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The unique liver ability for reparative regeneration plays a decisive role in restoring its homeostatic 
potential. However, in certain clinical situations, in particular, due to the damage caused by toxicants of 
a medicinal origin, the regenerative response may be impaired. Uncontrolled use of nonsteroidal anti-in-
flammatory drug paracetamol (acetaminophen, APAP) is among the leading causes of acute liver failure. 
The study focuses on evaluating of p-hydroxylase, N-demethylase, N-oxygenase activity of cytochrome P450 
(CYP) enzymes as well as the CYP content in the microsomal fraction of the liver of rats subjected to partial 
hepatectomy following acute acetaminophen-induced toxic injury. White non-linear rats were divided into two 
groups: with partial hepatectomy (resection of 2/3 of liver tissue) and with partial hepatectomy following oral 
acetaminophen administration for 2 days at a dose of 1250 mg/kg b. w. Experimental data were obtained at 
0 (control), 24, 48, 72 and 168 h after hepatectomy. The regeneration process at the early stages after partial 
hepatectomy in animals that were not exposed to APAP injury was accompanied by the suppression of aniline 
p-hydroxylase and dimethylaniline N-demethylase activity, along with a simultaneous decrease in cytochrome 
P450 content against the background of a compensatory increase of N-oxygenase activity. Liver tissue recov-
ery after partial hepatectomy in animals with APAP injury was characterized by an increase in cytochrome 
P450 content along with concurrent activation of aromatic hydroxylation, N-dealkylation, and N-oxidation 
reactions throughout the entire regenerative period. The data obtained indicate the initiating of competing 
pathways of acetaminophen detoxification and/or toxification at different time intervals during the process of 
liver reparative regeneration. 

K e y w o r d s: cytochrome P450, p-hydroxylation, N-demethylation, N-oxidation, partial hepatectomy, aceta-
minophen, toxic injury, microsomal fraction, liver.

According to modern concepts, the problem 
of progressive impairments in liver func-
tional activity under the influence of toxic 

agents is of particular importance. In restoring the 
homeostatic potential of liver cells after the damag-
ing effects of hepatotoxic substances, infectious and 
metabolic diseases, or tissue loss, the unique abili
ty of the organ for reparative regeneration plays a 
decisive role. The liver’s capacity for compensa-
tory regeneration enables segmental resections of 
hepatobiliary tumors as well as transplantation. 
However, in certain clinical situations, the regenera-
tive response may be impaired, for instance, due to 
the presence of hepatopathies (liver cirrhosis) and/
or damage caused by toxicants of a medicinal origin 
(DILI) [1-3]. 

According to resources such as LiverTox, the 
Drug-Induced Liver Injury Network (USA), and Eu-
draVigilance (Netherlands), which focus their activi-
ties on preventing the development of drug-induced 
liver injury, the persistence of the trend in DILI oc-
currence is confirmed due to the increasing risk of 
uncontrolled use of nonsteroidal anti-inflammatory 
drugs, particularly paracetamol (acetaminophen, 
APAP). Acetaminophen-induced injury is among the 
leading causes of acute liver failure. In certain cases, 
liver transplantation remains the only treatment op-
tion (20% of cases) [4-7].

It should be noted that the mechanisms of a 
healthy liver’s regeneration after resection are de-
scribed in considerable detail in scientific sources 
[1, 8]. Nevertheless, there is no information on the 
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specific features of liver regeneration mechanisms 
under conditions of partial hepatectomy following 
toxic injury caused by APAP. As is well known, the 
implementation of the hepatoxenobiotic effect of 
APAP is driven by the functioning of multi-stage 
signaling pathways. With the intake of therapeutic 
doses, acetaminophen is primarily (approximately 
60-90%) metabolized in the liver during phase II 
biotransformation through sulfate or glucuronide 
conjugation, followed by the excretion of conjugates 
(APAP-gluc, APAP-sulfate) by the kidneys. A fair-
ly small proportion (5-15%) of APAP is converted 
through the functioning of the enzymatic cycle of 
the heme-thiolate protein superfamily, cytochromes 
P450 (CYP450), during phase I biotransformation 
[6, 9]. The formation of the CYP450 complex with 
substrates primarily occurs due to hydrophobic in-
teractions after the reduction of heme Fe3+ and the 
formation of a high-spin form of the hemoprotein 
(type I difference spectra) or through the association 
of substrate amino groups directly with heme iron 
(type II difference spectra) [10].

