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One of the-preconditions of biomedical use of iron oxide nanoparticles including magnetite is their stabilization in liquid medium, wherein
the-covering substances largely determine pharmacological activity and toxicity of such nanoparticles. We obtained nanofluid that contains
magnetite nanoparticles stabilized with 2-ethyl-6-methyl-3-hydroxypyridine succinate (Mexidol) and polyvinyl pyrrolidone (PVP). Its anti-anemic
properties have not been studied previously.

The aim of the investigation was to study the effect of magnetite nanoparticles stabilized with Mexidol and PVP on hematological parameters
of laboratory animals in the norm and after acute blood loss.

Materials and Methods. Experiments were performed on 109 albino male rats. The liquid containing magnetite nanoparticles stabilized with
Mexidol and PVP was administered to intact animals and rats after blood loss in the dose of 1.35 mg Fe/kg. Its effects were compared with the
action of standard iron preparation Ferrum Lek (1.25 mg Fe/kg) as a reference drug. We determined red blood cells count, total hemoglobin,
hematocrit, erythrocyte indices as well as reticulocytes content in blood 3 and 72 h after the administration of the nanofluid and the reference
preparation.

Results. Nanofluid stimulates erythropoiesis in intact animals that is characterized by the increase in red blood cells count, total hemoglobin
and hematocrit, which, however, are within the normal range. In anemia induced by acute blood loss, the nanofluid helps to restore these
parameters and increases significantly the number of reticulocytes in blood. In both cases, the effects of the nanofluid are more pronounced
than those of the reference preparation that can be due to better bioavailability of iron in the nanofluid, with Mexidol being used as one of
stabilizing agents.

Conclusion. Magnetite nanoparticles stabilized with Mexidol and PVP stimulate erythropoiesis in the norm and in acute blood loss that is
potentiated by the presence of succinate-containing 3-hyroxypyridine derivative as their constituent. The efficiency of magnetite nanoparticles
and the possibility to use them as nanofluid offer the prospect of developing a new pharmaceutical form to correct anemic conditions based on

these nanoparticles.
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The use of nanomaterials in medicine and
pharmacology make possible to control biological
systems at the molecular level as well as to combine
in a single preparation the diagnosis and treatment —
theranostics [1-3].

Among the nanoparticles intensively studied in
the order to biomedical applications, is iron oxide
nanoparticles, including oxide of iron (ll, 1), or
magnetite, are particularly important. The properties of
these nanoparticles determine their applicability for the
visualization of some structures in magnetic resonance
imaging, hyperthermia of malignant tumors, targeted
drug delivery, and pharmacological correction of anemic
conditions [4-7].

In the studies of iron oxide nanoparticles, there are
used ferrofluids (nanofluids), colloidal suspensions

of magnetic nanoparticles stabilized by surfactants in
liqguid medium [8] that may be a basis for creation of
medicinal forms for parenteral administration [9]. In
the order to stabilize iron oxide nanoparticles they are
encapsulated by the forming a coating that provides
resistance to oxidation, corrosion, and aggregation, as
well as single-domain retains [10]. Stabilizing agents
(organic, inorganic, monomeric, or polymeric) define
not only the hydrodynamic size and physico-chemical
properties of magnetic nanoparticles, but their biological
activity, the interaction with the target cells, absorption by
macrophages, and toxicity [11]. With sufficient diversity
of substances for iron oxide nanoparticles coating, 3-
hydroxypyridine derivatives for this purpose have not
been used previously, however we have obtained liquid
dispersion system containing magnetite nanoparticles
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stabilized  with  2-ethyl-6-methyl-3-hydroxypyridine
succinate (Mexydol) and polyvinyl pyrrolidone (PVP)
[12], which opens up new prospects for biomedical
applications of nano-iron as well as its covering agents,
in particular Mexidol.

