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A bstract
Introduction: Diabetes m ellitus (DM) is one o f the  m ost com m on diseases. A ccord ing  to  the 
W HO , at present, the to ta l num ber o f patients w ith d iabetes in the  w orld  has exceeded 100 
m illion peop le . Endothelia l dysfunction is an in tegra ted  syndrom e o f insulin resistance 
deepens it, increases vascular reactivity, and provokes cardiovascular disorders. In connection 
w ith this search fo r m odern m ethods o f de tec ting  and iden tify ing  the  presence o f endothelia l 
dysfunction in patien ts w ith d iabetes is extrem ely im portan t. Taking in to  account the  above, 
the purpose o f our study was to  study the  possib ilities o f using innovative 
pa thom orpho log ica l approaches (scanning raster and atom ic force m icroscopy) in the study o f 
endo the lia l cell dysfunction in wom en w ith type  I diabetes.
Materials and Methods: The research m aterials consisted o f tw o  groups. The firs t g roup  
included pregnant wom en w ith type  I d iabetes, the second g roup  consisted o f pa tien ts o f 
various age groups. The study and m orphom etric  processing were carried ou t in a scanning 
e lectron m icroscope and an a tom ic force m icroscope. The geom e tric  param eters o f 
erythrocytes were calculated as area, volum e, max Z, perim eter.
Results and discussion: W hen studying erythrocytes, it was shown tha t the  sizes o f d iffe ren t 
groups o f cells d id  no t d iffe r significantly. Pathological form s o f erythrocytes were 
represented by: transitional form s (capable o f reverse transform ation): ellipses, discocytes w ith 
a crest, fla t disks, discocytes w ith ou tg row th , discocytes w ith m u ltip le  ou tgrow ths, 
erythrocytes in the form  o f a "m u lbe rry  be rry "; p rehem oly tic  form s (with changes tha t are 
irreversible): dom ed , spherical, in the  fo rm  o f a "de fla ted  b a ll" ; degenera tive. There was a 
clear tendency to  an increase in the ir con ten t w ith increasing age o f the  patients, which, 
apparently, is associated w ith the  duration o f the course o f the  disease. In the  o lde r age 
groups o f patients w ith  d iabetes m ellitus I, the  erythrocyte cavity dep th  indicators varied 
significantly, the re fore , there was no sign ificant increase in this ind ica to r com pared to  the 
b io log ica l norm g roup  fo r th is age; on the  contrary, it was decreased. In the  samples o f the 
uterus o f p regnant wom en w ith  type  I DM , ob ta ined  du ring  the  caesarean section, the  vessels 
had a grea te r to rtuo s ity  than in the  contro l group. M oreover, the ir d iam e te r varied 
significantly. Foci o f destruction were iden tified  in the  endo the lium . The distance between the 
fo lds o f endothelia l cells increased
In the lumen o f a part o f the  vessels, fib rin  was de term ined in the  fo rm  o f separate filam ents 
and layers, p late lets, erythrocytes w ith stasis and sludge. The structure and shape o f 
erythrocytes was often d isrupted.
Conclusions: Even w ith a short duration o f the  disease, deviations o f the main
hem orheolog ica l p roperties and indicators are observed, inc lud ing such as changes in the 
basic geom etric  param eters o f erythrocytes, the ir ab ility  to  aggregate  and deform . Diagnosis 
o f hem orheolog ica l disorders in d iabetes can serve as an early m arker o f ta rge t organ 
dam age. The study proved tha t changes in carbohydrate m etabolism  in d iabetes m ellitus 
sign ificantly affect the  properties o f the  endo the lia l-e rythrocytic  system, and they can be 
diagnosed using various m odern m icroscopy m ethods at an early stage.
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In troduction

