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ABSTRACT

Methotrexate (MTX) is commonly used to treat several types of cancer and autoimmune diseases. However, there
is increasing concern over its organs toxicities particularly liver toxicity. Liraglutide, a glucagon like peptide-1
agonist, possesses antioxidant and anti-inflammatory features. This study aimed to explore the potential pro-
tective effect of liraglutide pre-treatment in ameliorating MTX-induced hepatotoxicity and to further investigate
the underlying mechanisms. Rats received 1.2 mg/kg liraglutide intraperitoneal twice daily for 7 days before
MTX. Results revealed that liraglutide significantly decreased activities of liver enzymes and oxidative stress in
hepatocytes. Furthermore, NF-kB expression and related inflammatory markers (TNF-a, COX-2 and IL-6) were
reduced in the pre-treatment group of liraglutide. These data validate the advantageous effects of liraglutide in
MTX hepatotoxic animals. In addition, liraglutide increased the expression of the antioxidant transcription factor
nuclear factor-erythroid 2-related factor 2 (Nrf-2), along with the transcription of downstream phosphorylated
cAMP response element-binding protein (pCREB) which increases the activity of Nrf-2. Additionally, caspase-3
expression/activity and BAX/Bcl-2 ratio were decreased following liraglutide pre-treatment. In conclusion, it
was confirmed that liraglutide enhanced the antioxidant activity of liver cells by activating the Nrf-2 and pCREB

signaling, thereby, reducing liver cell inflammation and apoptosis induced by MTX.

1. Introduction

More than thousand drugs of the modern pharmacopeia can induce
liver injury with different clinical outcomes (Biour et al., 2004; Larrey,
2000). In the most severe cases, drug-induced liver injury (DILI) can
require liver transplantation or cause patient's death (Bjornsson, 2009).
Methotrexate (MTX) is a cytotoxic anti-folate drug that is considered
the first-line drug in the treatment strategies of several malignancies,
inflammatory and auto-immune diseases (Al Maruf et al., 2018). Since
the toxic effect of MTX on the cells is not selective to cancer cells, it may
influence normal cells and thus using MTX for long period has been
associated with different organ toxicities (Howard et al., 2016). Hepa-
totoxicity is one of the crucial toxicities of MTX, which confines its use
clinically (Cetiner et al., 2005). Diabetes and obesity are well-known
risk factors for MTX-induced liver injury as mentioned in Current
American College of Rheumatology (ACR) and American Association of
Dermatology (AAD) guidelines (Menter et al., 2009; Singh et al., 2016).

Moreover, previous research has reported that psoriatic patients with
type-2diabetes or overweight are at great risk of emerging severe liver
fibrosis following MTX treatment compared to patients without same
risk factors (Rosenberg et al., 2007).

On the other hand, molecular mechanisms by which MTX induces
hepatotoxicity are still unidentified, although they could be related to
the drug cellular pathway (Aithal, 2011). The biochemical changes for
MTX toxic effects have been reported mainly through the upsurge of
oxidative stress and initiation of inflammatory pathways (Mukherjee
et al., 2013). Correspondingly, oxidative stress promotes cells towards
apoptosis (Kannan and Jain, 2000). In this context, several signaling
pathways have been involved in regulating the intrinsic apoptotic
pathway. Among them, nuclear factor kappa B (NF-kB) is considered a
substantial intermediate for induction of apoptosis (Abo-Haded et al.,
2017; Janssen-Heininger et al., 2000). In contrast, Nrf-2/CREB sig-
naling pathway is considered a protective pathway with regards to
decreasing transmission of inflammatory signals in liver cells (Liu et al.,
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2008; Wardyn et al., 2015). Nuclear factor-E2-related factor 2 (Nrf-2) is
a key controller of redox balance and signaling, which promotes the
expression of a series of genes that protect against oxidative stress
(Niture et al., 2014). Studies reported that activation of Nrf-2 has a
protective effect on MTX induced kidney and liver injuries (Abd El-
Twab et al., 2016; Mahmoud et al., 2017a). Furthermore, another level
of control is modulation of the availability of transcription co-activa-
tors,such as cAMP-responsive element-binding protein (CREB) binding
protein (CBP), which has been shown to interact with and activate Nrf-2
(Sun et al., 2009). pCREB increases acetylation of Nrf-2 which increases
Nrf2 sequence-specific DNA binding capacity and expedite transcrip-
tion of its downstream target genes (Kawai et al., 2011). Interestingly, a
study explained that impaired CREB-1 phosphorylation is related to
anti-folate resistance and administration of compounds increasing
PCREB can overcome this resistance (Rothem et al., 2004).

