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Abstract. Blood erythrocyte indices in rats under conditions of acetaminophen-induced toxic injury against the
background of alimentary protein deficiency. Kopylchuk H.P., Nykolaichuk I.M. Despite the available information
on variations in the erythrocyte chain of homeostasis under the conditions of drug-induced toxic damage, the question of
the biochemical characteristics of erythrocytes in the expose of toxic doses of paracetamol on the background of dietary
imbalance in protein remains open. 96 white nonlinear rats were used for the study. During the experiment, the animals
consumed a semi-synthetic diet AIN-93 in accordance with the recommendations of the American Institute of Nutrition
on the principle of paired nutrition, taking into account the amount of dietary protein per kilogram of diet. Modelling of
acute toxic lesions was performed by administration to experimental animals of acetaminophen per os at a rate of
1250 mg/kg body weight. We found that toxic damage by acetaminophen is a key factor in reducing the level of total
hemoglobin in the blood of animals (40% compared to control) with a simultaneous decrease in its average concentration
(18%,) and content in a single erythrocyte (35%), indicating the development of hypochromia, which is an indicator of
iron deficiency in the body (iron deficiency anaemia). The synergistic effect of nutritional protein deficiency and the
exposition of toxic doses of acetaminophen is accompanied by a decrease in total erythrocytes (50% compared to control)
due to their increased hemolysis (up to 32% in 0.9% NaCl) with a simultaneous decrease in hematocrit up to 16% and
the average volume of erythrocytes (1.4 times compared with the control). At the same time, the established changes in
oxyhemoglobin decrease against the background of increased fetal hemoglobin content under the conditions of toxic
damage and alimentary protein deficiency may serve as an additional criterion for comprehensive assessment in the
diagnosis of anaemic syndrome in inflammatory diseases of different genesis against nutrient-associated conditions.
Thus, the study of changes in erythrocyte indices in the development of acetaminophen-induced lesions on the background
of nutrients’ alimentary deprivation can increase the effectiveness of monitoring the course of these pathologies and
approaches to their correction.