The aim of the investigation was to study the
influence of magnetite nanoparticles stabilized by
Mexidol and PVP in liquid medium on hematological
parameters in laboratory animals in the norm and under
the conditions of acute post-hemorrhagic anemia, to
assess the effectiveness of these nanoparticles by
comparing of their activity with the action of anti-anemic
iron preparation for parenteral use Ferrum Lek.

Materials and Methods. The experiments were
performed on 109 albino male Wistar rats of 210-225 g
of body weight, obtained from the breeding ground
Biomodelservis (Kiev, Ukraine). They were organized in
accordance with the rules established by the European
Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Purposes
(adopted in Strasbourg on 18.03.1986 and confirmed
in Strasbourg on 15.06.2006) and received positive
evaluation of the Bioethics Commission of Ukrainian
Medical Stomatological Academy.

3 series of experiments were carried out. In the
first series, it was studied the effect of magnetite
nanoparticles stabilized by Mexidol and PVP on animal
in the norm with dividing them into such groups as
intact animals; animals with solvent (control); reference
preparation (Ferrum Lek) or samples of nanofluid
containing magnetite nanoparticles stabilized by Mexidol
and PVP administration, and further investigation after 3
and 72 h. In the second series, it was studied the effects
of magnetite nanoparticles stabilized by Mexidol and
PVP 3 h, in the third series — 72 h after the acute blood
loss. In these two series, there were following groups:
intact animals; blood loss with solvent administration
(without pharmacological correction); blood loss with
the administration of reference preparation or liquid
dispersion system containing magnetite nanoparticles
stabilized by Mexidol and PVP (hereinafter referred to
as “nanofluid”). Acute blood loss was modeled by the
cardiac puncture under ether general anesthesia and
removal of 25% of circulating blood [13].

For the preparation of nanofluid we used the
condensate of magnetite nanoparticles (Fe,O,) of
USPIO (ultra small particles of iron oxide) class with
the size of 5-8 nm deposited towards the vapor
stream on the crystals of sodium chloride by electron
beam technology in vacuum (Paton Electric Welding
Institute of NAS of Ukraine, Kiev, Ukraine) [14]. This
powder had the following composition (in weight %):
iron — 26.9%; sodium — 22.5%; chlorine — 34.4%;
oxygen — 16.2%. For solubilization and stabilization
of magnetite nanoparticles in aqueous medium it was
used substance 2-ethyl-6-methyl-3-hydroxypyridine
succinate known as drug Mexidol and has antioxidant,
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antihypoxic, and anxiolytic effects [15] obtained from
the manufacturer (Bion, Russia). Together with Mexidol
to stabilize magnetite nanoparticles we used polyvinyl
pyrrolidone (PVP, povidone) with molecular weight of
8.0+2.0 kDa (Sintvita, Russia) [16]. The dispersion
containing the listed ingredients in a ratio of 1 mg of
magnetite nanoparticles condensate, 20 mg of Mexidol,
and 30 mg of PVP in 1 ml, was prepared ex tempore,
using as solvent a liquid which contains 2.75 g of sodium
chloride, 0.21 g of potassium chloride, 0.25 g of calcium
chloride, 0.00025 g of magnesium chloride, 0.115 g of
sodium bicarbonate and distilled water to 1 L. For this
3% solution of PVP in the above mentioned solvent
was added aseptically to the mixture of powders of
magnetite nanoparticles and Mexidol substance, stirred,
heated for 2 h at 60°C and cooled to room temperature
(20°C). According to photon correlation spectroscopy,
nanofluid prepared in this manner contains particles with
the hydrodynamic size of 30—40 nm in a predominant
amount (99.9% of total particles count) [12]. Samples
of nanofluids were administered intraperitoneally to the
animals immediately after the blood loss in the volume
of 1 ml. The dose of elemental iron was 1.35 mg Fe/kg
body weight. As a reference preparatiobn Ferrum Lek
(Lek, Slovenia) at the dose of 1.25 mg Fe/kg body weight
[17] was injected similarly.