Diabetes m ellitus (DM) is one o f the most 
comm on diseases. According to  the W HO , at 
present, the tota l num ber o f patients with 
d iabetes in the world  has exceeded 100 million 
people  (3% o f the w orld 's  population) (Babik et 
al., 2018; G iraldo-Grueso &  Echeverri, 2020). It 
increases by 57% annually and doubles every 12­
15 years. Carbohydrate m etabolism , d isturbed in 
d iabetes mellitus, can cause vascular lesions, 
m icro- and m acroangiopathies (Lawrence, 2011; 
Sehyun, Yunhee, Narayanan, & Megha, 2007; Shi 
&  Vanhoutte, 2017), which is largely due to 
dysfunctions o f the endothelia l cells themselves. 
Endothelial dysfunction is an in tegrated syndrome 
o f insulin resistance (Cho, M ooney, &  Cho, 2008; 
Pavlova et al., 2020; Popova, Berezikova, & 
Mayanskaya, 2010), deepens it, increases vascular 
reactivity, and provokes cardiovascular disorders 
(Sattar & Preiss, 2018; Vecchie, M ontecucco, 
Carbone, Dallegri, & Bonaventura, 2019). It should 
be noted tha t the appearance o f this syndrome is 
one o f the earliest signs o f vascular lesions in 
patients w ith d iabetes and can be detected at the 
initial stages o f the disease, even before the 
appearance o f atherosclerotic plaques, and in the 
later stages it can provoke spasm (Lunder, Janie, & 
Sabovic, 2019; Sosunkevic, Rapalis, Marozas, 
Ceponis, & Lukosevicius, 2019), the form ation and 
growth o f plaques (Kuznik e t al., 2012), fo llow ed 
by its rupture. In connection w ith this search fo r 
m odern m ethods o f detecting  and identify ing the 
presence o f endothelia l dysfunction in patients 
w ith d iabetes is extrem ely im portant (Avramenko, 
Litvinov, & Malinina, 2019; P Hoffman, 2014; 
Pavlova et al., 2020). Taking into account the 
above, the purpose o f our study was to  study the 
possibilities o f using innovative
pathom orpho log ica l approaches (scanning raster 
and atom ic force microscopy) in the study o f 
endothelia l cell dysfunction in women with type I 
diabetes.

M aterials and M ethods

The research materials consisted o f tw o groups. 
The first g roup included pregnant wom en with 
type  I d iabetes w ith a compensated course (20) 
aged 25-35 years (average age 29.5 ± 4.5 years), 
and 10 women w ithou t endocrinopath ies and 
obste tric patho logy (26.5 ± 2.5), located on the 
basis o f the Perinatal Center o f the Belgorod 
regional C linic Hospital o f St. Joasaph in 2018-19. 
To clarify the diagnosis, general clinical, 
rad io im m unologica l, instrumental research 
m ethods were used. Clinical b lood  and urine tests 
were perform ed, and biochem ical parameters 
were studied. C hildb irth  in all surveyed women 
was carried ou t by perform ing an abdom inal 
cesarean section fo r a period o f 38-40 weeks.

The second g roup consisted o f patients o f various 
age groups, in whom  the study was carried ou t at 
the clinical base o f the C ity Polyclinic o f Belgorod 
6 in the period from  2019-2020. These are 52 
women w ith type 1 diabetes. Am ong them  were: 
1) 15 women in the 25-44 age group (average age
33.5 ± 3.2 years); 2) 18 - 45-59 years o ld (average 
age 52.5 ± 2.2 years); 3) 12 - 60-75 years old 
(average age 72.8 ± 4.4 years); 4) 10 wom en - 76­
80 years o ld (average age 77.5 ± 2.5 years). The 
contro l g roup consisted o f 20 wom en in whom the 
disease was not d iagnosed (10 wom en aged 25­
36 and 10 wom en in the age g roup 60-75). 
Erythrocytes o f the venous b lood o f wom en were 
exam ined. To study native cells, the erythrocyte 
mass was washed and b lood smears were form ed. 
To determ ine the tissue changes in the vessels o f 
the uterus, its fragm ents were taken during a 
cesarean section. The samples were examined 
under an electron m icroscope w ithou t additional 
processing. The study and m orphom etric 
processing were carried ou t in a scanning electron 
m icroscope (SEM) "FE1 Quanta 600 PEG" and an 
atom ic force m icroscope (ARM) "N tegra-A ura". 
SPM images were obta ined in the sem icontact 
AFM m ode using DCP11 series cantilevers w ith a 
radius o f curvature o f 70 nm. Statistical processing 
o f AFM images was carried ou t using the "Image 
Analysis P9" (NT-MDT) software package. The 
geom etric  parameters o f erythrocytes were 
calculated as Area - the cross-sectional area o f the 
particle at the level o f half the he igh t o f the 
erythrocyte. Volume - the volum e o f the particle. 
Max Z - the value o f the local maximum, the 
height o f the erythrocyte measured from  the 
general zero level. Perimeter - the cross-sectional 
perim eter, as the d iam eter o f a circle whose area 
is equal to  the sectional area D iam eter = 2V (Area 
/ П ) .
Statistical analysis was not app lied because there 
was no need to  compare values. The task o f the 
authors was to  a greater extent to  study the 
possib ility o f using m odern m icroscopic m ethods 
fo r assessing quantita tive  characteristics and 
identify ing patterns.

