
RESEARCH ARTICLE

Ellagic acid reduces methotrexate-induced apoptosis
and mitochondrial dysfunction via up-regulating Nrf2 expression
and inhibiting the IĸBα/NFĸB in rats

Reihaneh Ebrahimi1 & Mohammad Reza Sepand1
& Seyed Afshin Seyednejad1

& Ameneh Omidi2 &

Mostafa Akbariani1 & Maryam Gholami1 & Omid Sabzevari1

Received: 8 March 2019 /Accepted: 22 October 2019 /Published online: 18 November 2019
# Springer Nature Switzerland AG 2019

Abstract
Background The clinical application of methotrexate (MTX), an efficacious cytotoxic drug, is restricted due to its associated liver
toxicity. Ellagic acid (EA), a natural polyphenol, possesses hepatoprotective, antioxidant and anti-inflammatory properties.
Objectives The present study seeks to address the hepatoprotective effects of Ellagic acid (EA) against MTX-mediated oxidative
stress (OS) and widen our current knowledge of the underlying molecular mechanisms of MTX toxicity.
Methods Wistar rats were orally given EA (5 mg/kg and 10 mg/kg) for 10 successive days and at the end of the third day they
were administered a single dose of MTX (20 mg/kg i.p).
Results After performing biochemical analysis, liver enzymes and malondialdehyde were significantly higher in theMTX group,
indicating hepatic oxidative damage. MTX-induced OS was further confirmed with observation of events such as reactive
oxygen species (ROS) overproduction, mitochondrial outer membrane potential decrease, mitochondrial swelling, cytochrome
c release and caspase-3/9 increase, resulting in apoptosis. Furthermore, overexpression of pro-inflammatory factors such as
nuclear factor kappa B (NF-ĸB) and interleukin 6 (IL-6) indicated the MTX-induced inflammation in MTX-treated group.
Interestingly, EA was able to significantly prevent OS, mitochondrial dysfunction, apoptosis and inflammation induced by
MTX. Also, EA-treated rats demonstrated significant upregulation of both nuclear factor erythroid 2-related factor 2 (Nrf2)
and hemoxygenase-1 (HO-1), which were considerably downregulated in MTX-treated rats.
Conclusions EA protects rats against MTX-induced apoptosis and mitochondrial dysfunction via up-Regulating Nrf2 and HO-1
expression and inhibiting the NF-κB signaling pathway. Therefore, EA may protect patients against MTX-induced hepatotox-
icity and encourage its clinical application.
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Introduction

Methotrexate (MTX) is a highly effective drug for a range
of malignant and autoimmune diseases such as

osteosarcoma, lymphoma, rheumatoid arthritis and psori-
asis [1]. The main mechanism of action of MTX is irre-
versible inhibition of dihydrofolate reductase (DHFR) that
causes a decrease in tetrahydrofolate production as well as
thymidylate and purine nucleotides, which result in inhi-
bition of DNA repair, synthesis and consequently, cellular
arrest [2]. Some new studies have shown that MTX is also
able to affect folate metabolism-independent cellular
mechanisms. For example, MTX exerts anti-proliferative
and pro-apoptotic properties by altering the intracellular
reactive oxygen species (ROS) levels [3, 4]. Despite the
importance of MTX as an advantageous treatment option,
the potential MTX-associated adverse effects have
attracted considerable attention [5].
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The exact mechanism of MTX-induced toxicity remains to
be elucidated. It is suggested that MTX takes down the cellu-
lar antioxidant machinery and paves the way for the oxidative
stress-induced damage to the hepatic cells [6]. MTX-induced
OS easily damages the mitochondrion, because this organelle
is the main source of cellular ROS [7]. MTX also causes the
further production of ROS through inhibition of the mitochon-
drial electron transport chain’s complex, which leads to the
formation of mitochondrial permeability transition (MPT)
pores. Altogether, these events disrupt the mitochondrial
membrane potential, induce the mitochondrial matrix swelling
and cytochrome c release and plays a key role in early apo-
ptosis [8].

The MTX-induced mitochondrial dysfunction and the sub-
sequent overgeneration of ROS activate nuclear factor kappa
B (NF-ĸB). This protein complex promotes the production of
pro-inflammatory cytokines such as tumor necrosis factor
(TNF-α) and interleukins (ILs), primarily, IL-1 and IL-6.
The mentioned events, altogether, cause the production of
other pro-inflammatory cytokines and increase inflammation
in different organs [9].

Ellagic acid (EA) is a natural phenolic compound found in
grapes, green tea, nuts, blackcurrants, strawberries, rasp-
berr ies , pomegranates , and the s tem and bark of
Eucalyptus. EA possesses strong anti-inflammatory, anti-
mutagenic, antioxidant, anti-apoptotic, hepatoprotective,
antiviral and antibacterial properties [10–12]. Having four
hydroxyl (Hbond acceptors) and two lactone (Hbonddonor)
functional groups, gives EA the ability to scavenge free rad-
icals [13]. Direct scavenging of reactive species, such as hy-
droxyl radicals, peroxyl radicals and NO2 radicals is the pri-
mary antioxidant mechanism of EA. In addition, EA has
multiple indirectmechanisms againstOS. EA can noticeably
increase antioxidant enzymes such as Heme Oxygenase-1
(HO-1) and Superoxide dismutase (SOD) through up-
regulation of nuclear factor erythroid 2-related factor 2
(Nrf2) and can also dramatically decrease the cytoplasmic
stability of Keap1 [14].