The animals were taken from the experiment 3
and 72 h after the blood loss and at the same term
after the administration of nanofluid to intact albino
rats. Euthanasia was performed under ether general
anesthesia by blood removal from the heart to stop it.

In the blood from the heart it was determined total
red blood cells count (RBC), hematocrit (Hct), total
hemoglobin (Hb), mean corpuscular volume (MCV),
mean corpuscular hemoglobin concentration (MCHC),
mean corpuscular hemoglobin amount (MCH), as well
as anisocytosis index — the width of the distribution
curve of erythrocytes (RDW) via MicroCC-20Plus Vet
(High Technology Inc., USA) hematology analyzer
(Switzerland) [18]. Reticulocytes content in the blood
was studied by supravital staining with methylene blue
followed by cells counting in smears by microscope
AmScope T490B-10MT (United Scope LLC, USA) with
x100 lens [19].

The resulting digital material was statistically
processed using standard software package Statistica for
Windows 8.0. It was calculated the mean M, it standard
error m and evaluated the significance of differences
between groups using one-way ANOVA analysis with
post hoc test Fisher LSD.

Results. In the first series of experiments it is
determined that hematologic parameters in control
animals injected with solvent were not different from
those in the intact albino rats (Table 1). 3 h after the
administration of etalon anti-anemic preparation Ferrum
Lek to intact animals RBC and Hct values were at the level
of control, and Hb increased by 11% (p=0.0054). In this
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Table 1

The influence of nanofluid containing magnetite nanoparticles stabilized by Mexidol and PVP

on haematological parameters of intact animals (M+m)

Term Groups of animals  RBC (x10'2/L)  Hb (g/L) Het (units)  MCV (umd) MCH (pg)  MCHC (g/dl) RDW (%)
3and 72 h Intact (n=5) 6.94+0.29  129.0+3.3  0.39+0.01 57.3x0.9 17.8+0.4 317.216.8 10.1£0.3
Solvent (control) (n=5)  6.98+0.29  128.2+3.6  0.40x0.01 57.4+1.1 17.7£0.3 316.4£7.7 10.0£0.4

3h Ferrum Lek (n=5) 6.95+0.17  142.0£2.6**  0.40+0.01 57.620.5 20.4+0.1**  355.2+4.2**  9.1x0.2**
Nanofluid (n=5) 8.17+0.11** 142.8+1.5* 0.47+0.01**  57.9£0.8 17.4:0.3"  301.6+2.5" 9.3x0.5

Solvent (control) (n=5)  6.95£0.29  128.8+3.3  0.39:0.01 57.5+1.0 17.6+0.3 317.4+7.8 10.0£0.3

72h Ferrum Lek (n=5) 6.96+0.16  148.0£2.5**  0.41+0.01 58.7£0.5 21.5+0.3**  362.0+2.4**  8.8+0.3**
Nanofluid (n=5) 8.10+0.30** 144.4+4.5* 0.47+0.01**  58.0+1.1 17.8:0.4*  307.8+3.3" 9.3x0.3

N ot e: * statistically significant differences in the values (p<0.05) compared to intact animals; * group “solvent” (control); ¥ group
“Ferrum Lek”. RBC: total count of red blood cells; Hb: total hemoglobin; Hct: hematocrit; MCV: mean corpuscular volume; MCH:
mean content of hemoglobin; MCHC: mean concentration of hemoglobin; RDW: “distribution width” of red blood cells (anisocytosis

index).
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Figure 1. The content of reticulocytes in the blood 3 and 72 h after the
administration of nanofluid containing magnetite nanoparticles stabilized
by Mexidol and PVP to intact animals; * statistically significant differences in

the values compared to the group “Ferrum Lek, 3 h” (p<0.05)

