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G e W N

Abstract: Despite its effectiveness in treating inflammatory diseases and various malignancies,
methotrexate (MTX) is well known to cause hepatotoxicity, which involves increased oxidative
stress and inflammation, limiting its clinical use. Herein, we looked into the effect of punicalagin
(PU), a polyphenolic molecule having a variety of health-promoting attributes, on MTX-induced
hepatotoxicity in mice. PU (25 and 50 mg/kg/day) was given orally to the mice for 10 days, while a
single dose of MTX (20 mg/kg) was injected intraperitoneally (i.p.) at day 7. The MTX-induced liver
damage was demonstrated by remarkably higher transaminases (ALT and AST), ALP, and LDH, as
well as significant histological alterations in hepatic tissues. MTX-injected mice also demonstrated
increases in hepatic oxidative stress markers, including malondialdehyde (MDA) and nitric oxide
(NO), with a concordant drop in glutathione (GSH) content and superoxide dismutase (SOD) and
catalase (CAT) activities. PU significantly attenuated the MTX-induced serum transaminases, ALP
and LDH elevations, and hepatic oxidative stress measures and boosted antioxidant defenses in
the liver. Moreover, the liver of MTX-treated mice showed increases in NF-«kB p65 expression,
pro-inflammatory cytokine (IL-6 and TNF-«) levels, and pro-apoptotic protein (caspase-3 and Bax)
expression, whereas Bcl-2 and Nrf2 expressions were reduced, which were all attenuated by PU
treatment. Collectively, PU inhibits oxidative damage, inflammation, and apoptosis and upregulates
Nrf2 in the liver of MTX-induced mice. Thus, these findings suggest that PU may have great
therapeutic potential for the prevention of MTX-induced hepatotoxicity, pending further exploration
in upcoming studies.
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1. Introduction

Drug-induced liver injury (DILI) is a term used to describe any injury to the liver by
drugs or other xenobiotics that can lead to chronic liver disease and/or acute liver failure,
with an estimated incidence between 13.9-19.1 cases per 100,000 persons exposed per
year [1,2]. The two mechanisms of DILI are intrinsic, which is dose-dependent and occurs
shortly after exposure, and idiosyncratic, which is more unpredictable and has a longer
latency period [2]. Liver toxicity related to drugs can mimic any form of acute or chronic
hepatobiliary conditions, such as acute viral hepatitis, biliary obstruction, acute fatty liver
and chronic hepatitis, and cirrhosis [3]. A plethora of drugs can cause liver injury, including
anticancer drugs, anesthetics, antimicrobial medications, non-steroidal anti-inflammatory
drugs, and acetaminophen, among others [2,3]. Among hepatotoxic drugs, methotrexate
(MTX) is a commonly used anticancer and immunosuppressive drug for treating a variety
of malignancies and autoimmune diseases [4-7]. It is a folate antimetabolite that can
cause significant toxicity, including hepatotoxicity, acute kidney injury (AKI), pulmonary
damage, myelosuppression, and mucositis, limiting its clinical usage [8-10]. Although
chronic MTX toxicity is more documented in patients receiving MTX, acute MTX toxicity
can be a life-threatening emergency in the form of multiorgan failure [11,12]. Hence, there
is a need to develop effective pharmacotherapies to prevent and decrease the devastating
complications of MTX, including hepatotoxicity.

Following its administration, MTX distributes to extravascular compartments, in-
cluding synovial fluid, and to the non-fatty tissues of the body, including liver, kidney,
and joint tissues [13,14]. In some organs (e.g., the liver and kidney), MTX can be con-
verted by folylpolyglutamate synthetase to active polyglutamate derivatives which are
selectively retained in cells longer than MTX [13,15]. Moreover, MTX partly undergoes
hydroxylation by hepatic aldehyde oxidase to 7-hydroxymethotrexate with a long half-
life of 24 h in humans [16,17]. MTX is mainly excreted by the kidney as a result of both
glomerular filtration and tubular secretion. Extrarenal routes of MTX excretion, including
biliary excretion and secretion into human breast milk and saliva, may occur [13,18]. Even
though the molecular mechanisms behind the hepatotoxicity of MTX have not yet been
fully understood, experimental and clinical investigations are consistent with the idea that
excessive reactive oxygen species (ROS) generation, oxidative stress, inflammation, DNA
damage, and caspase-3 activation play a key role in the development of MTX hepatotoxic-
ity [8,9,15,19]. It has been reported that MTX metabolites, including MTX-polyglutamate,
can cause ROS overproduction, steatosis, and fibrosis in the liver [15]. Indeed, increased
ROS production induces oxidative damage to DNA, lipids, and proteins, as well as an
inflammatory response via nuclear factor kappa-B (NF-«B) activation and the production of
pro-inflammatory cytokines, resulting in liver apoptosis and injury [10,15,20-22]. Thus, the
activation of antioxidant and cytoprotective pathways can show a robust protective strategy
against the development of MTX hepatotoxicity. Among these protective strategies is the
activation of the redox-regulated transcription factor nuclear factor (erythroid-derived
2)-like 2 (Nrf2), which can protect against cellular oxidative damage through the regula-
tion of the basal and inducible expression of a plethora of antioxidant and cytoprotective
genes [23,24]. Therefore, the activation of Nrf2 may show a promising feasible approach
for the prevention/treatment of MTX-induced liver injury.

Extensive evidence suggests that using natural substances with antioxidant and anti-
inflammatory characteristics can effectively treat MTX-induced liver injuries [25-28]. Plants
are considered as one of the main sources of medically relevant active compounds, in-
cluding polyphenols. Among them, the pomegranate (Punica granatum L.) is a small
tree that is cultivated in the tropics and deciduous in subtropical and temperate zone
areas [29]. It possesses high amounts of phenolic compounds, including hydrolyzable
tannins, flavonol glucosides, phenolic acids, ellagic acid derivatives, and flavonoids in
its various parts such as fruits, seeds, leaves, and peels [30,31]. Pomegranate is known
for its potential health-promoting properties, including antioxidant, anti-inflammatory,
anticancer, antihypertensive, antiatherosclerosis and antimicrobial activities [29,32]. Puni-
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calagin (PU, C4gH3O30) is one of the major active pomegranate polyphenols possessing
antioxidant and anti-inflammatory properties, among others [33-35]. PU was shown to
attenuate diabetes-induced cardiac pathology in rats via modulating myocardial oxidative
injury, inflammation, and apoptosis [36]. It has also been demonstrated that PU attenuated
acetaminophen-induced liver damage and histological changes by reducing oxidative
stress [37]. PU was reported to protect against diabetic liver injury in mice through the
attenuation of oxidative stress and restoration of antioxidants [38]. Moreover, PU prevented
cyclophosphamide-induced liver injury by inhibiting oxidative/nitrosative stress, inflam-
mation, and apoptosis [39]. PU also showed a protective action against acrylamide-induced
neurotoxicity and hepatotoxicity by modulating oxidative stress and apoptosis in rats [40].
PU protected rats against cisplatin-induced renal damage by lowering oxidative stress,
inflammation, and apoptosis while increasing Nrf2 and antioxidant levels [34]. Moreover,
another study found that PU mitigated carbon tetrachloride (CCly)-induced liver damage
by improving antioxidative activities and autophagy via the Akt/FOXO3a and P62/Nrf2-
signaling pathways [41]. In addition, PU attenuated methionine-induced brain damage [42]
and protected against streptozotocin-induced pancreatic injury and insulitis [43] in rodents
by modulating oxidative stress, inflammation and apoptotic cell death. PU, like all other
ellagitannins, is hydrolyzed in the small intestine to form ellagic acid, which is then metab-
olized by intestinal bacteria via numerous decarboxylation steps to produce urolithins [44].
Similar to PU, ellagic acid and urolithins have shown significant antioxidant activity and
protective effects against oxidative stress-mediated tissue damage [45—48]. While PU and
ellagic acid are poorly bioavailable due to their rapid degradation or low water solubility,
urolithins are the most bioavailable ellagitannin derivatives absorbed from the intestine and
distributed in the body fluids and tissues, appearing as the actual metabolites responsible
for beneficial bioactivities obtained from PU and other ellagitannins ingestion [49,50].