A characteristic manifestation of APAP hepa-
totoxicity processes is the impairment of its detoxi-
fication due to the saturation of glucuronidation/sul-
fation pathways. As a result, there is an enhanced 
production of the reactive N-acetyl-p-benzoquino-
neimine (NAPQI) via N-oxidation, in contrast to 
the formation of 3-hydroxy-acetaminophen (3-OH-
APAP) via hydroxylation mediated by CYP450. The 
metabolic bioactivation of acetaminophen and the 
formation of NAPQI are primarily carried out by the 
CYP1A2, CYP2E1, and CYP3A4 isoforms against 
the background of the depletion of glutathione re-
serves. Accordingly, the extensive generation of the 
reactive acetaminophen metabolite by cytochrome 
P450 determines the efficiency of the functioning of 
the entire xenobiotic metabolism system and is criti-
cal in the occurrence of APAP-induced liver injury 
[6, 9, 11].

From a biochemical point of view, the estab-
lishment of markers of the functional state of the 
liver detoxification system under conditions of par-
tial hepatectomy following toxic injuries is crucial 
for the appropriate therapy of a range of pathological 
conditions associated with acute drug-induced liver 
failure. Considering the above, the aim of the study 
was to evaluate the activity of cytochrome P450 en-
zyme systems in the liver of rats under conditions 
of partial hepatectomy following acetaminophen-
induced toxic injury.

Materials and Methods

Animals, experimental design and procedures. 
The experimental studies were performed on white 
non-linear rats of reproductive age (140-150 days) 
weighing 130-160 g. The animals were placed in the 
vivarium of the Educational and Scientific Institute 
of Biology, Chemistry, and Bioresources at Yuriy 
Fedkovych Chernivtsi National University under 
standard conditions of temperature range (20–24°C), 
humidity, and lighting (12/12 hours). Throughout the 
study, the rats were kept on a complete diet with free 
access to water in plastic cages with sand bedding.

All manipulations with the animals were per-
formed in accordance with the provisions of the 
European Convention for the Protection of Verte-
brate Animals Used for Experimental and Other 
Scientific Purposes (Strasbourg, 1986) and the Law 
of Ukraine On the Protection of Animals from Cru-
elty (as amended by Law No. 5456-VI of October 16, 
2012). Compliance with the ethical principles of the 
work was certified by the Committee on Bioethics of 
Scientific Research at Yuriy Fedkovych Chernivtsi 
National University (Protocol No. 1, dated April 4, 
2024).

Partial hepatectomy, involving the resection of 
2/3 of the liver tissue, was carried out in the morning 
hours under anesthesia with pre-sterilized instru-
ments, following the method of Mitchell and Willen-
bring [12]. This surgical technique involves sequen-
tial ligation and aseptic resection of the left lateral 
and median liver lobes. Narcotic sleep was initiated 
with thiopental sodium at a dose of 7 mg/kg. Sterile 
surgical silk “IGAR” (Ukraine) was used for liver 
tissue ligation. The resected liver parts subsequently 
served as controls for comparison with the regener-
ating liver (0 hours). After partial hepatectomy, in-
ternal and external sutures were applied using sterile 
surgical material “Kapron B” (Ukraine). Before each 
surgical intervention, quartz treatment (UV disin-
fection) of the room was performed. Modeling of 
acute toxic injury was performed by oral adminis-
tration of acetaminophen (LD50 = 2402 mg/kg) using 
the gastric intubation method at the calculated rate of 
1250 mg/kg for 2 days in the form of a suspension in 
a 2% starch gel solution [13].

The animals were randomly divided into two 
groups: Group I – rats that underwent partial he-
patectomy (C/PH); Group II – rats with acetami-
nophen-induced injury that underwent partial liver 
tissue resection (TI/PH). The experimental animals 
were removed from the experiment with adherence 
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to the requirements of current ethical standards. 
Further experimental studies were conducted at 0 
(control), 24, 48, 72 and 168 hours after partial he-
patectomy. In each of the three replicates (n) of each 
group of experimental rats, 25 animals were used. 
The mortality rate of control animals after partial 
hepatectomy (C/PH) was 13%, while in rats with 
acetaminophen-induced injury after partial hepatec-
tomy (TI/PH), this indicator was 40%. 

The microsomal fraction of the rat liver ho-
mogenate was obtained by differential centrifugation 
(Heraeus Biofuge Stratos, USA) [14]. The protein 
content in the microsome suspension was deter-
mined using the Bradford method.

