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Currently, the problem of liver diseases against the backdrop of the toxic effects of medicinal and industrial
(herbicides) xenobiotics on the body is becoming increasingly relevant. The activation of compensatory mechanisms in
response to the action of toxic agents — acetaminophen and/or diquat is closely related to age-specific features.
Heightened focus on acetaminophen-induced injury is linked to the widespread use of this medication as an analgesic
and antipyretic during pandemics of infectious and inflammatory diseases, especially under the conditions of warfare in
Ukraine. In return, the widespread use of the herbicide diquat is accompanied by an increase in the registration of
cases of diquat -induced acute poisoning.

The aim of study was to evaluation the biochemical parameters of the functional state of the liver of different-aged
rats under conditions of acetaminophen- and diquat-induced toxic injury. Animals were divided into three age groups:
adolescent (60 days), reproductive (150 days), and mature age rats (360 days). Acute toxic injury by acetaminophen
was modeled by its oral administration through gastric intubation at a daily dose of 1250 mg/kg of the animal's body
weight during the last 2 days of the experiment. Acute toxic damage by diquat was modeled by a single intragastric
administration using a probe at a dose of 115.5 mg/kg of the animal's body weight. The functional state of the liver was
assessed on an automatic biochemical analyzer NTI Biochem FC-120.

Acetaminophen intoxication led to an increase in the absolute liver mass indicator, organ index, changes in the
macroscopic structure of the organ, increased serum activities of ALT and AST, total LDH, and a decrease in the De
Ritis ratio amidst increased activities of ALP, GGT, and levels of total and indirect bilirubin in all age groups
compared to the control. The most significant changes were observed in mature age animals (increase in ALT activity
by 76%, AST by 56%, ALP by 51%, GGT by 51%, and a decrease in the De Ritis ratio by 47%). Under conditions of
diquat-induced toxic injury, a slightly different trend and degree in manifestation of established changes are observed.
A more pronounced hepatotoxic effect was registered in adolescent animals, manifested by the maximum increase in
absolute liver mass by 26%, ALT activity by 71%, AST by 47%, ALP by 50%, Bili-T level by 69%. No statistically
significant differences compared to the control and APAP-induced injury in the activity of total LDH and GGT upon
administration of toxic doses of the herbicide diquat regardless of age category were observed.

Based on the experimental results, an age-related multidirectionality in the adverse effects of the medicinal
xenobiotic acetaminophen and the industrial xenobiotic diquat on indicators of the morpho-functional state of the liver
is observed. The most sensitive age group of animals to toxic injury by acetaminophen are rats of 360 days of age, while
for diquat — 60 days of age.

Keywords: alanine aminotransferase, aspartate aminotransferase, de Ritis coefficient, alkaline phosphatase,
gamma-glutamyltransferas, bilirubin, acetaminophen, diquat, toxic injury, liver

Introduction. Today, the problem of the compensatory mechanisms and adaptive

frequency of functional changes development in the
hepatobiliary system that occur due to the adverse
effects of xenobiotics of various nature on the body
is becoming increasingly relevant. Exogenous toxic

agents entering the body by alimentary,
percutaneous or inhalation routes contribute to
homeostatic shifts, a decrease in the body's

functional reserves, in particular, hepatic metabolism
disorders, which is expressed by changes in
biochemical parameters. The activation of
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reorganization aimed at maintaining homeostatic
balance in response to toxic agents of medicinal
and/or industrial origin are largely related to age-
related features (Teshayev, 2023; Ketsa et al., 2022;
Chidiac et al., 2023; Magalhaes et al., 2018).

Among the medical xenobiotics, the scientific
community  pays important  attention to
acetaminophen (paracetamol, N-acetyl-p-
aminophenol (APAP)), a popular over-the-counter
drug that is widely used as an analgesic and
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antipyretic agent and is relatively safe in therapeutic
doses, which reduces vigilance regarding the risk of
its xenobiotic effect realization (Chidiac et al.,
2023). However, an analytical review of the
literature shows ambiguity and contradictory
opinions regarding the likelihood of developing
acetaminophen-induced toxicity in different age
groups (Caparrotta et al., 2017). On the one hand,
the safety of systemic use of paracetamol in the
treatment of acute or chronic pain syndrome of
various etiologies, colds in different age groups,
even in children under one month of age, is noted. In
the context of the analysis of literature data in
PubMed (Mast et al., 2018), acetaminophen is the
first drug to treat chronic pain in the elderly.

On the other hand, repeated administration of
doses exceeding the recommended doses over a
certain period of time, along with its relatively low
therapeutic  index, is associated with the
development of dose-dependent hepatotoxicity
(Chidiac et al., 2023). Increased attention to this
problem is due to the inclusion of APAP in the
treatment protocols for coronavirus infection
(COVID-19) and consumption in case of adverse
reactions after immunization (Galluzzo et al., 2023).
At the same time, modeling of acetaminophen-
induced injury is of particular importance in
connection with the use of acetaminophen for
prehospital pain relief in the context of hostilities in
Ukraine in accordance with the triple analgesia
strategy, proposed by the Tactical Combat Casualty
Care Committee (TCCC) and in accordance with the
Order of the Ministry of Health of Ukraine No. 1122
(June 28, 2022) "On Approval of Methodological
Recommendations for Pain Relief for Victims at the
Evacuation Stage" (Chorna et al., 2023).