Despite its multiple therapeutic effects, the protective action of PU against MTX-
induced hepatotoxicity is yet to be studied. Therefore, we hypothesized that treatment
with PU would be a novel strategy for protecting the liver from the adverse effects of MTX.
In this study, we have investigated the effect of PU on oxidative stress, inflammation, and
apoptosis, hinting at a putative role for Nrf2 in the protection of MTX-induced hepatotoxic-
ity in mice. This study underscores the potential of PU for the prevention of hepatotoxicity
induced by MTX.

2. Results
2.1. PU Prevents MTX-Induced Liver Injury in Mice

To investigate the protective effect of PU on MTX-induced liver injury, we evaluated
liver function markers levels (Figure 1A-D) and histological changes (Figure 2) in both
PU-treated and untreated mice. MTX resulted in a significant (p < 0.05) increase in serum
aspartate aminotransferase (AST) (Figure 1A), alanine transaminase (ALT) (Figure 1B),
alkaline phosphatase (ALP) (Figure 1C), and lactate dehydrogenase (LDH) (Figure 1D)
activities when compared to control mice. The treatment of MTX-intoxicated mice with PU
significantly (p < 0.05) ameliorated serum AST, ALT, ALP, and LDH activities. PU alone
had no effects on the liver enzymes in the healthy mice.
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Figure 1. PU ameliorates liver function in mice exposed to MTX. PU reduced the blood levels of
(A) AST, (B) ALT, (C) ALP, and (D) LDH activities in MTX-injected mice. Results are expressed
as mean + SEM, (n = 6). a indicates significant (p < 0.05) vs. control, while b indicates significant
(p < 0.05) vs. MTX.

The effect of PU on MTX-induced liver injury was further evaluated by examining
the hematoxylin and eosin (H&E)-stained liver sections of both PU-treated and untreated
mice. As shown in Figure 2A,B, histological examination of liver sections from control and
PU-treated mice demonstrated normal hepatic cells arranged in cords and separated with
sinusoids around the central vein. Examination of sections from the liver of MTX-treated
mice showed congestion of hepatic blood vessels and marked granular hepatic vacuolation
associated with marked nuclear pyknosis (Figure 2C). These histopathological changes
were remarkably attenuated when MTX-injected mice were treated with both doses of PU
(Figure 2D,E).

2.2. PU Attenuates Oxidative Stress and Enhances Antioxidants Defenses in Liver of
MTX-Treated Mice

The levels of hepatic malondialdehyde (MDA) and nitric oxide (NO) were significant
(p < 0.05) in the mice intoxicated with MTX (Figure 3A,B, respectively); meanwhile, this
group exhibited a significant decrease (p < 0.05) in the liver-reduced glutathione (GSH)
contents (Figure 3C), as well as superoxide dismutase (SOD) and catalase (CAT) activ-
ities (Figure 3D,E, respectively). The PU treatment of MTX-injected mice significantly
(p < 0.05) ameliorated MDA and NO levels and restored antioxidants in the MTX-induced
liver. Normal mice that received PU alone had no effects on MDA and NO contents and
antioxidants.
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Figure 2. PU ameliorates MTX-induced histopathological alterations in the liver. Image of hepatic
sections from (A) control mice showing normal hepatic cells (arrowhead) arranged in cords and
separated with sinusoids around the central vein (CV); (B) PU-treated animals demonstrating normal
hepatocytes (arrowhead) around the central vein (CV), (C) MTX-treated animals demonstrating
congestion of hepatic blood vessels (arrow) and marked granular hepatic vacuolation associated
with marked nuclear pyknosis (arrowhead); (D) MTX-administered mice pre-treated with 25 mg PU
showing marked decreased hepatic vacuolation which restricted mostly centrilobular (arrowhead)
(CV indicates central vein); and (E) MTX-administered animal group pre-treated with 50 mg PU
demonstrating noticeable decrease in hepatic vacuolation with few cellular apoptosis (arrowheads)
(CV indicates central vein) (H&E, X200, Scale bar = 50 um).
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Figure 3. PU reduces hepatic levels of oxidative stress markers in mice exposed to MTX. Pre-treatment
with PU decreased hepatic (A) MDA and (B) NO levels, elevated (C) GSH level, and (D) SOD and
(E) CAT activities in MTX-injected mice. Results are expressed as mean + SEM, (n = 6). a indicates
significant (p < 0.05) vs. control, while b indicates significant (p < 0.05) vs. MTX.

2.3. PU Suppresses the MTX-Induced Hepatic Inflammation in Mice

Inflammatory response plays a crucial role in the pathogenicity of MTX-induced
liver toxicity. Inflammation was significantly elevated in the hepatic tissue of MTX-
intoxicated mice when compared to the control animal group. This was indicated by
a considerable (p < 0.05) rise in the hepatic NF-«kB p65 expression (Figure 4A-F) as well
as pro-inflammatory cytokine levels, interleukin-6 (IL-6) (Figure 5A), and tumor necrosis
factor-alpha (TNF-«) (Figure 5B). Treatment of MTX-injected mice with both doses of PU
significantly (p < 0.05) ameliorated NF-«B p65 expression and IL-6 and TNF-« levels in the
liver. However, PU alone did not affect the above-mentioned markers in healthy mice.

2.4. PU Mitigates the MTX-Induced Apoptosis in the Liver

To further assess the preventive impact of PU on MTX-injured liver, we determined the
expression levels of Bax, Bcl-2, and caspase-3 in hepatic tissue by immunohistochemistry
(IHC) staining. There was a significant (p < 0.05) decline in the level of Bcl-2 expression
(Figure 6A-F), with concordant marked (p < 0.05) elevation of the expression levels of Bax
(Figure 7A-F) and caspase-3 (Figure 8A-F) in liver of MTX-injected mice. This imbalance
in the hepatic contents of Bax, Bcl-2, and caspase-3 were remarkably (p < 0.05) ameliorated
when mice were pretreated with both doses of PU before MTX exposure. PU alone did not
affect the expression levels of the above-mentioned apoptosis regulatory proteins in the
liver.
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Figure 4. PU attenuates hepatic inflammatory reaction in MTX-administered mice. Photomicro-
graphs of microscopic field from liver of (A) control and (B) PU-treated mice showing minimal
immunoexpression of NF-«B p65 in the hepatic tissues (arrowheads); (C) MTX-injected mice demon-
strating marked immunoexpression of cytoplasmic and nuclear hepatocytes’ NF-kB p65 (arrowheads);
(D) MTX-injected mice pre-treated with 25 mg PU demonstrating decreased hepatocytes” NF-«B p65
immunoexpression (arrowheads); and (E) MTX-injected animals pre-treated with 50 mg PU demon-
strating noticeable decreased hepatocytes” NF-«B p65 immunoexpression (arrowheads) (IHC, X200,
Scale bar = 50 um). (F) Image analysis of hepatocytes” NF-«kB p65 immunostaining demonstrating
significant rise of NF-kB p65 in MTX-injected mice and significant decline of NF-kB p65 in mice
pretreated with both doses of PU before MTX injection. Results are expressed as mean + SEM, (1 = 6).
a indicates significant (p < 0.05) vs. control, while b indicates significant (p < 0.05) vs. MTX.
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Figure 5. PU reduces hepatic (A) IL-6 and (B) TNF-oc in MTX-injected mice. Results are expressed
as mean + SEM, (n = 6). a indicates significant (p < 0.05) vs. control, while b indicates significant
(p <0.05) vs. MTX.

