
RESEARCH ARTICLE

Ferulic acid prevents oxidative stress, inflammation, and liver injury
via upregulation of Nrf2/HO-1 signaling inmethotrexate-induced rats
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Abstract
Liver injury is one of the adverse effects of methotrexate (MTX). Ferulic acid (FA) is an antioxidant phytochemical that confers
hepatoprotective efficacy; however, its effect against MTX hepatotoxicity remains unexplored. This study investigated the role of
FA in modulating oxidative stress, inflammation, Nrf2/HO-1 signaling, and PPARγ in MTX-administered rats. Following oral
FA supplementation for 15 days, rats received a single dose of MTX at day 16 and samples were collected at day 19. MTX
provoked multiple histological manifestations, including degenerative changes, steatosis, inflammatory cells infiltration and
hemorrhage, and altered serum transaminases, bilirubin, and albumin. Reactive oxygen species, lipid peroxidation, and nitric
oxide were increased in the liver of rats that received MTX. FA prevented all histological alterations, ameliorated liver function
markers, suppressed oxidative stress, and boosted antioxidants in MTX-induced rats. FA reduced serum TNF-α and IL-1β, and
hepatic NF-κB p65, Bax, and caspase-3, whereas increased Bcl-2, Nrf2, NQO1, HO-1, and PPARγ. In conclusion, FA prevented
MTX hepatotoxicity by activating Nrf2/HO-1 signaling and PPARγ, and attenuating oxidative stress, inflammation, and cell
death.
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Introduction

Drug-induced liver injury (DILI) induced by medications,
herbs, and toxins is a prevalent cause of acute liver failure.
Although it accounts for < 1% of the acute liver injury cases,
DILI is one of the leading causes of drug withdrawals and
attrition of drug candidates in drug development (Stevens
and Baker 2009). Methotrexate (MTX) is an antimetabolite
chemotherapeutic agent and immune system suppressant used
clinically in the treatment of rheumatoid arthritis, neoplastic
diseases, and other disorders. The clinical applications of

MTX are often limited because of its untoward effects.
MTX disrupts folate metabolism and hence its use is associ-
ated with multiple adverse effects, such as diarrhea, nausea,
fever, and vomiting (Khan et al. 2012). Other side effects of
MTX include liver and kidney injury (Mahmoud et al. 2018;
Mahmoud et al. 2017c). Although its hepatotoxic mechanism
is not fully explored, studies have pointed to the role of reac-
tive oxygen species (ROS) and mitochondrial dysfunction.
For instance, treatment of rat hepatocytes with MTX in vitro
resulted in cytotoxicity mediated by decreased mitochondrial
membrane potential (MMP) and increased ROS generation
(Al Maruf et al. 2018). We have previously demonstrated
hepatic oxidative/nitrative stress and diminished antioxidants
in MTX-administered rodents (Mahmoud et al. 2017b;
Mahmoud et al. 2017c).

Besides oxidative stress, MTX hepatotoxicity was associ-
ated with inflammation. ROS trigger nuclear factor-kappaB
(NF-κB) and subsequently the release of pro-inflammatory
mediators (Morgan and Liu 2011). In rodents, MTX elicited
inflammation and hepatocyte apoptosis (Mahmoud et al.
2017c). In addition, suppressed nuclear factor (erythroid-de-
rived 2)-like 2 (Nrf2) signaling and peroxisome proliferator
activated receptor gamma (PPARγ) have been reported in

Responsible editor: Mohamed Abdel-Daim

* Ayman M. Mahmoud
ayman.mahmoud@science.bsu.edu.eg

1 Physiology Division, Department of Zoology, Faculty of Science,
Beni-Suef University, Beni-Suef 62514, Egypt

2 Biochemistry Department, Faculty of Science, Beni-Suef University,
Beni-Suef, Egypt

3 Department of Biology, College of Science, Princess Nourah bint
Abdulrahman University, Riyadh, Saudi Arabia

https://doi.org/10.1007/s11356-019-07532-6

/   Published online: 31    December     2019

Environmental Science and Pollution Research (2020) 27:7910–7921

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-019-07532-6&domain=pdf
http://orcid.org/0000-0003-0279-6500
mailto:ayman.mahmoud@science.bsu.edu.eg