Another significant problem today is the
excessive and uncontrolled use of xenobiotics of
industrial origin, including pesticides (Magalhaes et
al., 2018; Sharma et al., 2019). According to Sharma
A. et al (Sharma et al., 2019), about 2 million tons of
chemical plant protection products are currently
applied to the world's agricultural lands, of which
47.5% are herbicides. However, the increased
irrational use of plant protection chemicals,
including original and generic herbicides with diquat
as an active ingredient, leads to an intensification of
the potential herbicide load, bioaccumulation and
progressive accumulation of pollutants and,
accordingly, their accumulation in food raw
materials and food products, which poses a direct
threat to the proper functioning of the body
(Magalhdes et al., 2018; Sharma et al., 2019). It
should be noted that as a result of the intensification
of hostilities in Ukraine, potential risks of toxic
effects of industrial xenobiotics on the body, in
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addition to the above, arise due to the destruction of
storage facilities for plant protection chemicals
(Baranov et al., 2023). Due to the widespread use of
diquat, cases of diquat-induced acute poisoning are
increasingly reported. Although diquat-induced
toxicity can cause multiorgan failure, one of the
main target organs of DQ, where its overwhelming
amount is concentrated, along with the kidneys, is
the liver (Magalhdes N. et al., 2018; Wu et al.,
2022). However, scientific sources contain only a
small amount of information on biochemical
changes in the body caused by the hepatotoxic effect
of diquat-containing drugs. Taking into account the
above effects of xenobiotics of medicinal and
industrial origin, the aim of the study was to
investigate the biochemical parameters of the
functional state of the liver of different-aged rats
under conditions of acetaminophen- and diquat-
induced toxic injury.

Materials and methods. The experimental
study was carried out on white non-breed rats
housed in the vivarium of the Educational and
Scientific Institute of Biology, Chemistry, and
Bioresources at Yuriy Fedkovych Chernivtsi
National ~ University  (Chernivtsi,  Ukraine).
Throughout the experiment, in accordance with
group housing norms, the animals (2-3 individuals
of the same sex) were kept in plastic cages for
rodents with sandy bedding. Rats received pre-
sterilized tap water ad libitum.

Care and manipulation of the rats were conducted
in accordance with widely accepted
recommendations, requirements, and provisions
from Article 26 in Ukrainian Law No. 3447-1V of
21.02.2006, "On the Protection of Animals from
Cruel Treatment" (as amended according to the law
No. 5456-VI of 16.10.2012); "General Ethical
Principles of Animal Experiments,” adopted by the
First National Congress on Bioethics (Kyiv, 2001);
"The European Convention for the Protection of
Vertebrate Animals Used for Experimental and
Other Scientific Purposes™ (Strasbourg, 1986), and
Directive 2010/63/EU on the protection of animals
used for scientific purposes (22.09.2010). All
procedures related to the animals were carried out in
accordance with the ethical standards of the
Committee on Bioethics of Scientific Research at
Yuriy Fedkovich Chernivtsi National University
(protocol No. 1 dated 04.04.2024).

The experimental animals were divided into three
age groups by the method of random sampling:
adolescent age rats (60-63 days) weighing 80-125 g,
reproductive age rats (138-150 days) weighing 130—
160 g, and mature age rats (348-360 days) with a
weight of 210-250 g. The ages of the adolescent
(60-63 days), young (138-150 days), and mature
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(348-360 days) rats selected for our study are
equivalent to the age stages of human development
at 14-15 years, 24-25 years, and 44-45 vyears,
respectively. The formation of animal age groups
was based on recommendations, taking into account
the table data on the correlation of rats' and humans'
ages as presented in the literature (Ghasemi et al.,
2021). During the entire experimental period, the
rats consumed a dry semi-synthetic diet AIN-93,
calculated according to the recommendations of the
American Institute of Nutrition, taking into account
the principle of pair-feeding (Kopylchuk et al.,
2020).

Acute toxic injury from acetaminophen was
modeled by its oral administration via gastric
intubation at a daily dose of 1250 mg/kg of the
animal's body weight during the last 2 days of the
experiment as a 2% suspension of starch gel
(Kopylchuk et al., 2020). Acute toxic injury from
diquat in rats was modeled by a single intragastric
administration using a probe at a dose of 115.5
mg/kg of the animal's body weight on day 29 of the
experimental period (Sun et al., 2019).