Bd-2
positive area (%)

Figure 6. PU attenuates hepatic Bcl-2 in MTX-injected mice. Image of microscopic field of hepatic
tissue from (A) control and (B) PU-treated mice showing high level of hepatocytes Bcl-2 immuno-
expression (arrowheads), (C) MTX- injected mice showing marked decrease in hepatocytes” Bcl-2
immunoexpression (arrowheads); (D) MTX-injected mice pre-treated with 25 mg PU demonstrating
increased Bcl-2 immunoexpression within the hepatic tissues (arrowheads); and (E) MTX-injected
mice pre-treated with 50 mg PU showing noticeable increase in hepatocytes’ Bcl-2 immunoexpression
(arrowheads) (IHC, X200, Scale bar = 50 um). (F) Image analysis of hepatic Bcl-2 immunostaining
demonstrating significant decline of Bcl-2 level in MTX-injected mice and significant elevation of
Bcl-2 level in both doses of PU-pretreated mice exposed to MTX. Results are expressed as mean +
SEM, (n = 6). a indicates significant (p < 0.05) vs. control, while b indicates significant (p < 0.05) vs.
MTX.
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Figure 7. PU decreases hepatic Bax in MTX-administered mice. Image of hepatic microscopic
field of (A) control and (B) PU-treated mice showing scanty hepatocytes’ expression of Bax (ar-
rowheads); (C) MTX-injected mice showing marked immunoexpression of Bax within the hepatic
tissues (arrowheads); (D) MTX-injected mice pre-treated with 25 mg PU demonstrating decreased
Bax immunoexpression within the hepatic tissues (arrowheads); and (E) MTX-injected mice pre-
treated with 50 mg PU demonstrating noticeable decline in hepatocytes’ Bax immunoexpression
(arrowheads) (IHC, X200, Scale bar = 50 um). (F) Image analysis of hepatic Bax immunostaining
demonstrating significant elevation of Bax level in MTX-injected mice and significant decline of Bax
level in MTX-exposed mice pretreated with both doses of PU. Results are expressed as mean + SEM,
(n = 6). a indicates significant (p < 0.05) vs. control, while b indicates significant (p < 0.05) vs. MTX.
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Figure 8. PU decreases hepatic caspase-3 in MTX-injected mice. Images of hepatic microscopic
fields from (A) control and (B) PU-treated animals demonstrating slight immunoexpression of
caspase-3 within the hepatic tissues (arrowheads); (C) MTX-administered mice showing marked
immunoexpression of caspase-3 within the hepatic tissues (arrowheads); (D) MTX-intoxicated mice
pre-treated with 25 mg PU demonstrating decreased caspase-3 immunoexpression within the hepatic
tissues (arrowheads); and (E) MTX-injected mice pre-treated with 50 mg PU showing noticeable
decreased hepatocytes’ caspase-3 immunoexpression (arrowheads) (IHC, X200, Scale bar = 50 um).
(F) Image analysis of hepatocytes’ caspase-3 immunostaining of mice demonstrating significant
elevation in MTX-injected mice and significant decline in mice treated with both doses of PU. Results
are expressed as mean + SEM, (n = 6). a indicates significant (p < 0.05) vs. control, while b indicates
significant (p < 0.05) vs. MTX.

2.5. PU Upregulates Hepatic Nrf2/Heme Oxygenase 1 (HO-1) in MTX-Treated Mice

Since targeting Nrf2 is suggested to attenuate oxidative damage and inflammation,
changes in its expression in the liver of both PU-treated and untreated mice were de-
termined by IHC staining (Figure 9A-F). MTX-treated mice demonstrated significantly
(p < 0.05) downregulated hepatic expressions of Nrf2 as compared to the control animal
group. Such downregulation of the hepatic Nrf2 expression was significantly (p < 0.05)
attenuated by PU pre-treatment (Figure 9A-F) of MTX-injected mice. In addition, both
doses of PU significantly (p < 0.05) attenuated HO-1 in the mouse liver (Figure 9G). Normal
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mice that received PU alone had no effects on Nrf2 expression and HO-1 content in the
liver.
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Figure 9. PU upregulates hepatic Nrf2/HO-1 signaling in MTX-injected animals. Images of hepatic
microscopic fields from (A) control and (B) PU-treated mice showing noticeable immunoexpression
of hepatocytes” Nrf2 (arrowheads); (C) MTX-injected mice demonstrating considerable decrease in
hepatocytes” Nrf2 immunoexpression (arrowheads); (D) MTX-injected mice pre-treated with 25 mg
PU demonstrating an elevation of Nrf2 immunoexpression within the hepatic tissues (arrowheads);
and (E) MTX-injected animals pre-treated with 50 mg PU showing marked increase in Nrf2 immuno-
expression within the hepatic tissues (arrowheads) (IHC, X200, Scale bar = 50 um). (F) Image analysis
of hepatic Nrf2 immunostaining showing remarkable upregulation in MTX-injected mice treated
with both doses of PU. (G) PU markedly attenuates hepatic levels of HO-1 in MTX-injected mice.
Results are expressed as mean £ SEM, (n = 6). a indicates significant (p < 0.05) vs. control, while b
indicates significant (p < 0.05) vs. MTX.

3. Discussion

The antifolate metabolite MTX is one of the most effective and widely used drugs in
the management of a range of malignancies and autoimmune disorders [4,51]. However, it
can induce multi-organ toxicity, including hepatotoxicity, which involves increasing ROS
generation and activating pro-inflammatory and cell death pathways, limiting its clinical
use [8,9,19]. Therefore, the development of efficient promising protective approaches to
prevent MTX hepatotoxicity is needed. In this study, we demonstrated that PU mitigated
MTX-induced liver injury via attenuating oxidative tissue injury, inflammatory response,
and cell death, and upregulating Nrf2 in the liver tissue of mice.

Consistent with several studies [19,52-54], MTX-induced liver damage was demon-
strated in this study by increased serum levels of transaminases (ALT and AST), ALP, and
LDH, as well as various histological abnormalities in liver tissues. Clinically, elevated
blood liver enzymes are frequently linked with MTX therapy, indicating hepatocellular
degeneration and necrosis [15]. MTX administration has been associated with acute hepa-
tocellular necrosis, steatosis, cholestasis, fibrosis, and cirrhosis [2,52]. The localization of
histopathological changes in the pericentral hepatocytes may suggest that MTX is more
abundant in this region than in the periportal and midzonal lobular zones. This could be
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attributable to increased glutamate uptake by pericentral hepatocytes, which enhances
MTX polyglutamate production by folylpolyglutamyl synthatase and boosts intracellular
MTX accumulation [55]. Furthermore, since the pericentral area is the furthest zone from
the arterial blood supply, it has relatively lower levels of oxygen and GSH, making it
more vulnerable to hypoxia and oxidative damage [56,57]. PU pre-treatment, on the other
hand, demonstrated a potent hepatoprotective effect against MTX-induced hepatotoxi-
city, as shown by reducing both serum markers and histopathological features of liver
injury. These findings are consistent with numerous previous reports that showed the
hepatoprotective potential of PU against liver injury induced by drugs and chemicals like
cyclophosphamide [39], acetaminophen [37], and tetrachloromethane [41].

Increased oxidative damage of the liver has been described as an important primary
mechanism leading to the development of MTX-induced hepatotoxicity [21,22,27]. In hepa-
tocytes, the enzyme folylpolyglutamyl synthetase converts MTX to MTX polyglutamates by
adding up to six glutamate residues to MTX and increasing its intracellular retention, which
triggers ROS overproduction and oxidative damage in liver tissue [13,15]. In turn, gamma-
glutamyl hydrolase converts MTX polyglutamates back to MTX by removing glutamates
from the polyglutamates, which are subsequently eliminated from cells by ATP-binding
cassette transporters [58]. Furthermore, at a high dose of MTX, the amount of MTX is
converted to the toxic metabolite 7-hydroxymethotrexate by the action of aldehyde oxidase
as a dose-dependent alternate pathway [16,17,50]. Oxidative stress can cause potentially
harmful events in the cell, including LPO, protein oxidation, and oxidative DNA damage,
which are considered crucial factors in triggering the pathologic changes associated with
MTX hepatotoxicity [5,19,26,53,59]. Herein, the liver of MTX-treated mice showed increased
MDA and NO contents, along with a marked decline in GSH content and SOD and CAT ac-
tivities. LPO is considered a destructive process that affects cellular membranes and causes
membrane permeability and fluidity changes with significant biological consequences [60].
Furthermore, protein oxidation causes protein unfolding, aggregation, or fragmentation, as
well as enzyme and other protein inactivation, all of which result in protein degradation
and, ultimately, cell death [61]. Importantly, peroxynitrite, a powerful oxidant formed by
the interaction of superoxide anion with NO, aggravates oxidative damage by further oxi-
dation of cellular components such as lipids, DNA, and proteins, resulting in cell death [62].
Therefore, attenuating oxidative stress and enhancing antioxidant defenses might represent
powerful therapeutic tools for the prevention of hepatotoxicity induced by MTX. In the
present study, PU treatment of MTX-injected mice markedly attenuated MDA and NO
contents and boosted antioxidants in the liver. Consistent with our findings, PU decreased
MDA and restored GSH contents and CAT and SOD activities in the kidney of a rat model
of cisplatin-induced induced AKI [34]. Another study showed that PU treatment reduced
the MDA level and increased SOD and glutathione peroxidase (GPx) activities in the liver of
CCls-induced hepatic injury [41]. PU was also able to prevent cyclophosphamide-induced
oxidative tissue injury in the liver by decreasing MDA and NO levels and increasing total
antioxidant capacity (TAC) in rats [63].

