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(Abstract Methotrexate (MTX) is a widely employed chemotherapeutic and immunosuppressive agent, but its clinical use is frequently hampered by hepatotoxic side effects due to oxidative stress and inflammation. The objective of the current study was to investigate the hepatoprotective effects of melatonin and resveratrol, as single agents or in combination, against liver injury induced by methotrexate (MTX) in male rats. Fifty adult male rats were randomly assigned into five groups, including control group, MTX group (20 mg/kg/week), MTX + melatonin group (30 mg/kg/day), MTX + resveratrol group (25 mg/kg/day) and treatment groups in which both melatonin and resveratrol administrated orally. Impressions The changes in liver enzymes, oxidative stress markers, antioxidant parameters, and histopathological alterations were evaluated at the end of the ethanol-feeding period. MTX treatment resulted in profound liver damage as shown by increased serum liver biochemistry parameters and enhanced malondialdehyde levels with concomitant modifications of the antioxidant defense systems. Melatonin or resveratrol treatments ameliorated these negative effects by correcting oxidative balance, enhancing hepatic tissue damage. The combined treatment had a more potent protective effect than single treatments, leading to significant amelioration of biochemical and histopathological outcomes. The study demonstrated that melatonin and resveratrol are potent antioxidants and hepatoprotectors from MTX-induced liver toxicity, but their combination has a higher protective efficacy than each agent when used alone due to synergistic antioxidant activity
Keywords — Methotrexate, Hepatotoxicity, Melatonin, Resveratrol, Oxidative Stress.
INTRODUCTION
The liver is the largest internal organ and a key metabolic hub which maintains homeostasis of physiology(1). It is necessary for carbohydrate, lipid and protein metabolism, synthesis of plasma proteins, storage of glycogen and vitamins. Moreover, the liver is mainly responsible for the detoxification and biotransformation of medicines, poisonsand xenobiotics (2,3). Hepatocytes are functional liver parenchymal cells with higher metabolic activity due to a greater number of mitochondria and antioxidant systems. The liver plays a crucial role in first-pass metabolism, rendering it particularly vulnerable to toxic damage (4) Hepatotoxicity is associated with oxidative stress, inflammation, mitochondrial dysfunction, and apoptosis that may cause functional or structural injury to the liver (5,6) Methotrexate (MTX), a folic acid analog and antimetabolite drug widely used in various cancer-therapy treatments as well as autoimmune diseases treatment7. However, a key limiting factor for MTX is its possibility of hepatotoxicity (8) through oxidative stress and inflammatory mechanisms. MTX induces liver injury by generating reactive oxygen species (ROS), inhibiting mitochondrial function, and activating pro-apoptotic signaling pathways (9,10). Oxidative stress and imbalance between generation of reactive oxygen species and activation of antioxidant defence have a major role in liver injury induced by methotrexate (11). After MTX exposure, antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) are significantly decreased leading to lipid peroxidation and hepatocellular damage (12,13). As a result, new strategies to identify and pharmacologically target oxidative stress might be an effective strategy for hepatoprotection in individuals receiving conjugated (14). Natural compounds with antioxidant and anti-inflammatory properties have been evaluated as possible therapeutic agents (15). Resveratrol: Resveratrol is a polyphenolic molecule found in grapes and berries, which has shown some pharmaceutical potential due to its ability to scavenge free radicals and modulate inflammation- and apoptosis-related signalling pathways. (16). Resveratrol has been demonstrated to improve endogenous antioxidant enzyme activities, alleviate inflammatory mediators, and prevent liver apoptosis via SIRT-1-related and mitochondrial protective processes (17,18,19). In addition, melatonin is a hormone produced by the pineal gland and has relatively strong antioxidant and anti-inflammatory effects (20). It serves as a direct ROS scavenger and boosts antioxidant enzyme activity, protecting tissues from oxidative damage (21). Melatonin is known to modulate mitochondrial function, reduce the production of cytokines and inhibit apoptotic signaling pathways, making it a potential drug in the prevention of MTX-induced hepatotoxicity (22).

MATERIALS AND MTHODS
Experimental Animals and Ethical Considerations

They were randomly separated into five equal groups (n=10 rats/group) following the acclimatization period as follows: Group 1(Control): received normal saline intraperitoneally; Group 2 (MTX): A single intraperitoneal dose of methotrexate at a dose of 20 mg/Kg BW was given. Group 3 (MTX + MEL) : a combination of methotrexate + melatonin at the dose of 25 mg/kg body weight. Group 4: MTX + RES Group (Methotrexate plus Resveratrol) received methotrexate and revestrahl at a dose of 20 mg/kg body weight Group 5 (MTX + MEL + RES): methotrexate plus melatonin and resveratrol at same previously mentioned doses. Melatonin and resveratrol were given daily for 7 days after methotrexate administration.All procedures must have been approved by the appropriate institutional animal care and ethics committee: UOK.VET.PH.2025.144.
Sample Collection
At the end of the experimental period, animals were anaesthetized using diethyl ether and blood was withdrawn through cardiac puncture with sterile syringes. Each blood sample was transferred into a plain tube then centrifuged at 3000 rpm for 15 min to obtain serum which was stored at −20°C until the time of biochemical analysis.

