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A B S T R A C T

Drug-induced liver toxicity is the most frequent cause of acute liver failure worldwide. Hepatotoxicity caused by
acetaminophen (ACT) overdose is mediated by its metabolic product promoting oxidative stress and activation of
inflammatory mediators. Nuclear factor erythroid-related factor-2 (Nrf-2) induces the release of cytoprotective
enzymes in response to electrophilic or oxidative stress and is considered a promising therapeutic target.
Dimethyl fumarate (DMF) is a potent activator of (Nrf-2), its anti-inflammatory and antioxidant properties of
DMF have been highlighted recently. We designed this study to explore the effect of DMF (100mg/kg, orally)
administered once and twice on hepatotoxicity induced by acetaminophen (ACT, 500mg/kg, i.p.) in mice. DMF
administration enhanced ACT-induced parameters in liver function, inhibited apoptosis and ameliorated the
antioxidant machinery and inflammatory markers in a Nrf-2-dependent fashion. DMF elevated Nrf-2 and HO-1
levels and ameliorated liver injury as indicated by lowered levels of serum aminotransferases, ALP, GGT and
bilirubin levels. Hepatic (Bcl-2) was elevated whereas hepatic caspase-3, NFκ-B, TNF-α and MPO were reduced.
Hepatic levels of GSH, SOD, MDA and NO were altered promoting the antioxidant machinery. Histological
examination of liver has further supported these results. These findings suggest that DMF can be employed in the
treatment ACT-induced liver injury acting primarily through targeting Nrf-2/HO-1 pathway.

1. Introduction

Acetaminophen (ACT), a widely administered analgesic and anti-
pyretic, is safe and effective at therapeutic doses. However, ACT over-
dose causes severe hepatic injury and has been estimated to be the
primary cause of acute liver failure in western countries [1–3]. Acute
hepatotoxicity is mainly caused by the ACT metabolite, N-acetyl-p-
benzoquinoneimine (NAPQI), which is generated by the cytochrome
P450 system. If the highly reactive metabolite NAPQ1 is not detoxified
adequately, it covalently modifies liver proteins and depletes the in-
tracellular pool of glutathione (GSH) [4]. Regulating the oxidative
stress status and scavenging electrophiles is one strategy to treat ACT-
induced hepatotoxicity.

Nuclear erythroid-related factor 2 (Nrf2) has emerged as a distinct
oxidative-mediated transcription factor that regulates downstream

cytoprotective targets. Nrf2 binds with antioxidant response elements
(ARE) located upstream to genes of detoxifying enzymes [5,6]. Heme
oxygenase-1(HO-1) is one important detoxifying enzyme that is upre-
gulated during oxidative stress. HO-1 initiates the oxidative degrada-
tion of heme to carbon monoxide and bilirubin which are both powerful
antioxidants [7]. The activity of the transcription factor Nrf-2 is regu-
lated by Kelch-like ECH-associated protein-1(KEAP-1) which sequesters
Nrf-2 in the cytosol through physical attachment. Exposure to electro-
philic and oxidative stress destabilizes this interaction. Nrf-2 is then
translocated to the nucleus where it triggers transcription of down-
stream cytoprotective genes such as HO-1. Nrf2 can be considered a
plausible drug target for alleviating drug-induced liver injury where
oxidative stress is implicated.

Nrf2 enhancers are a promising therapeutic class that have pro-
gressed to clinical trials and have been indicated for treatment of a
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number of neurodegenerative and autoimmune diseases. Dimethyl fu-
marate (DMF) is FDA-approved for managing relapsing multiple
sclerosis and psoriasis and works primarily through potentiating Nrf2
activity [8–10]. DMF also possesses cytoprotective and antiin-
flammatory properties which have proven effective in inflammatory-
mediated conditions such as asthma [11] or experimental colitis [12].
DMF was also shown to ameliorate liver ischemia/reperfusion injury
[13].

Herein, we explore the role of DMF in the treatment of ACT-induced
liver toxicity emphasizing its effect on Nrf-2 pathway, inflammation,
apoptosis and the oxiditave stress status in order to elucidate the me-
chanism by which DMF exerts its activity.

2. Materials and methods

2.1. Drugs and chemicals

Paracetamol (10mg/ml, solution for infusion) was purchased as the
pharmaceutical drug from Bristol-Myers-Squibb Co. Dimethyl fumarate
(DMF) was purchased from (Sigma-Aldrich, St. Louis, MO, USA), and
was suspended in 0.5% carboxymethylcellulose (CMC) to be adminis-
tered orally. All other chemicals used in this study were of high ana-
lytical grade.