Experimental animals of three age categories
(adolescent, young, and mature age) were divided
into 3 groups: Group 1 — animals that consumed a
complete semi-synthetic diet (C); Group 2 — animals
in which acute toxic injury was modeled by the
action of acetaminophen after 4 weeks of consuming
a complete semi-synthetic diet (APAP); Group 3 —
animals in which acute diquat-induced injury was
modeled after 4 weeks of consuming a complete
semi-synthetic diet (DQ). Animals were removed
from the experiment on the 29th (C), 30th (DQ) and
31st (APAP) days of the experiment by cervical
dislocation  in  accordance  with  current
recommendations and ethical standards.

After euthanizing the animals, the liver was
separated, weighed, and used to determine the organ
index. The liver index was calculated using the
formula: liver index (%) = liver weight (g) / animal
weight (g) x 100.

The functional state of the liver was assessed by
the activity indicators of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), lactate
dehydrogenase (LDH), alkaline phosphatase (ALP),
gamma-glutamyltransferase (GGT), and the levels of
total, direct  (conjugated), and indirect
(unconjugated) bilirubin in the blood serum using
the NTI Biochem FC-120 automatic biochemical
analyzer with diagnostic reagent kits from High
Technology (High Technology Inc., North
Attleboro, MA, USA) according to the
manufacturer's instructions. The content of indirect
bilirubin was determined by the difference between
total and direct bilirubin. To assess the degree of
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liver injury, the De Ritis ratio (AST/ALT ratio) was
calculated.

Statistical analysis was conducted using
GraphPad Prism 8.0.1 (GraphPad Software, San
Diego, California USA; http://www.graphpad.com).
The data were analyzed using two-way ANOVA
with Tukey's a posteriori criterion (Tukey’s HSD
post hoc test). The normality of distribution was
tested using the D'Agostino-Pearson test, and the
equality of variances was assessed using Fisher's
test. Differences between groups were considered
significant at p < 0.05. Data are expressed as mean +
SEM.

Results and Discussion. Experimental studies
have shown that toxic exposure to medicinal
(acetaminophen) and industrial (diguat) xenobiotics
caused visible signs of intoxication and cases of
animal death. During the experiment, the behavioral
reactions of control animals of different age groups
were adequate. Instead, in the experimental groups
of rats of different ages after modeling
acetaminophen- and  diquat-induced lesions,
depression of their general condition, dishevelment
and loss of shine of the coat, and decreased skin
elasticity were recorded. From the point of view of
general observation, only in rats injected with toxic
doses of diquat, regardless of age, digestive
disorders in the form of flatulence, reflux and
diarrhea were increased.

In the study of morphometric parameters in rats
of the control group, we found the dependence of
body weight, absolute liver weight and liver mass
index of rats on the age of the organism (Table 1). If
the average body weight of adolescent rats was
(112.47 £ 6.59) g with an organ weight of (4.36 £
0.37) g, reproductive rats — (144.87 + 7.96) with a
liver weight of (4.69 £ 0.30) g, then mature animals
weighed (243.64 = 12.84) g with a liver weight of
(7.26 £ 0.35) g. Therefore, we noted that the age and
body weight of the control group animals
significantly correlated with liver weight. A
significant percentage of increase in liver weight
was recorded in mature animals compared to
adolescent (40 %, p < 0.05) and reproductive
animals (35%, p < 0.05), with no statistical
differences between 60-day and 150-day old rats
(Table 1).

After analyzing the absolute value of liver
weight, it was found that in all age groups of rats
with acetaminophen-induced lesions, an increase in
the weight of this organ was observed compared to
the control (adolescent — by 25 %, reproductive — by
38 %, mature — by 36 %, p < 0.001). A tendency to
increase the level of this indicator is also observed in
the group of animals injected with toxic doses of
diquat (adolescent — by 26 %, reproductive — by 24
%, mature — by 19 %, p < 0.001).



Table 1.

Body weight, liver weight, and liver organ index in rats of different ages under conditions
of acetaminophen- and diquat-induced toxic injury

Group | Body Weight (g) | Liver Weight (g) | Liver index
Adolescent age (60 days)
Control 1124+ 6.6 44+04 3.8+£0.2
APAP 86.4+23%¢ 58+0.3¢2 6.7+03%°¢
DQ 118.6 +2.6 59+02° 50+£02°
Young age (150 days)
Control 1449 £ 8.0 4.7+0.3 33+£0.2
APAP 135.0 +4.8 7.6+032%¢ 57+0.1%°¢
DQ 1493 £ 6.2 62+02° 43+0.2°
Mature age (360 days)
Control 243.6 = 12.8 7.3+0.3 3.0+0.1
APAP 2353+7.0 11.3+0.3%°¢ 49+0.13°
DQ 228.7+10.1 8.9+0.5P 3.9+0.2°P

Note (here and hereafter): a, b, ¢ — values marked with these letter indices are statistically likely to different. a, b —
statistically significant difference compared to control indicators (C); ¢ — statistically significant difference compared
to the indicators of the DQ group, P <0.05, P <0.01, P <0.001.

