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studying hepatoprotective agents. Excessive or
prolonged intake of paracetamol leads to the
formation of toxic metabolites that initiate oxidative
stress, mitochondrial dysfunction, and hepatocyte
necrosis. In recent years, increasing attention has
been paid to natural hepatoprotectors with

antioxidant and membrane-stabilizing properties,
among which silymarin occupies a special place. The
present study aimed to evaluate the hepatoprotective
effect of silymarin in paracetamol-induced hepatitis
and to analyze the main pathogenetic mechanisms
underlying its protective action. The study was
conducted using an experimental model of toxic liver
injury induced by paracetamol administration.
Biochemical markers of liver function, oxidative stress
indicators, and morphological changes in hepatic
tissue were assessed. The results demonstrated that
paracetamol-induced hepatitis was accompanied by a
significant increase in serum aminotransferases,
bilirubin levels, and oxidative stress markers,
indicating severe hepatocellular damage.
Administration of silymarin led to a pronounced
reduction in cytolytic and cholestatic syndromes,
normalization of antioxidant defense parameters, and
partial restoration of liver structure. These effects
confirm the multifactorial hepatoprotective action of
silymarin, including antioxidant, anti-inflammatory,
and membrane-stabilizing mechanisms. The findings
support the feasibility of using silymarin as a
pathogenetically justified agent in the prevention and
treatment of drug-induced liver injury.
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[lapayemamo-
UHOYYUPOBAHHbBIU
CUNUMAPUH;
2enamonpomeKkyusi;

zenamumy;

okcudamueHbiil cmpecc;

MmMoOKcu4eckoe nopajicenue

neyeHu.

lapayemamon-uHAyyupo8aHHbwlil
s8/19emcsi 00HOll u3 Haubosiee pacnpocMpaHEHHbIX

zcenamum

IKCnepumeHma/ibHblX Modesell MmMoOKcu4eckozo
nopaji)ceHusa nevyeHu, UCno/1b3yembiX oas usyveHus

agpdpekmusHocmu 2enamonpomeKkmopHbvIX cpedcms.

H36b1moyHbLT uau daumesnbHblll npuém
napayemamosa  npugodum K  06pa308aHuro
MOoKcUYeckux Memab6oaumos, 8bI3bIBAIWUX
passumue oKcudamugHo20 cmpecca,
MUMOXOHOPUA/AbHOU — QUCPHYHKYUU U  HeKpo3d

eenamoyumos. B nocsedHue 200v1 ocob6oe 8HUMAaHUe
yodesasiemcsi nNpupodHbIM — 2enamonpomeKkmopan,
obsadarowum AHMUOKCUOAHMHbBIMU u
MeMb6paHocmabuau3upyruwumu ceolicmeamu, cpedu
KOmopblx 0co6oe mecmo 3aHumaem CUAUMAPUH.
[Jesblo HaOCMoOsAWeE20 UCCAeA08aHUS A8UAACL OYEHKA
2enamonpomekmopHozo delicmeusi  CUAUMAPUHA
npu napayemamoa-uHdyyupo8aHHoOM zenamume Uu
aHA/U3 OCHOBHbIX NAMO2eHemu4ecKux MexXaHu3mos
e2o0 3aujumHozo agpgpekma. Hccaedosarue nposedeHo
Ha 3KCNEpUMEeHmMAa/abHOlU Modeau MOKCU4ecKoz2o
nopaxceHusi  ne4eHu, Bbl38AHHO20  88edeHUeM
napayemamoaa.
nokasameau

buoxumuyeckue
MAPKEpLI
u mopgoaozuyeckue
mkaHu. Pe3ysibomameol
napayemamon-
conpogoicda.ics
nosvluieHuem akmugHocmu
CbIBOPOMOYHBIX amMuHompaHcgpepas, YPO8HS
bunupybuHa u nokasamesel  OKCUOAMUBHO20
cmpecca, 4¥mo c8udeme/a1bCmMeo8aJ10 0 8blIPAHCEHHOM
nospexicoeHuu 2enamoyumos. IIpumeHeHue
CUNUMAPUHA cnoco6cmeosaso CHUMCEHUIO