2.2. Animals

Adult BALB/c mice weighing (25–30 g) were housed under standard
conditions. They were permitted free access to food and water
throughout the experimental process. The research ethics committee
criteria for care of laboratory animals at Mansoura University approved
the project and experiments were conducted in compliance with its
criteria for experimental animals.

2.3. Induction of acetaminophen hepatotoxicity and experimental design

All animals were allowed to fast overnight and were divided into 5
groups: [1] control group received a vehicle control (0.5% CMC orally)
twice a day [2] DMF group received DMF (100mg/kg, orally) twice a
day [3] diseased group received a single dose (500mg/kg) of ACT in-
traperitoneally [4] diseased group received ACT (500mg/kg) followed
by one-dose of DMF (100mg/kg) after 1 h (ACT+ once DMF) [5]
diseased group received ACT (500mg/kg) followed by two doses of
DMF (100mg/kg) after 1 h and 12 h of ACT treatment (ACT+ twice
DMF). The dose was chosen based on a previous study (Schulze-
Topphoff et al., 2016). After 24 h of ACT administration mice were
anaesthetized using thiopental and blood was collected from retro-or-
bital puncture. The right lobe of liver tissue was homogenized as (10%
w/v) in 20mM Tris-HCl (containing 1mM EDTA, pH 7.4). The left lobe
of liver samples was fixed in 10% buffered formalin for histopathalo-
gical analysis.

2.4. Assessment of biochemical markers of liver function

The parameters SGOT, SGPT, GGT, ALP, bilirubin and albumin were
measured photometrically in serum using commercial kits (SPINRE-
ACT, Sant Esteve de Bas, Spain) according to the manufacturer's in-
structions: The transaminases are proportional to the amount of oxalate
(for SGOT) or pyruvate (for SGPT) formed which can be quantified by
reacting with the developer 2,4 dinitrophenylhydrazine. Briefly, 0.5 ml
of the substrates were mixed with 100 μl serum and incubated at 37 °C
for 30min. Then 2,4 dinitrophenylhydrazine in alkaline medium was
added and incubated at room temperature for 20min. Absorbances
were measured at 505 nm and transaminase activities were estimated
from a plotted calibration curve.

The rate of 2-nitro-5-aminobenzoic acid formation is proportional to
the catalytic concentration of gamma-glutamyl transferase (GGT).

100 μl of serum was mixed with 1ml of solution (100mM Tris pH 8.6,
10mM glycylglycine: 3 mM L-γ-glutamyl-3-carboxy-4-nitroanilide at
4:1 ratio). The absorbance was measured every minute over 3min
period at 405 nm. The average absorbance per minute was multiplied
by 1190 to calculate the GGT concentration as U/L.

The rate of p-nitrophenol formation is proportional to the catalytic
concentration of alkaline phosphatase (ALP) present in the sample.
20 μl of serum was mixed with 1ml solution (0.35M 2-amino-2-methyl-
1-propanol, 1 mM ZnSO4, 2mM Magnesium acetate, 1 mM N-hydroxy-
EDTA: 10mM p-nitrophenylphosphate at 4:1 ratio). Absorbances at
405 nm were measured every minute for 3min and the average ab-
sorbance was multiplied by 2764 to determine ALP activity as U/L.

Bilirubin is converted to colored azobilirubin by diazotized sulfa-
nilic acid and the intensity of the color formed is proportional to the
bilirubin concentration. 100 μl of serum or standard was mixed with
1.5 ml of (30mM sulfanilic acid, 50mM HCl, 7M dimethylsulfoxide)
and 50 μl 29mM sodium nitrite. The mixture was incubated at 25 °C for
5min and absorbances were measured at 555 nm.

Albumin in the presence of bromcresol green at a slightly acidic pH
produces a color change of the indicator from yellow-green to green-
blue. The intensity of the color formed is proportional to the albumin
concentration in the sample. 10 μl of serum or standard were mixed
with 1ml of bromocresol green pH 4.2 and incubated at room tem-
perature for 5min. Absorbances were measured at 620 nm and con-
centrations were calculated compared to standard. Blank reactions were
performed without adding standard or sample.