If in the group of 60-day-old rats the difference in
liver weight after hepatotoxicity caused by
acetaminophen (5.76 £ 0.27) g and diquat (5.86 £
0.19) g is not statistically significant, the
administration of toxic doses of acetaminophen to
reproductive (APAP, 150 days) and mature (APAP,
360 days) animals leads to an increase in organ
weight (by 18.7 % — young, 150 days; by 21.2 % —
mature, 360 days) compared to the corresponding
values under the conditions of diquat-induced
lesions in these age groups (p < 0.05) (Table 1).

Age-related  sensitivity to  xenobiotics of
medicinal or industrial origin is partly explained by
differences in their metabolic activity, which
explains the maximum increase in the absolute liver
weight in animals of reproductive (150 days) and
mature (360 days) age with APAP lesions.
Regarding toxic injury with diquat, we observed
opposite changes in absolute liver weight, with the
highest values in 60-day-old rats. Toxicity caused by
diquat in adolescence can cause serious damage and
be irreversible. There is no antidote for DQ
poisoning, and the effectiveness of currently used
therapeutic methods is still unsatisfactory. Its toxic
potential is a consequence of diquat's ability to
produce reactive oxygen and nitrogen species
through redox cycling processes that can lead to
oxidative stress and potential cell death (Magalhées
etal., 2018).

The data presented in Table 1 show a significant
increase in the liver organ index in all age groups of
rats under both acetaminophen- and diquat-induced
toxic injury compared to control values. However,
the degree of manifestation of the identified changes
is different. The relative coefficients of liver weight
6

in the experimental groups of animals of 60 days of
age were higher by 42.7 % in the APAP group and
by 23 % in the DQ group; at 150 days of age — by 42
% in the APAP group and by 23 % in the DQ group;
at 360 days of age — by 38.2 % in the APAP group
and by 23.7 % in the DQ group compared to the
control group (p < 0.001).

The liver organ index reflects the morphological
and functional state of the organ, which is used to
confirm pathological changes in the liver
architecture and is considered a sensitive indicator of
excessive toxic load on the liver (Zhou et al., 2023).
A more pronounced increase in the hepatic
coefficient is observed in animals administered high
doses of APAP, regardless of age, compared with
the values of controls and rats in which diquat-
induced toxic injury was modeled. This is probably
due to the fact that the main target organ of diquat
due to its toxicokinetics and redox cycle is the
kidneys, not the liver (Magalhaes et al., 2018; Wu et
al., 2022).

The changes in morphometric parameters
established by us are supported by images of the
macroscopic structure of the liver of rats of different
age groups after toxic injury by acetaminophen and
diquat (Figure 1). After the administration of toxic
doses of acetaminophen to animals of different age
groups, certain changes in the macrostructure of the
liver were detected: color (in most animals with a
yellowish tint), consistency, and size, which was
reliably confirmed by weight indicators of the liver
mass coefficient (Table 1). The most significant
changes were recorded in animals of reproductive
age (150 days) and mature age (360 days) with
APAP lesions.
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Adolescent age (60 days)
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Fig. 1. Depiction of liver in rats of different ages under conditions of acetaminophen- and diquat-induced toxic

injury

This may be due to the development of
inflammation and swelling of the organ, as well as to
the accumulation of glycogen. Under the influence
of diquat, a pronounced difference was manifested
mainly in determining the color of the parenchyma
of the organ of experimental animals of different age
groups and was most clearly observed in
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adolescence (60 days) and mature rats (360 days).
The color of the liver was heterogeneous: foci of
light brown color alternated with light red striations,
the consistency was somewhat flabby. However, we
noted that these changes in the macroscopic
structure of the liver were combined with a
maximum increase in the weight of the organ in
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animals of 60 days of age, which was obviously
reversed in response to a high load of industrial
xenobiotics.

We assume that the detected effect is an integral
consequence of metabolic disorders in the liver, so
the features of these changes were characterized by
blood biochemical parameters (Table 2). It was
found that in the blood serum of almost all age
groups of rats under conditions of toxic injury by
paracetamol and diquat, an increase in the levels of
ALT and AST enzymes was observed compared to
the control. Statistically significant differences in
AST levels were not recorded only in young animals
(150 days) under conditions of toxic diquat injury.
As for animals with acetaminophen-induced lesions,
ALT activity in the serum of adolescent rats
increased by 52 %, reproductive rats — by 53 %,
mature rats — by 76 %; p < 0.001) compared with the
values of the corresponding control values. At the

same time, the introduction of toxic doses of diquat
was accompanied by a more pronounced increase in
ALT in animals of 60 days of age by 71 % (p <
0.0002) and 150 days of age by 68 % (p < 0.001)
compared to the control. In rats of 60 days of age, a
more pronounced cytolytic effect was observed with
the introduction of toxic doses of diquat (by 40 %, p
< 0.05), while in mature rats (360 days) — under
conditions of acetaminophen intoxication (by 22 %,
p < 0.05). Instead, the activity of AST in the blood
of rats of adolescent age (60 days) under 2-day
acetaminophen administration increased by 35 % (p
< 0.05), young age (150 days) — by 40 % (p <
0.001), mature age (360 days) — by 56 % (p < 0.05)
compared to the control values. At the same time, in
diquat poisoning, the level of AST in the groups of
rats of adolescent age (60 days) and mature age (360
days) exceeds the control value by 47 % (p < 0.05)
and 43 % (p £ 0.001), respectively (Table 2).