OuyeHusaaucy

¢dyHKyuu neveHu,

cmpecca
neyéHoyHoll

okcudamugHo20
U3MeHeHUsl
uccanedosaHusl NoOKAazaau, 4mo
UHOIYYUPOBAHHbILU

3HA4YUMe/IbHbIM

zcenamum
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8blpaxdceHHoCMu Yumoiumu4eckoz2o u
X0/1ecmamuyecko2o  CUHOpPOMO8, HOpMa/aulayuu
AGHMUOKCUOAHMHOU  3awumsl U  YACMUYHOMY
80CCMAHOB/AEHUK cCMpYKmMypbul neyeHu. [loayvyeHHble
daHHble nodmeepcdarom MHO20(hakmopHoe
eenamonpomekmopHoe delicmgue  CUAUMAPUHA,

sK/KOUAUjee AHMUOKCUOAHMHblLI,
npomueosocnaaumebHulll u
MeMb6paHoCmabuau3upyrwulli  MexaHu3mbl, u
060CHO8bIBAIOM ye/s1ecoobpaszHocmeo ez2o

npumeHeHusi npu J/eKadpCmeeHHbIX NopaxceHusax
neveHu.

Introduction. Drug-induced liver injury remains a significant clinical problem in
modern medicine and accounts for a substantial proportion of acute and chronic hepatic
disorders worldwide [1]. Among medicinal agents capable of causing hepatotoxicity,
paracetamol occupies a leading position due to its widespread use as an analgesic and
antipyretic drug. According to epidemiological data, paracetamol-induced liver injury is
one of the most frequent causes of acute liver failure in many countries [2]. The
hepatotoxic effect of paracetamol is associated with its biotransformation in hepatocytes
via the cytochrome P450 enzyme system, resulting in the formation of the highly reactive
metabolite N-acetyl-p-benzoquinone imine (NAPQI). Under physiological conditions,
NAPQI is rapidly neutralized by glutathione; however, in cases of overdose or prolonged
administration, glutathione stores are depleted, leading to oxidative stress, lipid
peroxidation, mitochondrial dysfunction, and hepatocyte necrosis [3]. Experimental
models of paracetamol-induced hepatitis are widely used to study the mechanisms of
toxic liver injury and to evaluate the efficacy of hepatoprotective agents. In this context,
natural compounds with antioxidant and cytoprotective properties are of particular
interest. Silymarin, a flavonolignan complex extracted from the fruits of Silybum
marianum, has been extensively studied for its hepatoprotective potential [4]. Numerous
experimental and clinical studies have demonstrated that silymarin exhibits antioxidant,
anti-inflammatory, antifibroticc, and membrane-stabilizing effects. It enhances
endogenous antioxidant defense systems, inhibits lipid peroxidation, stabilizes
hepatocyte membranes, and promotes protein synthesis, thereby accelerating liver
regeneration [5]. Despite the availability of data on the hepatoprotective properties of
silymarin, the detailed pathogenetic mechanisms of its action in drug-induced liver injury,
particularly in paracetamol-induced hepatitis, require further investigation. Therefore,
the present study was designed to evaluate the hepatoprotective effect of silymarin in an
experimental model of paracetamol-induced hepatitis and to perform a pathogenetic and
mechanistic analysis of its action based on biochemical and functional indicators of liver
injury.

Materials and Methods
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The study was conducted as a controlled experimental investigation aimed at
evaluating the hepatoprotective efficacy of silymarin in paracetamol-induced liver injury.
The experimental model was selected based on its high reproducibility and widespread
use in toxicology and hepatology research for studying mechanisms of drug-induced
hepatitis [6]. The experiment was performed on white outbred male laboratory rats
weighing 180-220 g, aged 8-10 weeks. Animals were obtained from a certified vivarium
and kept under standard laboratory conditions in accordance with international
guidelines for the care and use of laboratory animals (Directive 2010/63/EU). All animals
were housed in polypropylene cages under controlled environmental conditions
(temperature 22+2°C, relative humidity 55-60%, 12-hour light/dark cycle) with free
access to standard laboratory chow and water. Prior to the experiment, animals
underwent a 7-day acclimatization period to minimize stress-related physiological
variations that could affect biochemical and histological parameters. Animals were
randomly divided into four experimental groups, each consisting of 15 animals, for a total
of 60 rats:

e Group I (Intact control group) — animals receiving no treatment and serving as a
physiological baseline.

e Group II (Paracetamol-induced hepatitis group) — animals receiving paracetamol
to induce toxic liver injury.

e Group IIl (Paracetamol + silymarin low-dose group) — animals receiving
paracetamol followed by silymarin at a prophylactic dose.

e Group IV (Paracetamol + silymarin therapeutic-dose group) — animals receiving
paracetamol followed by silymarin at a higher therapeutic dose.