Pedepar. EpurponurapHi iHaekcH KpoBi IIypiB 3a yMOB TOKCHYHOIO YPasKeHHsl aneramMiHoeHoM Ha TJiai
amiMeHnTapHoi Hectaui nporteiny. Komuapuyk I'.II., Huxonaituyx .M. Ilonpu naaeni gidomocmi npo eapiayii 6
epumMpOYUMapHitl 1aHyi 20Meocmasy 3a yMo8 MOKCUYHO2O0 YPANCEHH MeOUKAMEHMOZHUMU KCeHODIOMUKaMU, RUMAaHHs
docniocents OIOXIMIUHUX XAPAKMEPUCIMUK epUMpPOYUmMie npu HAOX0ONCEHH] MOKCUYHUX 003 Napayemamony Ha mii
He30a1aHCOBAHOCII XAPY08020 PAYIOHY NPOMEIHOM 3aIUMaAcmvcst IOKpumuM. [ nposedenHs 00CiONCeHb Hamu
suxopucmarno 96 Oinux HeriHItHUX Wypis. Ynpoooeoic eKkchepuMeHny meapuHi CRONCUBANY HANIECUHIMEMUYHUL PAYIOH
AIN-93 6i0nosiono 00 pekomenoayiti AMepuKancyKo2o iIHCmumymy HympicHmonozii 3a NPUHYUROM NapHo20 Xap4yeaHHs.
3 YPAXYBAHHAM KIIbKOCMI XAp408020 npomeiny Ha Kinoepam oiemu. MooenroeanHs 2ocmpo2o moKCUYHO20 YPAICEHHS
NPOBOOUNU ULTAXOM 88E0€HHsL per 0S OOCTIOHUM MEAPUHAM ayemaminoghery 3 pospaxyHky 1250 me/ke macu meapuHu.
Hamu ecmanoseneno, wo moxcuyhe ypasiceHusi ayemaminopeHom SUCmynac Kuoyosum (akmopom 3HUNCEHHS DieHs
3a2anbH020 2eM02100iHYy 8 Kpogi meaput (na 40% nopieHAHO 3 KOHMPONEM) 3 0OHOYACHUM 3MEHUUEHHAM 1020 CePeOHbOT
xonyenmpayii (na 18%) ma emicmy @ oonomy epumpoyumi (na 35%), wo 6xazye Ha po36UMOK 2iNOXpoMii, AKa €
NnoKasHukom Oe@iyumy 3aniza 6 opeawizmi (3anizodegpiyumua auwemis). Ilpu yvomy cunepeiuna Ois animenmapHoi
Hecmayi npomeiHy ma HAOXOO0XHCEHHA MOKCUYHUX 003 ayemdamiHogeHy CYRpO80ON#CYEMBCA 3HUNCEHHAM 3A2aNbHOI
Kinekocmi epumpoyumise (Ha 50% nopieHAHO 3 KOHMPOLEM) BHACAIOOK ix nocuneno2o eemonizy (0o 32% y 0,9% poszuuni
NaCl) 3 oOHOYacHUM 3MeHUleHHAM pisHa 2emamoxkpumy 00 16% ma cepedHvbozo 06’emy epumpoyumis (v 1,4 pasa
NOPIGHAHO 3 KOHmMpoaem). BoOHouac ycmanoeneHi 3MiHU 3HUICEHHS. OKCU2EMO2NOOIHY HA MJi NiOGUWEHHS 6MICIY
Gemanvrozo 2emo2100iHy 3a YMOG MOKCUYHOLO YPAIICEHHSI NPU ALIMEHMAPHIL HeCmayi NPOmeiny MOJNCYMb CAYHCUMU
000amKo8UM Kpumepiem 071l KOMNJIEKCHOT OYIHKU 8 OlA2HOCTUYT AHEMIYHO20 CUHOPOMY 3d YMOS 3ANANbHUX 3AX60PIOBAHb
PI3HO2O Tene3y Ha Ml HympieHmoacoyiuoganux cmauie. Omoice, 0OCIONCEHHs 3MIH epUmMpPOYUMAapHux IHOeKcie npu
PO3BUMKY AYemamMiHOpeH-IHOYKOBAHUX YPAdCeHb HA MJI AliMeHMApHOI Oenpugayii HympicHmie modce 00380aUMmU
niosuWUmMU epeKmusHiCMb CHOCMEPEdCeHHs 3a NepebicoM Yux Namoozitl ma nioxo0amu wooo ix Kopekyii.

Due to the widespread prevalence of alimentary-
dependent pathologies, the problem of balancing
dietary intake of macro- and micronutrients requires
an urgent solution [15]. Protein metabolism disor-
ders — protein-energy deficiency, depletion of the
intracellular amino acid pool [13], can often be
caused by limited protein intake, their low nutritional
value, deficiency of essential amino acids with si-
multaneous active use of textured soy proteins [11].

At the same time, quite often the course of
alimentary-dependent diseases is intensified due to
unsystematic and irrational use of a wide range of
commonly available drugs for the correction of
pathological conditions. The currently common
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antipyretic analgesics invariably include paracetamol
(acetaminophen, N-acetyl-p-aminophenol), which is
considered safe compared to non-steroidal anti-
inflammatory drugs. The increased frequency of use
of the drug without compliance with dosing and
interval requirements in recent years has raised
concerns about medication-associated impairment. In
fact, acetaminophen-induced injuries have emerged
as the leading cause of acute liver failure [9].

Among indices allowing to estimate the functional
state of an organism, to carry out differential diagnostics
of diseases, severity of their course, to predict a course
of pathological process, there are hematological indexes
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which, fluctuating within narrow limits, reflect
physiological and pathological changes.