Table 2.

Activity of marker enzymes of liver functional state in the blood serum rats of different ages under conditions of

acetaminophen- and diquat-induced toxic injury

Group ALT AST De Ritis ratio L.DH GGT ALP
(U/L) (U/L) (U/L) (U/L) (U/L)
Adolescent age (60 days)
Control 219+49 773+54 35+0.1 116.0+ 6.7 3.4+0.3 102.4+11.2
APAP 456+55% | 119.0+6.7 &° 26+0.1 162.6+128%¢| 50+052¢ 185.4+55 2
DQ 76.6+10.0% | 146.1+ 23.1° 1.9+0.22 107.6+2.6 3.7+0.3 204.9+21.22
Young age (150 days)
Control 257+21 88.0+£5.3 3.4+0.6 121.0+5.8 45+0.1 89.0+4.9
APAP 55.2+4.43¢ |147.0+16.2%¢| 27+052 |173.5+14.1%¢| 65+042a¢ 155.6 + 8.32
DQ 79.6+52° 098.7+8.8" 1.2+0.2% 1236+ 3.3 3.8+0.1 1580+ 752
Mature age (360 days)
Control 29.2+35 84.3+£5.6 29+02 1052+55 47+04 1283+94
APAP 123.2+16.02°|189.6 £ 15.52¢ 1.5+£05¢8 155.8+17.2%¢ 9.6=+1.1%¢ 259.7+404%
DQ 96.5+7.9° 148.3+8.5° 1.5+0.1°2 116.4+11.9 3.9+0.3 244542692

The results of biochemical analysis of the blood
of rats of different ages with acetaminophen-induced
lesions indicate the development of cytolysis
syndrome, which is maximally expressed in rats of
360 days of age (mature age), as evidenced by an
increase in the activity of indicator transaminases —
ALT and AST with a predominance of ALT
percentage output. It is obvious that the maximum
increase in ALT levels in 360-day-old animals with
APAP lesions indicates the inflammatory nature of
the disease, which develops rapidly and is a
consequence of the destruction of parenchymal cells.
It is worth noting that in response to diquat, the trend
of changes in aminotransferase activity in animals is
different. A more pronounced increase in ALT
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indicator compared to the output of AST was
observed in adolescent rats.

In hepatocytes, a significant portion of AST
(80% of activity) is found in the mitochondria
(mitochondrial isoform), and only about 20% is
localized in the cytosol. Minor and moderate
inflammatory  processes in  hepatocytes are
accompanied by the release of AST primarily from
the cytosol, so the total amount of the enzyme that
enters the bloodstream is small, unlike the level of
ALT, which is completely localized in the cytoplasm
(Botros et al., 2013). This example can be observed
in both drug and industrial xenobiotic injury, when
ALT levels are significantly higher than AST. It is
known that the maximum increase in serum
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aminotransferase activities is usually observed 48—
96 hours after the administration of supratherapeutic
acute doses of paracetamol. A few days after the
consumption of excessive doses of APAP, liver
failure may develop with an undetectable
concentration of APAP in the serum (Fisher et al.,
2019).

However, our results indicate age-related
differences in the organ-specific response to
paracetamol or diquat. The level of ALT is used to
judge the biochemical activity in the course of liver
disease. An increase of 1.5-4 times indicates low
activity of the process, 5-10 times - moderate and
more than 10 times - high biochemical activity [36].
Based on the results obtained, the degree of liver
damage based on an increase in the level of
transaminases in the blood serum can be considered
as a phenomenon of moderate cytolysis (Contreras-
Zentella et al., 2016). Elevated ALT and AST
activity is considered an index marker of
hepatotoxicity associated with oxidative stress
caused by the toxins used in the study (Chidiac et
al., 2023; Magalhaes et al., 2018). However, a sharp
increase in the activity of marker enzymes in the
blood serum does not necessarily indicate liver cell
death (Contreras-Zentella et al., 2016).

Regarding the de Ritis coefficient, when
acetaminophen was administered in toxic doses, this
indicator was reduced relative to the control only in
rats of 360 days of age (mature age) — by 47 % (p <
0.05). Under conditions of toxic damage by an
industrial xenobiotic, the de Ritis coefficient was
significantly lower compared to the control in all age
groups of rats (adolescent age — by 46 %, young age
— 63 %, mature age — 47 %) (Table 2). Under the
experimental conditions studied, even a decrease in
AST/ALT reflects acute destruction of the cell
membrane, but the deep structures of the hepatocyte
remained intact, as evidenced by the predominance
of ALT output. A characteristic change in the de
Ritis coefficient in toxic damage by xenobiotics of
medicinal or industrial origin is a reflection of the
classic "hepatic" variant, when this index decreases
compared to the norm, indicating a metabolic
relationship of indicators through the glucose-
alanine shunt, which ensures the integration of
protein and carbohydrate metabolism. In this case,
the source of alanine for glucose synthesis should be
the pool of free amino acids and the entire protein
pool, since both transaminase reactions are
interconnected through glutamate, which allows for
the efficient use of a minimum amount of aspartate.
This process, necessary to maintain adequate blood
glucose levels, leads to an increase in transaminase
activity (Botros et al., 2013; Petersen et al., 2019).

