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Abstract

We examined hematological changes

influenced by the experimental hypervita-

minosis A. The 3D confocal optical profil-

ometer was applied for assessment of

the erythrocytes' membrane structural

changes influenced by an overdose of vita-

min A. The blood smears were evaluated

in terms of alterations of geometrical and

optical parameters of erythrocytes for two

groups of animals: oil base and retinol

palmitate (n = 9 animals for each group). The results demonstrate that an

overdose of retinol palmitate causes changes in the torus curvature and pallor

of discocytes, their surface area and volume. The observed structural malfor-

mations of the shape of red blood cells become visible at the earlier preclinical

stage of changes in animal state and behavior. With this in mind, the results of

the study open a new area of research in the certain dysfunction diagnosis of

red blood cells and have a great potential in the further development of new

curative protocols.
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1 | INTRODUCTION

The elevated lability of biochemical, physicochemical
and morphological red blood cells (RBC) parameters is
widely used for a membranotropic xenobiotics toxicity
screening of, that is, for drugs toxicity [1, 2]. RBC aggre-
gation, membrane deformability, shape and form-factor
parameters of erythrocytes can reflect the alterations of
hemorheological properties of RBC induced by nanoma-
terials and substances [3–5]. The results of these studies
clearly show actual morphological alterations of the RBC
membrane caused by nanoparticles and nano-based sub-
stances exposure. Nevertheless, testing of the biocompati-
bility of nanomaterials and substances with RBC is
challenging due to complex interaction matter, which
depends on concentration, local density, size, composi-
tion, geometry, surface properties and properties of bio-
logical surrounding. Transported through the blood
circulation system nano-substances are interacting with
blood components, especially with RBC, comprised 40%
to 45% of blood. At normal conditions, the form of RBC
is changed dramatically upon interaction with nanoma-
terials [3–8]. Impairment of morphodensitometric traits
such as membrane integrity, morphology, deformability
and aggregation induced by an overdose of a nano-
substance can lead to microrheology alterations and
result in thrombosis [9–11]. Here, we explore how the
overdose of vitamin A influences the RBC structure.

Vitamin A (retinol) and its analogues demonstrate
lipophilic and membranotropic features that allow to use
it as drugs [12]. However, biologically active forms of
vitamin A are reported to demonstrate a dose-dependent
toxicity [13] resulting in restrictions of their clinical use.
Various literature reviews inform about cases of acute
and chronic retinol toxicity both in humans and in ani-
mals. It affects various organs and systems, especially the
skin, digestive tract, muscles, bones, nervous system,
liver, spleen and peripheral blood as well. In the periph-
eral blood, one can find a drop of RBC osmotic resistance
and of hemoglobinemia, an increase of poikilocytes num-
ber, as well as hemolysis and anemias [14–16]. Moreover,
retinol in high doses can negatively impact cells and tis-
sues even before clinical signs of hypervitaminosis A
emerge [17]. It is highly required to find methodical
approaches to predict a subtoxic state development. RBC
seems to be the most appropriate object for a such study
since they are easy to obtain from humans and experi-
mental animals. Additionally, the cells have similar reac-
tions to the action of various pathogenic factors. Initial

biochemical plasmalemma rearrangements lead to a shift
of its viscoelastic properties and to a drop of the ability to
be reversibly deformed. Thus, it results in morphological
features of the cells [18]. Therefore, administering retinol
medications and recording erythrocytes morphological
changes in response to the treatment, one may take
advantage of the resulting dose-dependent toxicity to
define prognostic criteria for hypervitaminosis A.

The RBC of mammals is typically shaped as bicon-
cave disks. This feature is unique and allows them to be
very elastic and their deformation is usually reversible.
Due to this fact, RBC passes easily through narrow capil-
laries and walls of the splenic venous sinuses. These
properties are provided by the RBC plasmalemma and by
the cytoskeleton which is attached to the membrane via
compound macromolecular complexes. The cytoskeleton
lays under the plasmalemma cytoplasmic surface in a
form of a flexible reticular structure [19, 20]. The RBC
plasmalemma is in fact the only structural component of
the highly differentiated cells, which participates in all the
processes of their functioning (due to the absence of the
nucleus and other organelles). The erythrocytic membrane
works as a selective permeability barrier that is crucial for
intracellular homeostasis and RBC volume. It is also a key
structure for the gas metabolism because of carrying out
the most important RBC function, that is, the transporta-
tion of О2 and СО2. The membrane assists in the energetic
metabolism via forming of structural and functional bonds
with glycolytic enzymes. It also has a great number of
surface receptors, and takes part in the transporting of var-
ious substances: hormones, enzymes, regulatory peptides,
nucleotides and drugs as well [19–21].