Erythrocytes are highly specialized and meta-
bolically active blood cells that respond to
functional changes in the body. Without studying
the biochemical characteristics of red blood cells,
it is impossible to fully assess the state of the
organism as a whole and its ability to maintain
homeostasis [2].

It is worth noting that administration of toxic
doses of acetaminophen against the background of
alimentary protein deprivation leads to increased
levels of pathological forms of hemoglobin — methe-
moglobin and carboxyhemoglobin, which can be
considered as markers of cytopathic hypoxia [4].

It is known that erythrocyte indices allow est-
imating both the size of erythrocytes and their
hemoglobin content. They characterize the cells
themselves rather than their number, so they are
relatively stable parameters. Thus, the biochemical
characteristics of erythrocytes can be considered a
promising marker for studying the manifestations of
pathological processes.

In view of the above, the aim of this work was to
study erythrocyte blood indices in rats under con-
ditions of acetaminophen toxicity against the
background of alimentary protein deficiency.

MATERIALS AND METHODS OF RESEARCH

The studies were conducted on white mature
outbred rats aged 2.5-3 months and weighing 110-
130 g. During the experiment 96 animals were used.
All manipulations with rats were performed in
accordance with the provisions of the European
Convention for the Protection of Vertebrate Animals
Used for Research and Scientific Purposes (Stras-
bourg, 1986) and the recommendations “Bioethical
Expertise of Preclinical and Other Scientific Research
Performed on Animals” (Kyiv, 2006).

The animals were divided into 4 groups: control
and 3 experimental groups. The control group inclu-
ded intact rats kept on a complete semi-synthetic
AIN-93 diet developed by the American Institute of
Nutrition [14]. The animals of experimental group 1
consumed for 28 days a low-protein diet containing
% of the conventional daily protein requirement. Rats
of the experimental group 2 consuming a complete
diet were modeled by per os injection of acetamino-
phen at the rate of 1250 mg/kg of animal weight in
the form of suspension in a 2% solution of starch gel
once a day for 2 days. Study group 3: animals were
administered toxic doses of the drug against the
background of alimentary protein deficiency. Rats
were subjected to cervical dislocation on days 28 and
31 of the experiment, using diethyl ether to create
medicated sleep [12, 13].
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To determine the number of erythrocytes (RBC),
0.02 ml of whole blood was added to a test tube
containing 4 ml of 3% NacCl solution and thoroughly
mixed. The number of erythrocytes was counted by
the conventional method in a Goryaev [7].

To determine hematocrit (HCT) we used hema-
tocrit capillaries that were pre-treated with heparin
solution (with activity of 5000 IU/ml) [7].

The content of total hemoglobin (Hb) was
investigated using the reagent kit “Filisit-Diagnos-
tics” (Dnipro, Ukraine).

Mean corpuscular volume (MCV), mean cell
hemoglobin (MCH) and mean corpuscular hemo-
globin concentration (MCHC) were calculated using
the corresponding formulas [7].

Osmotic hemolysis of erythrocytes was examined
in 10 mmol/L. Tris-HCl medium (pH 7.4) with
different concentrations (0.15-0.9%) of NaCl. Hemo-
lysis of erythrocytes was estimated by measuring
absorbance in the supernatant of samples at 543 nm:
hemolysis degree (in %)=[A1/A2]x100%, where
Al is absorbance of supernatant of experimental
sample; A2 is absorbance in complete hemolysis of
control sample [2].

Quantitative determination of the ligand form of
hemoglobin, oxyhemoglobin (HbO,), was performed
by spectrophotometric method, which is based on the
ratio of molar extinction coefficients of analytical
wavelength (Dmax=560-580 nm; D'yax=535-560 nm)
when the maximum level of oxygenation of the
molecule is reached [5].

The level of fetal hemoglobin (HbF) was esti-
mated by a method Singer et al. based on its resis-
tance to the denaturing action of alkali, followed by
precipitation of coagulated proteins (NH4)>SO4 and
spectrophotometrical determination of HbF concen-
tration in the supernatant at 540 nm.

