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Abstract

:

Methotrexate (MTX) is an effective chemotherapeutic agent against a wide range of tumors and autoimmune diseases; however, hepatotoxicity limits its clinical use. Oxidative stress and inflammation have been implicated in the pathogenesis of MTX-induced hepatotoxicity. Paeonol is a natural phenolic compound reported for its antioxidant and anti-inflammatory properties. The current study aimed to investigate the protective effect of paeonol against MTX-induced hepatotoxicity in rats and various mechanisms that underlie this postulated effect. Paeonol was administered orally in a dose of 100 mg/kg, alone or along with MTX, for 10 days. Hepatotoxicity was induced via a single intraperitoneal dose of MTX (20 mg/kg) on day 5 of the experiment. Concomitant administration of paeonol with MTX significantly ameliorated distorted hepatic function and histological structure, restored hepatic oxidative stress parameters (MDA, NO, and SOD), and combated inflammatory response (iNOS and TNF-α). Additionally, paeonol enhanced cell proliferation and survival, evidenced by upregulating the proliferating cell nuclear antigen (PCNA) and suppressing apoptosis and the disposition of collagen fibers in rat livers treated with MTX. Importantly, paeonol upregulated the drug efflux transporters, namely P-glycoprotein (P-gp) and the multidrug resistance-associated protein 2 (Mrp-2) in MTX-treated rats. In conclusion, paeonol offered a potent protective effect against MTX-induced hepatotoxicity through suppressing oxidative stress, inflammation, fibrosis, and apoptosis pathways, along with P-gp and Mrp-2 upregulation.






Keywords:


methotrexate; hepatotoxicity; paeonol; oxidative stress; inflammation; P-gp; Mrp-2












1. Introduction


Methotrexate (MTX) is a widely used chemotherapeutic agent for treating various malignant tumors and autoimmune diseases [1,2]. Unfortunately, MTX use is usually accompanied by multi-organ damage, of which hepatotoxicity is the most prominent [3]. Liver injury progresses into fibrosis, and cirrhosis is reported in up to 50% of patients with relatively high doses of MTX [4,5]. Although the mechanism of MTX-induced hepatotoxicity is not yet fully understood, MTX induces hepatotoxicity by triggering oxidative, inflammatory, fibrotic, and apoptotic signaling [6]. MTX-induced intracellular reactive oxygen species trigger pro-inflammatory signals such as the expression of the inducible nitric oxide synthase (iNOS) and the release of tumor necrosis factor-α (TNF-α) [7,8].



MTX-elicited persistent inflammation usually evokes hepatic fibrosis via the synthesis of the extracellular matrix and hepatic fibrogenesis [9,10]. Furthermore, prolonged intracellular accumulation of MTX predisposes hepatic cell death and fibrosis via depleting hepatic folate levels, interfering with DNA synthesis in hepatocytes, and stimulating collagen synthesis [3,5]. Importantly, many protein transporters govern the MTX hepatic uptake and subsequently modulate MTX hepatic accumulation and toxicity [11]. Cellular protection against xenobiotics involves the efflux of such harmful molecules via transmembrane transporters, including P-glycoprotein (P-gp), and the multidrug resistance-associated protein 2 (Mrp-2), which facilitate their excretion and suppress their cellular uptake [12]. Therefore, modulations of these transporters could be a potential target for an effective cytoprotective mechanism against cellular injury mediated by MTX hepatic accumulation.



Paeonol is a natural phenolic compound that has been shown to have significant antioxidant and anti-inflammatory properties [13,14], along with reported potent protective effects in various disease models [13,15,16]. Paeonol, among other various natural products, has displayed multiple drug resistance (MDR) regulations via a mechanism related to the modulation of drug efflux transporters [17,18]. Various reports have recommended the use of MDR-targeted natural products as an adjuvant therapy with chemotherapeutic agents to reduce chemotherapy-induced toxicities. However, no previous study has evaluated the role of paeonol as an MTX-adjuvant therapy in reducing the potential hepatotoxicity effect. Therefore, this study was designed to investigate the hepatoprotective effects of paeonol in the MTX-induced hepatotoxicity model, and to uncover the mechanisms underlying such protection, focusing on the role of drug efflux transporters, namely P-gp and Mrp-2 in this postulated protective effect.




2. Results


2.1. Effect on Liver Function and Hepatic Oxidative Status


The administration of MTX significantly increased serum levels of alanine transaminase (ALT) and aspartate transaminase (AST) compared with the control group, in which it was prevented in paeonol-pretreated rats (Figure 1). Treating the rats with paeonol alone showed that the values of the hepatic functions and oxidative stress parameters are comparable to those of the control group. However, hepatic malondialdehyde (MDA) and NO levels were significantly increased alongside a reduced superoxide dismutase (SOD) activity in the MTX group compared with the control group, which was completely mitigated by paeonol treatment before the MTX challenge (Figure 2).




2.2. Effect on Histopathology Examination


The MTX significantly distorted the liver architecture and increased the numbers of inflammatory and apoptotic cells and the degenerative area of hepatic cells compared to the control group. The paeonol pretreatment preserved the normal liver structure with a significant decrease in cellular inflammation, apoptosis, and degeneration in the MTX-challenged rats. It is worth noting that the hepatic structure of the liver tissues of the rat group treated only with paeonol was similar to that of the control group (Figure 3 and Figure 4).



Masson’s trichrome stain in Figure 5 demonstrates the normal distribution of collagen fibers around central veins, and fine threads of collagen fibers were detected around the hepatic portal vein of control and paeonol groups. However, the untreated MTX group showed increased collagen fiber deposition between the hepatocytes and pericentral and periportal zones. The liver tissues of the paeonol + MTX group displayed a significant regression in the collagen fiber deposition in such areas (Figure 5).