MTX hepatotoxicity (Mahmoud et al. 2017b). Nrf2 is a tran-
scription factor that protects against ROS-induced oxidative
damage through activating the expression of antioxidant and
cytoprotective proteins (Jaiswal 2004). Under quiescent con-
ditions, Nrf2 is sequestered in the cytosol by Keap1, whereas
dissociates on exposure to ROS. Following its nuclear trans-
location, the liberated Nrf2 binds to antioxidant response ele-
ment (ARE) to activate cytodefensive genes (Jaiswal 2004;
Satta et al. 2017). PPARγ is a ligand-inducible nuclear hor-
mone receptor centrally involved in the regulation of adipo-
genesis and metabolism (Kim et al. 2015). Activated PPARγ
dimerizes with retinoid X receptor (RXR) and binds to specif-
ic response element to regulate target gene expression (Barish
et al. 2006). PPARγ activation can inhibit NF-κB and pro-
mote the expression of antioxidant enzymes (Yu et al. 2014),
thereby attenuates oxidative damage. We have previously
shown that upregulation of PPARγ mitigated liver injury
(Aladaileh et al. 2019a), hepatocarcinogenesis (Mahmoud
et al. 2017d), and hepatic fibrosis (Mahmoud et al. 2019).
Therefore, co-activation of PPARγ and Nrf2 can effectively
attenuate MTX hepatotoxicity by preventing oxidative stress
and inflammation.

Ferulic acid (FA; 3-methoxy-4-hydroxycinnamic acid) is an
antioxidant phytochemical found in the cell wall of rice, oats,
and other plants (Saulnier and Thibault 1999). FA possesses
multiple biological activities and is responsible for most of the
health benefits of arabinoxylans (Fadel et al. 2018). Previous
studies have demonstrated the protective efficacy of FA against
diosbulbin B- (Niu et al. 2016), acetaminophen- (Yuan et al.
2016), formaldehyde- (Gerin et al. 2016), and fluoride-induced
hepatotoxicity (Panneerselvam et al. 2013). However, the ame-
liorative potential of FA on MTX hepatotoxicity has not been
investigated. Therefore, we scrutinized the hepatoprotective ef-
fect of FA, pointing to its ability to modulate PPARγ and Nrf2
signaling in MTX-induced rats.

Materials and methods

Experimental animals and treatments

Twenty-four male Wistar rats (150–160 g) aged 7–8 weeks
were included in this study. The animals were obtained from
the animal facility of the National Research Centre (Egypt),
housed under standard conditions, and given free access to
chow diet and water. The experimental protocol was approved
by the Institutional Research Ethics Committee, Beni-Suef
University (Egypt).

The rats were acclimatized for 1 week and then divided into
4 groups (n = 6). Group I received a single intraperitoneal
(i.p.) injection of saline, whereas groups II–IV received
20 mg/kg MTX (Shanxi PUDE Pharmaceutical Company,
China) at day 16 (Mahmoud et al. 2017c). Groups I and II

received 0.5% carboxymethyl cellulose (CMC; Sigma, USA)
orally for 15 days. Groups III and IV received 25 and
50 mg/kg FA (Sigma, USA) (Hassanzadeh et al. 2017), re-
spectively, dissolved in 0.5% CMC orally for 15 days.

At day 19, the animals were sacrificed under thiopental
(Eipico, Egypt) anesthesia, and blood and liver samples were
collected for analyses. Pieces from the liver were homoge-
nized in cold PBS (10% w/v), centrifuged, and the clear ho-
mogenates were collected for biochemical assays, whereas
other samples were fixed in 10% neutral buffered formalin
(NBF) for 48 h and others were kept at − 80 °C.

Biochemical assays

Assay of liver function markers

Serum alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), alkaline phosphatase (ALP), gamma-glutamyl
transferase (γGT), bilirubin, and albumin were determined
using Spinreact kits (Girona, Spain).

Assay of cytokines and caspase-3

Tumor necrosis factor alpha (TNF-α) and interleukin-1β (IL-
1β) were measured in serum using ELISA kit (R&D systems,
USA), whereas caspase-3 was assayed in liver homogenate
using Cusabio (Wuhan, China) ELISA kit.