Statistical analysis of the data was performed
using Microsoft Office Excel 2016. The values obtai-
ned in the groups of experimental animals were
compared with the control using Student's t-test.
For this purpose we calculated the arithmetic mean
of 24 independent determinations and standard
deviations. The level of significance or probability
of error was p<0.05 [1].

RESULTS AND DISCUSSION

The results of the studies showed a decrease in the
total number of erythrocytes in all experimental
groups of rats compared with the values of the
control. The RBC values in the blood of the animals
that consumed 5 of the daily protein requirement, and
under the introduction of toxic doses of acetami-
nophen in conditions of balanced diet were lower by
30% and 42%, respectively, compared with the
control, while under the conditions of combined
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action of two adverse factors, the maximum decrease
(by 50%) in the number of red blood cells was

observed (Table).
The causes of erythrocytopenia under these ex-
perimental conditions can be both increased

hemolysis of erythrocytes and erythropoiesis
disorders. It is known that the main physiological
regulator of this process is erythropoietin, 90% of
which is synthesized by kidney cells, and in small
amounts (10%) by hepatocytes.

Blood erythrocyte indices in rats under conditions of acetaminophen toxicity
and a concurrent alimentary protein deficiency (M+m)

Groups of animals

Index
C 1 2 3

Erythrocytes (RBC), x10'%/L 514034 3.520.26% 2.9+ 0.13* 2.5+0.18*
Hemoglobin (Hb), g/L 146 + 12.22 114 + 8.78* 87 + 4.85* 83 + 5.03*
Hematocrit (HCT), % 49+3.14 37+ 2.66% 24+ 127+ 16 + 0.98*
Mean corpuscular volume (MCYV), fLL 114.2 £10.94 102.7 £9.86 87.4 £ 6.89* 84.2 £6.74*
Mean cell hemoglobin (MCH), pg 25.2+2.08 22.8+1.92 12.5 £ 0.65% 12.6 + 0.78%
Mean corpuscular hemoglobin 302.1+18.75 244.7 + 12.58* 254.1 + 11.63* 248.8 + 12.04*

concentration (MCHC), g/L

Notes: C — control group; 1 — rats on a low-protein diet; 2 — rats with acetaminophen toxic injury; 3 — rats with acetaminophen-induced injury and a
concurrent alimentary protein deficiency; * — statistically significant difference as compared with the control (p<0.05).

Given that under conditions of acetaminophen-
induced toxic injury combined with previous keeping
the animals on a low-protein diet, there are
pathological changes in renal morphology [6], the
formation of erythropoietin by renal cells is presu-
mably suppressed, which can be considered a
prerequisite for the reduction of erythrocytes.

On the other hand, the results of the study of
hemolysis as another cause of the decrease in the
count of erythrocytes under these experimental
conditions are shown in Figure 1. When incubating
erythrocytes in 0.15% and 0.3% NaCl solutions (the
most hypotonic ones) enhanced cell hemolysis is
observed in all studied animal groups. At the same
time, in the range of 0.6% -0.9% solutions of sodium
chloride in the blood of intact animals, only 2% of
erythrocytes are subject to hemolysis. An increased
level of erythrocyte hemolysis is observed at 0.6%
NaCl in animals affected by acetaminophen regard-
less of the amount of protein in the diet. The maxi-
mum percentage of hemolysis (32%) was observed
when the erythrocytes in protein-deficient animals
with toxic injuries were incubated in 0.9% NaCl
isotonic solution (Fig. 1).

The reduced osmotic resistance of erythrocytes
obtained from blood of acetaminophen-affected
animals can be explained by the destructive effect of
a highly reactive metabolite, N-acetyl-p-benzoquino-
nimine, on red blood cell membranes due to the
intensification of lipid peroxidation, reduction of

antioxidant potential, as well as Na"/K'- and Ca*'-
ATPase malfunction [3].