2.3. Effect on Immunohistochemistry and ELISA


The hepatic protein expression of proliferating cell nuclear antigen (PCNA) was significantly increased (p < 0.05) in rats that received MTX in comparison with the control group (Figure 6). On the contrary, the hepatic expressions of P-gp and Mrp-2 measured in the MTX-challenged group showed significant downregulations (p < 0.05) compared with the control group. The hepatic expression of the previous markers was comparable in both control and paeonol groups. However, treatment with paeonol significantly increased (p < 0.05) PCNA, P-gp, and Mrp-2 expressions in the MTX-challenged rats compared to the non-treated MTX rats (Figure 6, Figure 7 and Figure 8). Additionally, we assessed the protein expression levels of iNOS and TNF-α (Figure 9 and Figure 10). The normal and control paeonol-treated hepatic tissues revealed negative iNOS and TNF-α immunohistochemical staining. The MTX-intoxicated group showed a significantly higher cytoplasmic expression for both parameters in the rat hepatocytes than in the control group, which was lowered considerably by paeonol treatment. Regarding hepatic PCNA, P-gp, and TNF-α, the same results were obtained using PCNA, P-gp, and TNF-α ELISA kits, respectively (Figure 6f, Figure 7f and Figure 10f).




2.4. Effect on Hepatic Apoptosis


The real-time polymerase chain reaction (PCR) experiments indicated that MTX significantly increased hepatic Bcl-2-associated X protein (Bax) mRNA. At the same time, it decreased the expression of B-cell lymphoma 2 (Bcl-2) compared with the control group. Treating the rats with paeonol before MTX administration significantly reduced the upregulated Bax mRNA expression and increased Bcl-2 mRNA expression. Treatment with paeonol alone showed a similar effect in the control group for Bax and Bcl-2 mRNA expressions (Figure 11).





3. Discussion


Hepatotoxicity is a significant adverse effect of MTX, limiting its clinical use. Thus, approaches for using potential adjuvant therapies with hepatoprotective activities are widely adopted during cancer chemotherapy [17]. We demonstrated that paeonol, an antioxidant flavonoid derivative, protected against MTX-induced hepatotoxicity. In line with previous reports [13,19], the current results indicate that challenging the rats with MTX instigated hepatic histopathological damage and elevated the serum levels of liver function enzymes. However, pretreatment with paeonol prevented the MTX-induced liver damage, as shown by its ameliorating effect on serum liver function enzymes and the prevention of all histological alterations. Accumulating evidence suggests that the MTX-induced cytotoxicity and tissue damage involves oxidative stress and the activation of reactive oxygen species-mediated signaling [20,21]. Our results support the studies showing an imbalance in the oxidative status in vivo in response to MTX treatment. We reported a significant suppression in hepatic SOD activities alongside increased MDA levels, a marker of lipid peroxidation, and NO levels in the liver tissues following an MTX challenge. When NO reacts with superoxide radicals, they generate the deleterious peroxynitrite that damages DNA; thus, it contributes to the induction of apoptosis [22]. Studies have shown that MTX induces apoptosis via activating the mitochondrial intrinsic apoptotic pathway [23]. This mechanism is confirmed by the results of the current study showing upregulation of the pro-apoptotic gene expression Bax in the liver tissues of MTX-treated rats. The present findings depict that the MTX-induced apoptotic changes involved the activation of the intrinsic pathway by regulating the Bcl-2 family of proteins, consistent with the observed upregulation of Bax gene expression.



Fascinatingly, the pretreatment of rats with daily paeonol attenuated the MTX-induced liver toxicity, with the potent mitigation of hepatic oxidative stress induced by the MTX treatment, as evident by the suppression of lipid peroxidation and the NO hepatic content along with the resorting of the SOD activity. Several previous studies have reported similar antioxidant effects of paeonol in different tissues, such as the kidney, heart, stomach, and testis [13,14,16,24,25]. Given its efficacy in diminishing oxidative stress, paeonol prevents the hepatocyte death triggered by MTX. The results of the current study show that paeonol pretreatment suppressed the pro-apoptosis Bax and upregulated Bcl-2, which has been attributed to its direct antioxidative properties [13,14].



PCNA is essential in cell cycle regulation and DNA repair and replication [26]. PCNA expression has been used as a potential marker for the proliferative activity of the tissues, and it could be used as a biomarker for the diagnosis and prognosis of different malignant tumors [27,28]. In the current study, PCNA expression levels in the liver tissues of MTX-treated rats showed a significant increase compared to controls. These results may be attributed to the stimulation of hepatocyte proliferation as a compensatory reaction in response to the tissue damage caused by MTX administration [29]. Direct inhibition of DNA replication is usually associated with MTX therapy, and this may explain the MTX-induced depletion in PCNA expression observed by other studies [30,31,32]. The variability in MTX treatment regimens could be a reasonable cause for these contradictory observations of the MTX effect on PCNA expression. Alternatively, the current results show that paeonol pretreatment in MTX-challenged rats revealed strongly positive PCNA staining reactivity of the hepatocyte nuclei, indicating improved cell renewal. The upregulation of PCNA contributes to cell proliferation and survival via promoting cell cycle progression and the reduction of apoptosis [33]. Previous studies have associated the protective effect of paeonol against the harmful effects of MTX with suppression of the reactive oxygen species, DNA fragmentation, and apoptosis [13,24]; thereby, explaining the ability of paeonol to reverse tissue damage and initiate cell proliferation to promote the healing of damaged tissues.