Assay of oxidative stress and antioxidants

ROS, malondialdehyde (MDA), and nitric oxide (NO) were
determined according to Mahmoud et al. (2017e), Ohkawa
et al. (1979), and Grisham et al. (1996), respectively.
Reduced glutathione (GSH), superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx) were
assayed following the methods of Beutler et al. (1963),
Marklund and Marklund (1974), Cohen et al. (1970), and
Matkovics et al. (1998), respectively.

Histology and immunohistochemistry

The fixed liver samples were passed into a serial ascending
grade of ethanol and xylene, embedded in paraffin, and then
5-μm sections were cut. The sections were stained with he-
matoxylin and eosin (H&E) and examined using a light mi-
croscope. To assess the expression of Bax, paraffin-embedded
sections were cleared in xylene and rehydrated in descending
grade of ethanol. The sections were immersed in distilled wa-
ter followed by EDTA (pH 8). Following treatment with 0.3%
hydrogen peroxide and blocking in 5% bovine serum albumin
in tris-buffered saline (TBS), the sections were stained with
rabbit anti-Bax (sc-526; Santa Cruz Biotechnology, USA).
After washing, the sections were probed with the secondary

Environ Sci Pollut Res (2020) 27:7910–7921 7911



antibody and incubated in diaminobenzidine (DAB; Dako) for
2 min followed by counterstaining with hematoxylin and then
examined.

Gene expression

The gene expression levels of Bcl-2, Bax, Nrf2, HO-1, NQO-1,
and PPARγ were assessed by qRT-PCR as previously de-
scribed (Mahmoud et al. 2018). Total RNAwas extracted using
TRIzol (Invitrogen, USA), treated with DNase, and quantified,
and samples with OD260/OD280 nm absorption ratio ≥ 1.8
were used of cDNA synthesis which has been amplified using
SYBR greenmaster mix and the set of primers listed in Table 1.
The amplification was carried on using ABI 7500 RT-PCR

Table 1 Primers used for qRT-PCR

Gene Sequence (5′-3′)

NRF2 F: TTGTAGATGACCATGAGTCGC
R: TGTCCTGCTGTATGCTGCTT

NQO-1 F: GGCCATCATTTGGGCAAGTC
R: TCCTTGTGGAACAAAGGCGA

HO-1 F: GTAAATGCAGTGTTGGCCCC
R: ATGTGCCAGGCATCTCCTTC

BAX F: AGGACGCATCCACCAAGAAG
R: CAGTTGAAGTTGCCGTCTGC

BCL-2 F: ACTCTTCAGGGATGGGGTGA
R: TGACATCTCCCTGTTGACGC

β-actin F: AGGAGTACGATGAGTCCGGC
R: CGCAGCTCAGTAACAGTCCG

Fig. 1 FA prevents liver injury in
MTX-induced rats. FA ameliorat-
ed serum a ALT, bAST, c ALP, d
γGT, e bilirubin, and f albumin in
MTX-administered rats. Data are
expressed as mean ± SEM, n = 6.
*P < 0.05, **P < 0.01, and
***P < 0.001
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System (Applied Biosystems, USA). The obtained amplifica-
tion data were analyzed by the 2−ΔΔCt method (Livak and
Schmittgen 2001) and normalized to β-actin.

Western blotting

The expression levels of Nrf2, PPARγ, and NF-κB p65
were determined as we previously described (Abd El-
Twab et al. 2019). Briefly, liver samples were homoge-
nized in RIPA buffer supplemented with proteinase in-
hibitors and protein concentration in the homogenate
was determined using Bradford reagent (Bradford
1976). Fifty micrograms of protein was subjected to
SDS-PAGE and transferred to PVDF membranes which
were blocked by 5% milk in TBS-tween (TBST) for 1 h
at room temperature. The blocked membranes were in-
cubated with antibodies against Nrf2, NF-κB p65,
PPARγ, or β-actin (Novus Biologicals, USA; cat. num-
bers: NBP1-32822, NB100-2176, NBP2-22106, and
NB600-501, respectively) overnight at 4 °C. After
washing in TBST, the membranes were incubated with
secondary antibodies, washed, and then developed by
enhanced chemiluminescence kit (BIO-RAD, USA).
The blots were imaged, and the band intensity was de-
termined using ImageJ (version 1.32j; NIH, USA).