This grouping design allowed for assessment of both preventive and therapeutic
effects of silymarin.

Induction of Paracetamol-Induced Hepatitis

Paracetamol-induced hepatitis was modeled by administering paracetamol orally
via gastric gavage at a dose of 1000 mg/kg body weight, dissolved in physiological saline.
This dosage was selected based on contemporary experimental studies (2020-2024)
demonstrating reliable induction of acute toxic liver injury without excessive mortality
[7,8]. Paracetamol was administered once daily for two consecutive days, which is
sufficient to induce pronounced hepatocellular damage characterized by cytolysis,
oxidative stress, and inflammatory response. Silymarin was administered orally in the
form of a standardized extract. In Group IlI, silymarin was given at a dose of 50 mg/kg,
while in Group 1V, the dose was increased to 100 mg/kg. Treatment was initiated 24 hours
after paracetamol administration and continued for 7 consecutive days. The selected
dosing regimen was based on recent pharmacological studies demonstrating dose-
dependent hepatoprotective effects of silymarin in experimental liver injury models [9].
At the end of the experimental period, animals were anesthetized, and blood samples
were collected via cardiac puncture. Serum was separated by centrifugation and used for
biochemical analysis. The following biochemical parameters were evaluated:

e Alanine aminotransferase (ALT),
e Aspartate aminotransferase (AST),
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o Total bilirubin,
o Alkaline phosphatase (ALP),
e Gamma-glutamyl transpeptidase (GGT).

These markers were selected as indicators of cytolytic and cholestatic syndromes
and overall functional state of the liver. To assess oxidative stress and antioxidant defense,
the following indicators were determined:

e Malondialdehyde (MDA) concentration as a marker of lipid peroxidation,
o Superoxide dismutase (SOD) activity,

o (Catalase activity,

e Reduced glutathione (GSH) levels.

Measurement of these parameters allowed for evaluation of the antioxidant
mechanisms involved in silymarin-mediated hepatoprotection. Liver tissue samples were
fixed in 10% neutral formalin, embedded in paraffin, sectioned, and stained with
hematoxylin and eosin. Histological analysis focused on the assessment of hepatocyte
necrosis, inflammatory infiltration, sinusoidal congestion, and fatty degeneration.
Statistical processing of the obtained data was performed using modern statistical
software. Results were expressed as mean values * standard deviation (M#SD).
Intergroup comparisons were carried out using Student’s t-test and one-way ANOVA
where appropriate. Differences were considered statistically significant at p < 0.05.

Table 1. Experimental Design and Treatment Protocol

Group Number of Treatment Dose Duration
animals
| 15 Intact control — 7 days
I 15 Paracetamol 1000 mg/kg 2 days
I11 15 Paracetamol + silymarin 50 mg/kg 7 days
1\Y 15 Paracetamol + silymarin 100 mg/kg 7 days
Results