MTX, like other chemotherapeutic agents, may provoke systemic inflammation via the induction of intracellular reactive oxygen species, which activates a pro-inflammatory response involving iNOS and TNF-α upregulation [7,8], which is in line with our current findings. Furthermore, the present study shows an increase in collagen deposition in the hepatic tissue of MTX-treated rats, which predominantly induces hepatic fibrosis. The MTX-induced hepatic inflammatory response has been linked to hepatic stellate cell activation and extracellular matrix synthesis, which further accelerates fibrosis [34]. Attenuating hepatic inflammatory markers by paeonol treatment could explain the downregulation of collagen disposition reported in the liver tissues of the paeonol + MTX rat group. Previous studies [13,14] have shown that the anti-inflammatory properties of paeonol involved the modulation of iNOS and TNF-α, which is in accord with the present results. Of note, many studies have demonstrated that the upregulation of TNF-α is related to cell apoptosis via the regulation of the expression of the proapoptotic and antiapoptotic factors of the Bcl-2 protein family [35,36]. Therefore, in the current study, the inhibition of hepatic TNF-α levels that was associated with the paeonol treatment might trigger the antiapoptotic effect of paeonol.



P-gp and Mrp-2 are efflux transporters that decrease the intracellular accumulation of a drug or a toxicant in several organs, including the liver [12,37]. The current results show that MTX significantly reduced the hepatic expression of P-gp and Mrp-2, which agrees with previous studies [37,38]. Therefore, the paeonol-induced increase in the expression of P-gp and Mrp-2 proteins provides a plausible explanation for its hepatoprotective effects against MTX-induced injury by increasing its efflux. In agreement with the current results, our previous study [25] emphasized the upregulation of P-gp in the testis as a protective effect of paeonol against MTX-induced injury. Therefore, it could be concluded that paeonol-induced upregulation of efflux transporters in the liver offers a beneficial effect against MTX hepatotoxicity.




4. Materials and Methods


4.1. Chemicals


The paeonol was obtained from Sigma-Aldrich (St. Louis, MO, USA), and the MTX was obtained from Minapharm Pharmaceuticals (Cairo, Egypt). Kits for determining serum ALT and AST were purchased from Biodiagnostic (Giza, Egypt). In addition, the PCNA antibody was procured from Novus Biologicals (Centennial, CO, USA), the iNOS antibody was from Thermo Fisher Scientific (Waltham, MA, USA), the TNF-α antibody was from ABclonal (Woburn, MA, USA), while the P-gp and Mrp-2 antibodies were from Santa Cruz Biotechnology (Dallas, TX, USA). The other chemicals were purchased from local commercial sources and were of analytical grade.




4.2. Experimental Design


Twenty-four male Wistar rats (180–210 g) were purchased from the National Research Center (Giza, Egypt) and kept under standard laboratory conditions (23–25 °C, 55 ± 5% relative humidity, and 12 h light/dark cycle). The rats had free access to standard laboratory animal chow and tap water. After acclimatization for one week, the animals were randomly divided into four groups (n = 6). The first group (control) received only the vehicle. The second group (Paeonol) received a daily dose of paeonol (100 mg/kg, orally), freshly prepared in a 1% aqueous solution of carboxymethyl cellulose, for ten days [13,39]. The third group comprised the MTX-induced hepatotoxicity group (MTX), in which the rats received a single i.p. injection of MTX (20 mg/kg) on day 5 of the experiment [40]. Finally, the rats in the fourth group (Paeonol + MTX) received oral daily paeonol (100 mg/kg) for ten days and a single i.p. dose of MTX (20 mg/kg) on the fifth day of the experiment (Table 1).




4.3. Sample Preparation


At the end of the experiment, rats were euthanized to collect blood and liver samples. Serum was collected and stored at −80 °C after blood clotting and centrifugation at 5000 rpm for 15 min. Pieces of the liver were rapidly excised, rinsed in cold saline, then perfused thoroughly with cold saline, fixed in 10% formalin, and processed for histology and immunohistochemistry. The rest of the liver was immediately frozen in liquid nitrogen and kept at −80 °C for further analysis. Tissue homogenates were prepared (10% w/v) in ice-cold phosphate buffer (0.01 M, pH 7.4), centrifuged (3000 rpm, 20 min), and the supernatant was collected for further assays.




4.4. Biochemical Analysis


4.4.1. Determination of Liver Function Tests


Serum activities of ALT and AST were measured via commercially available kits according to the provided instructions.




4.4.2. Determination of Hepatic Oxidative Stress Biomarkers


Hepatic tissue levels of MDA (nmol/g) were measured as a marker of oxidative stress. MDA, a major degradation product of lipid peroxides, reacts with thiobarbituric acid producing a pink chromogen that is measured spectrophotometrically at 535 nm [41]. As an indicator of nitrosative stress, NO was measured following the Griess reaction after nitrate reduction to nitrite and expressed in nmol/g. The intensity of the developed color was measured at 540 nm in a spectrophotometer [42]. Finally, the activity of hepatic SOD (U/g tissue) was determined colorimetrically at 420 nm based on its ability to inhibit the autoxidation of pyrogallol [43].





4.5. Histological Evaluation


The hepatic tissues were dehydrated after fixation overnight in formalin using an ascending alcohol gradient. Tissues were cleared in xylene, rapidly embedded in paraffin, and 5-µm-thick sections were processed for hematoxylin–eosin or Masson trichrome staining. The stained sections were examined by light microscopy (Olympus CX23LEDRFS1, Olympus, Tokyo, Japan) to detect histopathological changes and collagen deposition.




4.6. Immunohistochemical Examination


After deparaffinization and rehydration, the endogenous tissue peroxidase was blocked by hydrogen peroxide (3%, 5 min). Sections were incubated overnight with the primary antibodies against PCNA, iNOS, TNFα, P-gp, and Mrp-2. After washing in PBS for 5 min, biotinylated secondary antibodies were added for 30 min and washed with PBS for 3–5 min. Then, streptavidin-conjugated peroxidase was added for 35 min. The action of peroxidase on 3,3-diaminobenzidine (added for 5 min) produced a brown-colored product, which is proportional to the amount of original protein in the sample. Sections were countered-stained with hematoxylin [44].