Statistical analysis

The obtained results are expressed as mean ± standard error of
the mean (SEM). All statistical comparisons were determined
by one-way ANOVA followed by Tukey’s post hoc test for
multiple comparisons using GraphPad Prism 7 software (San

Diego, CA, USA). A P value < 0.05 was considered
significant.

Results

FA prevents liver injury in MTX-administered rats

Rats received MTX showed an increase in ALT, AST, ALP,
and γGT activities and bilirubin levels (P < 0.001; Fig. 1a–e),
and decreased albumin levels (P < 0.001; Fig. 1f). Both FA
doses ameliorated all liver function markers and showed a
dose-dependent amelioration of AST.

The histological findings confirmed the protective effect of
FA against MTX hepatotoxicity. While the control animals
exhibited normal liver histology (Fig. 2a), MTX administra-
tion produced multiple alterations, including degenerative
changes of hepatocytes, steatosis, activated Kupffer cells
(KCs), inflammatory cellular infiltration, and cytoplasmic
vacuolations (Fig. 2b). Both the 25 (Fig. 2c) and 50 mg/kg
FA (Fig. 2d) doses prevented tissue injury triggered by MTX.

FA attenuates MTX-induced hepatic oxidative stress

Rats that received MTX exhibited a remarkable (P < 0.001)
increase in liver ROS, MDA, and NO levels (Fig. 3a–c). Pre-
treatment with either dose of FA reduced ROS,MDA, and NO
in the liver of MTX-administered rats.

In contrast to the oxidative/nitrative stress markers, GSH,
SOD, CAT, and GPx were significantly (P < 0.001) dimin-
ished by MTX (Fig. 4a–d). FA markedly alleviated liver
GSH and enzymatic antioxidants in MTX-administered rats.

Fig. 2 FA prevents MTX-
induced histological alterations.
Photomicrographs of sections in
the liver of a control rats showing
normal histological structure of
the hepatic lobules, hepatocytes,
and sinusoids; b rats that received
MTX showing degenerative
changes of hepatocytes (arrow
heads), steatosis (black arrow),
activated Kupffer cells and in-
flammatory cells infiltration
(black arrow), and hemorrhage
(green arrow); and MTX-induced
rats pre-treated with 25 mg/kg (c)
and 50 mg/kg FA (d) showing no
histological alterations. (Scale bar
50 μm)
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FA suppresses inflammation in MTX-administered rats

To demonstrate the effect of FA on the inflammatory response
following MTX administration, hepatic NF-κB p65 and

serum TNF-α and IL-1β were determined. MTX increased
NF-κB p65 (Fig. 5a), TNF-α (Fig. 5b), and IL-1β (Fig. 5c)
significantly (P < 0.001) in rats. Pre-treatment with either dose
of FA reduced NF-κB p65, TNF-α, and IL-1β in MTX-
administered rats.

FA prevents MTX-induced apoptosis

The modulatory effect of FA on apoptosis markers in rats was
evaluated. MTX elicited a significant increase in hepatic Bax
mRNA abundance (P < 0.001; Fig. 6a) and protein expression
determined by immunohistochemistry (Fig. 6c). Apoptosis
was confirmed by the decreased Bcl-2 mRNA (Fig. 6b), and
increased Bax/Bcl-2 ratio (Fig. 6d) and caspase-3 (Fig. 6e).
FA decreased Bax, both mRNA and protein, Bax/Bcl-2 ratio,
and caspase-3, whereas upregulated Bcl-2 in the liver of
MTX-administered rats. FA exerted a dose-dependent amelio-
rative effect on caspase-3.

FA activates Nrf2/ HO-1 signaling in liver
of MTX-administered rats

The liver of MTX-administered rats exhibited a significant
decrease in Nrf2 (Fig. 7a), HO-1 (Fig. 7c), and NQO1 (Fig.
7d) mRNA, an effect that was reversed in rats received FA.
The declined Nrf2 gene expression was confirmed by western
blotting whereMTX diminished Nrf2 protein expression (Fig.
7b) and both doses of FA increased it significantly
(P < 0.001).