At the same time, we recorded an increase in the
level of total LDH activity only in rats treated with
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toxic doses of APAP compared to intact animals
(adolescent rats — by 29 %, reproductive rats — by 30
%, mature rats — by 32 % (p < 0.001) (Table 2).
Another important marker of tissue destruction
accompanied by an increase in cell membrane
permeability is LDH. Based on our data, the increase
in LDH activity under conditions of acetaminophen
intoxication in different age groups is a nonspecific
sign, but may additionally indicate toxic liver
damage due to the increase in isozymes LDH4 and
LDHS5 (Comandatore et al., 2022).

Among the biochemical parameters of cholestasis
syndrome in rats of all age groups, regardless of the
lesion with a drug or industrial xenobiotic, an
increase in the level of ALP in the blood was
observed compared to the control. Under the
conditions of paracetamol intoxication, the highest
values of this indicator compared to the control (by
51 %, p < 0.05) were recorded in rats of 360 days of
age (mature age), and in the case of diquat
administration — in rats of adolescent age (60 days)
(by 50 %, p < 0.05). It should be noted that the
activity of y-glutamyl transpeptidase (GGT) is often
used in clinical practice. We have found that
statistically significant differences in the level of this
enzyme compared with the control were detected
only in rats with APAP lesions (adolescent — by 31
%, reproductive — by 32 %, mature — by 51 %; p <
0.001) (Table 2).

The analysis of the functional state of the liver in
rats of different age groups under conditions of toxic
injury  with  acetaminophen indicates the
development of concomitant cholestasis syndrome.
The markers of cholestasis are alkaline phosphatase
and gamma-glutamyltransferase, the levels of which
in our case significantly exceed the control values
when administered toxic doses of acetaminophen.
These enzymes are localized in the endothelium of
the bile ducts and the epithelium of the liver
sinusoids, so in cholestasis under the influence of
bile components they are released into the blood
(Lowe et al., 2024; Puukka et al., 2006).

The activity of the excretory enzyme of
hepatocytes, alkaline phosphatase, was increased in
all age groups of rats regardless of the nature of the
toxin intake. Alkaline phosphatase is found in
almost all organs, but its maximum activity is found
in the hepatobiliary system. It is known that hepatic
ALP is represented by two isozymes. The activity of
the first isozyme increases in the blood serum during
liver congestion and reduced elimination of the
enzyme in bile. This is the main enzyme of
biochemical importance for the diagnosis of
pathologies of the hepatobiliary tract (Lowe et al.,
2024).

We assume that the leading mechanism of GGT
hyperenzymia occurrence is an increase in the
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synthesis of the enzyme with subsequent
translocation across the hepatocyte membrane. The
main function of this ectoenzyme is to maintain
intracellular concentrations of glutathione, the
reserves of which are intensively used in acute
APAP injury (Chidiac et al., 2023; Puukka K. et al.,
2006). The increased activity of GGT may be a
response to oxidative stress, promoting increased
transport of glutathione precursors into the cell
(Puukka et al., 2006). Based on the fact that the
toxicity of DQ, in contrast to paracetamol, did not
affect the level of GGT in the blood serum, it is
likely that acetaminophen is a direct inducer of GGT
synthesis in animals with APAP lesions, regardless
of age. The most pronounced manifestations of

intrahepatic cholestasis were observed in animals of
360 days of age with APAP lesions and in
adolescent rats (60 days) after diquat administration.

An additional confirmation of intrahepatic
cholestasis manifestations is an increase in the level
of total bilirubin in the blood serum of adolescent
rats (60 days) by 52 %, reproductive rats (150 days)
— by 65 %, mature rats (360 days) — by 60 % (p <
0.001) with APAP lesions compared with the values
of the corresponding control values. At the same
time, the introduction of toxic doses of diquat was
accompanied by a more pronounced increase in total
bilirubin in animals of 60 days of age (adolescent
age) by 69 % and 150 days of age (young age) by 61
% compared to the control (p < 0.001) (Table 3).

