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Abstract
Background: Cisplatin (Cis) is a chemotherapeutic drug recognized for its hepatotoxic effects and its potential to trigger oxidative stress. This research aimed to evaluate the protective function of naringenin (NG) in mitigating Cis-induced liver toxicity by examining the inflammatory pathways and oxidative stress in mice.
Methods: Adult male mice were given 50 mg/kg NG for two weeks, without Cis or with 10 mg/kg Cis on the 10th day. Histological analysis and biochemical indicators, including AST (Aspartate aminotransferase), ALT (Alanine aminotransferase), and ALP (Alkaline phosphatase), were measured to evaluate liver toxicity. The protein levels of Nrf2 (Nuclear factor erythroid 2-related factor 2) and NF-κB (nuclear factor-kappa B), two main inflammation-related biomarkers, were measured to assess inflammation within the liver tissue. Oxidative stress biomarkers, including CAT (Catalase), GSH (Glutathione), SOD (Superoxide dismutase), and MDA (Malondialdehyde), were also evaluated. 
Results: Pretreatment with NG improved histological changes and decreased AST, ALT, and ALP levels, indicating the attenuating impact of NG against liver toxicity induced by Cis. NG reduced inflammation of the liver tissue by decreasing Nrf2 protein levels and elevating the levels of NF-κB protein in the Cis-intoxicated mice. NG could also suppress oxidative stress in the liver tissue of the Cis-treated mice via decreasing MDA contents and enhancing CAT, SOD, and GSH levels.
Conclusion: The findings indicated that NG exerts a protective action against Cis-induced hepatotoxicity by reducing histological alterations, inflammation, and oxidative stress.
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Introduction
Naringenin (NG; 5, 7, 4′-trihydroxyflavanone) is a bioflavonoid with beneficial impacts on health. The sources of NG are grapefruit, tart cherries, sour orange, grapes, tomatoes, and Greek oregano (1). NG has several biological and pharmacological effects. NG increases carbohydrate metabolism, promotes antioxidant defence, and regulates the immune system. NG has anti-cancer (2, 3), anti-obesity (4), hepatoprotective (5, 6), anti-diabetic (7), and anti-neurodegenerative activities (8). Prior studies have demonstrated that NG increases SOD and CAT activity and suppresses lipid peroxidation (9, 10). NG modulates signaling pathways associated with fatty acid metabolism and disturbs lipid accumulation in the liver, thus inhibiting fatty liver disease (11).
NG activates Nrf2 (Nuclear factor erythroid 2-related factor 2) by facilitating its transfer from the cytoplasm to the nucleus (12). Nrf2, along with its inhibitory factor Kelch-like ECH-associated protein 1 (Keap1), has been recognized as a crucial intracellular mechanism for combating oxidative stress conditions (13). Nrf2 binds to the antioxidant response elements (AREs) located just before the promoter region of various cytoprotective enzymes. By binding to this region, it enhances the production of antioxidant enzymes (14). Under low oxidative stress, Keap-1 interacts with Nrf2, inhibiting its function. However, as oxidative stress increases, proteasomal enzymes detach Nrf2 from Keap-1, allowing its translocation to the nucleus. Once inside the nucleus, the newly synthesized Nrf2 associates with an ARE to initiate the transcription of downstream target genes (15). Consequently, detoxification and antioxidant biofactors, such as catalase (CAT) and superoxide dismutase (SOD), can be expressed (16, 17).
NG activates Nfr2 in macrophages to initiate the anti-inflammatory response (18). NG inactivates NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), thus preventing the release of pro-inflammatory cytokines (19). 
NG has anti-cancer activity against liver cancer (20), breast cancer cells (3), ovarian cancer (21), oral cancer cells (22), and colorectal cancer (23). Cisplatin (Cis), a common chemotherapy agent for the management of various cancers, has several side effects (24-29). While the precise mechanism underlying the cytotoxic effects of Cis remains incompletely elucidated, oxidative stress is a significant contributing factor (30, 31). Cis induces inflammation and disrupts kidney function by activating cytokines and chemokines (32). NF-κB promotes the expression of numerous pro-inflammatory genes in response to Cis (33, 34). Therefore, pro-inflammatory markers and oxidative stress may collaborate to induce cellular injury and play a role in the liver failure associated with Cis.
Given the numerous therapeutic benefits of NG and noting that its protective effects against Cis-induced liver damage have yet to be studied, our research aims to assess NG's role in mitigating liver toxicity and inflammation caused by Cis in murine models.