FA upregulates hepatic PPARγ in MTX-induced rats

MTX downregulated hepatic PPARγ, both mRNA (P < 0.01)
and protein (P < 0.001), as represented in Fig. 8 a and b, re-
spectively. FA increased liver PPARγ mRNA and protein ex-
pression in MTX-administered rats.

Discussion

FA is abundant in plant cell walls and represents the building
block of lignocelluloses (Saulnier and Thibault 1999). We
demonstrated the ability of FA to mitigate MTX hepatotoxic-
ity, pointing to modulation of Nrf2 signaling and PPARγ.

Rats that receivedMTX exhibited liver injury evidenced by
the elevated serum transaminases and bilirubin, and decreased
albumin levels. Elevated transaminases represent a sensitive
quantitative marker of hepatocyte damage. In addition, in-
creased bilirubin and declined albumin point to impaired liver
function. Therefore, altered liver function markers indicate
hepatocyte injury triggered by MTX as previously reported
(Famurewa et al. 2019; Khafaga and El-Sayed 2018;
Mahmoud et al. 2017b; Mehrzadi et al. 2019). MTX

Fig. 3 FA attenuates oxidative/nitrative stress in MTX-induced rats. Pre-
treatment with FA diminished a ROS, b MDA, and c NO in the liver of
MTX-administered rats. Data are expressed as mean ± SEM, n = 6.
***P < 0.001
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hepatotoxicity was further supported by the histological find-
ings. Microscopic examination revealed degenerative chang-
es, KCs activation, steatosis, inflammatory cells infiltration,
vacuolations, and hemorrhage. Accordingly, previous work
from our lab (Mahmoud et al. 2017b; Mahmoud et al.
2017c) as well as others (Erdogan et al. 2015) showed similar

findings, including hepatocyte degeneration, necrosis, inflam-
matory cells infiltration, sinusoidal dilatation, and other man-
ifestations. Pre-treatment with FA ameliorated serum liver
function markers and prevented all histological alterations,
demonstrating its potent hepatoprotective efficacy. In support
of our findings, FA attenuated liver injury induced by

Fig. 4 FA boosts antioxidant
defenses in MTX-induced rats.
Pre-treatment with FA increased
hepatic a GSH content, and ac-
tivity of b SOD, c CAT, and d
GPx. Data are expressed as mean
± SEM, n = 6. *P < 0.05,
**P < 0.01, and ***P < 0.001

Fig. 5 FA suppresses
inflammation in MTX-induced
rats. Pre-treatment with FA de-
creased the phosphorylation of
liver NF-κB (a), and serum levels
of TNF-α (b) and IL-1β (c). Data
are expressed as mean ± SEM,
n = 6. **P < 0.01 and
***P < 0.001
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diosbulbin B (Niu et al. 2016), acetaminophen (Yuan et al.
2016), formaldehyde (Gerin et al. 2016), and fluoride
(Panneerselvam et al. 2013). In these studies, FA ameliorated
serum markers of liver function and alleviated the histological
alterations, at least in part, by modulating inflammation and
oxidative damage. Therefore, we investigated the effect of FA
on oxidative/nitrative stress markers, antioxidant defenses,
and inflammatory mediators.

Oxidative damage has been implicated in hepatic and renal
injury elicited by MTX (Aladaileh et al. 2019b; Mahmoud
et al. 2018). The current study showed an increase in hepatic
ROS in rats exposed to MTX. Although the causes of surplus
ROS generation by MTX are not fully explored, the role of
mitochondrial dysfunction has been acknowledged. In this
context, treatment of rat hepatocytes with MTX resulted in
decreased MMP, and increased ROS generation, cytochrome
c release, and cytotoxicity (Al Maruf et al. 2018). Increased
ROS generation and apoptosis were observed in Jurkat T, EL4

T, and Raji B T lymphocytic cell lines treated with low doses
of MTX (Herman et al. 2005). Increased infiltration of neu-
trophils in rats administered with MTX for 3 consecutive days
(Kolli et al. 2009), and increased ROS levels, upregulated
NADPH oxidase and mitochondrial dysfunction (Abd El-
Twab et al. 2019; Heidari et al. 2018) following a single in-
jection of MTX have been proposed as the main causes of
renal oxidative stress. Additionally, depleted antioxidant ma-
chinery of the mitochondria has been indirectly implicated in
MTX hepatotoxicity (Kolli et al. 2014).