Biomarkers of oxidative stress and antioxidants comprised:

Serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were evaluated by commercial diagnostic kits according to manufacturers directions. The parameters of oxidative stress (MDA, SOD and GPx) were also assessed using conventional biochemical methods with the available assay kit.
Statistical Analysis

The acquired data were represented as mean ± standard deviation (Mean ± SD). Statistical Package for Social Sciences [SPSS] version 26 was used to perform data analysis. Differences between experimental groups were evaluated using one-way analysis of variance (ANOVA) and, when appropriate, post hoc analyses. All differences were statistically significant at p ≤ 0.05.
Result and discussion
The effect of methotrexate, melatonin, and resveratrol on serum AST (A), and ALT levels (B) are shown in Fig.(1). Methotrexate administration caused profound (p≤0.05) increases in serum AST and ALT levels compared to the control group, indicating severe hepatic injury.

Melatonin or resveratrol significantly decreased liver enzymes when compared to MTX-treated group. Whereas the most significant decrease was seen in combined treatment (MTX + MEL + RES) groups, AST and ALT values were approached to normal control levels. ConclusionMelatonin, and resveratrol exhibit hepatoprotective effects by attenuation of hepatic injury induced by methotrexate treatment.
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Figure 1. Comparison of serum Aspartate Aminotransferase Activity (AST) and Alanine Aminotransferase Activity (ALT) in rat after exposure to MTX (Group 2), MTX + MEL(Group 3), MTX + RES(Group 4), and MTX + MEL + RES ( Group 5) with the control group (Group 1) The different letters refer to the significant change between groups (p ≤ 0.05).

The impact of experimental treatments on antioxidant parameters is shown in figure(2). The reduction (P≤0.05) of GPx activity induced after methotrexate administration was significantly different from the activity in control animals that indicates impairment antioxidant defense system.Conversely, both separate as well as combined treatments with melatonin and resveratrol significantly restored GPx activity when compared to MTX group towards the control values.

The SOD activity was significantly higher (P≤0.05) in the MTX-treated group than the control group. This elevation could be a compensatory cellular mechanism against the high oxidative stress caused by methotrexate. The SOD activity increased partially in the treatment groups, especially when combined. STZ-diabetic rats and may results from heterogeneity in the extent of pancreatic damage produced by streptozotocin (17).
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Figure 2. Comparison of serum Superoxide Dismutase (SOD)And Glutathione Peroxidase (GPx) in rat after exposure to MTX (Group 2), MTX + MEL(Group 3), MTX + RES(Group 4), and MTX + MEL + RES ( Group 5) with the control group (Group 1) The different letters refer to the significant change between groups (p ≤ 0.05).
The effect of methotrexate (MTX), melatonin (MEL), resveratrol (RES) and their combination on the activities of serum SOD and GPx in male rats. Values are expressed as mean∓SD. Differences between groups chisignificant at (P≤0.05) are indicated by differenletters
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The most significant (P≤0.05) increase in MDA concentration as shown in figure (3), in comparison with the control group was found after methotrexate administration, indicating increased lipid peroxidation and enhanced oxidative stress.
Figure 3. Comparison of serum Malondialdehyde (MDA) Levels in rat after exposure to MTX (Group 2), MTX + MEL(Group 3), MTX + RES(Group 4), and MTX + MEL + RES ( Group 5) with the control group (Group 1) The different letters refer to the significant change between groups (p ≤ 0.05).

Melatonin or resveratrol treatment decreased the levels of MDA compared with MTX. Nevertheless, the MDA values were still markedly reduced in the combined treatment group (MTX + MEL + RES), even reaching control levels, suggesting a significant decrease of oxidative damage.

Histopathological Results.

histopathological liver injury scores fined a Significantly exaggerated hepatic injury, including necrosis, infiltration of inflammatory signals, Kupffer cell activation, marked congestion and bile pigment accumulation were observed in the MTX treated group compared with control group.Treatment with melatonin or resveratrol resulted in a significant decrease of histopathological damage scores. The group treated with the combined treatment showed the highest level of amelioration, achieving a nearly normal liver architecture with statistically significant reductions in all histopathological parameters.

Table 1. score of histopathological liver injury.
	Groups
	Necrosis / Degeneration
	Inflammation
	Kupffer Cell   Activity
	Congestion
	Bile Pigment

	CON
	0±0d
	0±0c
	0±0d
	0±0c
	0±0c

	MTX
	3.8±0.20a
	3.6±0.24a
	2.8±0.48a
	3±0a
	3.2±0.20a

	MTX+MEL
	2.2±0.20b
	2.2±0.20b
	1.83±0.20b
	1.2±0.20b
	0.6±0.24b

	MTX+RES
	1.4±0.24c
	1.6±0.24b
	1±0.31c
	0±0c
	0.4±0.24bc

	MTX+ MEL+ RES
	0.4±0.24d
	0.4±0.24c
	0.2±0.20

Cd
	0±0c
	0±0c

	LSD(P<0.05)
	0.59
	0.61
	0.81
	0.26
	0.52


The chemotherapeutic and immunosuppressive agent methotrexate (MTX) ranks among the most widely administered agents of its class but poor tolerability due to hepatoprotective side effects prevent from optimal therapeutic use. The current study proved that the administration of MTX produced significant liver injury through increased serum markers for liver dysfunction, oxidative stress, disturbance in antioxidant status, as well as marked histopathological changes in liver tissues (17).