This experimental study investigates the possible protec-
tive role of EA against MTX-induced hepatotoxicity. We also
aimed to elucidate the mechanism of action behind acute
MTX hepatotoxicity and address EA’s plausible protective
effect against this incident. Therefore, we studied the alter-
ations in ROS generation, mitochondrial membrane potential
(MMP), mitochondrial swelling and cytochrome c release up-
on treatment of rats with MTX, alone or in combination with
EA. These pathways are linked to mitochondrial injury, the
MTX-mediated OS and inflammation-dependent NF-ĸB acti-
vation, and also the primary antioxidant response triggered by
Nrf2 activation. This multidimensional approach was de-
signed to reach an integrated pattern of MTX-induced toxicity
and EA’s ameliorative ability in the rat liver that might explain
the possible hepatoprotective effects of EA in MTX-treated

rats, focusing on its regulatory function in OS and Nrf2/HO-1
pathway.

Materials and methods

Reagents

Methotrexate (MTX), Ellagic acid (EA), bovine serum albu-
min (BSA), trichloroacetic acid (TCA), 2-nitrobenzoic acid
(DTNB), Tris, ethylenediaminetetraacetic acid (EDTA),
Glycine, KH2PO4, KCl and thiobarbituric acid (TBA) were
purchased from Sigma chemicals (St. Louis, MO, USA). All
reagents were supplied as the analytical grade from different
commercial suppliers.

Animals and experimental design

Thirty-two 7-weeks-old male Wistar rats (210 ± 20 g) were se-
lected for this study (Animal House, Pharmacy Faculty, TUMS,
Iran). The rats were housed under standard laboratory condi-
tions with 12-h light/dark cycles at 25 ± 3 °C (water and stan-
dard food ad libitum). All the experimental procedures follow-
ed the guidelines of the Tehran University ofMedical Sciences’
Ethics committee for the Use and Care of Laboratory Animals
(code number: IR.TUMS.PSRC.REC.1396.4444).

The animals were kept for one week before the experiments
to get acclimated to the new environment and then were di-
vided randomly into 4 major groups (n = 8) (Fig. 1):

& Group A (Control): 10 days of oral corn oil (0.5%) + a
single dose of saline (ip).

& Group B (MTX): 10 days of oral corn oil (0.5%) + a single
20 mg/kg dose of MTX at the end of the third day (ip).

& Group C (5 mg EA & MTX): 5 mg/kg oral EA for 10
consecutive days + a single 20 mg/kg dose of MTX (ip)
at the end of the third day.

& Group D (10 mg EA & MTX): 10 mg/kg oral EA for 10
consecutive days + a single 20 mg/kg dose of MTX (ip) at
the end of the third day.

Samples preparation

The doses were chosen based on previous works and guide-
lines [15]. The anesthetized animals were euthanized by cer-
vical dislocation before separating their serum from blood
samples. Then liver tissue was moved to a Teflon homogeniz-
er filled with ice-cold aqueous PBS to get dissected, washed
and homogenized. After centrifugation of homogenates, clear
supernatant was obtained and used for following biochemical
analyses. Small pieces of liver tissue were prepared for
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histopathological examination by fixation in 10% buffered
formalin solution. We kept extra samples at −80 °C for the
purpose of western blotting.

Measurement of liver function indicators

The levels of serum aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) were examined using auto-
matic analyzer (Olympus AU600 analyzer; Japan).

Malondialdehyde (MDA) measurement

The level of Malondialdehyde (MDA) was evaluated using
thiobarbituric acid reactive substances (TBARS) test to mea-
sure the extent of lipid peroxidation (LPO) [16]. In this assay,
MDA attaches to thiobarbituric acid (TBA) forming a colori-
metrically and fluorometrically-quantifiable complex (MDA-
TBA). Briefly, we mixed 100 μL of the supernatant solution
with the reaction mixture composed of TBA 0.67%, 0.1 M
Hydrochloric acid, Sodium dodecyl sulfate 7% and
Phosphotungstic acid 10%. Then, the mixture was boiled
for one hour in a water bath of 95–98 °C and then cooled
under tap water to the temperature of room, before adding
150 μL n-butanol. Finally, the supernatant’s fluorescence
intensity (excitation and emission at 530 nm and 575 nm)
was measured after 10 min centrifugation of the mixture at
3000 g.

Measurement of glutathione

We carried out the procedure described by Tietze in order to
measure the level of reduced glutathione (GSH) [17]. In this
regard, we centrifuged the liver tissue homogenates for 10min
at 15000 g and 4 °C to obtain a clear supernatant fraction.
Then, 100 μL of this clear fraction was transferred to a 96-

well microplate before adding the Ellman’s reagent (200 μL,
2-nitrobenzoic acid in sodium citrate 0.25%) to each well.
Finally, the absorbance was read at 412 nm by BioTek micro-
plate reader (Winooski, VT, USA).