Materials and Methods 
Animals
Thirty-two adult male NMRI mice, weighing between 25 and 30 grams and aged 6 to 8 weeks, were maintained at a humidity level of 50 ± 5%, a 12-hour light/dark cycle, and 22 ± 5°C. Four groups, with each containing eight animals, were formed.
- Control: 0.2 ml of normal saline (i.p.) administered over a period of 14 days. 
- Cis: 0.2 ml normal saline (i.p.) administered for 14 days, and 10 mg/kg Cis (i.p.) given on the 10th day.
- NG50: 50 mg/kg NG (administered via intragastric gavage) for 14 days.
- NG50+Cis: 50 mg/kg NG for 14 days and 10 mg/kg Cis (i.p.) given on the 10th day.
The dosages of Cis (CAS number: 15663-27-1, Sigma-Aldrich; Germany) and NG (CAS Number: 67604-48-2; Sigma-Aldrich; Germany) were in accordance with previous studies (35, 36). On the fifteenth day, after administering anesthesia, blood samples were collected. The liver tissues were either preserved in formalin solution for histological examination or stored at -80°C for future assessments.

Biochemical tests
Blood samples were collected from the animal's heart while it was under deep anesthesia. The levels of AST (Aspartate aminotransferase), ALT (Alanine aminotransferase), and ALP (Alkaline phosphatase) were determined using available commercial kits (Biorexfars, Iran). 

Histology
Liver tissues were preserved in a 10% formalin solution, subsequently embedded in paraffin wax, sectioned into five-micrometer-thick slices, and stained with hematoxylin and eosin (H&E) for histopathological assessment. The degree of inflammatory cell infiltration, congestion, and cytoplasmic vacuolization (fat deposition) was rated as follows: 0 (typical), 1 (mild), 2 (moderate), or 3 (severe).

Oxidative stress
In summary, the livers were lysed based on the instructions provided in the kit (Cat number: 89900; Thermo Fisher Scientific, USA). The levels of SOD (Superoxide dismutase), CAT (catalase), GSH (Glutathione), and MDA (Malondialdehyde) in the liver tissue were determined calorimetrically according to the kit guidelines (Cat numbers: ZX-44108, ZX-44102, ZX-44100, and ZX-44116, respectively, ZellBio GmbH, Germany).

Protein levels of the NF-kB and Nrf2
Hepatic tissue was lysed using RIPA buffer that contained a protease inhibitor (Cat number: 89900; Thermo Fisher Scientific, USA). The protein concentration was determined using the Bradford protein assay kit (Cat. No. 23200, Thermo Fisher Scientific, USA). The protein levels of Nrf2 (Cat number: E1367Mo, 
BTLAB, China) and NFkB (Cat number: BioMBS2708370, MyBioSource, San Diego, CA) were quantified using Enzyme-Linked Immunosorbent Assay (ELISA) kits. The color changes were measured using a spectrophotometer at 450 nm.

Statistical analysis
The data collected in our research were analyzed using one-way analysis of variance, followed by post-hoc pairwise comparisons utilizing either the LSD or Kruskal-Wallis test (SPSS, version 21.0) with a significance level set at p < 0.05.

Results
Liver histology examination
In both the control and NG50 groups, the hepatic tissue had a normal appearance. The Cis group exhibited vascular congestion and hyperemia, along with significant inflammation, which led to a markedly elevated liver damage score compared to the control (p<0.001). The Cis+NG50 group showed a marked reduction in vascular congestion, inflammation, and liver damage score compared to the Cis group (p<0.05) (Fig. 1).
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Fig. 1. A) Histological sections of liver tissue and liver damage scores in the different groups. Black arrows show inflammation and yellow arrows indicate congested vessels (Magnification: ×250). B) Liver injury scoring. The data are expressed as Mean ± SD. *P<0.05, **P<0.01, ***P<0.001.


Biochemical tests
There was no notable difference in ALT, AST, or ALP levels in the NG50 group compared with the control. The Cis-treatment induced a marked 

elevation in AST, ALT, and ALP amounts compared to the control (P < 0.01). 
The ALT, AST, and ALP amounts in the Cis+NG50 group showed a marked increase compared to the control (P < 0.05) and a 
significant reduction compared to the Cis group (P < 0.05) (Fig. 2).
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Fig. 2. The level of A) ALP, B) ASP, and C) ALT in various groups is presented. The values are expressed as Mean ± SD. *P<0.05, **P<0.01.