The determination of p-hydroxylase activity 
of cytochrome P450 was carried out on the basis of 
the rate of NADPH-dependent p-hydroxylation of 
aniline, established by the amount of p-aminophe-
nol formed. The absorption of the experimental sam-
ples was measured at λ = 630 nm using a CARY 
60 spectrophotometer (USA). The determination 
of N-demethylase activity of cytochrome P450 
consists in the assessment of the rate of NADPH-
dependent demethylation of dimethylaniline by the 
amount of formaldehyde formed at λ = 412 nm [15]. 
The determination of N-oxygenase activity of cyto-
chrome P450 was performed by evaluating the rate 
of dimethylaniline oxidation based on the amount of 
the colored compound N-nitrosodimethylaniline at 
λ = 420 nm [16].

The content of cytochrome P450 was deter-
mined by the method of Omura and Sato, which 
involves spectrophotometric measurement of the 
difference in the absorption spectra of the oxidized 
and reduced forms of cytochrome P450. In order to 
form the reduced CYP–CO complex, the experimen-
tal samples were bubbled with CO for 1 min [14]. 
Carbon monoxide was obtained by adding concen-
trated CH2O2 to concentrated H2SO4. To purify car-
bon monoxide from residual oxygen, the gas was 
passed through a pyrogallol solution. To reduce cy-
tochrome P450, Na2S2O6 was added to the experi-
mental samples. The absorption measurements of the 
experimental samples were performed at λ = 450 nm 
(absorption maximum) and λ =490 nm (absorption 
minimum), taking into account the molar extinction 
coefficient of cytochrome P450 of 91 mmol/l-1·cm-1.  

The determination of the inactivation rate of 
cytochrome P450, which involves the conversion of 
cytochrome P450 into the inactive form (cytochrome 
P420), was performed by recording the differential 

absorption spectra of reduced carboxy-complexes 
of hemoproteins and was calculated based on the 
difference in absorption values at λ = 420 nm and 
λ = 450 nm (ΔA420-450), taking into account the pro-
tein content in mg [14].

Statistical analysis of the experimental results 
was performed in the GraphPad Prism 8.0.1 program 
(GraphPad Software, San Diego, California, USA) 
using two-way analysis of variance (ANOVA) with 
Tukey’s post hoc test. The relationship between the 
indicators was assessed using the Pearson correla-
tion coefficient. Differences between groups were 
considered statistically significant at P < 0.05. Data 
were expressed as mean ± SEM.

Results and Discussion 

The efficiency of biotransformation of xenobio
tics and endogenous metabolites is directly related 
to the cytochrome P450-containing oxygenase sys-
tem of the endoplasmic reticulum. CYP enzymes 
catalyze the monooxygenation of a wide range of 
substrates, primarily through hydroxylation, epoxi-
dation, N-, O-, or S-dealkylation, and N- and S-oxi
dation [14, 17]. 

The results of the studies showed that the early 
stages of liver regeneration after partial hepatectomy 
in control rats (C/PH) were accompanied by a de-
crease in microsomal aniline p-hydroxylase activity 
of cytochrome P450 in the period of 24 h by 65% 
(P < 0.05) and in the period of 48 h by 47% (P < 0.01) 
compared to the control values at 0 h (Fig. 1, A). 
During the assessment of oxidative N-dealkylation 
reactions, a decrease in the level of N-demethylase 
activity in the microsomal fraction of rat liver cells 
in the C/PH group by 42% (P < 0.05) compared to 
the control was recorded only in the period of 24 h 
after tissue resection of this organ (Fig. 1, B). 

It is known that the liver’s unique ability to 
regenerate is a complexly regulated system that is 
triggered and controlled by a number of pro-inflam-
matory mediators with cross-interactions between 
biochemical pathways. The release of pro-inflam-
matory cytokines and growth factors (IL-6, IL-1β, 
TNF-α, and HGF) during the activation of the regen-
erative cascade in response to acute injury after par-
tial hepatectomy is primarily focused on eliminating 
damaged cells [1, 18, 19].

In recent years, during studies of the metabolic 
response of the body to inflammation using animal 
models, a decrease in the expression of CYP en-
zymes in liver tissues has been noted [20]. There-
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fore, the results we obtained regarding the decrease 
in p-hydroxylase and N-demethylase activities of 
CYP450 in the group of control rats after partial he-
patectomy are consistent with the studies conducted 
by Fujino et al., where a reduction in CYP mRNA 
levels was demonstrated during the initiation of in-
flammatory stimuli at the early stages of liver paren-
chymal recovery [21]. 