time of observation, Ferrum Lek increased erythrocyte
indices: MCH (p=0.0001) and MCHC (p=0.0002) as
compared to control. Administration of intact rats with
fluid containing magnetite nanoparticles stabilized by
Mexidol and PVP was characterized by an increase in
RBC by 17% (p=0.0016), Hb — by 11% (p=0.0036) and
Hct — by 17.5% (p=0.0001) as compared to control (See
Table 1). This is significantly higher than values of RBC
and Hct on the background of reference preparation
action (p=0.0016 and p=0.0001 respectively). Nanofluid
also caused a tendency to lowering of MCHC index
(p=0.084) as compared to control. This parameter was
lower than the saturation of erythrocytes by hemoglobin
under the conditions of reference drug administration
(p=0.0001). Other indices did not change.

72 h after the administration of Ferrum Lek to
intact albino rats it was registered the increase of Hb
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those in the use of reference preparation
(p=0.0085 and p=0.0013 respectively).
On the background of nanofluid action
erythrocyte indices stayed at the level
of control, but the saturation of red blood
cells by hemoglobin (MCH and MCHC)
was lower than that under the influence of reference
preparation Ferrum Lek (p=0.0001).

In the intact animals, Ferrum Lek administration did not
affect the content of reticulocytes in the blood 3 h after
injection (Figure 1). After the application of nanofluid,
this parameter also did not differ from control, but was
higher than that in Ferrum Lek use (p=0.0369). 72 h
after the administration both reference iron preparation
and stabilized magnetite nanoparticles, reticulocytes
content in the blood of intact animals remained at the
control level.

In the second series of experiments, blood loss
with solvent administration (without pharmacological
correction) was accompanied by a decline in the main
parameters of the “red” blood (Table 2). 3 h after its,
values of RBC, Hb, and Hct decreased by 30, 29
and 27% (p=0.0001), but erythrocyte indices did not
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The influence of nanofluid containing magnetite nanoparticles stabilized by Mexidol and PVP
on hematological parameters of animals after acute blood loss (M+m)

Term Groups of animals RBC (x10%2/L) Hb (g/L)

Intact (n=13) 7.61x0.12  135.2+2.9

ah Blood loss + solvent (n=8) 5.32+0.19* 95.5+4.0*
Blood loss + Ferrum Lek (n=9)  5.83+0.16* 111.7+6.1**
Blood loss + nanofluid (n=10)  6.40£0.21**" 110.0+2.8*"
Intact (n=9) 7.58+0.20 133.3+2.7

794 Blood loss + Solvent (n=8) 6.18+0.12*  122.4+2.8
Blood loss + Ferrum Lek (n=7)  6.35£0.18* 108.9+£9.8*
Blood loss + nanofluid (n=10) 6.66+0.17*  127.3+5.0

Het (units) MCV (um®)  MCH (pg) MCHC (g/dl) RDW (%)
044:001  57.6¢1.5  17.8:05 311.6:11.6  10.5:05
0.32:001* 586:1.3  17.1:03 2941479  9.7:0.4
0.35:0.01*  59.2¢1.3  19.0:0.7+ 3156+17.9 10.9:0.7
0.36:0.01* 55712  16.9:0.3" 3034162  9.7:0.2
043:001  59.9+1.4  17.5:05 2932+11.6  10.9:0.7
0.36:0.01*  60.1¢0.3  19.7:06 331.9+126  9.7:0.2
0.39:0.01* 62724  175:16 2836321  10.6:05
0.39:0.01*"  60.4:0.6  18.9+1.1 3320176  10.120.3

N ote: * statistically significant differences in the values (p<0.05) compared to intact animals; * group “blood loss + solvent”;
v.group “blood loss + Ferrum Lek”. RBC: total count of red blood cells; Hb: total hemoglobin; Hct: hematocrit; MCV: mean
corpuscular volume; MCH: mean content of hemoglobin; MCHC: mean concentration of hemoglobin; RDW: “distribution width” of

red blood cells (anisocytosis index).