The aforementioned distinctions of the RBC plasma-
lemma make it highly sensitive to any disorder of blood
homeostasis. It results as an issue in different systemic dis-
eases, for example, arterial hypertension, ischemic heart
disease, diabetes, nephropathies, hepatitis, alcoholism,
malignant tumors and autoimmune pathologies. There-
fore, we may find chemical composition changes of the
RBC plasmalemma, a peroxide oxidation increase, water-
electrolyte balance disorders of the cytoplasm, a drop of
the membrane elasticity and deformability, a growth of the
poikilocytes number (echinocytes, spherocytes and stoma-
tocytes), a higher cell sensitivity to hemolysis and finally,
an eryptosis activation. In severe cases there may occur
such complications as a clinically significant anemia and
microcirculatory derangements that aggravate the course
of the disease [22–26]. The analysis of RBC membrane
properties may be carried out with various approaches.
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High-resolution images of erythrocyte membrane may be
obtained via atomic force microscopy [27], blood flow
parameters—via automated rheoscope [28], cellular inter-
actions and manipulations—with an application of optical
tweezers and other techniques [8, 29]. All these methods
allow to assess different RBC properties that may be useful
in blood flow diagnostics and experiments on a single or a
group of cells, but the most appropriate method for our
goals is the morphodensitometry of RBC membrane struc-
ture using optical profiler.

In this article, we present the analysis of experimental
hypervitaminosis A effect on the structural properties of
erythrocyte membrane in rats.

2 | MATERIALS AND METHODS

3D models of erythrocytes and initial measurements were
carried out on Sensofar S Neox 090 3D Confocal Optical
Profiler in confocal mode (Sensofar-Tech, Spain)—Figure 1.
Using hardware & software system “DiaMorph Cito” (CJSC
“Diamorp,” Russia) we have processed digitized images of
the blood smears measuring geometrical and optical
parameters for erythrocytes (discocytes). 3D Confocal Opti-
cal Profilometry is a promising method that allows to assess
surface features such as roughness, topography and

flatness. In biomedicine, it gives the information of the cel-
lular membrane and its structural properties.

This approach provided entire description of how
morphological and functional features of RBCs have been
changing. By this operation, we have quantitatively eval-
uated early signs and RBC response to the exposure. The
measured parameters have included standard morpho-
densitometric variables [30, 31]. Among them, we have
considered following: the area of discocyte projection
onto a plane (top view); the area of its pallor (the concave
central region of cytoplasm); the ratio of the two men-
tioned parameters; finally, the integrated optical density
of cytoplasm. We have also examined some parameters of
discocytes side view: the curvature of torus (convex
peripheral ring in discocyte) upward and downward
parts; the pallor curvature; the surface area; the volume;
also, the ratio of both the last variables. The data of the
morphodensitometric analysis have been used to provide
a computer reconstruction of three-dimensional disco-
cytes images.

An optical filter with a peak transmission in the range
from λ = 530 nm to λ = 580 nm has been exploited to
increase the contrast of the digitized images. The mor-
phodensitometric parameters have been registered for
30 discocytes located in the adjacent fields of view from
smear's central portion. The measurement has been con-
ducted using blood smears of all the enrolled animals
using a 50� objective. When designing the experiment,
we regarded individual and group parameter dispersion
for discocytes of 10 intact rats. Then we calculated the
sample size (the number of studied cells and the number
of animals) assuming permissive error not to exceed 5%.

The statistical analysis of the obtained data has been
carried out by IBM PASW Statistics 18.0.0. We have used
non-parametric Mann–Whitney U test to evaluate the sig-
nificance of differences in two samples' means. We also
have chosen the confidence level of P ≤ .05 to be critical.

The experiment has been carried out using 18 male
Wistar rats which were obtained from branch “Stolbovaya”
of the Federal State Budgetary Institution of Science
“Scientific Center of Biomedical Technologies” of Russian
Federal Medical & Biological Agency. The animals have
been maintained and manipulated according to the rules
of Good Laboratory Practice (the Russian Federation
Ministry of Health Order #199n by 01/04/2016). After a
week of adaptation to the vivarium conditions, the animals
have been divided into two groups (n = 9 per group). The
initial mean body mass of the rats has been equal to 120.9
± 2.6 g. The body mass has not differed initially among
each separate group (P = .8) with its further changes being
recorded during the experiment. The study has been
approved by the Ethical Committee of Sechenov University
(protocol no 02-20 dated Feb 05, 2020).