Measurement of superoxide dismutase (SOD) activity

We used a commercial kit (Cayman Chemicals Inc. Ann
Arbor, MI, USA) to measure the SOD activity. The assay is
based on the ability of superoxide anion to reduce the tetrazo-
lium salt and form the water-soluble formazan dye in an in-
versely proportional relation with SOD activity. As per the kit
protocol, after homogenization of the liver tissue, the super-
natant was removed. Next, a volume of 10μL from the sample
or the standard and 200 μL from the assay buffer (50 mM
Tris-HCl, pH = 8, 0.1 mM Pentetic acid and 0.1 mM hypo-
xanthine) were transferred to the 96-well microplate. Then,
20 μL xanthine oxidase was added to each well and after half
an hour the BioTek absorbance reader was used to read the
optical density at 440–460 nm.

Mitochondrial preparation

We used differential centrifugation to isolate mitochondria
from rats’ livers [18]. Briefly, the liver tissue homogenates
were centrifuged for 10 min at 1500 g and 4 °C. Then, the
supernatant was collected and re-centrifuged for 10 min at
7000 g and 4 °C. At this point, the upper fluid fraction was
thrown away and the pellet containing mitochondria was
added in the isolation medium and centrifuged for 10 min at
10000 g and 4 °C. The supernatant from the last centrifugation
was discarded and using the bicinchoninic acid (BCA) assay
the protein concentration was evaluated [19].

Fig. 1 Scheme of the
experimental design. MTX,
methotrexate; EA, Ellagic acid

DARU J Pharm Sci (2019) 27:721–733 723



Evaluation of mitochondrial ROS production

The production of ROS in the mitochondria was determined
using the fluorescent probe Dichloro-dihydro-fluorescein
diacetate (DCFH-DA). This dye goes under de-acetylation
by cellular esterases and forms DCFH which is non-fluores-
cent. The DCF, a highly potent fluorescent agent is formed
through oxidization of DCFH by ROS, hence, the level of
ROS generation could be determined by measuring DCF’s
fluorescence intensity. In this regard, a respiration buffer
(50 μM egtazic acid, 5 mM sodium succinate, 0.5 mM
MgCl2, 0.32 mM sucrose, 10 mM Tris, 20 mM MOPS and
0.1 mM KH2PO4 (pH = 7.4)) was used to re-suspend mito-
chondrial extracts [20]. Next, 100 μL of DCFH-DA
(10 μM) was mixed with mitochondria and after 10 min of
incubation, the mixture’s fluorescence intensity was read with
excitation and emission wavelengths at 488 and 540 nm,
respectively.

Evaluation of the mitochondrial membrane potential
(MMP)

The mitochondrial membrane potential was assessed using
Rhodamine 123 (RH-123), a cationic fluorescent dye. This
fluorescent probe crosses the mitochondria with no trouble
and accumulates in their membrane. Briefly, 10 μM RH-123
was added to mitochondrial fractions, which were suspended
in an MMP assay buffer (220 mM sucrose, 68 mM D-manni-
tol, 10 mM KCl, 5 mM KH2PO4, 2 mM MgCl2, 50 μM
EGTA, 5 mM sodium succinate, 10 mM HEPES, 2 μM
Rotenone). Finally, the mixture’s fluorescence intensity was
measured by a fluorescence spectrophotometer at the excita-
tion and emission wavelength of 490 nm and 520 nm, respec-
tively [20].

Evaluation of mitochondrial swelling

Changes in absorbance at 540 nm (30 °C) were analyzed to
evaluate the mitochondrial swelling rate [18]. There is an in-
verse relationship between the mitochondrial swelling rate
and the absorbance intensity. A swelling buffer (70 mM
sucrose, 230 mM mannitol, 3 mM HEPES, 2 mM tris-
phosphate, 1 μM rotenone and 5 mM of succinate) was used
to suspend mitochondrial fractions before measuring the ab-
sorbance at 10 min intervals with the BioTek microplate
reader.

Evaluation of cytochrome c release

Cytochrome c release was assayed using an immunoassay kit
(R and D Systems Inc. Minneapolis, MN, USA). The kit was
delivered with a cytochrome c specific monoclonal antibody
(MAB)-precoated 96-well microplate. Briefly, 75 μL of

cytochrome c specific Horseradish peroxidase (HRP) conju-
gatedMAB and 50 μL of the test or control group were mixed
gently in each microplate well. The microplate was incubated
for 2 h and then to eliminate any remaining liquid, each well
was aspirated one time, followed by four times of washing.
Then, the substrate solution (100 μL) was added to the wells
and incubated for half an hour. Finally, the reaction was
stopped by adding stop solution (100 μL) before reading the
absorbance every half an hour at 450 nm by the aforemen-
tioned BioTek reader.