4.7. ELISA Analysis


The hepatic levels of PCNA, P-gp, and TNFα were measured using the PCNA (FineTest, Wuhan, Hubei, China), P-gp (US Biological, Salem, MA, USA), and TNF-α (Sigma-Aldrich) ELISA kits according to the provided instructions.




4.8. Morphometric Analysis


For all stained sections, three non-overlapping fields of six different rats in each group were analyzed using the image analyzer Leica QwinV.3 software (Leica Microsystems, Wetzlar, Germany) for calculating: (a) the mean area percent of the blue-stained collagen fibers in Masson’s trichrome stained sections, and the iNOS immunostained cells and (b) the mean number of PCNA, P-gp, Mrp-2, and TNF-α immunostained cells, and inflammatory cells (neutrophils, lymphocytes, and eosinophils), apoptotic cells (cells with deeply stained cytoplasm and small dense eccentric nuclei), and degenerated areas (containing vacuolated cells) in liver tissues as mentioned previously [45].




4.9. Real-Time PCR Determination of Hepatic Bax and Bcl-2


Extraction of the total RNA from the liver tissues was carried out using the RiboZol Reagent (AMRESCO, Solon, OH, USA) following the given instructions. UV spectrophotometry at 260 nm determined the total RNA quality and yield. The SensiFASTTM SYBR® Hi-ROX One-Step Kit (Meridian Bioscience, Memphis, TN, USA) was used to prepare the real-time PCR reaction mixture (25 μL) containing 50 ng of template RNA from each sample and 70 nM of specific primers. The reaction was monitored in the Applied Biosystems 7500 Fast Real-Time PCR System (Foster City, CA, USA). The forward and reverse primers were: 5′-AGAGGCAGCGGCAGTGAT-3′ and 3′-GTATGAGTGCCATCCAGAGCAG-5′ for Bax [46], 5′-CTTTGTGGAACTGTACGGCCCCAGCATGCG-3′ and 5′-ACAGCCTGCAGCTTTGTTTCATGGTACATC-3′ for Bcl-2 [47], and 5′-GTCGGTGTGAACGGATTTG-3′ and 3′-CTTGCCGTGGGTAGAGTCAT-5′ for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [13]. Data were analyzed relative to GAPDH to calculate the relative gene expression of Bax and Bcl-2 [48].




4.10. Statistical Analysis


The experimental results (mean ± SEM) were analyzed by GraphPad Prism software (Version 8.1) (GraphPad Software Inc., San Diego, CA, USA) using a one-way analysis of variance (ANOVA) followed by Tukey–Kramer for comparing the means of different groups. The differences between any two means were significant if p < 0.05.








Author Contributions


Conceptualization, M.A.M., R.A.-L. and S.A.A.-G.; methodology, M.A.M., R.A.-L., S.M.N.A.H., M.K. and S.A.A.-G.; formal analysis, M.A.M., R.A.-L., S.M.N.A.H., M.K. and S.A.A.-G.; writing—original draft preparation, M.A.M., R.A.-L., S.M.N.A.H. and S.A.A.-G.; writing—review and editing, M.A.M., R.A.-L. and S.A.A.-G.; funding acquisition, M.A.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by King Abdulaziz City of Science and Technology (KACST), Saudi Arabia (Grant No. 12MED3156-06).




Institutional Review Board Statement


All animal care and experimental procedures were in accordance with the protocols of the Faculty of Medicine Research Ethics Committee (FMREC), Faculty of Medicine, Minia University, Egypt (Approval No. 628/6/2020).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


We acknowledge King Abdulaziz City of Science and Technology (KACST), Saudi Arabia, for their financial support by grant No. 12-MED3156-06.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, W.; Zhou, H.; Liu, L. Side effects of methotrexate therapy for rheumatoid arthritis: A systematic review. Eur. J. Med. Chem. 2018, 158, 502–516. [Google Scholar] [CrossRef]

	



Koźmiński, P.; Halik, P.K.; Chesori, R.; Gniazdowska, E. Overview of dual-acting drug methotrexate in different neurological diseases, autoimmune pathologies and cancers. Int. J. Mol. Sci. 2020, 21, 3483. [Google Scholar] [CrossRef]

	



Bath, R.K.; Brar, N.K.; Forouhar, F.A.; Wu, G.Y. A review of methotrexate-associated hepatotoxicity. J. Dig. Dis. 2014, 15, 517–524. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Y.; Zeng, J.; Xing, L.; Li, C. Extra-and intra-cellular mechanisms of hepatic stellate cell activation. Biomedicines 2021, 9, 1014. [Google Scholar] [CrossRef] [PubMed]

	



Conway, R.; Carey, J.J. Risk of liver disease in methotrexate treated patients. World J. Hepatol. 2017, 9, 1092. [Google Scholar] [CrossRef]

	



Ezhilarasan, D. Hepatotoxic potentials of methotrexate: Understanding the possible toxicological molecular mechanisms. Toxicology 2021, 458, 152840. [Google Scholar] [CrossRef] [PubMed]

	



Goudarzi, M.; Kalantar, M.; Sadeghi, E.; Karamallah, M.H.; Kalantar, H. Protective effects of apigenin on altered lipid peroxidation, inflammation, and antioxidant factors in methotrexate-induced hepatotoxicity. Naunyn-Schmiedeberg Arch. Pharmacol. 2021, 394, 523–531. [Google Scholar] [CrossRef]

	



Cure, E.; Kirbas, A.; Tumkaya, L.; Cure, M.C.; Kalkan, Y.; Yilmaz, A.; Yuce, S. Protective effect of infliximab on methotrexate-induced liver injury in rats: Unexpected drug interaction. J. Cancer Res. Ther. 2015, 11, 164. [Google Scholar] [CrossRef] [PubMed]