Lactate dehydrogenase (LDH) was measured using Human
Diagnostics kit (Wiesbaden, Germany) by monitoring the disappearance
of the reduced form of nicotinamide dinucleotide. According to the
manufacturer's protocol, 20 μl of serum was mixed with 1ml (50mM
Tris pH 7.4, 1.5mM pyruvate) then incubated for 5min at 30 °C. 250 μl
of 0.8 mM NADH was added and absorbances were measured every
1min for 3min period at 340 nm. The mean change of absorbance per
minute was measured and multiplied by 10,080 to calculate LDH ac-
tivity.

2.5. Measurement of hepatic malonaldehyde, superoxide dismutase,
glutathione and nitric oxide

The following parameters were estimated in liver homogenate.
Superoxide dismutase (SOD) activity was measured by the degree of
inhibition of the auto-oxidation of pyrogallol at an alkaline pH ac-
cording to the method of Marklund and Marklund [14]. The reaction
mixture was composed of 0.1ml of liver homogenate with 1.5ml of
20mM Tris-HCl, 1 mM EDTA, pH 8.2 then 0.1 ml of 15mM pyrogallol
was added. The change of OD at 412 nm per minute was monitored
over a three minute period. Controls with no samples were run under
the same conditions in order to compute the rate of inhibition. The
enzyme activity was expressed as U/100mg where one unit represents
the amount of enzymes that suppresses pyrogallol autooxidation by
50%.

Hepatic malonaldeyhyde (MDA) was measured employing a method
described previously [15]. Briefly, 0.4 ml of liver homogenate was
mixed with 8ml of 10.3 mM 1-methyl-2-phenyl-indole in acetonitrile
diluted with methanol containing 32 μM FeCl3 (3:1). The reaction was
incubated at 45 °C for 60min followed by centrifugation at 4000×g for
10min. Absorbances were measured at 586 nm.

We utilized a previously described method for GSH measurement
[16]. Briefly, 0.05ml of 50% (w/v) trichloroacetic acid was used to
preceiptate the protein in liver homogenate. The supernatant was col-
lected after centrifugation at 1000×g for 5min and 0.25ml of the
supernatant was mixed with 1ml of solution composing of 0.2 M Tris-
HCl and 1mM EDTA, pH 8.9 and 0.05ml of 10mM 5,5′-dithiobis-(2-
nitrobenzoic acid) in absolute methanol. The reaction was kept at room
temperature for 5min. A yellow color was formed and measured
spectrophotometrically at 412 nm. GSH concentration expressed as
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nmole/100mg tissue was calculated from a standard calibration curve
(0–500 nmol/ml).

Total nitrite/nitrate (NOx) products, an indicator of NO synthesis,
were measured according to the method described previously [17].
Briefly, 0.5ml of liver homogenate was mixed with 0.25ml of 0.3 N
NaOH and the reaction was incubated at room temperature for 5min.
This was followed by deprotonization using 0.25ml of 5% (w/v) ZnSO4.

The reaction was centrifuged at 3000×g for 20min at 4 °C. 0.5ml of
the supernatant was mixed with 0.3ml VCl3 (8 mg/ml) in 1M HCl and
0.3 ml Griess reagent composed of the following: 0.15ml of 2% (w/v)
sulphanilamide in 5% (v/v) HCl and 0.15ml of 0.1% (w/v) N-(1-
naphthyl)-ethylenediamine dihydrochloride in distilled water. The re-
action mixture was incubated at 37 °C for 45min and the product was
measured spectrophotometrically at 540 nm. Concentrations of NOx
was computed from a calibration curve constructed NaNO3

(0–100 nmol/ml). NOx levels were expressed as nmol/100mg tissue.

2.6. Determination of hepatic Nuclear erythroid-related factor 2 (Nrf-2)
and heme oxygenase-1 (HO-1)

Liver homogenates were used to measure hepatic Nuclear erythroid-
related factor 2 (Nrf-2) and heme oxygenase-1 (HO-1) using sandwich
enzyme-linked immunosorbent assay (sandwich ELISA) by commercial
kits (MyBioSource, Inc. San Diego, USA) and (CUSABIO) respectively
following the manufacturer's instructions. The wells of a polyvinyl
chloride microtiter plate were coated with monoclonal antibody spe-
cific for Nrf-2 and HO-1 respectively.

2.7. Evaluation of inflammatory mediators

Hepatic NFκ-B concentrations were determined by sandwich ELISA
using a commercial kit (CUSABIO,China), hepatic tumour necrosis
factor-alpha levels (TNF-α) were measured by sandwich ELISA em-
ploying a commercial kit (AssayPro, St. Charles, MO) following the
manufacturer's instructions. The wells of a polyvinyl chloride microtiter
plate were coated with antibody specific for NFκ-B and TNF-α respec-
tively.