Paracetamol administration resulted in the development of pronounced toxic
hepatitis in experimental animals, which was confirmed by significant alterations in
biochemical markers of liver function. In Group II (paracetamol-induced hepatitis), serum
aminotransferase levels increased sharply compared to the intact control group,
indicating severe hepatocellular damage.Alanine aminotransferase (ALT) activity in
Group II increased more than 4.5-fold compared to control values (p < 0.001), while
aspartate aminotransferase (AST) activity increased approximately 3.9-fold (p < 0.001).
These changes reflect extensive cytolysis of hepatocytes caused by toxic metabolites of
paracetamol. Total bilirubin levels in Group II animals were also significantly elevated,
indicating impairment of bilirubin conjugation and excretion processes. In addition,
increased alkaline phosphatase (ALP) and gamma-glutamyl transpeptidase (GGT)
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activities suggested the development of cholestatic syndrome alongside hepatocellular
injury. Administration of silymarin led to a dose-dependent improvement in biochemical
liver function parameters. In Group III (paracetamol + silymarin 50 mg/kg), ALT and AST
activities decreased significantly compared to the untreated paracetamol group (p <
0.05), although they did not fully reach control values. In Group IV (paracetamol +
silymarin 100 mg/kg), a more pronounced hepatoprotective effect was observed. ALT
levels decreased by approximately 48%, and AST levels by 42% compared to Group II (p
< 0.001). Total bilirubin concentration and cholestatic markers (ALP and GGT) also
demonstrated significant normalization tendencies, indicating restoration of bile
formation and excretion processes. These results confirm the ability of silymarin to
attenuate both cytolytic and cholestatic components of paracetamol-induced liver injury.
Paracetamol-induced hepatitis was associated with marked activation of oxidative stress
mechanisms. In Group II animals, malondialdehyde (MDA) levels, a key marker of lipid
peroxidation, increased more than 2.8-fold compared to intact controls (p < 0.001),
indicating intensive membrane lipid damage. At the same time, activities of endogenous
antioxidant enzymes were significantly reduced. Superoxide dismutase (SOD) and
catalase activities decreased by 35-40%, while reduced glutathione (GSH) levels dropped
markedly, reflecting depletion of the antioxidant defense system. Silymarin
administration significantly modulated oxidative stress parameters. In Group III, MDA
levels were reduced by approximately 30%, accompanied by partial restoration of SOD
and catalase activities. In Group IV, the antioxidant effect was more pronounced: MDA
concentrations approached near-control values, while antioxidant enzyme activities and
GSH levels were restored to 70-80% of intact control levels (p < 0.01). These findings
demonstrate that silymarin exerts a strong antioxidant effect, suppressing lipid
peroxidation and enhancing endogenous antioxidant defense mechanisms. Histological
examination of liver tissue in Group II revealed extensive hepatocyte necrosis,
pronounced inflammatory infiltration, sinusoidal congestion, and focal hemorrhages.
Fatty degeneration and ballooning of hepatocytes were also observed, confirming severe
toxic liver injury. In contrast, liver sections from silymarin-treated groups showed
significant structural improvement. In Group III, moderate hepatocyte swelling and mild
inflammatory infiltration were observed, with preservation of lobular architecture. In
Group IV, liver tissue architecture was largely restored, with minimal signs of necrosis
and inflammation, indicating effective hepatoprotection.

Diagram (Figure 1) — Distribution of Experimental Animals According to
Severity of Liver Damage
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Distribution of Experimental Animals by Severity of Liver Damage
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Figure 1 presents a complex column diagram illustrating the distribution of
experimental animals by severity of liver damage across study groups. The diagram
demonstrates that:

e In Group II, the majority of animals exhibited severe liver damage,

e In Group III, the number of animals with moderate injury predominated,
e In Group IV, most animals showed mild or minimal liver damage,

o Intact controls demonstrated no pathological changes.

The diagram visually confirms the dose-dependent hepatoprotective effect of
silymarin and highlights its ability to significantly reduce the number of animals with
severe toxic liver injury.