Results and Discussion

W hen studying the state o f erythrocytes, 
th rom bohem orrhag ic changes were revealed in all 
patients w ith grade I d iabetes. This was 
manifested in the presence o f erythrocyte stasis 
and sludge phenom enon, which in the early 
stages o f the disease may be the initial sign o f 
disseminated intravascular coagulopathy, and 
later becom e the basis fo r the form ation o f b lood 
clots. In some cases, we have already observed 
them  in patients aged 45-59 years. A nother 
m anifestation o f th rom bohem orrhag ic changes 
was poikilocytosis, an increase in the num ber o f 
acanthocytes and echinocytes, as well as the



form ation o f individual spines on the surface o f 
erythrocytes.
When studying erythrocytes, it was shown tha t the 
sizes o f d iffe ren t groups o f cells d id  not d iffe r 
significantly. The m icrocytes were 6.20 ± 0.15 pm, 
normocytes - 7.50 ± 1.05 [jm (from 6.50 [jm to  
8.90 |jm), macrocytes 9.50 ± 0.50 pm (from 9.0 pm 
to  10.90 pm), m egalocytes - 11.50 ± 1.0 pm (11.0 
pm and more). A t the same tim e, the content o f 
m icrocytes in pregnant women (25-35 years old) 
and non-pregnant women (25-44) w ith type 1 
diabetes d id  not d iffe r significantly (14.50 ± 1.50% 
13.00 ± 1.60%), bu t it was higher than in the 
control groups (7.50 ± 1.50% and 6.30 ± 1.40%). 
The content o f macrocytes was, respectively: 
15.50 ± 1.10% and 14.30 ± 1.80% (14.30 ± 1.10% 
and 13.20% ± 2.05%). Individual m egalocytes 
appeared in the b lood o f patients w ith type I 
d iabetes, both pregnant and not. W ith age, the 
content o f m icrocytes progressively decreased, 
reaching 10.30 ± 1.30% in the 76-80 age group, 
while the num ber o f macrocytes (18.50 ± 1.20%) 
and m egalocytes (2.50 ± 0.25 %) increased (10.50

± 1.25%). These changes are characteristic o f the 
m oderate stage o f anisocytosis.
Pathological forms o f erythrocytes were 
represented by: transitional forms (capable o f 
reverse transform ation): ellipses, discocytes w ith a 
crest, fla t disks, discocytes w ith outgrow th , 
discocytes w ith m ultip le  outgrow ths, erythrocytes 
in the form  o f a "m ulberry berry"; prehem olytic 
forms (with changes that are irreversible): dom ed, 
spherical, in the form  o f a "defla ted  ba ll"; 
degenerative. There was a clear tendency to  an 
increase in the ir content w ith increasing age o f the 
patients, which, apparently, is associated w ith the 
duration o f the course o f the disease. The data 
obta ined by us w ith atom ic force m icroscopy 
confirm  the fact that d isorders o f carbohydrate 
m etabolism  specific fo r d iabetes m ellitus (even at 
the stage o f latent changes) lead to  an increase in 
the p roportion  o f macrocytes and polym orphism  
in the size o f erythrocytes, sphericity o f the shape, 
and the appearance o f a significant num ber o f 
deform ed and hemolyzed cells.

Table 1. The state of erythrocytes in the venous bed of wom en with type 1 diabetes mellitus.
A ge groups Preg. N um ber of 

patients
Area, pm 2 Volum e pm

3
MaxZ, pm Perimeter,

pm
Diam eter,
pm

32) ^
yes n=5

44.50±1.50 4.70±0 .90 0,55±0 .20 33 .40±1.7 7.30±0 .80

DM 1 (25-35) yes n=5 30 .5±1 .20* 4.51 ±0.50 0 .7 2 ± 0 .2 Г 41 .80±1 ,6* 6.40±0 .70

36)
no n=5 44.30±2.50 4.60±0 .40 0.53±0.07 33.20±1.40 7.40±1 .10

DM 1 (25-44) no n=5 31 .10±1.10* 4.51 ±0.50 0 .7 2 ± 0 .2 Г 41 .80±1 .6* 6.40±0.70*
DM 1 (45-59) no n=5 42.0±3 .10 4.32±0 .54 0.73±0.05* 42.05±2.10* 6.10±0.55*
N o rm , (60- no n=5 44.90±3.5 4.80±1 .40 0.56±0.08 33.20±1.40 7.50±1 .80