Table 3.
Bilirubin levels in blood serum of rats of different ages under conditions of acetaminophen- and diquat-induced
toxic injury
Group Bili-T Bili-D Bili-ID
(pmol/l) (pmol/l) (pmol/l)
Adolescent age (60 days)
Control 1.5+03 0,8 +0,1 0,7+0,2
APAP 3.2+0.7¢% 1,9+023¢ 1,3+062°
DQ 49+04° 13+0,1° 3,6+£0,3°
Young age (150 days)
Control 0.8+0.1 0,7+0,1 0,2+0,1
APAP 24+03°2 1,4+0,12°¢ 1,1 +0,22
DQ 22+0.12 0,7+0,1 1,5+02%
Mature age (360 days)
Control 1,7+£0,2 1,1 +£0,1 0,6 £0,2
APAP 43+042¢ 1,0+0,1 3,3+022°¢
DQ 31+03°" 0,8+0,1 23+0,3"

In adolescent rats (60 days), an increase in total
bilirubin levels under conditions of toxic damage to
the APAP by 58 % (p < 0.05) occurs due to the
content of direct bilirubin, while in case of poisoning
with the industrial xenobiotic diquat, it is due to an
increase in the level of its indirect fraction (by 80 %,
p <0.001) compared to control values. At the same
time, in rats of 150-day (young age) and 360-day
(mature age), regardless of the nature of the toxin
intake, the increase in total bilirubin levels was
mainly due to its indirect fraction (young age APAP
and DQ — by 86% and 90%, mature age APAP and
DQ - 81% and 72%, respectively, compared with
the control) (Table 3).

The causes of the increase in total bilirubin levels
in 150-day-old and 360-day-old rats, regardless of
the nature of the toxin intake, mainly due to indirect
bilirubin (indirect hyperbilirubinemia), may be
excessive hemolysis and impaired capture and
binding of free bilirubin by the liver. The increase in
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its concentration indicates the development of
endogenous intoxication (Wolkoff, 2014). In the
bloodstream, bilirubin binds to blood transport
proteins, albumin. That is why indirect bilirubin is
not filtered by the kidneys. Given that
experimentally confirmed hypoalbuminemia occurs
in APAP-induced lesions, indirect bilirubin does not
have time to bind to blood proteins and quickly
penetrates cell membranes to various tissues, which
disrupts its uptake by hepatocytes. Bilirubin is
displaced from plasma albumin, forms a temporary
association with plasma membrane lipids, and passes
through them via transport systems. Therefore, it is
believed that high levels of bilirubin have a
pronounced membrana toxic effect (Siqueira et al.,
2019). It is worth noting that under the conditions of
receiving supra-therapeutic doses of acetaminophen,
when the pathway of its conjugation with
glucuronate with the participation of the enzyme
UDP-glucuronyltransferase is saturated, a significant
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part is subjected to oxidative metabolism by the
CYP450 system (Caparrotta et al., 2017). Given that
UDP-glucuronyltransferase  is  simultaneously
involved in the detoxification of indirect bilirubin,
functional redistribution of this enzymatic activity
may block the process of bilirubin conjugation. In
turn, when diquat was administered in toxic doses,
the most significant increase in the level of total
bilirubin due to the content of its indirect fraction
was observed in adolescent (60 days) and
reproductive (150 days) rats. Given the above
information, the fact we have established may be a
sign of a functional disorder of the membrane-bound
transport system involved in the uptake of indirect
bilirubin. In addition to the changes we have shown,
the literature reports that acetaminophen-induced
injury leads to a decrease in iron levels in bile,
whereas under conditions of injury with hepatotoxic
doses of diquat, there is presence of a prolonged
period of iron excretion in bile. It is noted that the
observed changes likely indicate that a portion of the
iron is excreted in bile as reversibly formed GS-Fe?
chelates, with the inhibition of iron export by
glutathione disulfide (GSSG) in the case of diquat-
induced toxic injury or by 3-(glutathion-S-yl)-
acetaminophen (GS-AAP) in the case of
acetaminophen-induced toxic injury (Benzick et al.,
1994).

Conclusions. The modeling of toxic damage by
the medicinal xenobiotic acetaminophen and the
industrial xenobiotic diquat causes the development
of morphological and functional changes in the
hepatobiliary system of rats of different age groups.
Regardless of the nature of the xenobiotics used in
the study as model toxins, the increase in the liver
organ index illustrates an excessive toxic load on the
organ in all age groups of animals - adolescent (60
days), reproductive (150 days) and mature (360
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BIOXIMIYHI ITPOSABU I'EITATOTOKCHUYHOI'O YPA’KEHHS PI3BHOBIKOBUX I'PYII
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Huni npobnema 3axeopiosans neuinku Ha miai MOKCuyHoi Oii HA OpPeaHi3M MeOUKAMEHMO3HUX A RPOMUCIOBUX
(eepbiyuois) kcenobiomuxie nabysae 6ce OibULOL AKMYANLHOCMI. AKMUBAYIN KOMNEHCAMOPHUX MEXAHIZMIE y 8I0N06i0b
Ha 0il0 mokcuuHux azenmie — ayemaminogeny malabo Ouxeamy micHO MO8 ’S3aHI 3 GIKOGUMU OCOOIUBOCHIAMIU.
3acocmpenna ysacu 00 ayemaminogen-iHOyKO8AHO20 YPANCEHHA NO8 A3GHO 3 WUPOKUM 3ACTOCY8AHHAM OAHO20
MeOUKAMEHMO3H020 Npenapamy AK aHANbeeMUKa/anmunipemuka npu nauoemiax —ingexyitinux i 3anarbHux
3aX60pIOBAHD, 0COOAUBO 3a YMOB8 8edeHHA botiosux Oiu 6 Vkpaiwi. Hamomicmb, wupoke UKOpUCMAanHsA 2epoiyudy
oukeamy cynpo8oodiCyeEmMuCs 3p0CMAHHAM peecmpayii 6unadie OUK8amoiHOYKOSAHUX 20CIMPUX OMPYEHD.