2.8. Measurement of the apoptotic regulator Bcl-2 and caspase-3 in hepatic
tissue

Hepatic Bcl-2 and caspase-3 levels were measured by sandwich
ELISA using commercial kits (MyBiosource San Diego, CA, USA),
(EIAab Wuhan, China) respectively following the manufacturer's in-
structions. A monoclonal antibody specific for Bcl-2 and caspase-3 have
been pre-coated onto a microplate respectively.

2.9. Histochemical analysis

The fixed tissues were embedded in a paraffin wax and sectioned
(5 μm thick). Each section was stained with hematoxylin and eosin (H&
E). Histopathological assessment was performed blindly by the pa-
thologist. Inflammation was scored according to Knodell score [18].

2.10. Assessment of myeloperoxidase (MPO) expression in liver tissue

Liver tissue sections were stained using myeloperoxidase stain kit
(Biodagnostics,Giza, Egypt,) according to the manufacturer's instruc-
tions. Briefly, liver sections were fixed using ethanol then incuabted
with the substrate at room temperature. Copper sulphate was added as
an enhancer. Finally, a counterstain methyl green is added, washed and
allowed to dehydrate. The level of MPO intensity was scored 0, nega-
tive; 1, weak; 2, moderate and 3, strong staining. All readings were
blindly performed by a pathologist.

2.11. Statistical analysis

Results were expressed as means ± SD. Statistics and graphical
representation were carried out using Graphpad Prism V 6.01
(Graphpad Software Inc., San Diego, CA, USA) by regular one-way
ANOVA followed by Tukey's post-hoc test for multiple comparisons.
Statistical significance was set at p < 0.05.

3. Results

3.1. Effect of DMF on body weight and liver/body weight ratio of mice

Hepatic lesions and damage can be initially estimated by examining
liver weight/body weight ratios. Administration of ACT was associated

Fig. 1. Effect of DMF on body weight and
liver/body weight ratio. A) ACT treatment
caused a marked decrease in body weight
compared to control and control drug groups
(p < 0.05). DMF significantly increased
body weight in ACT-treated mice. B) A
signficant increase in liver/body weight
ratio was observed in mice treated with ACT
compared to control and control drug
groups. DMF reversed it values comparable
to normal control and control drug mice.
Data is expressed as mean ± SD, n= 8.
Different symbols indicate statistical sig-
nificance of p < 0.05 (* compared to con-
trol group, $ compared to ACT group, #
compared to one-dose treatment group)
using regular one-way ANOVA followed by
Tukey's multiple comparisons test.
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with a marked decrease in body weight and a notable increase in mean
relative liver weights (liver weight/body weight) (p < 0.05) (Fig. 1A,
B). DMF treatment significantly increased body weight compared to
ACT group (Fig. 1A). The DMF treated group showed a significant re-
duction in mean relative liver weights (p < 0.05) (Fig. 1B).The im-
provement in liver/body weight was more pronounced after two doses
compared to one-dose DMF. The control drug group did not show any
significant change.

3.2. DMF ameliorated ACT-induced hepatotoxicity

In order to precisely measure the extent of liver damage, hepatic
markers which include transaminases, GGT and ALK-P that are nor-
mally expressed in liver tissues were measured in serum. Elevated
serum levels of the former markers indicate cell membrane damage and
confirm liver injury. A single (500mg/kg) dose of ACT caused more
than a 6-fold increase in SGPT serum levels. Treatment with DMF sig-
nificantly opposed elevated SGPT levels and restored it to levels com-
parable to the control group: one-dose treatment reduced to 0.85 fold of
ACT group and two doses reduced dramatically to 0.14 fold of ACT
group (Fig. 2A). Similarly, SGOT levels were significantly higher after
ACT treatment: about 4.4 fold of that in control groups (Fig. 2B). DMF
treatment reduced SGOT levels to 0.7 fold and 0.3 fold of ACT group in

one and two dose groups respectively. Levels of GGT were also sig-
nificantly elevated in ACT-treated group (6.8 fold of normal control
group) and were reduced, although did not reach normal levels, after
treating with DMF (0.8 fold and 0.6 fold in one and two-dose treatments
respectively) (Fig. 2C). ALK-P increased 3.2 fold of normal group and
declined to 0.7 fold in one-dose group and was lowered significantly to
0.5 fold of ACT groups two dose groups (Fig. 2D).