	



Ezhilarasan, D. Oxidative stress is bane in chronic liver diseases: Clinical and experimental perspective. Arab J. Gastroenterol. 2018, 19, 56–64. [Google Scholar] [CrossRef] [PubMed]

	



Chan, E.S.; Montesinos, M.C.; Fernandez, P.; Desai, A.; Delano, D.L.; Yee, H.; Reiss, A.B.; Pillinger, M.H.; Chen, J.-F.; Schwarzschild, M.A. Adenosine A2A receptors play a role in the pathogenesis of hepatic cirrhosis. Br. J. Pharmacol. 2006, 148, 1144. [Google Scholar] [CrossRef] [PubMed]

	



Chu, X.; Korzekwa, K.; Elsby, R.; Fenner, K.; Galetin, A.; Lai, Y.; Matsson, P.; Moss, A.; Nagar, S.; Rosania, G. Intracellular drug concentrations and transporters: Measurement, modeling, and implications for the liver. Clin. Pharmacol. Ther. 2013, 94, 126–141. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Kwon, M.; Choi, M.-K.; Song, I.-S. Effects of red ginseng extract on the pharmacokinetics and elimination of methotrexate via Mrp2 regulation. Molecules 2018, 23, 2948. [Google Scholar] [CrossRef] [PubMed]

	



Al-Taher, A.Y.; Morsy, M.A.; Rifaai, R.A.; Zenhom, N.M.; Abdel-Gaber, S.A. Paeonol attenuates methotrexate-induced cardiac toxicity in rats by inhibiting oxidative stress and suppressing TLR4-induced NF-κB inflammatory pathway. Mediat. Inflamm. 2020, 2020, 8641026. [Google Scholar] [CrossRef]

	



Mohamed, M.Z.; Morsy, M.A.; Mohamed, H.H.; Hafez, H.M. Paeonol protects against testicular ischaemia-reperfusion injury in rats through inhibition of oxidative stress and inflammation. Andrologia 2020, 52, e13599. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Tan, S.-Y.; Wang, X.-F. Paeonol exerts an anticancer effect on human colorectal cancer cells through inhibition of PGE2 synthesis and COX-2 expression. Oncol. Rep. 2014, 32, 2845–2853. [Google Scholar] [CrossRef]

	



Hafez, H.; Morsy, M.; Mohamed, M.; Zenhom, N. Mechanisms underlying gastroprotective effect of paeonol against indomethacin-induced ulcer in rats. Hum. Exp. Toxicol. 2019, 38, 510–518. [Google Scholar] [CrossRef]

	



Liang, Y.; Liu, Z.-Y.; Wang, P.-Y.; Li, Y.-J.; Wang, R.-R.; Xie, S.-Y. Nanoplatform-based natural products co-delivery system to surmount cancer multidrug-resistant. J. Control. Release 2021, 336, 396–409. [Google Scholar] [CrossRef]

	



Chung, S.Y.; Sung, M.K.; Kim, N.H.; Jang, J.O.; Go, E.J.; Lee, H.J. Inhibition of P-glycoprotein by natural products in human breast cancer cells. Arch. Pharmacal Res. 2005, 28, 823–828. [Google Scholar] [CrossRef]

	



Fouad, A.; Hafez, H.; Hamouda, A. Hydrogen sulfide modulates IL-6/STAT3 pathway and inhibits oxidative stress, inflammation, and apoptosis in rat model of methotrexate hepatotoxicity. Hum. Exp. Toxicol. 2020, 39, 77–85. [Google Scholar] [CrossRef]

	



Jahovic, N.; Cevik, H.; Şehirli, A.Ö.; Yeğen, B.Ç.; Şener, G. Melatonin prevents methotrexate-induced hepatorenal oxidative injury in rats. J. Pineal Res. 2003, 34, 282–287. [Google Scholar] [CrossRef]

	



Çetin, A.; Kaynar, L.; Kocyigit, I.; Hacioglu, S.K.; Saraymen, R.; Ozturk, A.; Sari, I.; Sagdic, O. Role of grape seed extract on methotrexate induced oxidative stress in rat liver. Am. J. Chin. Med. 2008, 36, 861–872. [Google Scholar] [CrossRef]

	



McKim, S.E.; Gäbele, E.; Isayama, F.; Lambert, J.C.; Tucker, L.M.; Wheeler, M.D.; Connor, H.D.; Mason, R.P.; Doll, M.A.; Hein, D.W. Inducible nitric oxide synthase is required in alcohol-induced liver injury: Studies with knockout mice. Gastroenterology 2003, 125, 1834–1844. [Google Scholar] [CrossRef] [PubMed]

	



Koppelmann, T.; Pollak, Y.; Mogilner, J.; Bejar, J.; Coran, A.G.; Sukhotnik, I. Dietary L-arginine supplementation reduces Methotrexate-induced intestinal mucosal injury in rat. BMC Gastroenterol. 2012, 12, 41. [Google Scholar] [CrossRef] [PubMed]

	



Morsy, M.A.; El-Sheikh, A.A.; Abdel-Hafez, S.M.N.; Kandeel, M.; Abdel-Gaber, S.A. Paeonol Protects Against Methotrexate-Induced Nephrotoxicity via Upregulation of P-gp Expression and Inhibition of TLR4/NF-κB Pathway. Front. Pharmacol. 2022, 13, 774387. [Google Scholar] [CrossRef] [PubMed]

	