Our results added support to the studies showing increased
ROS generation in vivo in response to MTX. Excess ROS can
induce deleterious effects, such as oxidative damage to cellu-
lar macromolecules, resulting in cell death (Fink and Cookson
2005). Accordingly, the lipid peroxidation (LPO) marker
MDA and NO were increased in rats that received MTX.
NO and superoxide radicals can react producing peroxynitrite,
a potent radical that induces DNA breaks and cell death

Fig. 6 FA prevents apoptosis in
liver of MTX-induced rats. FA
increased Bcl-2 mRNA abun-
dance (b), and decreased the gene
(a) and protein expression (c) of
Bax, Bax/Bcl2 ratio (d), and
caspase-3 (e) in liver of MTX-
administered rats. Data are
expressed as mean ± SEM, n = 6.
*P < 0.05, **P < 0.01, and
***P < 0.001
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(McKim et al. 2003). The increased NO is directly attributed
to upregulation of iNOS (El-Sheikh et al. 2015). Besides lipid
peroxidation, ROS activate NF-κB which provokes inflam-
matory mediators, including TNF-α and IL-1β. In addition,
peroxynitrite can activate NF-κB and stimulate the production
of pro-inflammatory cytokines in KCs (Matata and Galiñanes
2002). The present study showed increased phosphorylation
of hepatic NF-κB, along with elevated serum TNF-α and IL-

1β. Hence, increased ROS generation provoked byMTX trig-
gered an inflammatory response mediated via NF-κB.

Interestingly, FA attenuated MTX-induced ROS genera-
tion, LPO, and NF-κB activation. The antioxidant effects of
FA have been shown in previous studies of experimental liver
injury. The antioxidant efficacy of FA could be explained by
its dual ability to quench free radicals and enhance the cellular
antioxidant defenses. A resonance stabilized phenoxy radical

Fig. 7 FA increased gene
expression levels of aNrf2, cHO-
1 and d NQO1, and b Nrf2 pro-
tein expression in liver of MTX-
induced rats. Data are expressed
as mean ± SEM, n = 6. *P < 0.05,
**P < 0.01, and ***P < 0.001

Fig. 8 FA upregulates PPARγ gene (a) and protein (b) expression in liver of MTX-induced rats. Data are expressed as mean ± SEM, n = 6. *P < 0.05,
**P < 0.01, and ***P < 0.001
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is formed during quenching free radicals by FA’s phenolic
nucleus and unsaturated side chain. This radical can conden-
sate with a ferulate radical to produce ROS scavengers (Graf
1992). The antioxidant efficacy of FAwas supported by stud-
ies showing improvement of in vivo mitochondrial function
(Perez-Ternero et al. 2017), and suppressed NADPH oxidase
in human mononuclear cells (Perez-Ternero et al. 2017) and
H2O2-induced rat vascular smooth muscle cells (Cao et al.
2015) following treatment with FA. In addition to its radical-
scavenging activity, FA boosted hepatic antioxidant defenses
in MTX-administered rats, thereby mitigated oxidative stress
and its deleterious effects.

Next, we determined the effect of MTX on hepatic Nrf2/
HO-1 pathway and the modulating role of FA. The administra-
tion of MTX resulted in diminished hepatic Nrf2 as described
previously (Mahmoud et al. 2017c). Under mild oxidative
stress conditions, ROS dissociate Nrf2 from Keap-1 to activate
the transcription of antioxidant defenses, including NOQ-1 and
HO-1. Therefore, diminishedNrf2 signaling results in increased
ROS levels and oxidative stress. The suppressed Nrf2 signaling
in this study was confirmed by the downregulation of hepatic
NOQ-1 and HO-1 in rats receivedMTX. Although activated by
ROS, sustained and excessive oxidative stress lead to suppres-
sion of Nrf2. Accordingly, previous studies have demonstrated
the suppression of Nrf2/HO-1 signaling in liver, kidney, and