Serum albumin and bilirubin levels reflect the liver synthetic and
excretory capacity respectively. ACT caused a decrease in albumin (0.5
fold of normal control group) that was reversed by DMF treatment.
One-dose treatment raised albumin levels to 1.3 fold of ACT group and
the two-dose treatment caused a 1.8 fold increase (Fig. 3A). Bilirubin
was also elevated in ACT group (3.7 fold that of normal control group).
Bilirubin levels were lowered 0.7 fold and 0.4 fold of ACT group in one
and two-dose groups respectively (Fig. 3B).

Serum LDH levels were also evaluated as a measure of cell integrity
and viability. Leakage of the cytoplasmic LDH from damaged cells is an
indication of necrotic cell death [19]. LDH levels were markedly in-
creased in ACT rats (2.9 fold the normal control group. LDH levels were
reduced 0.8 fold and 0.5 fold of ACT group in one-dose and two-dose
groups respectively (Fig. 3C). Control drug group did not show any
significant changes in levels of SGOT, SGPT, GGT, ALK-P, albumin,
bilirubin and LDH.

Fig. 2. Effect of DMF on biochemical markers SGPT, SGOT, ALK-P and GGT in serum. Serum levels of (A) SGPT and (B) SGOT, (C) GGT and (D) ALK-P were markedly
elevated in ACT- treated mice group compared to control and control drug groups. DMF signficantly lowered serum levels of the former markers indicating an
improvement in liver function. Data is expressed as mean ± SD, n= 8. Different symbols indicate statistical significance of p < 0.05 (* compared to control group,
$ compared to ACT group, # compared to one-dose treatment group) using regular one-way ANOVA followed by Tukey's multiple comparisons test.
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3.3. DMF promotes hepatocellular antioxidant defense

ACT exerts its hepatotoxicity primarily through oxidative stress
[20]. To investigate the role of DMF in enhancing the antioxidant
status, enzyme levels of SOD and MDA were measured in liver homo-
genate. SOD is an important enzyme in the cellular antioxidant ma-
chinery that scavenges free radicals and eventually causing depletion of
GSH. MDA is a free radical metabolite and a measure of lipid perox-
idation. As expected, SOD levels were reduced in ACT group (0.4 fold of
normal control group) whereas DMF elevated SOD levels significantly
to 1.5 fold and 2.2 fold of ACT group in one-dose and two-dose groups
respectively. Serum MDA levels increased in ACT group 2.7 fold of
normal control group and was attenuated after DMF treatment (0.7 fold
and 0.4 fold in one-dose and two-dose groups respectively). Another
parameter indicative of the oxidative stress status is NO levels released
in response to hepatocellular injury. Our results clearly demonstrated
that the NO levels increased by ACT were suppressed by DMF (0.9 fold
and 0.5 fold of ACT group in one-dose and two-dose respectively). ACT
has also resulted in severe depletion of GSH in hepatic cells which was
significantly recovered by treatment with DMF (2.7 fold and a sig-
nificant 6.9 fold elevation in one-dose and two-dose groups respec-
tively) (Table 1). Again, DMF did not cause any significant variations in
the former markers in the control drug group (Table 1).

3.4. DMF enhances antiinflammatory activity

Inflammation plays a complex role in ACT-induced hepatotoxicity.
TNF-α is a pleitropic inflammatory mediator that stimulates many
pathways involved in eliciting inflammatory response. NF-κB is another
key regulator in inflammation that is triggered in response to

hepatocellular injury. We evaluated the levels of NF-κB and TNF-α in
liver homogenate. ACT induced the activation of NF-κB which was at-
tenuated upon DMF treatment (0.8 fold and 0.5 fold of ACT group in
one-dose and two-dose groups respectively) (Fig. 4A). Similarly, TNF-α
levels were enhanced by ACT treatment and suppressed by DMF (non
significant 0.8 fold and a significant 0.4 fold of ACT group in one-dose
and two-dose groups respectively) (Fig. 4B). No significant changes in
the control drug group were observed.

MPO is an inflammatory enzyme expressed abundantly in neu-
trophils. MPO initiates inflammatory reactions and is also linked to
oxidative stress. Liver sections were stained to detect myleoperoxidase
(MPO) expression (Fig. 6B). Liver tissue in the ACT group showed
strong positive staining indicating elevated expression of MPO with a
score 3 compared to the control group of a score 1. A single dose of DMF
partially lowered MPO expression with a staining score of 2. Two doses
significantly ameliorated the inflammatory status through lowering
MPO expression with a staining score of 1.