At the same time, the established suppression 
of p-hydroxylation and N-demethylation reactions 
of cytochrome P450 at the early stages of regenera-
tion can be considered a stress-induced response to 
changes caused by surgical liver tissue resection or a 
consequence of the regenerative reaction. Theoretical 
evidence indicates that during the implementation of 
a set of regenerative reactions in the remaining liver 
tissue, specific metabolic changes develop and cease 
with the restoration of the hepatostat. Metabolic re-
organization that arises in response to acute liver 
injury is an important physiological determinant of 
proper regeneration [22]. In view of the above, it can 
be assumed that after partial hepatectomy in control 
animals (C/PH), the prioritization of functional sup-
port for hepatocyte proliferation is compensated by 
the suppression of specialized functions, particularly 
the activity of the detoxification system.

Fig. 1. p-Hydroxylase activity (A) and N-demethylase activity (B) of cytochrome P450 in the microsomal 
fraction of the livers of rats under conditions of partial hepatectomy following acetaminophen-induced toxic 
injury. C/PH – control animals that underwent partial hepatectomy; TI/PH – rats that underwent partial liver 
resection after acute acetaminophen-induced toxic injury. a, b, c – values indicated by these letter indices 
differ statistically significantly; a – statistically significant difference between the TI group and the control 
group (C) at 0 h; b – statistically significant difference of the C/PH groups compared to the C group at 0 h; 
c – statistically significant difference of the TI/PH groups compared to the TI group at 0 h; d – statistically 
significant difference of the TI/PH groups compared to the C/PH groups

During the 24-hour period of remodeling of 
damaged liver tissue, against the background of a 
decrease in the intensity of hydroxylation and N-
dealkylation reactions of cytochrome P450 in the mi-
crosomal fraction of the rat liver in the C/PH group, 
we recorded an increase in dimethylaniline N-oxyge-
nase activity of the cytochrome P450 system, which 
exceeds the control value at 0 h by 52% (P < 0.05) 
(Fig. 2). Although a significant number of aliphatic, 
alicyclic, aromatic, and mixed substrates of cyto-
chrome P450 are metabolized through oxidative N-
dealkylation involving the carbon atom of the alkyl 
group that is bonded to the nitrogen atom (α-carbon 
atom), a portion of primary, secondary, and most 
commonly tertiary amines undergo metabolic N-
oxidation via nitrogen atoms, resulting in the forma-
tion of N-oxide products. N-oxidative biotransfor-
mation of functional groups in nitrogen-containing 
compounds may be accompanied by both metabolic 
toxification and detoxification of the parent amines 
through the production of highly polar metabolites 
[23-25]. This suggests that the increase in N-oxyge-
nase activity of the cytochrome P450 system under 
these experimental conditions is likely occurring 
in response to an elevated need for the conversion 
of endogenous amine-substituted compounds. One 
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such substrate, considering the structural features 
of the pyrrole ring, may be bilirubin. As shown by 
several independent studies, cytochrome P450, along 
with UDP-glucuronosyltransferase 1A1 (UGT1A1), 
is considered an alternative enzyme for bilirubin 
degradation [26, 27]. The CYP1A2 isoform is direct-
ly involved in the biotransformation of aromatic and 
heterocyclic amines. The induction of CYP1A2 pro-
motes the maintenance of homeostasis in cells by en-
hancing the metabolic clearance of substrates, which 
may lead to a reduction in blood plasma bilirubin 
levels and the excretion of hydroxylated metabolites 
in bile [27-29]. Taking into account the presented 
information, it can be assumed that the intensifi-
cation of N-oxidation reactions of the microsomal 
cytochrome P450 system at the early stages of liver 
regeneration in control rats after partial hepatectomy 
is the result of enhanced bilirubin degradation aimed 
at reducing the risk of developing endogenous intoxi-
cation in the remote period.

Thus, the redistribution of marker activities 
of cytochrome P450 in liver microsomes of control 
animals after partial hepatectomy occurs through a 
decrease in p-hydroxylase and N-demethylase ac-
tivities of cytochrome P450 during the 24-hour and 

48-hour periods. Instead, a compensatory increase 
in microsomal N-oxygenase activity of cytochrome 
P450 in the C/PH group animals is observed only 
during the 24-hour period. At the final stages of liver 
parenchyma recovery, the levels of the studied ac-
tivities return to control values.