change as compared to those of intact animals. The
administration of reference preparation Ferrum Lek to
rats with bloodloss increased Hb by 17% (p=0.0117)
as compared to pathology without pharmacological
correction. This occurred against the backdrop of
tendency to rising of RBC (p=0.083) and (p=0.075). The
administration of standard iron preparation contributed
to the increase of MCH (p=0.03) versus blood loss
without ~ pharmacological  correction.  Magnetite
nanoparticles stabilized by Mexidol and PVP, at this
stage of observations, provided the increase in RBC by
20% (p=0.0004) and Hb by 15% (p=0.0197), as well as
enhanced Hct by 13% (p=0.018) as compared to blood
loss without pharmacological correction. At the same,
time they did not affect erythrocyte indices as compared
with pathologic background. Moreover, the number of red
blood cells and the index of MCH significantly differ from
the same parameters in the administration of reference
preparation: upward (p=0.0407) or decrease (p=0.012)
respectively.

3 h after the blood loss without pharmacological
correction, reticulocytes count in blood was the same
as that in the intact animals (Figure 2). Ferrum Lek
administration helped to improve this parameter
(p=0.0428) as compared to pathological background.
Under these conditions, nanofluid did not cause
statistically significant changes in the number of
reticulocytes in the blood as compared to intact animals,
blood loss without pharmacological correction and blood
loss with the administration of the reference preparation.

At 72 h after the blood loss with solvent administration
(the third series) means of RBC and Hct remained reduced
by 18 and 16% (p=0.0001) respectively as compared
to the intact animals (See Table 2). Development of
compensatory reactions in this period after blood loss
was characterized by the tendency to lowering of RDW
(p=0.088) with no other changes of erythrocyte indices.
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Figure 2. The content of reticulocytes in the blood of animals
3 (a) and 72 h (b) after the acute blood loss with administration
of nanofluid containing magnetite nanoparticles stabilized by
Mexidol and PVP; * statistically significant differences in the
values (p<0.05) compared to intact animals; * group “blood
loss + solvent” (without pharmacological correction); v group
“pblood loss + Ferrum Lek”

CTM | 2015 — vol. 7, No.2 87



CLINICAL MEDICINE

Using the reference preparation Ferrum Lek tends to
increase Hct (p=0.095) without changes of RBC and
Hb compared to blood loss without pharmacological
correction. Influence of nanofluid at this stage of acute
blood loss compensation was characterized by tendency
to increase in RBC (p=0.0555) and a statistically
significant increase in Hct (p=0.0287) with no changes
of Hb as compared to pathological condition. At the
same time, the values of Hb under the administration of
nanofluid were significantly higher (p=0.022) than under
the use of Ferrum Lek. Both reference preparation and
magnetite nanoparticles stabilized by Mexidol and PVP
in the given period of observation did not influence the
status of erythrocyte indices.

72 h after the blood loss with solvent administration
reticulocytes content in the blood of experimental animals
was 48% greater than the same in the intact group
(p=0.0048) (See Figure 2). In this term, when blood loss
was treated with Ferrum Lek reticulocytes count was
at the level of the model pathology without correction.
At the same time after the application of nanofluid it
increased by 41% as compared to the uncorrected
blood loss (p=0.0005), that was significantly higher than
analogical parameter onr the background of Ferrum Lek
actionb (p=0.0012).