Western blotting

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was implemented in 0.1 (w/v) polyacrylamide
gel using same amounts of protein in each lane. The electro-
phoresed proteins were transferred to polyvinylidene
difluoride (PVDF) membrane. The membrane is blocked with
3% BSA diluted in PBS for an hour and a half. Next, the
membrane was kept overnight at 4 °C with primary antibodies
against Bax (mouse monoclonal 1:500; Santa cruz), Bcl-2
(rabbit monoclonal 1:300; santa cruz) and NF-κB (rabbit
monoclonal 1:300; santa cruz), Nrf2 (rabbit polyclonal
1:100; santa cruz), HO-1(rabbit polyclonal 1:100; santa cruz).
Proteins were detected using HRP-conjugated secondary an-
tibodies (1:5000) and the enhanced chemiluminescence
(ECL) system. Proteins were normalized to β-actin as an in-
ternal control for loading of equal quantities. For western blot-
ting study, 3 samples (from different animals) ran in 3 different
gels. The bands density was measured by ImageJ software
(version 1.44p, NIH).

Evaluation of caspase-3 and caspase-9 activity

The activity of caspase-3 was assessed by an ELISA kit pur-
chased fromCell Signaling (Danvers, MA, USA). The kit was
delivered with a cleaved caspase-3 rabbit MAB-precoated 96-
well microplate. Briefly, the microplate was kept for 2 h at
37 °C after adding cell lysates to eachwell.Washing buffer 1X
(200 μL) was used to wash wells. Next, 100 μL from biotin-
conjugated rabbit monoclonal anti-caspase-3 antibody was
added to the washed wells and the microplate was kept at
37 °C for an hour. Further, 100 μL from HRP-conjugated
second antibody was put into wells and the microplate was
kept at 37 °C for half an hour. Then, Tetramethylbenzidine
ELISA substrate (100 μL) was added and the microplate was
kept at 37 °C for 10 min. Lastly, the absorbance was read at
450 nm after the reaction was terminated by adding 100 μL
stop solution.

Ac-LEHD-pNA (Caspase-9 Chromogenic Substrate) was
used to assess caspase-9 activity. The assay is based on eval-
uation of color generated from cleaved pNA (pnitroanilide)
which is in a direct relationship with the caspase-9 activity.
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First, a lysis buffer was used for suspension of liver extracts.
Then, the suspension was centrifuged for 20 min at 20000 g
and the supernatant was removed and transferred into caspase
buffer. To this, Ac-LEHD-pNA was added and the solution
was kept at 37 °C for 4 h. Finally, the absorbance was read at
405 nm by BioTek microplate reader.

Histopathological analysis

The liver tissues were soaked in 10% buffered formaldehyde
phosphate prior to dehydration by graded ethyl alcohol and
embedment in paraffin wax. Next, the fixed samples were cut
into 5 μm thick sections and treated with hematoxylin and
eosin (H&E) before observation under light microscopy. The
Ishak Modified HAI system was used for histopathological
examination and scoring the pathological changes [21].

Evaluation of protein content

The protein concentration was evaluated by standard BCA
protein assay (Parstous Inc., Mashhad, Iran). Under alkaline
conditions, Cu2+ turns into Cu+, which reacts with BCA and
forms a purple-colored product. This process is the basis of
BCA method for estimation of protein content. Briefly, 1:50
ratio of Copper reagent (4% copper (II) sulfate) and BCA
reagent (Na2CO3, NaHCO3, BCA and sodium tartrate in
0.1 M NaOH) were mixed together. Then, 75 μl of the men-
tioned solution and 25μl of test or control were dispensed into
each well of a 96-well microplate. Themicroplate was put into
the at 60 °C incubator for an hour prior to reading the solu-
tion’s absorbance at 562 nm.

Statistical analysis

All analyses were performed using Graph Pad Prism 5.04
(GraphPad Software, Inc. Cal, USA). One-way analysis of
variance (ANOVA) and the Newman Keuls’ post hoc test
were carried out for data analysis. Data are presented as means
and standard deviation (SD) values that were calculated for
each group and a value of P < 0.05 was chosen to indicate
statistical significance.

Results

Effects of MTX and EA treatment on the activity
of serum marker enzymes

The hepatic marker enzymes activities are represented in
Table 1. ALT and AST were considerably promoted in MTX
group compared with control group (P < 0.001); However,
EA pre-treatment prevented this increase.

EA prevents MTX-mediated oxidative stress (OS)

The variations in oxidative stress (OS) indicators such asMDA,
GSH content and SOD activity between experiment’s different
groups are depicted in Fig. 2. Hepatic MDA level is equivalent
to the scale of LPO in the liver, which is the main indicator of
OS (Fig. 2a). MTX meaningfully raised the liver MDA level
(P < 0.001) in comparison to the control. Although, EA and
MTX co-treatment meaningfully and dose-dependently held
down the MDA level at the approximate level of control.

Figure 2b exhibits the liver GSH content among all groups.
Treatment with MTX significantly depleted GSH (P < 0.001)
compared with control. In comparison with MTX group, both
EA treatment groups showed significantly enhanced GSH
content (5 mg/kg (P < 0.01), 10 mg/kg (P < 0.001)).

SOD is responsible for the dismutation of O2
− into hydro-

gen peroxide and plays a key role in protecting cells against
MTX-mediated OS. The activity of SOD was meaningfully
suppressed in the liver of rats treated withMTX (P < 0.001) in
comparison to the control group. Although, the activity of
SOD was significantly maintained in both groups treated with
EA plus MTX (Fig. 2c). To sum up, MTX caused elevation of
MDA level and suppressed both enzymatic and non-
enzymatic liver antioxidants activities leading to hepatic OS.
The induction of OS was significantly prevented in EA plus
MTX groups.