Despite its favorable pharmacological proper-
ties, the use of acetaminophen may impair hepa-
tobiliary function, leading to dose-dependent or 
idiosyncratic liver toxicity. This side effect is often 
asymptomatic and reversible. However, in 20% of 
cases with acetaminophen consumption, severe 
symptomatic cytolytic/cholestatic injury develops, 
requiring liver transplantation or resulting in fatal 
outcomes. Therefore, even after discontinuation of 
therapy, acetaminophen may remain at therapeutic 
levels in the body due to bioaccumulation [4-7, 9, 30].

At the same time, liver regeneration in rats 
with acetaminophen-induced injury after segmen-
tal organ resection (TI/PH) was accompanied by 
completely opposite changes in marker activities 
of the cytochrome P450 system compared to the 
experimental control group (C/PH). As the liver 
parenchyma recovered in rats of the TI/PH group, 
an increase in aniline p-hydroxylase, dimethylani-

Fig. 2. N-oxygenase activity of cytochrome P450 in the microsomal fraction of the livers of rats under con-
ditions of partial hepatectomy following acetaminophen-induced toxic injury. C/PH – control animals that 
underwent partial hepatectomy; TI/PH – rats that underwent partial liver resection after acute acetami-
nophen-induced toxic injury. a, b, c – values indicated by these letter indices differ statistically significantly; 
a – statistically significant difference between the TI group and the control group (C) at 0 h; b – statistically 
significant difference of the C/PH groups compared to the C group at 0 h; c – statistically significant differ-
ence of the TI/PH groups compared to the TI group at 0 h; d – statistically significant difference of the TI/PH 
groups compared to the C/PH groups
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line N-demethylase and N-oxygenase activities of 
cytochrome P450 in the microsomal fraction was 
recorded compared to the values of TI animals at 
0 h. It is important to note that in the early stages of 
regeneration (24 and 48 h) in the livers of animals 
with acetaminophen-induced injury, N-dealkyla-
tion (by 43–45%, P < 0.001) and N-oxidation (by 
47-56%, P < 0.001) reactions predominate, while at 
the 72-hour time point p-hydroxylation reactions are 
maximally activated (by 57%; P < 0.001) with the 
involvement of cytochrome P450 (Fig. 1, 2).

It is known that cytochrome P450-dependent 
enzymes catalyze the monooxygenation of substrates 
predominantly through an identical sequence of re-
actions. Hydroxylation and N-dealkylation are two 
of the most important types of CYP metabolic reac-
tions occurring through different mechanisms. The 
mechanism of the hydroxylation reaction is a hydro-
gen abstraction/oxygen rebound mechanism, known 
as the Groves rebound mechanism. Whereas in 
CYP-mediated N-dealkylation, there are two alter-
native mechanisms: one is hydrogen atom transfer, 
and the other is single electron transfer. The reaction 
barriers for hydrogen atom transfer in N-dealkyla-
tion are significantly lower than those for hydroxy-
lation, which may explain why the predictability of 
N-dealkylation is higher than that of hydroxylation 
[31, 32]. Perhaps this is why during the 24-hour and 
48-hour periods in liver microsomes of rats with 
acetaminophen-induced injury after partial hepatec-
tomy, an increase in N-demethylase activity occurs 
(Fig. 1, B). After all, each stage of the catalytic cycle 
of CYP450 provides a unique spectral signature that 
reflects changes in the oxidation states or spin state 
of Fe3+ in the heme, deformation of the porphyrin 
ring, or alteration of dioxygen fragments [31]. The 
formation of type I complexes occurs when nonpo-
lar substrates (such as dimethylaniline) interact with 
the low-spin form of cytochrome P450. The spectral 
changes that occur are associated with the transition 
of the Fe3+ atom in the heme from the initial six-
coordinated low-spin position to a five-coordinated 
high-spin position, bound to the substrate, and the 
type I binding site is located in the hydrophobic re-
gion of the CYP apoenzyme [10, 14, 33].

At the same time, the 72-hour phase of the 
liver regenerative process after partial organ resec-
tion in animals with acetaminophen-induced injury 
is characterized by maximal activation of aniline 
p-hydroxylation reactions in microsomes (Fig. 1, A). 
This fact is very important considering the potential 
importance of the CYP450 system in acetaminophen 

metabolism, which is due to the ability of certain 
P450 isoenzymes to compensate for changes in the 
activity of others. We observed this pattern in the 
activation of N-dealkylation and p-hydroxylation 
reactions during different time intervals of liver pa-
renchyma recovery in animals of the TI/PH group. 
Specifically, сompounds that cause type II spectral 
changes include nitrogen-containing substances 
(aniline-type substrate binding as in the case of p-
hydroxylation reactions), which are capable of co-
ordinating with the heme iron of cytochrome P450 
through basic nitrogen atoms (substrate amino 
groups). In such complexes, the heme iron is in a 
six-coordinated low-spin state, and the ligand in the 
sixth coordination position of the heme iron (oxygen-
binding site) is replaced by the nitrogen of the sub-
strates [10, 14, 33].