endothelial cells under oxidative stress conditions (Aladaileh
et al. 2019b; Mahmoud and Al Dera 2015; Mahmoud et al.
2017e). Interestingly, pre-treatment with FA activated Nrf2 sig-
naling, boosted antioxidant defenses, and prevented excessive
ROS generation. Nrf2 activation resulted in upregulation of
antioxidant defenses, including HO-1 which catalyzes the deg-
radation of heme into bilirubin which possesses radical scav-
enging properties (Siow et al. 1999). These findings added
support to recent studies showing the involvement of Nrf2 in
the protective effect of FA against inhibition of neurite out-
growth induced by lead acetate in vitro (Yu et al. 2016) and
γ-radiation-induced oxidative DNA damage in mice (Das et al.
2017). Herein, our study introduced a new information on the
role of Nrf2 signaling in the protective mechanism of FA
against MTX hepatotoxicity. In addition to mitigating oxidative
stress, Nrf2 might mediate, at least in part, the anti-
inflammatory effect of FA. Activation of Nrf2 mitigates ROS
generation, and suppresses NF-κB and inflammation in exper-
imental liver injury (Mahmoud et al. 2017a; Mahmoud et al.
2017d). In the same context, the lack of Nrf2 in mouse primary
cultured astrocytes was associated with NF-κB activation (Pan
et al. 2012). Recently, Lampiasi and Montana studied the
crosstalk between Nrf2 and NF-κB in the presence of FA
in vitro (Lampiasi andMontana 2018). They showed the ability
of FA to regulate both NF-κB and Nrf2, and mimic the NF-κB-

Fig. 9 A proposed schematic diagram illustrating the protective
mechanism of FA againstMTX-induced liver injury. MTX,methotrexate;
ROS, reactive oxygen species; Nrf2, nuclear factor (erythroid-derived 2)-
like 2; NF-κB, nuclear factor-kappaB; Bax, Bcl-2-associated X protein;

Keap-1, Kelch like-ECH-associated protein 1; ARE, antioxidant response
element; PPARγ, peroxisome proliferator activated receptor gamma;
RXR, retinoid X receptor
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dependent transcription blocker BMS (Lampiasi and Montana
2018), demonstrating the potent anti-inflammatory efficacy of
FA.

Given its dual efficacy to diminish oxidative stress and
inflammation, FA prevented hepatocytes death triggered by
MTX. MTX provoked apoptosis as evidenced by increased
Bax and caspase-3, and declined Bcl-2. Bax provokes cell
death by increasing the release of mitochondrial cytochrome
c which subsequently activates caspase-3 (Almeida et al.
2000). FA suppressed the expression of pro-apoptosis markers
and upregulated Bcl-2. The anti-apoptosis efficacy of FA is a
direct result of diminished oxidative injury and inflammation
mediated via Nrf2 activation. In addition to Nrf2 activation,
we assumed that PPARγ plays a role in the hepatoprotective
mechanism of FA. Previous studies from our laboratory have
demonstrated suppressed hepatic PPARγ expression follow-
ing MTX administration (Mahmoud et al. 2017b; Mahmoud
et al. 2017c). Here, MTX reduced hepatic PPARγ, an effect
that was reversed by FA. Activation of PPARγ has been re-
ported to suppress NADPH oxidase, NF-κB, and pro-
inflammatory cytokines (Remels et al. 2009). Inhibition of
NF-κB by PPARγ could be explained in terms of direct phys-
ical interactions, sequestration of NF-κB co-activators, and
transcriptional control of NF-κB target genes. Besides, in-
duced expression of antioxidant genes is an established effect
of PPARγ activation (Yu et al. 2014), thereby suppressing
ROS generation and NF-κB activation. Moreover, the dual
activation of PPARγ and Nrf2 has been associated with pro-
tection against liver injury and hepatocarcinogenesis
(Mahmoud and Al Dera 2015; Mahmoud et al. 2017b;
Mahmoud et al. 2017d).

Conclusions

This investigation confers new information on the efficacy
of FA in preventing MTX hepatotoxicity. FA prevented sur-
plus production of ROS, inflammatory responses, and cell
death provoked by MTX through activating Nrf2/HO-1 sig-
naling and PPARγ (Fig. 9). Therefore, FA represents an
effective hepatoprotective phytochemical; however, further
studies are needed to elucidate the precise underlying
mechanisms.
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