3.5. DMF alleviates ACT-induced hepatotoxicity dependent of Nrf-2
pathway

DMF is a strong potentiator of Nrf-2 pathway and in order to in-
vestigate its role in ameliorating ACT-induced hepatotoxicity, Nrf-2
(Fig. 4C) and its downstream target HO-1 (Fig. 4D) have been evaluated
in mice liver homogenates. Administration of DMF once and twice
enhanced Nrf-2 and HO-1 expression levels in liver. Similarly, the
control drug group did not show any significant variations.

Fig. 3. Effect of DMF on serum levels of albumin, bilirubin and LDH. (A) DMF significantly elevated the albumin levels after being decreased upon ACT treatment.
Serum (B) bilirubin and (C) LDH levels were augmented by ACT treatment and lowered by DMF. Data is expressed as mean ± SD, n= 8. Different symbols indicate
statistical significance of p < 0.05 (* compared to control group, $ compared to ACT group, # compared to one-dose treatment group) using regular one-way
ANOVA followed by Tukey's multiple comparisons test.

Table 1
Anti-oxidant parameters.

Groups Control DMF ACT ACT+ once DMF ACT+ twice DMF

MDA (nmol/100mg tissue) 5.37 ± 2.53 3.63 ± 1.50 14.88 ± 4.19* 11.48 ± 4.197* 6.68 ± 2.79$#

GSH (nmol/100mg tissue) 0.55 ± 0.10 0.63 ± 0.29 0.20 ± 0.08* 0.5427 ± 0.20$ 1.38 ± 0.24⁎$#

SOD (U/100mg tissue) 55.23 ± 1.63 47.73 ± 15.7 26.59 ± 7.88* 39.00 ± 5.71* 58.30 ± 8.43$ #

NO (nmol/100mg tissue) 2.98 ± 0.84 3.35 ± 0.69 11.72 ± 1.77* 10.69 ± 2.99* 6.27 ± 1.90⁎$#

ACT, acetaminophen (500mg/kg, i.p.); DMF, dimethyl fumarate (100mg/kg, once or twice orally). Data as mean ± SD, n=8.
Malondialdehyde (MDA); reduced glutathione (GSH), superoxide dismutase (SOD), total nitrate/nitrite (NOx).
*, $, # p < 0.05, significantly different from control, ACT, or ACT+ once DMF group respectively using one-way ANOVA followed by Tukey-Kramer multiple
comparisons post-hoc test.
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3.6. DMF induced apoptosis through elevation of Bcl-2 antiapoptotic
regulator and caspase-3

Apoptosis can be mediated through members of the Bcl-2 family
which then recruit effector caspases including caspase-3 to degrade
target proteins resulting in apoptotic death. Hepatic Bcl-2 levels were
markedly reduced in ACT-group. Bcl-2 levels were elevated in both one-
dose and two-dose groups. However, only the two-dose group was
significantly higher than the ACT group (p < 0.05) (Fig. 5A). Caspase-
3 levels were elevated in ACT-group. DMF treatment reduced caspase-3
levels and it was more pronounced when DMF administered twice
compared to a single dose administration (Fig. 5B).

3.7. Histochemical analysis

Inflammation of liver was scored according to Knodell score [18].
The control group showed normal liver histology while the ACT group
showed marked inflammation of score (+3). Additionally, hydropic
degeneration of liver cells was observed (score=+3). Liver cells also
exhibited necrosis. DMF treatment showed very mild inflammation
(score= 0–1). No necrosis and mild to no ballooning were also

observed. The control drug group also showed very mild inflammation
(score=+1) with no hepatocellular ballooning or necrosis (Fig. 6A).

4. Discussion

Liver is the principle metabolic organ which detoxifies various
toxins and chemicals. Yet, intoxication by drug overdosing is the prime
reason for hepatotoxicity. Excessive consumption of ACT has been es-
timated to be the most frequent causative agent of drug-induced he-
patotoxicity [21]. Several studies have demonstrated protective activ-
ities of therapeutic drugs or natural compounds against ACT-induced
toxicity [22–25]. We here assess the curative potential of DMF, a safely-
marketed drug, to treat ACT-induced liver injury in a mouse model.
DMF, a fumaric acid ester indicated for psoriasis and multiple sclerosis,
has proven to have antiinflammatory and antioxidant properties
[12,26–28]. We have tested DMF at 100mg/kg in two groups: one
group was only treated once and the second group recieved two doses
12 h apart. Our results clearly showcase that the two-dose treatment
was more effective than one single dose in ameliorating liver injury and
improving various biochemical markers.