FIGURE 1 Sensofar S Neox 3D Confocal Optical Profiler

(Sensofar-Tech, Spain) system scheme: 1—objective, 2—camera,

3 and 4—light sources, 5—microdisplay

LOMANOVSKAYA ET AL. 3 of 8

 18640648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbio.202200222 by T

est, W
iley O

nline L
ibrary on [13/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



In order to induce hypervitaminosis A, we have used
oil-based retinol palmitate solution. The medication has
been administered at a dose of 150 000 IU (0.3 mL of the
solution) via gavage by a mouth soft feeding tube during
6 days. The control group received only vehicle (oilbase)
in the same volume.

To make smears, we have taken a blood drop from a
2-mm-deep prick in the tail vein with a sterile scarifier.
Then the prepared smears have been dried and fixed in
methanol for 15 minutes. We have simultaneously
stained the blood smears from experimental and control
animals with Leishman stain solution (eosin and
methylene blue).

3 | RESULTS AND DISCUSSION

The first signs of retinol palmitate overdose have been
registered on the 5th day after the first administration. We
have observed behavioral reactions changes, increased
respiratory rate and body mass loss in the animals. The
average model of erythrocyte size and form were calcu-
lated for the blood collected on the 6th day of experiment.
The dynamics of body mass changes, models of

erythrocytes on the 6th day of experiment both for the
experimental and for the control groups and representa-
tive images of measurements are shown in Figure 2.

The statistically significant (P = .001) differences of
the variables between the groups have been revealed on
the 5th and 6th day of the observation. The body mass of
rats treated with retinol palmitate has been equal then to
87% (117/134) and to 80% (114/143), comparing with the
control group.

Figure 3 represents how the morphodensitometric
parameters' values of discocytes have been changing dur-
ing the experiment. To wit, in retinol palmitate overdose
the mean values of the area of discocyte projection onto a
plane have not differed significantly between both groups
during all the observation period (A). Meanwhile the inte-
grated optical density of discocytes cytoplasm has been
found to be strongly reduced on the same days. Even ear-
lier than standard geometrical and optical cell parameters
have changed (namely on the days 3 and 4), we have
regarded the torus upward and downward parts curvature
and there have revealed an increase of the mean values
(B, C). The values of pallor curvature have diminished on
the 6th day of retinol palmitate intake (D). In total, the
change in curvature of different discocyte regions has

FIGURE 2 (A,B) Images of RBC on the day 6 of experiment for the retinol palmitate and oil base groups respectively, μm;

(C) reconstruction of an average discocyte three-dimensional image, μm. Blue is a control group and red is an experimental group. Day 6 of

retinol palmitate administration; (D) the dynamics of rats' body mass changes for the both groups, g, P = .001

4 of 8 LOMANOVSKAYA ET AL.
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resulted in a shift of their shape. The shift is easily seen at
the reconstruction of three-dimensional images. Finally,
the ratio between pallor and projection area (Figure 4A)
and surface area and volume (Figure 4B), reflecting
significantly decreased on the 5th and 6th day.

By the end of the experiment, the shape of discocytes
obtained from rats treated with retinol palmitate has
been reported to demonstrate a lower height of the torus
region along with a pallor thickening despite a decrease
in the pallor area. Notably, the curvature changes have

FIGURE 3 Dynamics of changes in

morphodensitometric parameters

(MDM) of rats' discocytes in retinol

palmitate overdose (X�SD). (A) Area of

projection onto a plane; (B) area of

central concave portion of an

erythrocyte; (C) integrated optical

density; (D) curvature of the ascending

torus; (E) curvature of the descending

torus; (F) pallor curvature; (G) surface

area; (H) volume. OB—oil base (control

group); 2—retinol palmitate

(experimental group); *P< .05 in

comparison to OB; #P< .005 in

comparison to OB (Mann–Whitney

U test)
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been accompanied by a decrease in their surface area and
volume (since day 3). However, the ratio of these two last
parameters has remained constant until the 6th day
when it has significantly decreased (Figure 4).

Interestingly, the abovementioned changes of mor-
phodensitometric parameters have been revealed in dif-
ferent days of observation. In particular, even before first
signs of the overdose (3rd and 4th days) we have noted
that the mean curvature values of upward and downward
torus parts, as well as the mean surface area and the
mean discocytes volume have become considerably dif-
ferent from those in the control group. Nevertheless,
other parameters of discocytes changed simultaneously
with the first clinical signs of hypervitaminosis A.