Morsy, M.A.; Abdel-Aziz, A.M.; Abdel-Hafez, S.; Venugopala, K.N.; Nair, A.B.; Abdel-Gaber, S.A. The possible contribution of P-glycoprotein in the protective effect of paeonol against methotrexate-induced testicular injury in rats. Pharmaceuticals 2020, 13, 223. [Google Scholar] [CrossRef] [PubMed]

	



González-Magaña, A.; Blanco, F.J. Human PCNA structure, function, and interactions. Biomolecules 2020, 10, 570. [Google Scholar] [CrossRef]

	



Banlunara, W.; Bintvihok, A.; Kumagai, S. Immunohistochemical study of proliferating cell nuclear antigen (PCNA) in duckling liver fed with aflatoxin B1 and esterified glucomannan. Toxicon 2005, 46, 954–957. [Google Scholar] [CrossRef]

	



Antonescu, C.R.; Leung, D.H.; Dudas, M.; Ladanyi, M.; Brennan, M.; Woodruff, J.M.; Cordon-Cardo, C. Alterations of cell cycle regulators in localized synovial sarcoma: A multifactorial study with prognostic implications. Am. J. Pathol. 2000, 156, 977–983. [Google Scholar] [CrossRef]

	



Ahmed, Z.S.O.; Hussein, S.; Ghandour, R.A.; Azouz, A.A.; El-Sakhawy, M.A. Evaluation of the effect of methotrexate on the hippocampus, cerebellum, liver, and kidneys of adult male albino rat: Histopathological, immunohistochemical and biochemical studies. Acta Histochem. 2021, 123, 151682. [Google Scholar] [CrossRef]

	



Felemban, S.G.; Aldubayan, M.A.; Alhowail, A.H.; Almami, I.S. Vitamin B17 ameliorates methotrexate-induced reproductive toxicity, oxidative stress, and testicular injury in male rats. Oxidative Med. Cell. Longev. 2020, 2020, 4372719. [Google Scholar] [CrossRef]

	



Yazici, A.C.; Tursen, U.; Apa, D.D.; Ikizoglu, G.; Api, H.; Baz, K.; Tasdelen, B. The changes in expression of ICAM-3, Ki-67, PCNA, and CD31 in psoriatic lesions before and after methotrexate treatment. Arch. Dermatol. Res. 2005, 297, 249–255. [Google Scholar] [CrossRef]

	



Ahmed, A.A.; Selim, M.A.; El-Sayed, N.M. α-Lipoic acid ameliorates oral mucositis and oxidative stress induced by methotrexate in rats. Histological and immunohistochemical study. Life Sci. 2017, 171, 51–59. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, H. Selenium as an essential micronutrient: Roles in cell cycle and apoptosis. Molecules 2009, 14, 1263–1278. [Google Scholar] [CrossRef] [PubMed]

	



Fayez, A.M.; Zakaria, S.; Moustafa, D. Alpha lipoic acid exerts antioxidant effect via Nrf2/HO-1 pathway activation and suppresses hepatic stellate cells activation induced by methotrexate in rats. Biomed. Pharmacother. 2018, 105, 428–433. [Google Scholar] [CrossRef] [PubMed]

	



Shu, Y.; Yang, Y.; Zhao, Y.; Ma, L.; Fu, P.; Wei, T.; Zhang, L. Melittin inducing the apoptosis of renal tubule epithelial cells through upregulation of Bax/Bcl-2 expression and activation of TNF-α signaling pathway. BioMed Res. Int. 2019, 2019, 9450368. [Google Scholar] [CrossRef] [PubMed]

	



Jafarinejad-Farsangi, S.; Farazmand, A.; Mahmoudi, M.; Gharibdoost, F.; Karimizadeh, E.; Noorbakhsh, F.; Faridani, H.; Jamshidi, A.R. MicroRNA-29a induces apoptosis via increasing the Bax: Bcl-2 ratio in dermal fibroblasts of patients with systemic sclerosis. Autoimmunity 2015, 48, 369–378. [Google Scholar] [CrossRef] [PubMed]

	



Shibayama, Y.; Takeda, Y.; Yamada, K. Effect of methotrexate treatment on expression levels of organic anion transporter polypeptide 2, P-glycoprotein and bile salt export pump in rats. Biol. Pharm. Bull. 2009, 32, 493–496. [Google Scholar] [CrossRef]

	



Mohamed, M.; El Sheikh, A.K.; Mohammed, H.H. Modulation of Liver P-Glycoprotien Expression May Contribute to Gossypin Protection against Methotrexate-Induced Hepatotoxicity. Indian J. Pharmacol. 2021, 53, 25. [Google Scholar] [CrossRef]

	



Liu, J.; Wang, S.; Feng, L.; Ma, D.; Fu, Q.; Song, Y.; Jia, X.; Ma, S. Hypoglycemic and antioxidant activities of paeonol and its beneficial effect on diabetic encephalopathy in streptozotocin-induced diabetic rats. J. Med. Food 2013, 16, 577–586. [Google Scholar] [CrossRef]

	



El-Sheikh, A.A.; Morsy, M.A.; Al-Taher, A.Y. Protective mechanisms of resveratrol against methotrexate-induced renal damage may involve BCRP/ABCG2. Fundam. Clin. Pharmacol. 2016, 30, 406–418. [Google Scholar] [CrossRef]

	



Buege, J.A.; Aust, S.D. Microsomal lipid peroxidation. Methods Enzymol. 1978, 52, 302–310. [Google Scholar] [PubMed]

	



Sastry, K.; Moudgal, R.; Mohan, J.; Tyagi, J.; Rao, G. Spectrophotometric determination of serum nitrite and nitrate by copper–cadmium alloy. Anal. Biochem. 2002, 306, 79–82. [Google Scholar] [CrossRef] [PubMed]

	



Marklund, S.; Marklund, G. Involvement of the superoxide anion radical in the autoxidation of pyrogallol and a convenient assay for superoxide dismutase. Eur. J. Biochem. 1974, 47, 469–474. [Google Scholar] [CrossRef] [PubMed]