Multiple lines of evidence indicate that the MTX-induced ROS production may trig-
ger an inflammatory response through activating the redox-sensitive factor NF-«B that
induces the release of pro-inflammatory mediators resulting in increased inflammation and
associated oxidative stress, hence promoting the progression of liver injury and dysfunc-
tion [15,53,54]. Consistent with several studies [15,21,22], the liver of MTX-injected mice
showed increased NF-kB p65 expression and TNF-« and IL-6 levels in the liver. Indeed,
increased oxidative stress and inflammation may promote the activation of stress signaling
pathways facilitating apoptotic cell death in the liver [64,65]. In the present study, the MTX-
treated mice showed increased expression of Bax and caspase-3 and decreased expression of
Bcl-2 in the liver. These findings were supported by previous studies where MTX injection
was associated with increased apoptosis in the liver [21,22,53]. The most likely trigger of
MTX-induced apoptosis is sustained ROS production after MTX exposure that culminates
in the dissipation of mitochondrial membrane potential and cytochrome c release which
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ultimately induces the execution phase of caspase-3-dependent apoptosis [15,25,27]. Thus,
prevention of the MTX-induced ROS overproduction and NF-«B activation can attenuate
apoptosis and consequently protect against liver injury and dysfunction induced by MTX.
PU suppressed NF-«B and decreased TNF-«, and IL-6 in the liver of MTX-injected mice,
demonstrating its anti-inflammatory activity. Furthermore, PU prevented MTX-induced
apoptosis in the liver as shown by the decreased Bax and caspase-3 and increased Bcl-
2 expressions. Consistently, PU protected against inflammation and apoptosis where it
suppressed NF-kB, TNF-«, IL-13, Bax, and caspase-3 and enhanced Bcl-2 in the kidney
of cisplatin-induced nephrotoxicity [34]. Additionally, PU prevented cyclophosphamide
inflammation and apoptosis in the liver through attenuating NF-«B p65, TNF-«, IL-1f3,
Bax/Bcl-2 ratio, inducible nitric oxide synthase, and caspases 3 and 9 levels [39]. Fur-
thermore, PU decreased ROS formation and inhibited apoptosis in palmitate-mediated
lipotoxicity in HepG2 cells through modulating cytochrome c release, Bax mitochondrial
translocation, and caspase-3 activation [66]. Taken together, the suppressive effect of PU on
MTX-induced apoptosis in the liver appears to be attributed, at least in part, to its potential
inhibitory effects on ROS overproduction and inflammatory response.

It has extensively been suggested that the activation of Nrf2 is crucial in protecting
against the development of drug-induced hepatotoxicity through the neutralization of ROS
in the cell and the upregulation of antioxidant and cytoprotective genes [53,67,68]. It has
been reported that Nrf2 activation prevented drug-induced liver injury through attenuating
oxidative tissue damage and inflammatory response [67,69]. In contrast to these studies,
Lv et al. [70], using Nrf2-deficient mice, indicated that the inhibition of Nrf2 may be
deleterious and increase susceptibility to acetaminophen-induced hepatotoxicity. Therefore,
interventions aiming at augmenting Nrf2 signaling can be of significant therapeutic benefit
against MTX-induced hepatotoxicity. Accumulating evidence indicates that the use of
Nrf2-activating natural compounds has shown effective therapeutic effects against MTX-
induced liver injury without interfering with its anticancer effectiveness [53,54]. Herein,
PU treatment effectively upregulated Nrf2 in the liver of MTX-injected mice. Accordingly,
a recent study showed that PU treatment prevented cisplatin-induced oxidative tissue
injury and inflammatory response in the kidney possibly via activating Nrf2-signaling
pathway [34]. Similar findings also indicated that PU increased Nrf2 and HO-1 expression
to prevent lipopolysaccharides (LPS)-induced oxidative stress in macrophages by reducing
ROS and NO generation and increasing SOD1 expression [71]. Additionally, PU effectively
ameliorated free fatty acids (FFA)-induced lipotoxicity in HepG2 cells by activating the
Nrf2-signaling pathway [66].

The findings of this study showed the hepatoprotective effects of PU against MTX-
induced liver injury; however, it has some limitations. Although PU attenuated MDA and
NO levels and boosted antioxidant defenses in the liver, we didn’t measure its effect on ROS
generation. This study showed that PU upregulated Nrf2 and HO-1 in the liver of MTX-
intoxicated mice; however, it was unable to evaluate the effect of hepatic expression of other
Nrf2-related antioxidant enzymes. While this study clearly indicated the downregulation
and upregulation of some regulatory proteins as depicted by IHC and ELISA, we did not
validate it by RT-qPCR to demonstrate the relationship between protein and mRNA levels.

4. Materials and Methods
4.1. Animals

Thirty Swiss albino mice weighing 23-25 g were used in this study. All animals
were housed under standard conditions (temperature, 23 £ 2 °C; and relative humidity,
50 £ 10%) with a 12 h light/dark cycle. They were allowed to acclimatize for a week before
beginning the experiment, and they were fed a standard chow diet with unrestricted access
to water. Animal handling and related protocols were validated by the panel of animal
research ethics at Al-Hussein Bin Talal University (AHU-198/2019) and were conducted
in compliance with National Institutes of Health legislation (NIH publication No. 85-23,
revised 2011).
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Physiological saline and 0.5% carboxymethyl cellulose (CMC) were used as vehicle
solutions to dissolve the MTX (Shanxi PUDE, Datong, China) and the PU (Santa Cruz
Biotechnology, Dallas, TX, USA), respectively [34].

4.2. Experimental Design

The included animals were divided into five groups (1 = 6). The control mice were
administered with 0.5% CMC for 10 days and injected intraperitoneally (i.p.) once with
physiological saline on day 7. The mice in the second group (PU) were administered
with PU (50 mg/kg) orally for 10 days and one injection (i.p.) of physiological saline on
day 7. Meanwhile, groups III (MTX), IV (PU 25 mg/kg + MTX), and V (PU 50 mg/kg +
MTX) animals were administered orally with 0.5% CMC, 25 mg/kg PU, or 50 mg/kg PU,
respectively, for 10 days and a single dose of MTX (20 mg/kg, i.p.) at day 7. The PU and
MTX doses were determined based on the previous reports of Aladaileh et al. [34] and
Mahmoud et al. [53], respectively.

The animals were anesthetized on the 11th day of the experiment using a ketamine—
xylazine combination (100 mg/kg, 10 mg/kg, respectively, i.p.). A cardiac puncture was
performed for blood sampling, then serum was separated for biochemical assessment.
Instantly, the mice were dissected, and the liver tissues were isolated and washed in
50 mM cold phosphate buffer (PBS) (pH 7.0). Parts of liver specimens were fixed in 10%
neutral buffered formalin for histological examination. The rest of the liver tissues were
homogenized in cold PBS (10% w/v), centrifuged, and the clear homogenate was collected
and stored at —20 °C for further analysis of biochemical parameters.

4.3. Estimation of Markers of Liver Function

Activities of liver function enzymes including AST, ALT, ALP, and LDH were de-
termined in the serum of both PU-treated and untreated mice using kits procured from
Spinreact (Girona, Spain).

4.4. Assessment of Oxidative Stress Markers and Antioxidant Contents in Liver Tissues

The hepatic levels of oxidative stress markers including MDA and NO were deter-
mined according to the methods described by Ohkawa et al. [72] and Green et al. [73],
respectively. In addition, the activities of the antioxidant contents including SOD [74] and
CAT [75], as well as the levels of GSH [76] were estimated in the liver of both PU-treated
and untreated mice. A specific ELISA kit (MyBioSource, San Diego, CA, USA) was used for
the measurement of hepatic HO-1 content according to the protocol provided.