The dose of retinol palmitate chosen for the study was
adequate to rapidly induce hypervitaminosis A in rats.
Herein we show that morphological changes of RBC were
detected before emergence of visible signs for retinol pal-
mitate toxic effects (preclinical stage). The clinical course
of hypervitaminosis was characterized by weight loss
which is considered a one of the hallmarks in retinol over-
dose [14, 15]. After entering the body, retinol is stored in
the liver in the form of esters, and then is transported to
peripheral tissues being bound to retinol-binding protein
[32]. In young rats, retinol circulates in the blood for a
longer time than in adult ones [33]. Due to this fact, its
content in the blood can be significantly higher. It is
believed to be one of the reasons for more rapid develop-
ment of hypervitaminosis A at a young age even if taking
smaller doses of retinol [16]. The initial body mass of the
enrolled rats corresponded to approximately 1.5 to
2 months of age [34], so the onset of hypervitaminosis A
signs in 5 to 6 days after the start of the retinol palmitate
administration has been surely provoked not only by the
overdose but also by the animals age.

During all days of observation, the area of discocyte
projection onto a plane (top view) has not significantly
differed from that one in the control group. The parame-
ter notwithstanding, other variables such as torus upward
and downward parts curvature, the pallor curvature and
area, finally, the ratio of the areas (the pallor area and
the area of discocyte projection onto a plane) have evi-
denced a gradual change of the cells shape. We assume
that this abnormality is associated with a modifying
impact of retinol palmitate on RBC's membranes. In the
presence of retinol, erythrocyte membrane viscoelasticity
and fluidity change due to an increase in cholesterol [35]
and phospholipids content, as well as because of redistri-
bution of the phospholipids within lipid bilayer [36].
These phenomena affect an erythrocytic ability to
undergo a reversible deformation [37].

In addition to the changes of viscoelastic features in
the membrane, hemoglobin concentration also influences
this ability of RBC to change their shape reversibly [38].
Decreased integrated optical density, a marker of hemo-
globin concentration [39], indicates a lower hemoglobin
content in retinol palmitate overdose. Notably, this change
manifested simultaneously with hypervitaminosis A.

In erythrocytes, the surface area and its ratio to vol-
ume are criteria of deformation severity [30, 31]. The
obtained data has revealed a decrease of both parameters
in the discocytes of the experimental group rats since 3rd
day of the experiment. Notably, the rates decrease for
both surface area and volume have been identical in the
discocytes as their ratio remained unchanged during
almost all the observation period with a considerable
decrease on the day 6 only. Thence we suppose that the
observed erythrocytic deformation is not critical and
seems to be reversible at the preclinical stage of hypervi-
taminosis A in retinol palmitate overdose.

FIGURE 4 Graphs of ratio between pallor and projection area (A) and surface area and volume (B). Notable changes of RBC structure

are most expressed in day 5 and 6. Other parameters are given in Figure 3

6 of 8 LOMANOVSKAYA ET AL.

 18640648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbio.202200222 by T

est, W
iley O

nline L
ibrary on [13/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



We have especially remarked that the changes in
morphodensitometric parameters of discocytes have been
asynchronic in animals fed daily by retinol palmitate.
Besides, the values of almost all measured parameters of dis-
cocytes in the experimental group animals have considerably
changed exactly in the moment of overdose manifestation.
In the absence of clinical signs, just few parameters (the cur-
vature of torus upward and downward parts, the surface area
and the volume) have differed significantly from the control
group. It confirms data which were reported in literature
describing toxic effects of retinol at the preclinical stage of
hypervitaminosis A [17]. Moreover, we assume that these
parameters may be used as prognostic criteria for retinol
palmitate overdose.

4 | CONCLUSION

The detected changes of morphodensitometric parameters
in discocytes are non-specific. Such changes could also
arise due to various factors, but then they must show
another direction and severity. That is why if one chooses
RBC's as an object of morphodensitometric analysis then
it is highly recommended to assess the nature of morpho-
logic changes considering both acting factors and dura-
tions of their action when the prognostic criteria are
determined for normal state and pathology.

This study has revealed special changes in RBC's
morphology induced by retinol palmitate overdose.
Notable, a big body of these changes was detected
before clinical manifestation of hypervitaminosis
A. Changes in the torus curvature and pallor of disco-
cytes, their surface area can serve as markers of preclin-
ical stage of retinol overdose. These traits may serve as
important prognostic criteria for hypervitaminosis A
development.
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