EA attenuates MTX-induced mitochondrial
dysfunction

Generation of hepatic mitochondrial ROS was significantly
higher in MTX group (P < 0.001) compared with the control

Table 1 Effect of EA on serum ALT and AST in MTX-induced rats

Parameter Groups

Control MTX MTX+ EA5mg/kg MTX+ EA10mg/kg

ALT (IU/L) 34.91 ± 3.09 50.95 ± 3.37*** 41.15 ± 3.45## 36.9 ± 4.92###

AST (IU/L) 51.16 ± 3.77 67.01 ± 2.67*** 57.45 ± 4.31## 55.91 ± 3.41###

Data are presented as means ± SD; n = 5 for each treatment group*** P < 0.001, significantly different from the control group. ## P < 0.01, ### P < 0.001
significantly different from the MTX group. EA, Ellagic acid; MTX, methotrexate; ALT, alanine transaminase; AST, aspartate transaminase
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group (Fig. 3a). Conversely, the observed increase in ROS
formation was significantly blocked in groups treated with
EA along MTX (P < 0.001).

In the rats treated with MTX, the mitochondrial membrane
potential (MMP) was significantly reduced (P < 0.001) in
comparison to the control group. Although, the MTX-
mediated disturbance of MMP was notably prevented in EA
plus MTX-administered groups (P < 0.001) (Fig. 3b).

Figure 3c displays the rate of mitochondrial swelling, which
is reversely proportional to the absorbance intensity. In compar-
ison to the control group, MTX group showed a greater rate of
mitochondrial swelling (P < 0.001). This increase was signifi-
cantly inhibited in the both EA groups (P < 0.001).

The cytochrome c release into the cytoplasm is an indicator
of severe mitochondrial damage. As displayed in Fig. 3D,
cytochrome c release was clearly increased in MTX group

(P < 0.01) compared with the control group. However, EA
treatment (5 mg/kg and 10 mg/kg) effectively inhibited the
MTX-induced cytochrome c release (P < 0.01).

EA prevents MTX-induced apoptosis in liver rats

Intrinsic or mitochondrial pathway of apoptosis is initi-
ated upon activation of a proteolytic cascade including
both caspase-9 and caspase-3, respectively. As shown in
Fig. 4a, initiator caspase-9 activity was significantly es-
calated by 26.66% (P < 0.001) in hepatic cells of MTX
group in comparison to hepatic cells of the control
group. Additionally, initiator caspase-3 activity was re-
markably increased by 45.88% (P < 0.001) compared to
the control group. On the other hand, EA (5 mg/kg and
10 mg/kg) along MTX considerably prevented the in-
crease in the activity of these apoptotic markers in com-
parison with the MTX-treated rats.

Effects of MTX and EA on the protein expression
of Bcl-2 and Bax

Figure 5 indicates that EA kept liver cells safe from MTX-
mediated apoptotic death. We studied the expression of
apoptosis-related genes. We showed that the Bax and Bcl-2
genes expression was altered upon MTX administration
(Fig. 5a). The intracellular level of Bax protein was meaning-
fully raised in the MTX group in comparison to the control
group, while the Bcl-2 level was reduced in the MTX group.
Remarkably, EA treatment blocked both MTX-induced in-
crease in Bax and decrease in Bcl-2. The MTX-treatment led
to a 2.5-fold increase of the Bax/Bcl-2 ratio compared to the
control, whereas this ratio remained unaffected in the EA
groups (Fig. 5b). These results indicate that MTX disrupted
the balance between pro and anti-apoptotic genes expression
and EA brought this vital balance back.

EA up-regulates Nrf2/HO-1 pathway in liver
of MTX-induced rats

The effects of EA on hepatic Nrf2 protein expression inMTX-
treated rats are displayed in Fig. 6a, b. We observed a major
down-regulation of Nrf2 expression in MTX group in com-
parison to the control. The 5 mg/kg and 10 mg/kg dose of EA
with MTX caused a significant up-regulation in Nrf2 expres-
sion (P < 0.05).

We also evaluated the expression of HO-1 in our experi-
mental groups. The HO-1 expression level was significantly
decreased in MTX group compared to control (P < 0.05). As
displayed in Fig. 6C&D, both doses of EAwhen administered
along MTX led to a meaningful increase in HO-1 expression
(P < 0.05). The HO-1 results were in line with our above re-
sults for Nrf2 protein expression.

Fig. 2 Effects of EA on hepatic OS.MDA level (a), Total thiols (b), SOD
activity (c) in control, MTX and EA co-administrated with MTX. Data
are expressed as means and standard deviation (SD) values (n = 5).
***P < 0.001 compared with control. ##P < 0.01, ###P < 0.001 compared
with MTX-treated group. EA, Ellagic acid; MTX, Methotrexate; MDA,
Malondialdehyde; OS, oxidative stress; SOD, Superoxide dismutase
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EA suppresses liver inflammation and NF-κB
activation induced by MTX

Pro-inflammatory cytokines and factors were analyzed
in rat serum and liver to determine the protective effects
of EA against MTX-induced inflammation. As NF-κB
signaling pathway is important in MTX-induced inflam-
matory response, we assayed the expression levels of
NF-κB in rat liver via Western blotting. Total NF-κB
p65 was significantly elevated in the liver of MTX group
in comparison with the Control (Fig. 7a, b). However, EA

administration prevented MTX-mediated NF-κB activa-
tion (Fig. 7a, b). As depicted in Fig. 7c, d, IĸB was phos-
phorylated and degraded in the MTX group, contrary to
the rats treated with EA.