	



Hofman, F.M.; Taylor, C.R. Immunohistochemistry. Curr. Protoc. Immunol. 2013, 103, 21.4.1–21.4.26. [Google Scholar] [CrossRef]

	



Ahmed, A.-S.F.; Bayoumi, A.; Eltahir, H.M.; Abdel Hafez, S.; Abouzied, M.M. Amelioration of Sepsis-induced liver and lung injury by a superoxide dismutase mimetic; role of TNF-α and Caspase-3. J. Adv. Biomed. Pharm. Sci. 2020, 3, 31–39. [Google Scholar] [CrossRef]

	



Horiuchi, M.; Itoh, A.; Pleasure, D.; Itoh, T. MEK-ERK Signaling Is Involved in Interferon-γ-induced Death of Oligodendroglial Progenitor Cells. J. Biol. Chem. 2006, 281, 20095–20106. [Google Scholar] [CrossRef]

	



Refaie, M.M.; El-Hussieny, M.; Zenhom, N.M. Protective role of nebivolol in cadmium-induced hepatotoxicity via downregulation of oxidative stress, apoptosis and inflammatory pathways. Environ. Toxicol. Pharmacol. 2018, 58, 212–219. [Google Scholar] [CrossRef]

	



VanGuilder, H.D.; Vrana, K.E.; Freeman, W.M. Twenty-five years of quantitative PCR for gene expression analysis. Biotechniques 2008, 44, 619–626. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 15 01296 g001 550] 