4.5. Estimation of Pro-Inflammatory Cytokines in Liver

Following the manufacturer’s instructions of R&D Systems (Minneapolis, MN, USA)
ELISA Kkits, the levels of pro-inflammatory cytokines, including TNF-« and IL-6, were
estimated in hepatic tissues of both PU-treated and untreated mice.

4.6. Histological Examination of Liver Sections

The formalin-fixed specimens were dehydrated, cleared in xylene, and embedded in
paraffin. Next, 5-pm slices were prepared using a rotary microtome before the sections
were deparaffinization and rehydration. Then, they were subjected to H&E for routine
histopathological examination and the histopathological changes were observed using light
microscopy and evaluated in a blinded manner by a histopathologist.

4.7. Immunohistochemistry

For IHC, the deparaffinized and hydrated sections were treated with 0.05 M citrate
buffer (pH 6.8) for antigen retrieval followed by 0.3% hydrogen peroxide. The nonspecific
antigen-antibody binding was blocked through the addition of normal serum for 20 min.
The sections were washed in PBS and probed overnight at 4 °C with anti-NF-kB p65
(ThermoFisher, Waltham, MA, USA), anti-Bax (Abcam, Cambridge, MA, USA), anti-Bcl-2
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(Abcam, Cambridge, MA, USA), anti-caspase-3 (ThermoFisher, Waltham, MA, USA), and
anti-Nrf2 (ThermoFisher, Waltham, MA, USA). After washing in PBS, anti-mouse secondary
antibodies were added to the slides, and DAB was used for color development. Then,
the sections were counterstained with Mayer’s hematoxylin, and examined under a light
microscope. The staining labelling indices of the caspase-3 and NF-«B p65 were presented as
a percentage equivalent field of positive control expression. The immunostaining intensity
of anti-Bcl-2 and anti-Nrf2 antibodies was determined through a percent of the positive
area using image ] analysis software (NIH, Bethesda, MD, USA).

4.8. Analysis of Data

The mean and S.E.M are used to express the results of this study. GraphPad Prism
7 software (San Diego, CA, USA) was used to determine all statistical differences among
groups using analysis of variance (ANOVA) followed by Tukey’s post hoc test. A p value
of less than 0.05 was deemed significant.

5. Conclusions

The observations of this study introduced evidence that PU can be of significant
prophylactic benefit against MTX hepatotoxicity by decreasing oxidative tissue injury,
inflammation, and cell death in the liver. These prophylactic effects were associated with
upregulating Nrf2 and boosting antioxidant defenses. Therefore, PU could be suggested as
the potential for a new preventive approach targeting MTX hepatotoxicity and perhaps
other toxic effects, pending further studies exploring its exact protective mechanism(s) to
be conducted.

Author Contributions: Conceptualization, A.A.-m.A.A.-k. and M.H.A.; methodology, EA.,, M. A A,
FS.A,AIA,SHA., SK., O.Y.A. and M.H.A; validation, A.A.A., SK. and M.H.A; formal analysis,
SK. AILA., MMJ., M.AA. and M.H.A; investigation, A.A.A.,, MLAA, HK.A, MM], FSA,,
O.Y.A. and M.H.A_; resources, A.A.A.,, HK.A., ES.A. and M.A.A.; data curation, A.A.A., HK.A., S.K.
and M.H.A; writing—original draft preparation, M.H.A. and A.A.-m.A.A.-k.; writing—review and
editing, A A-m.A.A-k, O.Y.A. and M.H.A,; visualization, M.H.A. and O.Y.A.; supervision, M.H.A.
and O.Y.A,; Funding acquisition, F.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Researchers supporting project number (RSP2022R235),
King Saud University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: The animals handling, and experimental protocol conformed
to the guidelines of the National Institutes of Health (NIH publication No. 85-23, revised 2011) and
approved by ethical committee of animal experiments at Al-Hussein Bin Talal University (AHU-
198/2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data analyzed or generated during this study are included in this
manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

1. Katarey, D.; Verma, S. Drug-induced liver injury. Clin. Med. 2016, 16, s104. [CrossRef] [PubMed]
2. Andrade, R].; Chalasani, N.; Bjornsson, E.S.; Suzuki, A.; Kullak-Ublick, G.A.; Watkins, P.B.; Devarbhavi, H.; Merz, M.; Lucena,
M.IL; Kaplowitz, N. Drug-induced liver injury. Nat. Rev. Dis. Prim. 2019, 5, 1-22. [CrossRef]

Ll

David, S.; Hamilton, J.P. Drug-induced liver injury. US Gastroenterol. Hepatol. Rev. 2010, 6, 73. [PubMed]
Puig, L. Methotrexate: New therapeutic approaches. Actas Dermo-Sifiliogrdficas 2014, 105, 583-589. [CrossRef]

5. Sahindokuyucu-Kocasari, F; Akyol, Y.; Ozmen, O.; Erdemli-Kose, S.; Garli, S. Apigenin alleviates methotrexate-induced liver and
kidney injury in mice. Hum. Exp. Toxicol. 2021, 40, 1721-1731. [CrossRef] [PubMed]

6.  Goljan-Geremek, A.; Bednarek, M.; Franczuk, M.; Pusciniska, E.; Nowinski, A.; Czystowska, M.; Kaminski, D.; Korzybski, D.;
Stoklosa, A.; Kowalska, A. Methotrexate as a single agent for treating pulmonary sarcoidosis: A single centre real-life prospective
study. Adv. Respir. Med. 2014, 82, 518-533. [CrossRef] [PubMed]


http://doi.org/10.7861/clinmedicine.16-6-s104
http://www.ncbi.nlm.nih.gov/pubmed/27956449
http://doi.org/10.1038/s41572-019-0105-0
http://www.ncbi.nlm.nih.gov/pubmed/21874146
http://doi.org/10.1016/j.ad.2012.11.017
http://doi.org/10.1177/09603271211009964
http://www.ncbi.nlm.nih.gov/pubmed/33845614
http://doi.org/10.5603/PiAP.2014.0069
http://www.ncbi.nlm.nih.gov/pubmed/25339562

Int. . Mol. Sci. 2022, 23, 12334 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kremer, ]. M. Toward a better understanding of methotrexate. Arthritis Rheum. 2004, 50, 1370-1382. [CrossRef] [PubMed]
Howard, S.C.; McCormick, J.; Pui, C.H.; Buddington, RK.; Harvey, R.D. Preventing and managing toxicities of high-dose
methotrexate. Oncologist 2016, 21, 1471-1482. [CrossRef] [PubMed]

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

Dalaklioglu, S.; Geng, G.; Aksoy, N.; Akcit, F.; Gumuslu, S. Resveratrol ameliorates methotrexate-induced hepatotoxicity in rats
via inhibition of lipid peroxidation. Hum. Exp. Toxicol. 2013, 32, 662—-671. [CrossRef] [PubMed]

Yélamos, O.; Catala, A.; Vilarrasa, E.; Roé, E.; Puig, L. Acute severe methotrexate toxicity in patients with psoriasis: A case series
and discussion. Dermatology 2014, 229, 306-309. [CrossRef] [PubMed]

Ahmadzadeh, A.; Zamani, N.; Hassanian-Moghaddam, H.; Hadeiy, S.K.; Parhizgar, P. Acute versus chronic methotrexate
poisoning; a cross-sectional study. BMIC Pharmacol. Toxicol. 2019, 20, 1-7. [CrossRef] [PubMed]

Bannwarth, B.; Péhourcq, F.; Schaeverbeke, T.; Dehais, J. Clinical pharmacokinetics of low-dose pulse methotrexate in rheumatoid
arthritis. Clin. Pharmacokinet. 1996, 30, 194-210. [CrossRef] [PubMed]

Maksimovic, V.; Pavlovic-Popovic, Z.; Vukmirovic, S.; Cvejic, J.; Mooranian, A.; Al-Salami, H.; Mikov, M.; Golocorbin-Kon, S.
Molecular mechanism of action and pharmacokinetic properties of methotrexate. Mol. Biol. Rep. 2020, 47, 4699—4708. [CrossRef]
[PubMed]

