. So, such changes in diabetes mellitus
include the presence of a large number of
cells of an elongated and irregular shape, a
decrease in the percentage of normocytic
forms due to an increase in both microcytes
and macrocytes in various types of diabetes, a
significant change in the cytoarchitectonic
parameters of erythrocytes: a decrease in both
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the average volume and the average area of
erythrocytes.

Conclusion. The use of atomic force
microscopy in the study of the rheological
properties of blood, the biophysical parame-
ters of erythrocytes is justified, since it allows
not only to obtain information about the de-
gree of change in their ability to deform, but
also to detect changes that contribute to the
development of microangiopathy in the early
stages.
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