In order to evaluate the anti-inflammatory properties of EA,
level of IL-6 which is a serum pro-inflammatory cytokine,
was assessed. As shown in Fig. 7c, we observed a marked
elevation in the serum IL-6 levels when comparing MTX-
treated rats with the control (P < 0.001). Both EA doses sig-
nificantly prevented the MTX-induced upsurge in circulating
IL-6 levels (P < 0.001). Our findings indicated that EA

Fig. 3 Effects of EA on ROS formation (a), MMP collapse (b),
Mitochondrial swelling (c), cytochrome c release from mitochondria (d)
in in experimental groups. Data are expressed as means and standard
deviation (SD) values (n = 5). **P < 0.01, ***P < 0.001 compared with

control. ##P < 0.01, ###P < 0.001 compared with MTX-treated group.
EA, Ellagic acid; MTX, Methotrexate; ROS, Reactive oxygen species;
MMP, Mitochondrial membrane potential

Fig. 4 Effects of EA on hepatic apoptotic markers. Alterations in
activities of caspase 3 (a) and caspase 9 (b) in control, MTX and EA
co-administered with MTX. Data are expressed as means and standard

deviation (SD) values (n = 5). ***P < 0.001 compared with control. ##P <
0.01, ###P < 0.001 compared to MTX-treated group. EA, Ellagic acid;
MTX, Methotrexate
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ameliorates MTX-induced liver injury through suppression of
NF-κB activation and inhibits MTX-induced pro-inflammato-
ry factor expressions in both serum and liver.

Effects of MTX and EA treatment on histopathological
changes

Table 2 displays histopathological liver tissue alterations. We ob-
served major histopathological irregularities (score 5) in MTX-
treated rats including necrosis, degeneration and inflammation
(Fig. 8b). In contrast, injurious effects of MTXwere considerably

prevented with either doses of EA (Fig. 8c, d). We observed only
a minor injury (score 2) in the group receiving 10 mg/kg EA,
therefore it seems that the mechanism in which EA aids the liver
tissue recovery is dose-dependent (Fig. 8d).

Discussion

Despite the important role of MTX in prophylactic and thera-
peutic regimens of various diseases such as inflammatory dis-
orders, malignancies and auto-immune diseases, its ability to

Fig. 6 Effect of EA on Nrf2 protein (a& b) and HO-1 protein expression
(c & d) in liver of MTX-treated group. Data are expressed as means and
standard deviation (SD) values (N = 3). *P < 0.05 versus Control. #P <

0.05 versus MTX. EA, Ellagic acid; MTX, Methotrexate; Nrf2, Nuclear
factor erythroid 2- related factor 2; HO-1, Heme oxygenase-1

Fig. 5 Effects of treatments on Bax and Bcl-2 proteins expression.
Western blot analysis of Bax and Bcl-2 protein expressions in the liver
of rats treated with MTX and EA. Expression of β-Actin was used as
internal control (a). As shown above, MTX treatment resulted in higher
Bax/Bcl-2 (b). Representative bar diagram showing quantitative results

for relative levels of Bax/Bcl-2 ratio. Data are expressed as means and
standard deviation (SD) values (n = 5). ***P < 0.001 compared with con-
trol. ###P < 0.001 compared to MTX-treated group. EA, Ellagic acid;
MTX,Methotrexate; Bax, Bcl-2-like protein 4; Bcl-2, B cell lymphoma 2
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induce liver toxicity broadly restricts its clinical use [22].
Several investigations have highlighted the mechanistic role
of OS in MTX-induced liver damage. Therefore, using

antioxidants seems a plausible approach to manage its toxicity
[23]. In this study, we tried to study the effects of EA, as a
polyphenol antioxidant, on MTX-induced liver toxicity. The

Fig. 7 Effects of EA on liver inflammatory markers. Alterations in NF-
ĸB p65 protein expression (a and b), p-IĸBα protein expression (c and d)
and levels of IL-6 (E) in the liver of control, MTX and EA co-
administered with MTX. Data are expressed as means and standard de-
viation (SD) values (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001

compared to control group. #P < 0.05, ##P < 0.01, ###P < 0.001 com-
pared with MTX group. EA, Ellagic acid; MTX, Methotrexate; NF-ĸB,
Nuclear factor-kappaB; IĸBα, inhibitor of NFĸB; p-IĸBα ,
Phosphorylated-inhibitor of NFĸB; IL-6, Interleukin-6

Table 2 Effect of EA on MTX-induced liver histological changes. EA, Ellagic acid; MTX, methotrexate

Groups Histological
score

Degenerative changes

Control 1 No abnormality

MTX 5 Extensive pathologic changes such as prominent granular degeneration, inflammation, eosinophilic cells,
vacuolation etc.