In the study by Yang et al., it is noted that cy-
tochrome P450 isoenzymes exhibit chemo- and re-
gioselectivity, enabling them to metabolize APAP 
both through an aromatic hydroxylation mecha-
nism, forming the non-toxic catechol 3-hydroxy-
acetaminophen, and by oxidizing this pharmaceuti-
cal xenobiotic to N-acetyl-p-benzoquinoneimine, a 
hepatotoxic metabolite [11]. We observed that in the 
microsomal fraction of the liver in rats of the TI/
PH group, during the 24-hour period, a maximal in-
crease in N-oxygenase activity (by 55%, P < 0.001) 
was recorded, which was maintained at a high level 
throughout the entire liver recovery period (Fig. 2). 
Considering that demethylation is regarded as a type 
of N-dealkylation of xenobiotics through oxidation 
[16, 23, 34], the simultaneous increase in N-demeth-
ylase and N-oxygenase activities in liver micro-
somes at the early stages of regeneration, as we have 
established, likely indicates enhanced production of 
NAPQI rather than the non-toxic 3-OH-APAP. Cyto-
chrome P450-dependent biotransformation of APAP 
in phase I predominantly occurs with the involve-
ment of the isoforms CYP1A2, CYP2A6, CYP2C9, 
CYP2D6, CYP2E1, and CYP3A4. Experimental 
studies have shown that CYP2E1 is involved in the 
production and accumulation of the majority of reac-
tive NAPQI in hepatocytes. Then, if dominance in 
NAPQI generation is not observed in the reaction 
cycle of the CYP1A2, CYP3A4, and CYP2C9 iso-
forms, CYP2A6 is characterized by the formation 
of the non-toxic 3-OH-APAP in a 3:1 ratio [11, 35]. 
The obtained results regarding the functional redis-
tribution of marker activities of cytochrome P450 in 
liver microsomes of animals with toxic injury after 
partial hepatectomy allow for predicting the likeli-
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hood of launching competing pathways involved in 
the metabolic clearance (p-hydroxylation) and bioac-
tivation (N-oxidation) of acetaminophen at different 
time periods of organ recovery.

One of the reasons for the changes we estab-
lished in the studied enzymatic activities of cyto-
chrome P450 in liver microsomes of animals after 
partial hepatectomy may be a change in the quanti-
tative content of cytochrome P450. As the obtained 
results indicate, in the microsomal fraction of the 
liver of animals subjected to partial hepatectomy (C/
PH), only during the 24-hour and 48-hour phases, 
a decrease in cytochrome P450 content by 65% 
(P < 0.01) and 55% (P < 0.05), respectively, was ob-
served compared to the control values at 0 h (Fig. 3), 
which correlates with a reduction in p-hydroxylase 
(r = 0.84 – 24 h; r = 0.77 – 48 h, P < 0.05) and N-
demethylase (r = 0.65 – 24 h, P < 0.05) activities 
during the specified periods. The established fact is 
likely associated with the suppression of the liver’s 
ability to produce cytochrome P450 due to the im-
maturity of the synthetic function of regenerated 
hepatocytes at the early stages of regeneration. 
Nevertheless, considering the importance of inflam-
matory responses in initiating the cascade of liver 
regeneration events, the decrease in cytochrome 
P450 content at the early stages of the regenerative 
process in animals of the C/PH group may result 
from the need to redirect the functional potential of 
the liver’s synthetic apparatus toward the produc-
tion of acute-phase proteins required to control the 
systemic inflammatory response under conditions of 
partial hepatectomy [36‑38]. As the liver parenchy-
ma recovers in animals of the C/PH group, the level 
of microsomal cytochrome P450 returns to control 
levels (Fig. 3). 