Memorw pobomu € oyinka OIOXIMIYHUX NOKA3HUKIE (DYHKYIOHANILHO20 CMAHY NEYIHKU PI3HOBIKOBUX WYPI8 3a YMO8
ayemaminoghen- ma OUKBAMOIHOYKOBAHO20 MOKCUUHO2O YpaviceHHs. Teapunu Oynu nodineHi Ha mpu GIKO8I 2pynu:
wypu nionimxogozo (60 0Ouis), penpodykmusnozo (150 ouig) ma 3pinoeo 6ixy (360 ouig). Modentoganus 2ocmpozo
MOKCUYHO20 YPAdICEHHA aYemaMiHOPeHOM 30IUCHIO8ANU WIAXOM 1020 NEPOPATLHO20 68e0eHHA MemOOoM inmyobayii
WIYHKY 6 0000601l 0030 1250 me/ke macu mina meapunu npomscom 2 ocmauHix 0i6 excnepumenmy. I'ocmpe moxcuune
VPadcenHs OUKEAmMOM MOOENO8aY SHYMPIUHLOUWTYHKOBUM OOHOPA308UM 68EOEHHAM 3a OONOMO20I0 30HOY 8 0031
115,5 me/ke macu mina meapunu. DYHKYIOHAIbHUL CMAH NEYIHKU OYIHIOBANU HA ABMOMAMUYHOMY OIOXIMIYHOMY
ananizamopi HTI Biochem FC-120.

Ayemaminogenosa inmoxcuxayis npuzeo0una 00 3pOCMAHHA AOCONIOMHO20 NOKA3HUKA MACU NEYIHKU, OP2AHHO20
iHOeKcy, 3MIHU MAKPOCKONIYHOI CMpYKmypu opeawy, 3pocmaHus y cupogamyi kpogi axmugnocmei ALT ma AST,
saeanvroi LDH, suuocenus xoegiyienmy oe Pimica ma mai spocmanns akmuernocmeti ALP, GGT, piens 3acanvroeo i
Henpamo20 OLNipyOIHy 8 YCIX PI3HOBIKOBUX 2pynax NopieHsaHo 3 Kowmpoaem. Haticymmesiwi 3minu npocmedcyromocs y
meapun 3pinozo 6ixy (3pocmanns akmusnocmi ALT na 76 %; AST na 56 %; ALP na 51 %; GGT na 51 % ma 3nusicenns
koeghiyienmy oe Pimica na 47 %). 3a ymoe ouxkeam-iHOyKo8aH020 MOKCUYHO2O YPAICEHHS CNOCMEPicacmucsa 0eujo
iHWa menOenyis ma cmyninb NPOsAGY 6CMAHOBIEHUX 3MIH. Bupasiceniwuii cenamomokcudHuil epexm 3apeccmposano 6
MBapuH NiONIMK0OBO20 GIKY, WO NPOAGIAEMbCA MAKCUMATLHUM 3DOCMANHAM AOCOIIOMHO20 NOKAZHUKA MACU NEYiHKU HA
26 %, axmusnocmi ALT na 71 %, AST na 47 %, ALP na 50 %, pisus Bili-T na 69 %. Cmamucmuuno 3nauywux
giominHoCcmell nopisHano 3 koumpoiem ma APAP-indykosanum ypasxcenusm y akmusnocmi 3azanvioi LDH ma GGT
npu 88e0eHHi MOKCUUHUX 003 2epOiyudy OUKEAMY He3AaNENHCHO 8i0 8IKOBOT Kame2opii He CNoCmepieacmvCsl.

Buxoosuu 3 pezyromamis excnepumenmis NpoCMeNCYEMbCs GiK08A PIZHOCNPAMOBAHICMb Y HeCNpusmiugiu oii
MEOUKAMEHMO3H020 KCEHOOIOMUKA ayemaminogheny ma npomMuciogo2o KCeHobiomurka OuKeamy Ha NOKA3HUKU MOPGO-
@yuxyionanvnozo cmany newinku. Hymaugiwoio  6ik06oilo  2pynoio  meapun 00 MOKCUYHO20  YPAICEHHS.
ayemaminogperom € ugypu 360-0enrozco iy, mooi sk ouxeamom — 60-0enrnozo 6ixy.

Kuouosi  cnosa: ananinaminompancgepasa, acnapmamaminompancgepasa, xoegiyicum Oe Pimica, nyscha
docghamasa, camma-enymaminmpancgepasa, 6inipyoin, ayemaminopen, OUK8am, MOKCUUHE YPANCEHHS, NeUIHKA
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