MTX+ EA
5 mg/kg

3 Moderate pathologic changes such as Inflammation

MTX+ EA
10 mg/kg

2 Mild pathological changes

1: No abnormality 2: Mild degenerative changes (10%). 3: Moderate degenerative changes (25%). 4: Severe degenerative changes (50%). 5: Extensive
and marked changes (>75%)

DARU J Pharm Sci (2019) 27:721–733 729



main cause of EA’s protective ability is believed to relate to its
antioxidant feature, but several studies have highlighted the
ability of polyphenols to stimulate or inhibit signaling path-
ways through regulation of both cellular gene expression and
signaling molecules phosphorylation [24].

Aminotransferases are enzymes found mainly in the hepa-
tocytes. An elevation in serum ALT and AST is either related
to damage or destruction of tissues rich in the aminotransfer-
ases, especially liver cells, or to changes in cell membrane
permeability that permit leakage into the circulation [25].
Here, MTX treatment considerably promoted the serum activ-
ities of ALTandAST. This is in good agreement with previous
findings in the literature. Safaei et al. showed that 24 h after
MTX administration, their experimental rats developed hepa-
totoxicity, which was reflected by a marked elevation in the
levels of AST and ALT [26]. Interestingly, level of ALT and
AST in the MTX plus EA-treated groups were significantly
lower than the MTX-treated animals. In the same context, the
hepatoprotective effect of EA have been supported in a study
by Girish et al. which displayed the prevention of serum trans-
aminases increase in mice with paracetamol-mediated hepato-
toxicity [27]. Following intravenous administration of liver
toxicant at high dose, levels of serum ALT can rise to 10 to
20 times the upper limit of normal (ULN) within 12 to 48 h,

but then rapidly fell to normal levels with rare instances of
jaundice or symptoms of liver injury [28].

The peroxidative breakdown of polyunsaturated fatty acids
by free radicals has been implicated in many types of liver
diseases and most importantly in the liver damage induced by
any toxic substances such asMTX [29]. In our investigation, it
seems that, because of the overproduction of free radicals,
hepatic MDA levels in MTX group were significantly elevat-
ed in comparison to the control. Furthermore, hepatic LPO
was effectively ameliorated in EA groups. This could be as-
sociated with the prevention of MTX-mediated cellular mem-
brane damage due to the ROS-scavenging function of EA
[20]. GSH is a non-enzymatic antioxidant and the master of
cellular ROS scavengers that protects cellular membranes and
lipoproteins from peroxidation [30]. SOD is also an important
antioxidant enzyme in nearly all living organisms, which are
exposed to oxygen. This enzyme catalyzes the reaction of
superoxide (O2

−) radicals into less toxic hydrogen peroxide
(H2O2) or molecular oxygen (O2) [31]. In the present study,
the content of GSH and activity of SOD were decreased in
MTX-treated animals. The observed protection provided by
EAwas signified by maintaining GSH levels and SOD activ-
ity in MTX-treated animals. This protective effect may be
related to EA’s free radical scavenging ability that prevented

Fig. 8 Photographs of liver tissue. We observed the Hepatoprotective
effect of EA against MTX-induced liver injury (n = 3). (a) Control group
showed normal architecture. (b) Extensive necrosis, degeneration and
inflammation of hepatocytes in MTX group. (c) Co-treatment of MTX
and EA 5 showed moderate inflammation. (d) EA 10 treatment caused

just minor pathological alterations inMTX-administered rats. EA, Ellagic
acid; MTX, Methotrexate. Arrow indicates Inflammation, Arrow head
indicates eosinophilic cells, Asterisk indicates vacuolization of cells.
Original magnification ×20
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ROS-induced both depletion of GSH and reduction of SOD
activity [32].

Mitochondria, essential cytoplasmic organelles, have im-
portant physiological functions in the liver cells. They are
the primary targets of ROS-induced OS due to being their
main source [33]. The MTX through ROS overproduction
results in mitochondrial damage and the cell may enter apo-
ptotic phase if ROS is continuously produced. In our study,
MTX-treatment significantly increased mitochondrial ROS
formation in liver of rats. Subsequently, MTX through raising
ROS generation triggered a cascade of events leading to the
induction of apoptosis including disruption of the mitochon-
drial outer membrane, disturbance of MMP and translocation
of cytochrome c. Mitochondrial overproduction of ROS, also
results in the oxidization of sulfhydryl groups surrounding
MPT pore and causes the MPT pore to open. Consequently,
cytochrome c is released into the cytosol and mitochondrial
swelling and caspase cascade is initiated. However, EA sig-
nificantly suppressed the ROS formation level in the
mitochondria of MTX-treated rats. In our study, MTX-
induced mitochondrial swelling, MMP loss and cyto-
chrome c release were prevented by EA administration.
Our result complies with our earlier work that showed
the ability of EA to mitigate the mitochondrial dysfunc-
tion and oxidative damage in the kidney of rats exposed
to Gentamicin [20].