DM 1 (60-75) no n=5 50 .10±3 .20 * 3 .52±0 .45* 0 .2 8±0 .0 5 * 32 .80±2.25 8 .2 0±1 .7 0 *
DM 1 (76-80) no n=5 43.25±2.30 5 .52±1 .20* 0.57±0 .06 29 .30±1 .41 * 7.35±1.05

d i



patients w ith d iabetes I (25-44 years o ld and 45-59 
years old) was also sign ificantly h igher than in the 
contro l g roup fo r this age (0.72 ± 0.21; 0, 73 ± 
0.05 and 0.53 ± 0.07 pm, respectively). On the 
images o f venous erythrocytes obta ined by atom ic 
force m icroscopy o f one o f the patients w ith 
diabetes m ellitus I, 27 years o ld, we recorded the 
onset o f throm bus form ation (Fig. 2).
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Figure 2. The b lood o f patients w ith type I DM (27 
years). Stasis and sludge o f erythrocytes. The



onset o f throm bus form ation (A). The ind icator o f 
the depth  o f the erythrocyte cavity has been 
increased (A, B, C). AFM.
A  - three-d im ensional, В - two-d im ensional image, 
С - cell outlines, D - d ig ita l indicators, D - graphic 
image.
In the o lde r age groups o f patients w ith d iabetes 
m ellitus I, the erythrocyte cavity depth  indicators 
varied sign ificantly (Fig. 3), therefore, there was no

significant increase in this ind icator com pared to  
the b io logica l norm group fo r this age; on the 
contrary, it was decreased. So, its value in the 
group o f patients w ith d iabetes I, 76-80 years old, 
was 0.28 ± 0.05 pm, and in the control g roup fo r 
this age - 0.56 ± 0.08 [jm. As well as in the b lood 
o f younger patients w ith this endocrinopathy, the 
phenomena o f erythrocyte stasis and sludge, the 
initial stages o f b lood  clots were observed.



Figure 3. Blood o f a patient w ith type I DM (76 
years old). Stasis and sludge o f erythrocytes. The 
onset o f throm bus form ation (A). Changing the 
shape o f cells. Various indicators o f the depth  o f 
the cavity o f erythrocytes (A, B, C). AFM. A  - th ree­
dim ensional, В - two-dim ensional image, С - cell 
outlines, D - d ig ita l indicators, D - graphic image.
In the samples o f the uterus o f p regnant women 
w ith type I DM, obta ined during the caesarean 
section, the vessels had a greater to rtuosity  than 
in the control group. M oreover, the ir d iam eter 
varied significantly. The length o f the vessels on 
the histograms (up to  significant bending) was 1.4 
± 0.3 |jm  (3.1 ± 0.7 [jm in the control group). Foci 
o f destruction were identified  in the endothelium . 
The distance between the fo lds o f endothelia l 
cells increased to  4.6 ± 1.4 pm (2.0 ± 0.5 pm) (p 
<0.05). In add ition , there were thickenings.

partially, sometimes up to  60%, covering the 
lumen o f the vessels, where throm bus form ation 
was more often observed, which is clearly seen 
w ith AFM (Fig. 4).
The height o f endothelia l cells, respectively, was:
2.5 ± 0.3 |jm  (3.45 ± 0.7 pm) (p <0.05). In the 
lumen o f a part o f the vessels, fibrin was 
determ ined in the form  o f separate filam ents and 
layers, p latelets, erythrocytes w ith stasis and 
sludge. The structure and shape o f erythrocytes 
was often d isrupted. The size varied from  3.50 pm 
to  8.30 pm. An increase in the content o f 
m icrocytes was observed. In the endom etrium  and 
m yom etrium , sign ificant changes in the shape and 
structure o f erythrocytes, the ir d iapedesis were 
noted. Some o f them  (11.5 ± 1.5%) - w ith 
im paired shape (Fig. 4).
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Figure 4. A  fragm ent o f the uterus in type  1 
diabetes. M yom etrium  w ith vessels w ith a slightly 
a ltered shape (Fig A), uneven, thickened 
endothe lium  (A, D), congested vessels (C, D). The 
lumen is narrowed due to  the endothelium  
pro trud ing  in separate fragm ents (A).
Figure В -  histogram. Figure A  -  3D image, AFM. 
Figure С -  SEM, хЗООО. Figure D -  SEM, x4000).

Conclusion

Even w ith a short duration o f the disease, 
deviations o f the main hem orheologica l properties 
and indicators are observed, including such as

changes in the basic geom etric  parameters o f 
erythrocytes, the ir ab ility  to  aggregate and 
deform . Diagnosis o f hem orheologica l d isorders in 
diabetes can serve as an early marker o f ta rget 
organ damage. The study proved that changes in 
carbohydrate m etabolism  in d iabetes mellitus 
significantly affect the properties o f the 
endothe lia l-erythrocytic system, and they can be 
diagnosed using various m odern m icroscopy 
m ethods at an early stage.
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