Regarding the group of animals with aceta-
minophen-induced injury after partial hepatectomy 
(TI/PH), we demonstrated an increase in cytochrome 
P450 content in liver microsomes during the 72-hour 
regenerative period (24 h – 54%; 48 h – 47%; 72 h – 
41%, P < 0.001) compared to the values of animals 
in the TI group at 0 h (Fig. 3). One of the most im-
portant features of the components of the monooxy-
genase system, particularly cytochromes P450, is 
their ability for selective induction under the action 
of external stimulus-reactions, in the role of which 
the substrate-xenobiotics of the induced isoforms 
predominantly function [39-41]. Since, in our case, 
the xenobiotic load of APAP preceded partial hepa-
tectomy, the phenomenon of CYP induction can be 
explained by two mechanisms: intensification of de 

Fig. 3. Cytochrome P450 content in the microsomal 
fraction of the livers of rats under conditions of par-
tial hepatectomy following acetaminophen-induced 
toxic injury. C/PH – control animals that underwent 
partial hepatectomy; TI/PH – rats that underwent 
partial liver resection after acute acetaminophen-
induced toxic injury. a, b, c – values indicated by 
these letter indices differ statistically significantly; 
a – statistically significant difference between the 
TI group and the control group (C) at 0 h; b – sta-
tistically significant difference of the C/PH groups 
compared to the C group at 0 h; c – statistically sig-
nificant difference of the TI/PH groups compared to 
the TI group at 0 h; d – statistically significant dif-
ference of the TI/PH groups compared to the C/PH 
groups

novo biosynthesis and/or enhancement of the cata-
lytic activity of individual multiple forms of CYP, 
which statistically significantly aligns with the re-
sults of our studies in the TI/PH animal group. 

The ability for highly specific induction of 
CYP is considered a significant component of the 
adaptive response to foreign compounds entering 
the cell. This leads to enhanced biotransformation 
and, typically, suppression of the activity of xenobi-
otic compounds. In some cases, CYP induction re-
sults in the toxification of xenobiotics (protoxicants) 
through the formation of reactive metabolites that 
are more toxic than the parent compounds [39-41]. 
An example of the latter is the selective induction of 
CYP isoenzymes in relation to acetaminophen, with 
a predominance of the bioactivation of the pharma-
ceutical xenobiotic and the formation of the hepato-
toxic N-acetyl-p-benzoquinoneimine. Considering 
the inducible nature of acetaminophen metabolism 
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under the action of cytochromes P450, the recorded 
increase in marker monooxygenase activities and 
CYP content is logical in view of the need for de-
toxification of high doses of the xenobiotic in ani-
mals of the TI/PH group. An additional prerequisite 
for the increase in cytochrome P450 content in liver 
microsomes of animals with toxic injury after partial 
hepatectomy (TI/PH) may be that prior administra-
tion of supratherapeutic doses of APAP promotes the 
accumulation of functionally active CYP3A due to a 
reduction in the intensity of its proteasomal degrada-
tion through polyubiquitination [42].

An analytical review of the literature sug-
gests that the metabolic activation of a xenobiotic 
compound to form an electrophilic reactive inter-
mediate, as in the case of acetaminophen toxifica-
tion to NAPQI, can lead to covalent modification 
of nucleophilic amino acid residues (lysine, serine, 
threonine, tyrosine, or cysteine) in the CYP apo-
protein, alkylation of the heme prosthetic group in 
situ with its destruction, or coordination with heme 
iron, which is accompanied by irreversible or qua-
si-irreversible inactivation of cytochrome P450 
[43, 44]. One of the important structural features of 
cytochrome P450 system enzymes is the coordina-
tion of the fifth ligand, a thiolate anion of cysteine 
(Cys), with the heme iron in the functionally active 
form of cytochrome P450. Spectral changes caused 
by the formation of the inactive conformation of 
CYP450 – cytochrome P420 – are associated with 
the implementation of two mechanisms: protonation 
of cysteine thiolate, leading to thiol ligation with 
heme iron and the formation of a neutral charge, or 
switching of the proximal ligand from cysteine thio
late to the imidazole group of histidine (His) [45].

However, when analyzing the results of studies 
on cytochrome P450 inactivation in the microsomal 
fraction of the liver under conditions of partial he-
patectomy, both in control animals (C/PH) and in 
rats with acetaminophen-induced injury (TI/PH), 
the formation of the inactive form of CYP450 – cy-
tochrome P420 – was not detected (Fig. 4). It can 
be assumed that the preservation of the functionally 
active conformation of cytochrome P450 in animals 
of the TI/PH group, even against the background 
of enhanced NAPQI formation, reflects the imple-
mentation of a mechanism of selective induction of 
cytochromes P450 to counteract acetaminophen ac-
cumulation under conditions of administration of its 
toxic doses prior to partial liver tissue resection.