Reduced count of erythrocytes and their increased
hemolysis in the groups of experimental animals is
accompanied by a decrease in hematocrit level and
decreased average erythrocyte volume compared
with the control values (Table). Thus, the combined
effect of two adverse factors, acetaminophen toxic
injury and protein deficiency, is accompanied by a
maximum decrease in the HCT level up to 16%.

In fact, HCT is the ratio of the volume of formed
elements, where 99% are erythrocytes, of the
volume of blood plasma. Therefore, a decrease in
this index correlates with a decrease in RBC (Table
1), and an increase in plasma content. The HCT
level is regarded a control criterion for differential
diagnosis of hemodilution [7].

The index of the average erythrocyte volume in
the experimental groups of animals is reduced only if
toxic doses of acetaminophen are administered,
regardless of the protein content in the diet, as
indicated in Table 1. The index of the average
erythrocyte volume may be attributed to the dis-
ruption of the process of erythropoiesis, resulting in
the formation of erythrocytes of reduced size and
distorted shape [7].

Erythrocytes have no protein synthesis apparatus, so
the adaptive properties of these cells and their role in the
resistance of the organism largely depend on the ratio of
prooxidants and antioxidants. Despite a well-developed
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antioxidant system, erythrocytes are still vulnerable to
oxidative stress, possibly due to the absence of mito-
chondria and, as a consequence, low energy supply.
Extensive degradation of erythrocyte membrane lipids
and proteins under oxidative stress leads to hemolysis [§],
as confirmed by the results we obtained (Fig. 1) for
acetaminophen-induced injury.

Thus, the synergistic effect of alimentary protein
deprivation and the intake of toxic doses of ace-
taminophen is accompanied by a decrease in the total
number of red blood cells due to their increased
hemolysis with a simultaneous decrease in hematocrit
and average red blood cell volume.

Degree of hemolysis, %

\

% NaCl

2 =3

C — control; 1 — rats kept on a low-protein diet; 2 — rats with toxic lesions of acetaminophen; 3 — rats with acetaminophen-induced lesions on the
background of alimentary protein deficiency; * — statistically significant difference compared to control (p<0.05).

Fig. 1. The dependence of hemolysis on NaCl concentration for blood erythrocytes
in rats under conditions of acetaminophen toxicity and a concurrent alimentary protein deficiency

Along with determining the count of erythrocytes,
their average volume and hematocrit level, hemo-
globin concentration analysis is important in deter-
mining the state of the erythrocyte system. Thus, we
recorded a decrease in the total hemoglobin content
in all experimental groups of animals as compared
with the control (Table). Analysis of the obtained
results indicates that the introduction of the toxin has
a significant impact on changes in this index,
regardless of the consumption of protein by the
studied animals. The intake of an excessive amount
of xenobiotic is accompanied by a disturbance of its
effective detoxification with the formation of a highly
reactive  metabolite, N-acetylbenzoquinonimine,
which conjugates with glutathione (GSH). Ery-
throcytes contain approximately 99.5% of blood GSH
in the amount of 8.77 umol/g hemoglobin [8]. Red
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blood cells with low GSH content are easily oxidized,
which leads to the precipitation of hemoglobin and its
deposition in the form of Heinz bodies. It has been
reported [3, 8], that oxidative stress can lead to a
significant accumulation of the oxidized form of
glutathione (GSSG) in the liver and its release into the
blood, followed by distribution between erythrocytes
and plasma. For example, an increased plasma GSSG
content can, in turn, cause oxidation of thiol groups
of plasma proteins and/or proteins of erythrocyte
basolateral membranes and their inactivation. In this
case, the degree of iron oxidation of hemoglobin
can change, which is accompanied by the formation
of methemoglobin, as described in detail in our
previous studies [4].

Regarding erythrocyte indices, a decrease in the
average hemoglobin concentration in erythrocytes
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(MCHC) was observed in the blood of all experi-
mental groups of animals (Table), whereas a decrease
in hemoglobin per erythrocyte (MCH) was registered
only in animals with acetaminophen-induced injuries
regardless of the diet (Table).