A marked enlargement of liver weight as represented by liver body

Fig. 4. Effect of DMF treatment on hepatic NF-κB and hepatic TNF-α and Nrf-2 pathway. DMF reduced elevated hepatic levels of (A) NF-κB and (B) TNF-α. ACT
elevated hepatic levels of (C) Nrf-2 and (D) HO-1. Data is expressed as mean ± SD, n= 6. Different symbols indicate statistical significance of p < 0.05 (* compared
to control group, $ compared to ACT group, # compared to one-dose treatment group) using regular one-way ANOVA followed by Tukey's multiple comparisons test.
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Fig. 5. Effect of DMF on hepatic Bcl-2
and caspase-3. Administration of DMF
elevated levels of A) hepatic Bcl-2 and
reduced B) caspase-3 levels. Data is
expressed as mean ± SD, n= 6.
Different symbols indicate statistical
significance of p < 0.05 (* compared
to control group, $ compared to ACT
group, # compared to one-dose treat-
ment group) using regular one-way
ANOVA followed by Tukey's multiple
comparisons test.

Fig. 6. Representative photomicrographs of (A) H&E stained and (B) MPO-stained liver tissue. Control group, control drug group, ACT group, ACT+one-dose DMF
group and ACT+ two-dose DMF groups.
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weight ratio indicated hepatic lesions and liver injury after ACT treat-
ment. The aminotransferases SGPT and SGOT located in the hepato-
cytes are leaked to the extracellular milieu after cellular damage caused
by ACT. Hence, their levels were markedly elevated. The microsomal
enzyme GGT is present in hepatocytes and biliary epithelial cells and is
induced by a variety of drugs among which is ACT. Bilirubin is normally
conjugated in the liver with glucuronic acid. Loss of hepatic function
reduces the excretory capacity of the liver and is associated with aug-
mented bilirubin serum levels as we have seen here after ACT toxicity.
DMF was able to restore the former markers to normal values and
ameliorate hepatotoxicity.

In order to pinpoint the exact mechanism of antihepatic activity of
DMF we investigated its role in modulating the Nrf-2/ARE pathway.
DMF is a well-known Nrf-2 poteniatior and exerts its cytoprotective role
against oxidative stress through activating the Nrf-2 pathway and up-
regulation of antioxidant genes [29]. The Nrf-2/ARE pathway has been
a recent attractive target in addressing ACT-induced toxicity. Several
studies have reported the hepatoprotective role of various therapeutic
agents through targeting the Nrf-2 pathway. Only one study described
curative treatments after ACT administration using a natural compound
[30]. DMF interacts with KEAP-1 and stabilizes Nrf-2 by inhibiting
KEAP-1 interaction with Nrf-2. Indeed, in our study DMF elevated Nrf-2
levels and its downstream target HO-1 after administering one and two
doses (100mg/kg) post ACT treatment. HO-1 is a ubiquitously ex-
pressed heat shock protein that is activated during oxidative stress as
another protective mechanism against various stimuli. The antioxidant
enzyme HO-1 induces the formation of bilirubin which is capable of
sequestering reactive oxygen species (ROS) [31]. This suggests that the
antihepatic acitivy of DMF may occur through the Nrf-1/ARE cyto-
protective pathway.

We also assessed the antioxidant role of DMF by evaluating NO,
MDA, GSH and SOD levels in liver homogenates. It is well-established
that NO is involved in the pathophysiology of ACT-induced hepatoxi-
city [32]. Accumulation of NO results in altered protein and DNA
synthesis contributing to tissue injury [33,34]. DMF treatment has re-
duced serum NO levels potentially through suppressing NO synthase
enzymes as it has been previously observed in microglia and astrocytes
[35]. Drug-induced toxicity evokes lipid peroxidation leading to cel-
lular death. Accumulation of MDA is considered a significant indicator
of oxidative damage in the cell and its levels have been elevated upon
acute ACT exposure. DMF treatment has significantly reduced MDA,
elevated SOD levels and alleviated the oxidative stress status. Toxic
doses of ACT metabolize into NAPQ1 which rapidly depletes hepatic
GSH. DMF elevated supressed GSH levels potentially through either the
Nrf2 pathway or through inducing GSH recycling by upregulating
glutathione reductase as it has been recently reported [36]. Elevated
GSH levels contribute to the cellular antioxidant defense system in the
liver through scavenging hydroxyl and superoxide radicals, conjugating
with endogenous electrophiles and toxic xenobiotics to facilitate their
safe elimination from the body [37] or maintaining the cellular redox
homeostasis with its oxidized form, glutathione disulphide [38]. Al-
though the exact mechanism of antioxidant activity of DMF is not
clearly understood, DMF may potentially exert its action through po-
tentiating the antioxidant Nrf-2 pathway. One study investigated the
antioxidant activity of DMF in oligodendrocytes by metabolic profiling
and found that DMF altered the citric acid cycle intermediates, GSH and
lipid metabolism which in turn influenced mitochondrial functions and
activated antioxidant molecules [39].