Conclusions. Thus, the course of the regenera-
tion process after partial liver resection in animals 
that were not exposed to the effect of toxic injury 
at the early stages of parenchymal recovery (24 and 
48 h) is accompanied by the suppression of aniline 
p‑hydroxylase and dimethylaniline N-demethylase 
activities of cytochrome P450, along with a si-
multaneous decrease in its content in microsomes 
against the background of a compensatory increase 
in CYP450 N-oxygenase activity during the 24-hour 
phase.  

At the same time, liver tissue recovery after 
partial hepatectomy in animals with toxic injury is 
characterized by an increase in cytochrome P450 
content, along with concurrent activation of aro-
matic hydroxylation, N-dealkylation, and N-oxi
dation reactions throughout the entire regenerative 
period. During the 24-hour and 48-hour periods, 
N-demethylation and N-oxidation processes pre-
dominate, with an intensification of p-hydroxylation 

Fig. 4. The rate of cytochrome P450 inactivation in the microsomal fraction of the livers of rats under condi-
tions of partial hepatectomy following acetaminophen-induced toxic injury
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reactions exclusively during the 72-hour period. The 
functional redistribution of microsomal monooxyge-
nase activities of cytochrome P450 in animals with 
toxic injury after partial liver resection provides an 
opportunity to forecast the likelihood of initiating 
competing pathways of acetaminophen detoxifica-
tion and/or toxification through p-hydroxylation or 
N-oxidation at different time intervals during the re-
generation process. 

From a biochemical perspective, the remote 
intensification of cytochrome P450 p-hydroxylation 
reactions during the 72-hour phase, against the 
background of activated N-oxidation processes at 
the early stages of liver parenchyma recovery, may 
serve as a marker of the functional state of the liver 
detoxification system under conditions of partial 
hepatectomy following toxic injuries, which is of 
critical importance for the correction of a number of 
pathological conditions associated with acute drug-
induced liver failure.
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Активність ензимів 
цитохрому Р450 в печінці 
щурів за умов токсичного 
ураження та часткової 
гепатектомії
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Унікальна здатність печінки до репара
тивної регенерації відіграє вирішальну роль 
у відновленні її гомеостатичного потенціалу. 
Однак, у деяких клінічних ситуаціях, напри-
клад, через наявність ушкоджень, спричине-
них токсикантами медикаментозної природи, 
регенеративна відповідь може бути порушена. 

Безконтрольне використання нестероїдного 
протизапального препарату парацетамолу 
(ацетамінофен, APAP) є однією з провідних 
причин гострої печінкової недостатності. Ро-
бота присвячена оцінці р-гідроксилазної, 
N-деметилазної та N-оксигеназної активності 
цитохрому P450 (CYP), а також вмісту CYP 
у мікросомальній фракції печінки щурів за 
умов часткової гепатектомії після гострого 
ацетамінофен-індукованого токсичного уражен-
ня. Білих нелінійних щурів розподілили на дві 
групи: з частковою гепатектомією (резекція 2/3 
тканин печінки) та з частковою гепатектомією 
після перорального введення APAP протягом 
2 діб у дозі 1250 мг/кг. Експериментальні дані 
аналізували на 0 (контроль), 24, 48, 72 і 168 год 
після гепатектомії. Регенераційний процес на 
ранніх етапах після часткової гепатектомії у 
тварин, які не зазнали дії APAP-індукованого 
ураження супроводжується пригніченням 
активності анілін р-гідроксилази та 
диметиланілін N-деметилази, одночасно зі змен-
шенням вмісту цитохрому Р450 на тлі компен-
саторного підвищення активності N-оксигенази. 
Відновлення тканин печінки після часткової 
гепатектомії у тварин з APAP-індукованим уш-
кодженням характеризувалося підвищенням 
вмісту цитохрому Р450 з одночасною активацією 
реакцій ароматичного гідроксилювання, 
N-деалкілування та N-окислення протягом усьо-
го періоду регенерації. Отримані дані свідчать 
про ініціацію конкуруючих шляхів детоксикації 
та/або токсифікації ацетамінофену в різні часові 
проміжки процесу репаративної регенерації 
печінки.

К л ю ч о в і  с л о в а: цитохром P450, 
p-гідроксилювання, N-деметилювання, 
N-окислення, часткова гепатектомія, 
ацетамінофен, токсичне ураження, мікросомна 
фракція, печінка.
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