In clinical practice, a decrease in MCH indicates the
development of hypochromia, an indicator of iron
deficiency in the body (iron deficiency anemia) or non-
absorption of iron by bone marrow normoblasts, which
leads to impaired heme synthesis [10].

Along with this, MCHC was investigated, which
determines the degree of saturation of erythrocytes
with hemoglobin regardless of the volume of the red
cells, that is, it reflects the ratio of hemoglobin

% 80
*
60
*

S

40
’ l

0

C 1 2 3

a

content to cell volume. Therefore, a decrease in the
average concentration of hemoglobin (Table) may be
caused by a minor disorder of its formation, which
agrees with the results obtained regarding the drop in
total blood hemoglobin and decrease in the total count
of blood erythrocytes (Table).

In addition, a decrease in the values of erythrocyte
parameters is accompanied by a decrease in the
percentage content of oxyhemoglobin in the blood of
all groups of rats with the lowest indices under acute
toxic injury against alimentary protein deprivation
(Fig. 2, a) and a simultaneous increase in fetal Hb
level under these conditions (Fig. 2, b).

% 30

E3
20
10 .
ann

C 1 2 3

b

C — control; 1 — rats kept on a low-protein diet; 2 — rats with toxic lesions of acetaminophen; 3 — rats with acetaminophen-induced lesions on the
background of alimentary protein deficiency; * — statistically significant difference compared to control (p<0.05).

Fig. 2. Contents of oxyhemoglobin (a) and fetal hemoglobin (b) in the blood of rats
with acetaminophen toxic injury and concurrent alimentary protein deficiency

Figure 2a shows that the critical factor for redu-
cing O, saturation (Sa0,) by two times is the intake
of toxic doses of acetaminophen as compared with the
control group. In clinical practice, certain patho-
logical conditions are accompanied by significant
hypoxemia (Sa0,<90%), with reduced oxygen deli-
very and utilization leading to organ dysfunction. Thus,
under conditions of hypoxia, anaerobic glycolysis is
activated in erythrocytes, which leads to the
accumulation of lactate, a decrease in the alkaline blood
reserves with the development of intracellular acidosis.

The references [8] indicate that the course of
pathological processes under hypoxia is characterized
by increasing heterogeneity of hemoglobin. Among
all types of hemoglobin, fetal hemoglobin is of par-
ticular interest, which, at the same partial pressure,
more actively absorbs oxygen and discharges carbon
dioxide. In humans, the amount of HbF greater than
1.5% is considered pathological.
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We explain the growth of the HbF level under
acute toxic injury with concurrent alimentary protein
deficiency by the fact that it, being a chromoprotein
evolutionarily adapted to stabilize tissue gas exchan-
ge in conditions of chronic hypoxia by higher affinity
to oxygen than HbA 1, responds specifically to tissue
hypoxia in conditions of drug-induced liver injury.
The increased concentration of HbF in erythrocytes is
related to the development of compensatory reactions
of the erythron in conditions of hypoxia and may be
associated with partial derepression of gamma globin
chain in the course of erythropoiesis disorders.

CONCLUSIONS

1. In this way, acetaminophen-induced injury is a
key factor in the reduction of total blood hemoglobin
in the animals with a simultaneous decrease in its
average concentration and content in an individual
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erythrocyte. The changes we identified in the dec-
rease of oxyhemoglobin against the increased fetal
hemoglobin content can serve as an additional
criterion for a comprehensive assessment in the
diagnosis of anemic syndrome in inflammatory
diseases of different genesis under nutrient-as-
sociated conditions.

2. Thus, among the promising markers, there are
biochemical indices of red blood cells, which are
quite representative and can be determined in most
clinical biochemical laboratories. Studies of changes
in erythrocyte indices during the development of
acetaminophen-induced injuries against the nutrient
deprivation could enhance the effectiveness of moni-
toring the course of these pathologies and approaches
to their correction.
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