In the MTX-treated group, markedly elevated serum levels of AST and ALT compared to the control indicate hepatocellular membrane damage and leakage of intracellular enzymes into circulation. These results are consistent with previous studies showing that the mechanisms involved in MTX-induced hepatotoxicity include oxidative stress, mitochondrial dysfunction and inflammation (15,22). Methotrexate increases ROS production, triggering lipid peroxidation and disruption of the cellular membrane, resulting in degeneration and necrosis of hepatocytes (23).

A significant reduction in serum AST and ALT levels indicates that melatonin and resveratrol treatments improved hepatic integrity through stabilization of hepatocyte membranes. The most reduction of liver enzymes was encountered in combined treatment group, indicating a synergistic hepatoprotective activity occured with both compounds. As effective free radicals scavengers and inducers of the antioxidant system (18,19), melatonin stimulates the activity of glutathione peroxidase, superoxide dismutase and catalase (21), while resveratrol exerts its antioxidant and anti-inflammatory effects by modulating several signalling pathways involved in cellular response to stress known to promote neuroprotection via SIRT1 and Nrf2 activation (23).
The results of oxidative stress also support that the hepatoprotective effect can be contributed by melatonin and resveratrol. In the present study, GPx activity decreased significantly after administration of MTX suggesting depletion of endogenous antioxidant defenses. GPx is one of the most important antioxidant enzymes, which detoxifies hydrogen peroxide and lipid peroxides in tissue. Thus, decreased GPx activity reflects overburdened oxidative stress in the liver occupation as reported in previous studies (24).

In addition, melatonin and resveratrol administration normalized GPx activity. This improvement may be due to their ability to improve expression of antioxidant genes, maintain cellular glutathione levels, and reduce accumulation of ROS. Similar observations have been previously reported in drug-induced hepatic toxicity models evaluating the antioxidant action of melatonin and polyphenolic compounds (12,25).

Interestingly, the activity of SOD was greatly increased in MTX-treated group. In contrast, although antioxidant enzymes are frequently reduced in oxidative stress, SOD activity may be elevated as an adaptive mechanism to excessive superoxide radical production. Hepatic cells may first respond to the sudden oxidative challenge due to methotrexate exposure by synthesizing more SOD. But continuous oxidative stress may eventually exceed the antioxidant defense system and cause cellular injury. Elevated SOD activity in groups with treatment may reflect that oxidative stimuli were only partially alleviated, rather than fully abolished (26).
Relative to the normal control group, the considerable increase in serum levels of MDA in MTX-treated one provides evidence for lipids peroxidation and osmotic damage to membranes. MDA is widely deemed a prominent metabolite of polyunsaturated fatty acid oxidation and is considered a sturdy marker of oxidative tissue damage (27). The higher levels of MDA observed after administration of MTX suggest that oxidative stress may be the main aspect involved in hepatotoxicity (10).
Melatonin treatment markedly decreased MDA levels likely both due to its lipophilic nature and direct protective action on membrane lipids against oxidative attack. Resveratrol decreased lipid peroxidation too, but the effect was less strong than that of melatonin when given alone. The reduced serum and brain levels of MDA in the concurrent treatment group were greater than seen in either individual group, indicating that melatonin or resveratrol combined may enhance antioxidant protection because they exert more complementary mechanisms of action when given together (28).
These biochemical findings were also strongly substantiated by histopathological examination. The histology studies demonstrated significantly extensive hepatic tissue injury with widespread necrosis, inflammatory infiltration, congestion and bile pigment accumulation in the MTX group. These pathological changes are probably related with excessive ROS generation, inflammatory cytokines liberation, mitochondrial disorder, and disturbance of hepatic microcirculation caused by methotrexate toxicity (16,24).

The melatonin + resveratrol combination treatment markedly ameliorated hepatic histological architecture. The combination treatment gave the significant positive effects, including pronounced decrease of necrosis and inflammatory lesions and almost full restoration of liver tissue structure (29). This synergism may occur due to their complementary antioxidant, anti-inflammatory and mitochondrial protective effects. While melatonin exert the most of its protective action by disrupting mitochondrial integrity and scavenging free radicals, resveratrol modulates the inflammatory pathway and improves antioxidant capacity at cellular levels (30).
Conclusion

the current study suggests that MTX-induced hepatotoxicity is largely mediated by oxidative stress and melatonin and resveratrol have significant hepatoprotective activities. The combination therapy thus seems to confer a better protection than monotherapy, indicating that multiple antioxidants may serve as a potential therapeutic strategy for preventing liver injury induced by chemotherapeutics.
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