Oxidative stress indicators
The activity of CAT, SOD, and GSH in the NG50 group was markedly increased compared to the control (P<0.05). The Cis group showed a significant reduction in CAT, SOD, and GSH levels when compared to the control (P < 0.001). NG could significantly elevate the CAT, SOD, and GSH levels in the Cis-treated animals (P < 0.01). In the Cis group, a significant increase in MDA content was observed compared to the control (P < 0.001). NG attenuated MDA content in the Cis-intoxicated animals (Fig. 3).


NF-kB and Nrf2 expression
In the NG50 group, the levels of Nrf2 and NF-kB proteins were similar to those in the control (P < 0.05). In the Cis group, there was a significant decrease in Nrf2 protein levels compared to the control (P < 0.001). NG was able to markedly enhance the expression of Nrf2 protein in the animals treated with Cis (P < 0.01). Additionally, in the Cis group, a marked increase in NF-kB protein levels was recorded compared to the control (P < 0.001). NG significantly reduced the expression of NF-κB proteins in animals subjected to Cis intoxication (P < 0.01) (Fig. 4). 


Fig. 3. The amount of oxidative stress biomarkers, A) GSH, B) SOD, C) CAT, D) MDA, in various groups is presented. The values are expressed as Mean ± SD. *P<0.05, **P<0.01, ***P<0.001D
C
A
B
B
A
[image: C:\Users\UShopUSer\Pictures\Picture2.tif]
B
A
**###
###

[image: C:\Users\UShopUSer\Pictures\4.tif][image: C:\Users\UShopUSer\Pictures\4.tif]

Fig. 4. Evaluation of the levels of A) Nrf2 and B) NF-kB proteins in various groups is presented. The values are expressed as Mean ± SD. *P<0.05, **P<0.01, ***P<0.001.




Discussion
This research has shown that NG significantly mitigated hepatic damage caused by Cis in mice. Cis resulted in hepatic damage through histological changes, the promotion of oxidative stress, and the initiation of inflammatory signaling pathways. The results showed that Cis-treated mice had significantly elevated concentrations of AST, ALT, and ALP. When the liver sustains damage, hepatocytes enhance the release of these enzymes into the bloodstream (37). The increase in these biochemical markers corresponded with liver tissue histological changes in the Cis group. Thus, the heightened liver injury score indicates the hepatotoxic effects of Cis in mice. Consistent with our findings, Mohammadi Yarijani et al. (2020) demonstrated that Cis elevated the levels of AST, ALT, and ALP and caused liver tissue damage in rats (38).
 In our study, NG reversed histological changes and reduced ALT, AST, and ALP levels in the Cis-intoxicated mice. These alterations in biochemical tests confirm that NG improves histological changes induced by Cis. NG improves liver tissue against some toxicants has also been reported in other studies (5, 6).
Our results showed that Cis induces oxidative stress by increasing MDA content and decreasing SOD, CAT, and GSH levels in the liver tissue, which is in line with previous studies (39, 40). We found that the NG suppressed oxidative stress by increasing antioxidant levels and decreasing MDA content in the Cis-treated mice. Kahramanoğullari et al. (2022) indicated that NG exerts a protective influence against oxidative stress by lowering MDA levels and elevating GSH, CAT, and SOD in the liver tissue of rats (41). 
Our results indicated that Cis diminished the protein levels of Nrf2. As mentioned in the introduction, Nrf2 serves as a crucial intracellular mechanism in response to oxidative stress conditions (42). Our findings showed that NG could reverse the levels of 

Nrf2 in the Cis-induced liver toxicity. Wang et al. (2017) reported that NG enhanced intracellular levels of Nrf2 in LPS-intoxicated PC12 cells (43). In our study, NG reversed the levels of GSH, SOD, and CAT, indicating NG may possess the ability to alleviate oxidative stress by activating the Nrf2 signaling pathway. 
In our study, Cis elevated NF-κB expression in the mouse liver tissue, which is in line with other studies (44). The decreased NF-κB expression implies that NG has the potential to mitigate inflammatory responses induced by Cis. As shown in the histological results (Fig. 1), NG could attenuate the infiltration of inflammatory cells in the hepatic tissue of Cis-treated mice. Other studies have also reported that NG regulates inflammation by inactivating NF‑κB (45, 46). In a previous study, NG ameliorated non-alcoholic liver damage by suppressing the NF‑κB pathway in mice (19).

Conclusion
The results of this research suggest that NG reduces oxidative stress by activating the Nrf2 signaling pathway and lessens the inflammatory response by suppressing the NF-κB in mice experiencing Cis-induced hepatotoxicity.
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