Figure 1. The effect of paeonol on the serum (a) alanine transaminase (ALT) and (b) aspartate transaminase (AST) in methotrexate (MTX)-induced hepatotoxicity in rats. Data are represented as mean ± SEM (n = 6). Letters a,b Denote significant differences from the normal control and the MTX groups, respectively, at p ˂ 0.05. 
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Figure 2. The effect of paeonol on hepatic (a) lipid peroxide malondialdehyde (MDA), (b) nitric oxide (NO), and (c) superoxide dismutase (SOD) in MTX-induced hepatotoxicity in rats. Data represent the mean ± SEM of 6 observations. Letters a,b Denote significant differences from the normal control and the MTX groups, respectively, at p ˂ 0.05. 
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Figure 3. Photomicrographs showing the effect of paeonol on rat liver tissues stained with H&E in methotrexate (MTX)-induced hepatotoxicity (×100 and ×400). The tissue of the control group (a1) showed typical morphological features of hepatic cells with normal lobular architecture and normal central veins (CV). Similarly, the liver tissues of the paeonol group (b1) showed a normal hepatic structure. The liver tissues of both the control and paeonol groups (a2,b2) showed central veins (CV) which appeared to be lined by flat endothelial cells (double arrows), surrounded by cords of polygonal hepatocytes with granular cytoplasm and central, rounded, vesicular nuclei (blue arrows). Some cells appeared to be binucleated (green arrows). The blood sinusoids (S) are lined by Kupffer cells (yellow arrows). Additionally, the investigated liver tissues of the two groups showed branches of portal veins (PV) and bile ductules (BD) seen at a portal area (squares) (a3,b3). The liver tissues of the MTX-treated rats showed a disturbed lobular architecture with dilated central veins (CV) and blood sinusoids (S), and the cells have darkly stained nuclei with deeply stained cytoplasm (blue arrow) (c1,c2). Moreover, the liver tissues of the MTX-treated rats showed dilated bile ductules (BD) and a dilated portal vein (PV) surrounded by cellular infiltrations (circle) (c3). The microscopic examination of the liver tissues of the paeonol + MTX group showed a normal lobular architecture with apparently normal central veins (CV), except for a focal congested blood sinusoid (S) (d1). In the same group, the hepatocytes appeared to be polygonal with acidophilic cytoplasm and vesicular nuclei (blue arrow) (d2). Furthermore, the liver tissues of the paeonol + MTX group showed some binucleated cells (green arrow) and a few darkly stained nuclei with deeply stained cytoplasm (d2). In the same group, the portal vein (PV) and bile ductules (BD) have a normal appearance (d3). 
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Figure 4. The effect of paeonol on the severity of histopathological lesions, (a) inflammatory cells, (b) apoptotic cells, and (c) degenerative area, in methotrexate (MTX)-induced hepatotoxicity in rats. Data are represented as mean ± SEM (n = 6). Letters a,b Denote significant differences from the normal control and the MTX groups, respectively, at p ˂ 0.05. 
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Figure 5. Photomicrographs showing the effect of paeonol on rat liver tissues stained with Masson’s trichrome in methotrexate (MTX)-induced hepatotoxicity (×400). The liver tissues of the control (a1,a2) and paeonol (b1,b2) groups show a minimal amount of blue-stained collagen (arrows), especially around the central veins (CV) and portal area (squares). On the contrary, the liver tissues of the MTX-treated rats show an apparent increase in blue-stained collagen deposits (arrows) around the central veins (CV) and the portal area (square), with the appearance of collagen fibers running between and surrounding the hepatocytes (arrowhead) (c1,c2). In contrast, the liver tissues of the paeonol + MTX group show a minimal amount of collagen fibers (arrows) around the central veins (CV) and portal area (square) (d1,d2). A semi-quantitative analysis of the collagen fibers (e) summarizes the results of six experiments as mean ± SEM. Letters a,b Denote significant differences from the normal control and the MTX groups, respectively, at p ˂ 0.05. 
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Figure 6. The immunohistochemical examination of hepatic proliferating cell nuclear antigen (PCNA) expression in methotrexate (MTX)-induced hepatotoxicity (×400). The liver tissues of the control (a1,a2) and paeonol (b1,b2) groups show hepatocytes (black arrows) and Kupffer cells (yellow arrows) with PCNA-positive nuclei. Notice the positive endothelial cells lining the central veins (CV) (blue arrows) and portal tracts (PT) (green arrows). The liver tissues of the MTX-treated rats show apparent numerous PCNA-positive nuclei in hepatocytes (black arrow), Kupffer cells (yellow arrow), and endothelial cells lining the CV (blue arrow) and the PT (green arrow) with intense nuclear expression (c1,c2). The liver tissues of the paeonol + MTX group show more numerous PCNA-positive nuclei in the same cells (d1,d2). A semi-quantitative analysis of PCNA positive cells (e). Hepatic PCNA level using PCNA ELISA kit (f). Data are represented as mean ± SEM (n = 6). Letters a,b Denote significant differences from the normal control and the MTX groups, respectively, at p ˂ 0.05. 
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Figure 7. The immunohistochemical examination of hepatic P-glycoprotein (P-gp) expression in methotrexate (MTX)-induced hepatotoxicity (×400). The liver tissues of the control (a1,a2) and paeonol (b1,b2) groups show nuclear P-gp expression (arrows) in hepatocytes surrounding the central veins (CV) and portal areas (PT). The liver tissues of the MTX-treated rats show few nuclear P-gp expressions (arrows) (c1,c2). On the contrary, the liver tissues of the paeonol + MTX group show many nuclear P-gp expressions (arrows) in hepatocytes surrounding the CV and PT (d1,d2). A semi-quantitative analysis of P-gp positive cells (e). Hepatic P-gp level using P-gp ELISA kit (f). Data are represented as mean ± SEM (n = 6). Letters a,b Denote significant differences from the normal control and the MTX groups, respectively, at p ˂ 0.05. 
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Figure 8. The immunohistochemical examination of hepatic multidrug resistance-associated protein 2 (Mrp-2) expression in methotrexate (MTX)-induced hepatotoxicity (×400). The liver tissues of the control (a) and paeonol (b) groups show cytoplasmic (black arrows) and nuclear (red arrows) Mrp-2 expression in the portal tract cells, mainly in the cells of bile ductules. The liver tissues of the MTX-treated rats show little cytoplasmic (black arrow) and nuclear (red arrow) Mrp-2 expression in the previously mentioned cells (c). In contrast, the liver tissues of the paeonol + MTX group show marked cytoplasmic (black arrow) and nuclear (red arrow) Mrp-2 expression in the portal tract cells, mainly in the cells of bile ductules (d). A semi-quantitative analysis of Mrp-2 positive cells (e). Data are represented as mean ± SEM (n = 6). Letters a,b Denote significant differences from the normal control and the MTX groups, respectively, at p ˂ 0.05. 
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Figure 9. The immunohistochemical examination of hepatic inducible nitric oxide synthase (iNOS) expression in methotrexate (MTX)-induced hepatotoxicity (×400). The liver tissues of the control (a) and paeonol (b) groups show hepatocytes with faint cytoplasmic iNOS expression (yellow arrows). The liver tissues of the MTX-treated rats show hepatocytes with intense cytoplasmic iNOS expression (yellow arrow) (c1). Expression is also noticed in the portal area (square) (c2). In contrast, the liver tissues of the paeonol + MTX group show hepatocytes with little iNOS expression (yellow arrow) (d1). Little expression is also noticed in the portal area (square) (d2). A semi-quantitative analysis of iNOS positive cells (e). Data are represented as mean ± SEM (n = 6). Letters a,b Denote significant differences from the normal control and the MTX groups, respectively, at p ˂ 0.05. 
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Figure 10. The immunohistochemical examination of hepatic tumor necrosis factor-α (TNF-α) expression in methotrexate (MTX)-induced hepatotoxicity (×1000). The liver tissues of the control (a) and paeonol (b) groups show Kupffer cells with TNF-α cytoplasmic expression (arrows). The liver tissues of the MTX-treated rats show many Kupffer cells with TNF-α cytoplasmic expression (arrows) (c). In contrast, the liver tissues of the paeonol + MTX group show few Kupffer cells with TNF-α cytoplasmic expression (arrow) (d). A semi-quantitative analysis of TNF-α positive cells (e). Hepatic TNF-α level using TNF-α ELISA kit (f). Data are represented as mean ± SEM (n = 6). Letters a,b Denote significant differences from the normal control and the MTX groups, respectively, at p ˂ 0.05. 
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Figure 11. The effect of paeonol on hepatic mRNA expressions of Bax (a) and Bcl-2 (b) in methotrexate (MTX)-induced hepatotoxicity in rats. Data are represented as mean ± SEM (n = 6). Letters a,b Denote significant differences from the normal control and the MTX groups, respectively, at p ˂ 0.05. 
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Table 1. Timeline schedule of the treatment regimen. MTX: methotrexate.
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Group

	
Treatment Regimen




	
Day 1

	
Day 2

	
Day 3

	
Day 4

	
Day 5

	
Day 6

	
Day 7

	
Day 8

	
Day 9

	
Day 10






	
Control

	
Vehicle 1 mL, p.o.

	
Vehicle 1 mL, p.o.

	
Vehicle 1 mL, p.o.

	
Vehicle 1 mL, p.o.

	
Vehicle 1 mL, p.o.

	
Vehicle 1 mL, p.o.

	
Vehicle 1 mL, p.o.

	
Vehicle 1 mL, p.o.

	
Vehicle 1 mL, p.o.

	
Vehicle 1 mL, p.o.




	
Paeonol

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.




	
MTX

	

	

	

	

	
20 mg/kg, i.p.

	

	

	

	

	




	
Paeonol + MTX

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o. + 20 mg/kg, i.p.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.

	
100 mg/kg, p.o.
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