Discussion

The results of the present study clearly demonstrate that paracetamol-induced
hepatitis is associated with severe structural and functional liver damage, primarily
mediated by oxidative stress, depletion of endogenous antioxidant defenses, and
extensive hepatocyte membrane injury. The marked elevation of serum
aminotransferases, bilirubin, and cholestatic markers reflects the development of
pronounced cytolytic and cholestatic syndromes characteristic of drug-induced liver
injury. Current evidence indicates that the hepatotoxicity of paracetamol is largely driven
by the formation of the highly reactive metabolite N-acetyl-p-benzoquinone imine
(NAPQI). Under conditions of glutathione depletion, NAPQI initiates excessive generation
of reactive oxygen species, mitochondrial dysfunction, and lipid peroxidation, ultimately
leading to hepatocyte necrosis and inflammatory response [10,11]. In the present study,
these mechanisms were confirmed by a significant increase in malondialdehyde levels
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and a concomitant reduction in the activity of key antioxidant enzymes. Administration of
silymarin exerted a pronounced dose-dependent hepatoprotective effect. This was
evidenced by a significant reduction in serum aminotransferase activity, normalization of
bilirubin metabolism, and restoration of antioxidant defense parameters. Importantly, the
therapeutic dose of silymarin not only improved biochemical indicators but also resulted
in substantial histological recovery of liver tissue architecture, suggesting a deep
cytoprotective and regenerative effect. Silymarin is a complex of flavonolignans with
multifaceted mechanisms of action. According to recent studies, it inhibits lipid
peroxidation, stabilizes hepatocyte membranes, enhances the expression of endogenous
antioxidant enzymes, and stimulates ribosomal RNA polymerase I activity, thereby
promoting protein synthesis and hepatocyte regeneration [12-14]. The findings of the
present study are fully consistent with these mechanisms and further substantiate the
pathogenetic rationale for silymarin use in toxic liver injury. In the context of drug-
induced hepatitis, antioxidant therapy is of particular importance, as it targets the core
mechanisms of liver damage rather than merely alleviating clinical symptoms. By
reducing oxidative stress intensity, silymarin prevents further hepatocyte destruction
and facilitates hepatic repair processes. Thus, the obtained results confirm that silymarin
is an effective hepatoprotective agent in paracetamol-induced hepatitis and may be
considered a promising therapeutic option for the prevention and management of drug-
induced liver injury.

Conclusion

Paracetamol-induced hepatitis is characterized by severe hepatocellular damage
accompanied by cytolytic and cholestatic syndromes, intensified oxidative stress, and
suppression of antioxidant defense mechanisms. Administration of silymarin in an
experimental model of toxic liver injury leads to a significant reduction in biochemical
markers of liver damage, restoration of antioxidant system activity, and improvement of
hepatic tissue morphology. The hepatoprotective effects of silymarin are mediated
through antioxidant, membrane-stabilizing, and regenerative mechanisms. The results of
this study provide strong evidence supporting the pathogenetic justification for the use of
silymarin in the prevention and treatment of drug-induced liver injury.

References:
1. Chalasani N., Bonkovsky H.L., Fontana R. et al. Features and outcomes of drug-
induced liver injury: A prospective study. Gastroenterology. 2020;158(5):1345-1355.
2. Ramachandran A. Jaeschke H. Acetaminophen toxicity: Novel insights into
mechanisms and future perspectives. Gene Expression. 2020;20(1):19-30.
3. McGill M.R, Jaeschke H. Mechanisms of drug-induced liver injury. Handbook of
Experimental Pharmacology. 2020;260:73-90.
4.  Abenavoli L., I1zzo A.A., Milic N,, Cicala C., Santini A., Capasso R. Milk thistle (Silybum
marianum): Pharmacological and nutraceutical properties in liver diseases. Phytotherapy
Research. 2021;35(2):737-747.

Volume 5 Issue 12, December 2025 ISSN 2181-287X


http://www.in-academy.uz/index.php/ejmns

EURASTAN JOURNAL OF MEDICAL AND

NATURAL SCIENCES

Innovative Academy Research Support Center
www.in-academy.uz/index.php/ejmns

5. Polyak S.J., Ferenci P., Pawlotsky J.M. Hepatoprotective and antiviral functions of
silymarin components in hepatitis and toxic liver injury. Hepatology. 2020;72(1):266-
275.

6. Vargas-Mendoza N. Madrigal-Santillan E., Morales-Gonzalez A. et al
Hepatoprotective effect of silymarin. World Journal of Hepatology. 2020;12(11):1003-
1014.

7.  Federico A, Dallio M., Loguercio C. Silymarin/silybin and chronic liver disease:
Clinical perspectives. Molecules. 2021;26(2):514.

8.  Sharifi-Rad M., Kumar N.V.A, Zucca P. et al. Lifestyle, oxidative stress, and
antioxidants in chronic diseases. Frontiers in Physiology. 2020;11:694.

9.  European Association for the Study of the Liver (EASL). EASL Clinical Practice
Guidelines: Drug-induced liver injury. Journal of Hepatology. 2023;79(2):432-460.

10. Klotz L.O., Sdnchez-Ramos C., Prieto-Arroyo I. et al. Redox regulation and oxidative
stress in toxic liver injury. Antioxidants. 2022;11(6):1094.

Volume 5 Issue 12, December 2025 158 ISSN 2181-287X


http://www.in-academy.uz/index.php/ejmns