We also sought to investigate the antiinflammmatory role of DMF
against ACT toxicity. Multiple in vivo studies have shown that Nrf-2 has
a protective effect in inflammatory diseases [40–44]. Protein adduct
formation and extensive glutathione depletion cause mitochondrial
oxidative stress triggering sequential events that lead eventually to
transcriptional activation of proinflammatory cytokines such as Tumor
Necrosis factor alpha (TNF-α) [45]. Overdoses of ACT caused a marked
elevation of TNF-α that was diminished by DMF treatment. DMF has

shown to reduce TNF-α levels in glial cells [35] and after liver is-
chemic/reperfusion [13]. NFκ-B is a key transcription factor that con-
trols the expression of genes regulating liver regeneration. Following
ACT administration, NFκ-B is upregulated and is translocated to the
nucleus where it induces inflammatory mediators consistent with pre-
vious reports [46,47]. DMF reduced NFκ-B potentially through abol-
ishing its phosphorylation and nuclear translocation [48]. Additionally,
uncontrolled neutrophil migration contributes to the hepatic in-
flammatory response to ACT overdose [49]. Neutrophil accumulation
triggers hepatic damage through the generation of reactive oxygen
species [50]. This was clearly demonstrated in ACT-group which
showed a marked elevation of MPO expression in mice liver tissue
sections. MPO is a distinct marker of inflammation and neutrophil in-
flammation. DMF reduced MPO expression in liver sections which
showcases its role in attenuation the inflammatory stress evoked by
ACT-induced liver injury. It is believed that both Nrf-2 and NFκ-B
pathways crosstalk to control the transcription of downstream target
proteins. In prostate cancer cells, elevated expression of HO-1—the
downstream target of Nrf-2—inhibited NFκ-B nuclear translocation and
thus impeding NFκ-B activity [51]. Nrf-2 was also found to negatively
regulate NFκ-B in Nrf-2 knockout murine lupus nephritis [52]. Ad-
ditionally, Nrf-2 played a role in host viral infection of respiratory
syncytial virus through inhibition of NF-κB and suppression of lung
protein and lipid oxidation [53]. Moreover, activation of the anti-
oxidant downstream genes of Nrf-2 may maintain reactive oxygen
species at levels insufficient to trigger inflammation.

Mounting evidence highlighted the role of apoptosis in ACT-induced
liver injury. It has been observed that ACT caused the translocation of
Bcl-2 family proteins [54,55] and the elevation of the apoptotic effector
caspase-3 activating the mitochondrial pathway [55,56]. The anti-
apoptotic Bcl-2 regulator hepatic levels were reduced and further ele-
vated upon DMF treatment. DMF was shown to have dual effect on
survival of breast cancer cells in a dose-dependent manner [57].
However, the apoptotic activity of DMF has been shown through the
induction of apoptosis in human T cells in a concentration-dependent
manner [58]. Additionally, DMF restored the apoptotic sensitivity in
cuticle T-cell lymphoma [59]. Nrf-2 pathway seems to crosstalk with
different elements of the apoptotic pathways as reviewed previously
[60]. It was found that Nrf2 upregulated gene transcription of Bcl-2
gene and elevated Bcl-2 protein and consequently elevated caspase-3
levels in lung cancer cell lines [61].

The present results confirm that DMF has ameliorated ACT-induced
liver injury primarily through its anti-inflammatory, antiapoptotic and
antioxidant activity in a Nrf-2 dependent manner. This study demon-
strated the treatment efficacy of DMF, a marketed drug that has a well-
defined safety profile, against ACT-induced hepatotoxicity. Such effi-
cacy was evident by enhancing antioxidant defense machinery and re-
ducing the generation of inflammatory cytokines and suppressing
apoptosis. A suggested mechanism of DMF is illustrated in the graphical
abstaract. Amelioration of the liver morphology confirmed the bio-
chemical findings. Therefore, DMF may represent a promising treat-
ment agent against ACT-induced liver injury. The experimental data
presented here indeed provide a novel indication for the antipsoriatic
drug, DMF.
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