Discussion. The results obtained showed that the
fluid containing magnetite nanoparticles stabilized with
Mexidol and PVP stimulates erythropoiesis in the intact
animals. This is manifested in 3 h after the administration,
is maintained within the next 72 h and is characterized
by increased levels of RBC, Hb and Hct, which, however,
did not go beyond the norm [20]. It is noteworthy that
under the similarity of administered doses of iron
nanofluid’s effect on the count of erythrocytes and
hematocrit was more pronounced than that under the
use of Ferrum Lek. 3 h after the injection, reticulocytes
content in the blood of animals treated with nanofluid
also was higher. This development of processes
suggested that stabilizing agents, especially Mexidol,
impart to studied composite nanoparticles the additional
ability to stimulate erythroid cells division and maturation
in the bone marrow. This assumption is consistent with
the published data on the mieloprotective properties of
Mexidol in the irradiation and its stimulatory effect on
erythropoiesis in acute post-hemorrhagic anemia [21,
22]. Predominant increase in the count of erythrocytes
at the same Hb level in the nanofluid administration to
intact albino rats also can explain the fact that saturation
of red blood cells by hemoglobin in this case was lower
than after Ferrum Lek applying.

Modeling of acute blood loss was accompanied by a
decrease in the level of RBC, Hct and Hb without altering
of erythrocyte indices, that evidence of normochromic,
normocytic character of anemia and consistent with the
literature data [23]. It was possible to think that it is typical,
if changes in the content of reticulocytes in the animals’
blood are absent 3 h after the blood loss when there is
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hyperhydremic phase of blood loss compensation, and
increasing at 72 h when the bone marrow phase of
compensation occurs [24].

Inacute bloodloss, the effect of magnetite nanoparticles
stabilized by Mexidol and PVP as well as the action of the
reference iron preparation was more expressed 3 h after
the moment of blood loss. In this, nanofluid caused more
intensive recovery of red blood cells count as compared
to Ferrum Lek, which obviously has the same nature as
the analogical effects in the erythron system of intact
animals injected with stabilized magnetite nanoparticles.
In light of this assumption is contradictory the fact that
in the early period of observation nanofluid caused no
increase in the amount of reticulocytes in the blood, as
observed in the case of the reference iron preparation
use. Based on the rate of maturation of erythroid cells
and acceleration of erythropoiesis under the stress
conditions [25, 26] it is possible to suggest that magnetite
nanoparticles stabilized by Mexidol and PVP accelerate
the transformation of reticulocytes to erythrocytes, which
creates the illusion of unchanged erythron regenerative
response in comparison with control pathology. It is also
possible that substance forming a coating of magnetite
nanoparticles contribute to the output of red blood cells in
circulation influencing microvasculature of bone marrow
and other depots, as it is observed under their action in
other tissues [27, 28].

72 h after the blood loss, state of the main
parameters of the “red” blood on the background of
treatment by used remedies (except hematocrit for the
administration of nanofluid) did not differ from that in
the natural development of compensatory reactions
and did not reach the initial level. We believe that this
can be explained by a single dose of pharmacological
correction and a relatively low dose of injected iron. At
the same time, it should be noted that during treatment
with magnetite nanoparticles stabilized by Mexidol and
PVP Hb was higher than under the use of Ferrum Lek,
which may be due to their greater bioavailability due
to nanosize as well as due to presence in the particles
succinate-containing 3-hydroxypyridine derivative able
to participate in mitochondrial processes [29] where the
heme is synthesized [30]. The increase after 72 h in the
content of reticulocytes in the blood of animals which
were administered with nanofluid for correcting of blood
loss indicates that the tested nanoparticles are able not
only to stimulate the transformation of reticulocytes into
mature erythrocytes, as assumed with respect to the
previous period of observation, but also can activate the
regeneratory reaction of marrow erythroid cells at more
early stages.

Conclusion. Magnetite nanoparticles stabilized in
the liquid medium by 2-ethyl-6-methyl-3-hydroxypyridine
succinate (Mexidol) and polyvinyl pyrrolidone (PVP)
in the dose of 1.35 mg Fe/kg body weight stimulates
erythropoiesis in the intact animals and activate the
regeneratory reaction of erythron in anemia due to acute
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blood loss. These nanoparticles are more effective than
traditional iron preparation Ferrum Lek in the comparable
dose. This advantage and the possibility to use them as
nanofluid offer the promise of developing a new medicinal
formulation for the correction of anemic conditions.
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