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

Dalvie, D.; Dj, L. Aldehyde oxidase and its role as a drug metabolizing enzyme. Pharmacol. Ther. 2019, 201, 137-180. [CrossRef]
[PubMed]

Murakami, T.; Mori, N. Involvement of multiple transporters-mediated transports in mizoribine and methotrexate pharmacoki-
netics. Pharmaceuticals 2012, 5, 802-836. [CrossRef] [PubMed]

Widemann, B.C.; Adamson, P.C. Understanding and managing methotrexate nephrotoxicity. Oncologist 2006, 11, 694-703.
[CrossRef]

Vardi, N.; Parlakpinar, H.; Cetin, A.; Erdogan, A.; Cetin Ozturk, I. Protective effect of 3-carotene on methotrexate—induced
oxidative liver damage. Toxicol. Pathol. 2010, 38, 592-597. [CrossRef] [PubMed]

Heidari, R.; Ahmadi, A.; Mohammadi, H.; Ommati, M.M.; Azarpira, N.; Niknahad, H. Mitochondrial dysfunction and oxidative
stress are involved in the mechanism of methotrexate-induced renal injury and electrolytes imbalance. Biomed. Pharmacother.
2018, 107, 834-840. [CrossRef] [PubMed]

Ali, N.; Rashid, S.; Nafees, S.; Hasan, S.K.; Shahid, A.; Majed, F,; Sultana, S. Protective effect of Chlorogenic acid against
methotrexate induced oxidative stress, inflammation and apoptosis in rat liver: An experimental approach. Chem.-Biol. Interact.
2017, 272, 80-91. [CrossRef] [PubMed]

Ali, N; Rashid, S.; Nafees, S.; Hasan, S.K.; Sultana, S. Beneficial effects of Chrysin against Methotrexate-induced hepatotoxicity
via attenuation of oxidative stress and apoptosis. Mol. Cell. Biochem. 2014, 385, 215-223. [CrossRef] [PubMed]

Clarke, J.L.; Murray, ].B.; Park, B.K.; Copple, .M. Roles of Nrf2 in drug and chemical toxicity. Curr. Opin. Toxicol. 2016, 1, 104-110.
[CrossRef]

Mahmoud, A.M.; Alexander, M.Y,; Tutar, Y.; Wilkinson, FL.; Venditti, A. Oxidative stress in metabolic disorders and drug-induced
injury: The potential role of Nrf2 and PPARs activators. Oxidative Med. Cell. Longev. 2017, 2017, 1-4. [CrossRef] [PubMed]
Hemeida, R.; Mohafez, O.M. Curcumin attenuates methotraxate-induced hepatic oxidative damage in rats. J. Eqypt. Natl. Cancer
Inst. 2008, 20, 141-148.

Pradhan, A ; Sengupta, S.; Sengupta, R.; Chatterjee, M. Attenuation of methotrexate induced hepatotoxicity by epigallocatechin
3-gallate. Drug Chem. Toxicol. 2022, 1-9. [CrossRef]

Goudarzi, M.; Basir, Z.; Malayeri, A.; Nesari, A.; Zaeemzadeh, N. Zingerone Attenuates Methotrexate-Induced Hepatotoxicity in
Rats. Jundishapur J. Nat. Pharm. Prod. 2021, 17, e118745. [CrossRef]

Mahmoud, A.M.; Hussein, O.E.; Hozayen, W.G.; Abd El-Twab, S.M. Methotrexate hepatotoxicity is associated with oxidative
stress, and down-regulation of PPARy and Nrf2: Protective effect of 183-Glycyrrhetinic acid. Chem. -Biol. Interact. 2017, 270,
59-72. [CrossRef]

Ge, S.; Duo, L.; Wang, ].; Yang, ].; Li, Z.; Tu, Y. A unique understanding of traditional medicine of pomegranate, Punica granatum
L. and its current research status. J. Ethnopharmacol. 2021, 271, 113877. [CrossRef]

Ruan, J.-H,; Li, J.; Adili, G.; Sun, G.-Y.; Abuduaini, M.; Abdulla, R.; Maiwulanjiang, M.; Aisa, H.A. Phenolic Compounds and
Bioactivities from Pomegranate (Punica granatum L.) Peels. ]. Agric. Food Chem. 2022, 70, 3678-3686. [CrossRef]

Zahedi, S.M.; Hosseini, M.S.; Daneshvar Hakimi Meybodi, N.; Peijnenburg, W. Mitigation of the effect of drought on growth and
yield of pomegranates by foliar spraying of different sizes of selenium nanoparticles. J. Sci. Food Agric. 2021, 101, 5202-5213.
[CrossRef] [PubMed]

Fahmy, H.A.; Farag, M.A. Ongoing and potential novel trends of pomegranate fruit peel; a comprehensive review of its health
benefits and future perspectives as nutraceutical. J. Food Biochem. 2022, 46, €14024. [CrossRef] [PubMed]

Cao, K;; Xu, J; Pu, W,; Dong, Z.; Sun, L.; Zang, W.; Gao, F; Zhang, Y,; Feng, Z.; Liu, J. Punicalagin, an active component
in pomegranate, ameliorates cardiac mitochondrial impairment in obese rats via AMPK activation. Sci. Rep. 2015, 5, 14014.
[CrossRef] [PubMed]


http://doi.org/10.1002/art.20278
http://www.ncbi.nlm.nih.gov/pubmed/15146406
http://doi.org/10.1634/theoncologist.2015-0164
http://www.ncbi.nlm.nih.gov/pubmed/27496039
http://doi.org/10.1016/j.ejmech.2018.09.027
http://www.ncbi.nlm.nih.gov/pubmed/30243154
http://doi.org/10.1177/0960327112468178
http://www.ncbi.nlm.nih.gov/pubmed/23424212
http://doi.org/10.1159/000366501
http://www.ncbi.nlm.nih.gov/pubmed/25401478
http://doi.org/10.1186/s40360-019-0316-8
http://www.ncbi.nlm.nih.gov/pubmed/31269977
http://doi.org/10.2165/00003088-199630030-00002
http://www.ncbi.nlm.nih.gov/pubmed/8882301
http://doi.org/10.1007/s11033-020-05481-9
http://www.ncbi.nlm.nih.gov/pubmed/32415503
http://doi.org/10.1016/j.tox.2021.152840
http://doi.org/10.1016/j.pharmthera.2019.05.011
http://www.ncbi.nlm.nih.gov/pubmed/31128989
http://doi.org/10.3390/ph5080802
http://www.ncbi.nlm.nih.gov/pubmed/24280676
http://doi.org/10.1634/theoncologist.11-6-694
http://doi.org/10.1177/0192623310367806
http://www.ncbi.nlm.nih.gov/pubmed/20448084
http://doi.org/10.1016/j.biopha.2018.08.050
http://www.ncbi.nlm.nih.gov/pubmed/30142545
http://doi.org/10.1016/j.cbi.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28479099
http://doi.org/10.1007/s11010-013-1830-4
http://www.ncbi.nlm.nih.gov/pubmed/24154663
http://doi.org/10.1016/j.cotox.2016.10.004
http://doi.org/10.1155/2017/2508909
http://www.ncbi.nlm.nih.gov/pubmed/29348787
http://doi.org/10.1080/01480545.2022.2085738
http://doi.org/10.5812/jjnpp.118745
http://doi.org/10.1016/j.cbi.2017.04.009
http://doi.org/10.1016/j.jep.2021.113877
http://doi.org/10.1021/acs.jafc.1c08341
http://doi.org/10.1002/jsfa.11167
http://www.ncbi.nlm.nih.gov/pubmed/33608893
http://doi.org/10.1111/jfbc.14024
http://www.ncbi.nlm.nih.gov/pubmed/34923641
http://doi.org/10.1038/srep14014
http://www.ncbi.nlm.nih.gov/pubmed/26369619

Int. . Mol. Sci. 2022, 23, 12334 17 of 18

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

Aladaileh, S.H.; Al-Swailmi, EK.; Abukhalil, M.H.; Ahmeda, A.F.; Mahmoud, A.M. Punicalagin prevents cisplatin-induced
nephrotoxicity by attenuating oxidative stress, inflammatory response, and apoptosis in rats. Life Sci. 2021, 286, 120071. [CrossRef]
[PubMed]