Bax/Bcl-2 expression ratio is believed to play a crucial role
in the regulation of cell apoptosis [34, 35]. We found that the
MTX-induced increase in Bax protein and reduction in Bcl-2
protein were effectively blocked by EA treatment. Bax and
Bcl-2 proteins are integral parts of the apoptotic cascade,
hence, it is not unexpected that regulating these proteins ratio
by EA treatment can prevent the occurrence of apoptotic cas-
cade and thereby apoptosis. Seemingly, EA through modifi-
cation of Bax and Bcl-2 protein expression eventually stopped
the initiation of mitochondria-mediated downstream events
such as cytochrome c release and caspase-3 activation. In
good agreement with present findings, Mahmoud et al.
showed that MTX administration is associated with increased
Bax expression and decreased Bcl-2 expression in the liver of
rats [9]. Furthermore, El-Sheikh et al. reported the increase in
apoptotic protein caspase-3 expression in the hepatic cells of
MTX-treated rats [36].

Another important player in the pathophysiology of
liver inflammation, fibrosis, and drug-mediated toxicity
is the transcription factor Nrf2, which contributes to nor-
mal function of the liver. ROS overproduction is recog-
nized as being able to activate Nrf2 by degrading its
associated protein, Keap1. Consequently, Nrf2 migrates
to the nucleus and promotes the expression of proteins
operating in cell defense and protection such as Heme
Oxygenase-1 (HO-1), glutathione-S-transferase, SOD,
CAT, and Glutathione peroxidase [37]. In light of this,

we assessed the expression level of Nrf2 in order to
elucidate the mechanism behind EA’s protective ability
against MTX-mediated OS and inflammation. In our
study, protein expression levels were down-regulated in
hepatic cells of rats exposed to MTX. In line with this,
previous investigations signified that the intensive ROS
formation leads to down-regulation of Nrf2 in endothelial
cells [38], liver [39] and kidney [40]. Co-administration
of EA and MTX significantly promoted the Nrf2 and
HO-1 upregulation, which were associated with less OS
and improved antioxidant defenses in the liver of rats.
Nrf2/HO-1 cascade has been reported to inhibit apoptosis
via its effect on apoptosis-related proteins such as Bcl-2
and Bax. Our finding substantiates previous findings in
the literature that showed the positive impact of EA on
atherosclerosis and endothelial dysfunction through up-
regulation of Nrf2 [41].

These results can be due to the ability of MTX to
induce production of ROS and pro-inflammatory cyto-
kines. Increase in OS level also activates the transcrip-
tion factor NF-κB, which in cytoplasm is bound to its
inhibitor, Iκ-B. Excessive intracellular ROS level can de-
grade the Iκ-B, allowing NF-κB to translocate to the
nucleus [42]. These events may lead to hepatic injury
and recruitment of apoptotic machinery [36]. Our results
highlighted that expression levels of the NF-κB p65 sub-
unit were increased following exposure to MTX, indicat-
ing that MTX induced the accumulation of ROS in the
liver and then caused the upregulation of NF-κB. Unlike
the MTX-treated group, administration of EA plus MTX
inhibited the NF-κB nuclear translocation in hepatic
cells. Soares et al. showed that HO-1 inhibited the
TNF-α dependent activation of NF-κB in endothelial
cells [43]. Our results are in line with a previous study,
which indicated administration of EA for 16 weeks sig-
nificantly inhibited NF-ĸb mediated ROS production and
syn thes i s o f p ro in f l ammatory cy tok ines [44] .
Investigations have signified that HO-1 reduces the ac-
tivity of NF-ĸB through prevention of IĸB degradation
[45]; specially, by preventing its phosphorylation, hence,
leads to reductions in NF-ĸb translocation to the nucleus
and the transcription of its downstream inflammatory
genes. Furthermore, NF-ĸb inactivation through HO-1-
mediated glutathionylation of its p65 subunit [46] high-
lights the anti-inflammatory capacity of EA, which is
likely mediated through Nrf2/HO-1 signaling pathway.
In addition, Lavrovsky et al. stated that NF-κB binds to
the HO-1 promoter region and thus contributes to de-
fense against cellular injury [47]. EA through boosting
the antioxidant enzymes, suppressing NF-κB, upregulat-
ing Nrf2 expression and modulating the crosstalk be-
tween these two transcription factors employ beneficial
effects against oxidative liver injury in rats.
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Conclusion

Our study shows that MTX-induced mitochondrial dysfunc-
tion is related to the progress of toxic effects upon triggering
early inflammatory processes and Nrf2 inhibition. Our work
has led us to conclude that disturbance of the sophisticated
association between NF-κB and Nrf2, for instance in a condi-
tion like MTX exposure, results in disruption of the balance
between ROS level and antioxidant enzymes like HO-1 [48].
Interestingly, in our study EAwas able to bring back the bal-
ance between Nrf2 and NF-κB, resulting in the prevention of
MTX-induced apoptosis in the hepatocytes and inhibition of
deleterious actions of NF-κB, IL-6 and caspases. It seems that
EA exerts its hepatoprotective and antioxidant effects mainly
through regulation of Nrf2 and NF-κB activities. Future stud-
ies is required to determine the possible differences between
EA and pharmaceutical products of EA such as nanoformula-
tion. In this regard, dose, formulation and molecular mecha-
nism that cause possible beneficial effects or enhance thera-
peutic efficacy should be considered.
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