Xu, J.; Cao, K;; Liu, X.; Zhao, L.; Feng, Z.; Liu, J. Punicalagin Regulates Signaling Pathways in Inflammation-Associated Chronic
Diseases. Antioxidants 2021, 11, 29. [CrossRef]

El-Missiry, M.A.; Amer, M.A; Hemieda, FA.; Othman, A.L; Sakr, D.A.; Abdulhadi, H.L. Cardioameliorative effect of punicalagin
against streptozotocin-induced apoptosis, redox imbalance, metabolic changes and inflammation. Egypt. |. Basic Appl. Sci. 2015, 2,
247-260. [CrossRef]

Lin, C.C; Hsu, Y.F; Lin, T.C.; Hsu, H.Y. Antioxidant and hepatoprotective effects of punicalagin and punicalin on acetaminophen-
induced liver damage in rats. Phytother. Res. 2001, 15, 206-212. [CrossRef]

Zhang, Y.; Tan, X,; Cao, Y.; An, X.; Chen, J.; Yang, L. Punicalagin Protects against Diabetic Liver Injury by Upregulating Mitophagy
and Antioxidant Enzyme Activities. Nutrients 2022, 14, 2782. [CrossRef]

Fouad, A.A.; Qutub, H.O.; Al-Melhim, W.N. Punicalagin alleviates hepatotoxicity in rats challenged with cyclophosphamide.
Environ. Toxicol. Pharmacol. 2016, 45, 158-162. [CrossRef]

Foroutanfar, A.; Mehri, S.; Kamyar, M.; Tandisehpanah, Z.; Hosseinzadeh, H. Protective effect of punicalagin, the main polyphenol
compound of pomegranate, against acrylamide-induced neurotoxicity and hepatotoxicity in rats. Phytother. Res. 2020, 34, 3262—
3272. [CrossRef]

Luo, J.; Long, Y.; Ren, G.; Zhang, Y.; Chen, ].; Huang, R.; Yang, L. Punicalagin reversed the hepatic injury of Tetrachloromethane
by Antioxidation and enhancement of autophagy. J. Med. Food 2019, 22, 1271-1279. [CrossRef]

El-Missiry, M.A ; EIKomy, M.A.; Othman, A.L,; AbouEl-Ezz, A.M. Punicalagin ameliorates the elevation of plasma homocysteine,
amyloid-3, TNF-« and apoptosis by advocating antioxidants and modulating apoptotic mediator proteins in brain. Biomed.
Pharmacother. 2018, 102, 472-480. [CrossRef] [PubMed]

Abdulhadi, H.L.; Dabdoub, B.R.; Ali, L.H.; Othman, A.I; Amer, M.E.; El-Missiry, M.A. Punicalagin protects against the
development of pancreatic injury and insulitis in rats with induced T1DM by reducing inflammation and oxidative stress. Mol.
Cell. Biochem. 2022, 1-12. [CrossRef] [PubMed]

Venusova, E.; Kolesarova, A.; Horky, P; Slama, P. Physiological and immune functions of punicalagin. Nutrients 2021, 13, 2150.
[CrossRef] [PubMed]

Ojo, 0.0.; Ajayi, O.O.; Ogunbiyi, B.T. Down-regulation of BMP8A, SMADs 1/5/8 and BAX Proteins Following Methotrexate-
treatment in Testicular Tissue of Swiss Albino Mice. Annu. Res. Rev. Biol. 2021, 1-9. [CrossRef]

Karimi, M.Y.; Fatemi, I.; Kalantari, H.; Mombeini, M.A.; Mehrzadi, S.; Goudarzi, M. Ellagic acid prevents oxidative stress,
inflammation, and histopathological alterations in acrylamide-induced hepatotoxicity in wistar rats. J. Diet. Suppl. 2020, 17,
651-662. [CrossRef]

Zheng, D.; Liu, Z.; Zhou, Y.; Hou, N.; Yan, W.; Qin, Y; Ye, Q.; Cheng, X.; Xiao, Q.; Bao, Y. Urolithin B, a gut microbiota metabolite,
protects against myocardial ischemia/reperfusion injury via p62/Keap1/Nrf2 signaling pathway. Pharmacol. Res. 2020, 153,
104655. [CrossRef]

Tang, L.; Mo, Y.; Li, Y,; Zhong, Y.; He, S.; Zhang, Y.; Tang, Y.; Fu, S.; Wang, X.; Chen, A. Urolithin A alleviates myocardial
ischemia/reperfusion injury via PI3K/ Akt pathway. Biochem. Biophys. Res. Commun. 2017, 486, 774-780. [CrossRef]

Cerda, B.; Llorach, R.; Cerén, ].J.; Espin, J.C.; Tomas-Barberdn, F.A. Evaluation of the bioavailability and metabolism in the rat of
punicalagin, an antioxidant polyphenol from pomegranate juice. Eur. ]. Nutr. 2003, 42, 18-28. [CrossRef]

Alfei, S.; Marengo, B.; Zuccari, G. Oxidative stress, antioxidant capabilities, and bioavailability: Ellagic acid or urolithins?
Antioxidants 2020, 9, 707. [CrossRef]

Wang, G.; Peng, X. A review of clinical applications and side effects of methotrexate in ophthalmology. J. Ophthalmol. 2020, 2020,
1-11. [CrossRef] [PubMed]

Khalifa, M.M.; Bakr, A.G.; Osman, A.T. Protective effects of phloridzin against methotrexate-induced liver toxicity in rats. Biomed.
Pharmacother. 2017, 95, 529-535. [CrossRef] [PubMed]

Mahmoud, A.M.; Hozayen, W.G.; Ramadan, S.M. Berberine ameliorates methotrexate-induced liver injury by activating Nrf2 /HO-
1 pathway and PPARYy, and suppressing oxidative stress and apoptosis in rats. Biomed. Pharmacother. 2017, 94, 280-291. [CrossRef]
[PubMed]

Mahmoud, A.M.; Hussein, O.E.; Hozayen, W.G.; Bin-Jumah, M.; El-Twab, A.; Sanaa, M. Ferulic acid prevents oxidative stress,
inflammation, and liver injury via upregulation of Nrf2/HO-1 signaling in methotrexate-induced rats. Environ. Sci. Pollut. Res.
2020, 27,7910-7921. [CrossRef] [PubMed]

Brosnan, M.E.; Brosnan, J.T. Hepatic glutamate metabolism: A tale of 2 hepatocytes. Am. J. Clin. Nutr. 2009, 90, 8575-861S.
[CrossRef]

Kalra, A.; Yetiskul, E.; Wehrle, C.J.; Tuma, F. Physiology, Liver. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.
Manthorpe, E.M.; Jerrett, I.V.; Rawlin, G.T.; Woolford, L. Plant and fungal hepatotoxicities of cattle in australia, with a focus on
minimally understood toxins. Toxins 2020, 12, 707. [CrossRef] [PubMed]

Yamamoto, T.; Shikano, K.; Nanki, T.; Kawali, S. Folylpolyglutamate synthase is a major determinant of intracellular methotrexate
polyglutamates in patients with rheumatoid arthritis. Sci. Rep. 2016, 6, 35615. [CrossRef]

West, S.G. Methotrexate hepatotoxicity. Rheum. Dis. Clin. N. Am. 1997, 23, 883-915. [CrossRef]


http://doi.org/10.1016/j.lfs.2021.120071
http://www.ncbi.nlm.nih.gov/pubmed/34688692
http://doi.org/10.3390/antiox11010029
http://doi.org/10.1016/j.ejbas.2015.09.004
http://doi.org/10.1002/ptr.816
http://doi.org/10.3390/nu14142782
http://doi.org/10.1016/j.etap.2016.05.031
http://doi.org/10.1002/ptr.6774
http://doi.org/10.1089/jmf.2019.4411
http://doi.org/10.1016/j.biopha.2018.03.096
http://www.ncbi.nlm.nih.gov/pubmed/29579708
http://doi.org/10.1007/s11010-022-04478-1
http://www.ncbi.nlm.nih.gov/pubmed/35666430
http://doi.org/10.3390/nu13072150
http://www.ncbi.nlm.nih.gov/pubmed/34201484
http://doi.org/10.9734/arrb/2021/v36i630384
http://doi.org/10.1080/19390211.2019.1634175
http://doi.org/10.1016/j.phrs.2020.104655
http://doi.org/10.1016/j.bbrc.2017.03.119
http://doi.org/10.1007/s00394-003-0396-4
http://doi.org/10.3390/antiox9080707
http://doi.org/10.1155/2020/1537689
http://www.ncbi.nlm.nih.gov/pubmed/32850138
http://doi.org/10.1016/j.biopha.2017.08.121
http://www.ncbi.nlm.nih.gov/pubmed/28866420
http://doi.org/10.1016/j.biopha.2017.07.101
http://www.ncbi.nlm.nih.gov/pubmed/28763751
http://doi.org/10.1007/s11356-019-07532-6
http://www.ncbi.nlm.nih.gov/pubmed/31889292
http://doi.org/10.3945/ajcn.2009.27462Z
http://doi.org/10.3390/toxins12110707
http://www.ncbi.nlm.nih.gov/pubmed/33171661
http://doi.org/10.1038/srep35615
http://doi.org/10.1016/S0889-857X(05)70365-3

Int. . Mol. Sci. 2022, 23, 12334 18 of 18

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

Ayala, A ; Mufioz, M.E; Argiielles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde
and 4-hydroxy-2-nonenal. Oxidative Med. Cell. Longev. 2014, 2014, 360438. [CrossRef] [PubMed]

Cai, Z.; Yan, L.-]J. Protein oxidative modifications: Beneficial roles in disease and health. . Biochem. Pharmacol. Res. 2013, 1, 15-26.
[PubMed]

Pacher, P; Beckman, ].S.; Liaudet, L. Nitric oxide and peroxynitrite in health and disease. Physiol. Rev. 2007, 87, 315-424.
[CrossRef] [PubMed]

Joardar, S.; Dewanjee, S.; Bhowmick, S.; Dua, T.K; Das, S.; Saha, A.; De Feo, V. Rosmarinic acid attenuates cadmium-induced
nephrotoxicity via inhibition of oxidative stress, apoptosis, inflammation and fibrosis. Int. J. Mol. Sci. 2019, 20, 2027. [CrossRef]
[PubMed]

Ramos-Tovar, E.; Muriel, P. Molecular mechanisms that link oxidative stress, inflammation, and fibrosis in the liver. Antioxidants
2020, 9, 1279. [CrossRef]

Mahmoud, A.M.; Wilkinson, EL.; Sandhu, M.A.; Lightfoot, A.P. The interplay of oxidative stress and inflammation: Mechanistic
insights and therapeutic potential of antioxidants. Oxidative Med. Cell. Longev. 2021, 2021, 9851914. [CrossRef]

Yan, C.; Sun, W,; Wang, X.; Long, ].; Liu, X.; Feng, Z.; Liu, J. Punicalagin attenuates palmitate-induced lipotoxicity in HepG2 cells
by activating the Keap1-Nrf2 antioxidant defense system. Mol. Nutr. Food Res. 2016, 60, 1139-1149. [CrossRef] [PubMed]
Mahmoud, A.M.; Al Dera, H.S. 183-Glycyrrhetinic acid exerts protective effects against cyclophosphamide-induced hepatotoxic-
ity: Potential role of PPARy and Nrf2 upregulation. Genes Nutr. 2015, 10, 41. [CrossRef] [PubMed]

Mahmoud, A.M.; Germoush, M.O.; Alotaibi, M.F,; Hussein, O.E. Possible involvement of Nrf2 and PPARy up-regulation in the
protective effect of umbelliferone against cyclophosphamide-induced hepatotoxicity. Biomed. Pharmacother. 2017, 86, 297-306.
[CrossRef] [PubMed]

Ma, H;; Chen, S.; Xiong, H.; Wang, M.; Hang, W.; Zhu, X.; Zheng, Y.; Ge, B.; Li, R.; Cui, H. Astaxanthin from Haematococcus
pluvialis ameliorates the chemotherapeutic drug (doxorubicin) induced liver injury through the Keap1/Nrf2/HO-1 pathway in
mice. Food Funct. 2020, 11, 4659—-4671. [CrossRef]

Lv, H,; Xiao, Q.; Zhou, J.; Feng, H.; Liu, G.; Ci, X. Licochalcone a upregulates Nrf2 antioxidant pathway and thereby alleviates
acetaminophen-induced hepatotoxicity. Front. Pharmacol. 2018, 9, 147. [CrossRef] [PubMed]

Xu, X,; Li, H.; Hou, X; Li, D.; He, S.; Wan, C,; Yin, P; Liu, M; Liu, F; Xu, J. Punicalagin induces Nrf2/HO-1 expression via
upregulation of PI3K/AKT pathway and inhibits LPS-induced oxidative stress in RAW264. 7 macrophages. Mediat. Inflamm.
2015, 2015, 380218. [CrossRef]

Ohkawa, H.; Ohishi, N.; Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal. Biochem. 1979,
95, 351-358. [CrossRef]

Green, L.C.; Wagner, D.A.; Glogowski, J.; Skipper, P.L.; Wishnok, J.S.; Tannenbaum, S.R. Analysis of nitrate, nitrite, and
[15N]nitrate in biological fluids. Anal. Biochem. 1982, 126, 131-138. [CrossRef]

Nishikimi, M.; Rao, N.A.; Yagi, K. The occurrence of superoxide anion in the reaction of reduced phenazine methosulfate and
molecular oxygen. Biochem. Biophys. Res. Commun. 1972, 46, 849-854. [CrossRef]

Aebi, H. Catalase in vitro. In Methods in Enzymology; Academic Press: Cambridge, MA, USA, 1984; Volume 105, pp. 121-126.
Griffith, O.W. Determination of glutathione and glutathione disulfide using glutathione reductase and 2-vinylpyridine. Anal.
Biochem. 1980, 106, 207-212. [CrossRef]


http://doi.org/10.1155/2014/360438
http://www.ncbi.nlm.nih.gov/pubmed/24999379
http://www.ncbi.nlm.nih.gov/pubmed/23662248
http://doi.org/10.1152/physrev.00029.2006
http://www.ncbi.nlm.nih.gov/pubmed/17237348
http://doi.org/10.3390/ijms20082027
http://www.ncbi.nlm.nih.gov/pubmed/31022990
http://doi.org/10.3390/antiox9121279
http://doi.org/10.1155/2021/9851914
http://doi.org/10.1002/mnfr.201500490
http://www.ncbi.nlm.nih.gov/pubmed/26989875
http://doi.org/10.1007/s12263-015-0491-1
http://www.ncbi.nlm.nih.gov/pubmed/26386843
http://doi.org/10.1016/j.biopha.2016.12.047
http://www.ncbi.nlm.nih.gov/pubmed/28011377
http://doi.org/10.1039/C9FO02429H
http://doi.org/10.3389/fphar.2018.00147
http://www.ncbi.nlm.nih.gov/pubmed/29628888
http://doi.org/10.1155/2015/380218
http://doi.org/10.1016/0003-2697(79)90738-3
http://doi.org/10.1016/0003-2697(82)90118-X
http://doi.org/10.1016/S0006-291X(72)80218-3
http://doi.org/10.1016/0003-2697(80)90139-6

	Introduction 
	Results 
	PU Prevents MTX-Induced Liver Injury in Mice 
	PU Attenuates Oxidative Stress and Enhances Antioxidants Defenses in Liver of MTX-Treated Mice 
	PU Suppresses the MTX-Induced Hepatic Inflammation in Mice 
	PU Mitigates the MTX-Induced Apoptosis in the Liver 
	PU Upregulates Hepatic Nrf2/Heme Oxygenase 1 (HO-1) in MTX-Treated Mice 

	Discussion 
	Materials and Methods 
	Animals 
	Experimental Design 
	Estimation of Markers of Liver Function 
	Assessment of Oxidative Stress Markers and Antioxidant Contents in Liver Tissues 
	Estimation of Pro-Inflammatory Cytokines in Liver 
	Histological Examination of Liver Sections 
	Immunohistochemistry 
	Analysis of Data 

	Conclusions 
	References