Recently, the concept of drug repositioning has been raised. Drug
repositioning (also known as drug repurposing), the strategy of finding
novel uses for existing drugs, has been gaining popularity in the med-
ical field (Shim and Liu, 2014; Xue et al., 2018). The corresponding
benefit is reducing the need for investment in drug discovery and op-
timization, as well as in safety and pharmacokinetic studies (Duraes
et al., 2018). It is generally thought that complex diseases such as
cancer and central nervous system diseases may require complex
therapeutic approaches. Correspondingly, a drug that “hits” multiple
sensitive nodes belonging to a network of interacting targets offers the
potential for higher efficacy, and may limit drawbacks generally arising
from the use of a single-target drug or a combination of multiple drugs
(Anighoro et al., 2014). For instance, vincamine has been examined for
its protective effect in MTX-induced nephro and neurotoxicity (Shalaby
et al., 2019). Likewise and based on the previously mentioned princi-
ples, targeting Nrf-2/CREB pathway may be a novel pathway to exert
antioxidant and protective effects on MTX induced liver injury. In this
regards, Incretin-based therapy has recently attracted significant at-
tention as a novel treatment for diabetes type-2 with antioxidant and
protective effects (Abo-Haded et al., 2017; Li et al., 2015a). As well as
reducing poly-pharmacy, this suggests that established diabetes treat-
ments could be repositioned to improve both DILI and diabetes con-
currently.

Along with this, Liraglutide is a potent, long-acting synthetic analog
of the human glucagon-like peptide 1 (GLP 1) molecule. It shares 97%
sequence identity with human GLP 1 and displays a much longer half-
life of about 13h (Jacobsen et al., 2009). In 2010, Liraglutide was
approved by the US FDA to treat diabetes mellitus type-2 (Drucker
et al., 2010). Recent studies have reported that liraglutide was effective
for controlling glucose levels, protection of (-cell function, and de-
creasing body weight for patients with type 2 diabetes mellitus who are
resistant to diet and exercise (Bailey, 2013; Ross and Ballantine, 2013).
Another study reported that liraglutide could improve oxidative stress
and lipid peroxidation and decrease transforming growth factor (1
(TGFP1) and tumor necrosis factor a (TNF o) expression in rats with
non-alcohol fatty liver diseases NAFLD (Gao et al., 2015). In a study by
Olaywi et al. (2013), it was revealed that liraglutide induced im-
provements in transaminases in patients with non-alcoholic steatohe-
patitis (Olaywi et al., 2013). These studies have suggested the potential
influence of liraglutide in improving liver diseases.

Recently, a study observed that liraglutide exerts an anti-in-
flammatory effect on vascular endothelial cells by suppressing NF-xB
activation (Dai et al., 2013). Another report showed a significant im-
provement in patients with psoriasis and diabetes after treatment with
liraglutide. This improvement in psoriasis in liraglutide-treated patients
may be due to weight loss, improved glycemic control and the direct
effects of GLP-1 receptor activation on immune cells (Ahern et al.,
2013). Moreover, liraglutide enhances the activation of Nrf-2 pathway
in glucolipotoxicity induced liver injury (Guo et al., 2018). In addition,
liraglutide has a neuroprotective effect on mild brain injury via in-
creasing pCREB signaling (Li et al., 2015b). Accordingly, the current
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study aimed to address the following research questions: whether lir-
aglutide has potential hepatoprotective value on MTX-induced hepa-
totoxicity (MILI), and what are the putative underlying mechanisms
involved in this protective process.

2. Materials and methods
2.1. Animals

In this study, adult male Sprague-Dawley rats, weighing 160-200 g
were obtained from the animal house of the National Organization for
Drug Control and Research (NODCAR), Giza, Egypt. The animals were
kept in controlled environment (24 * 2°C temperature, 60-70% re-
lative humidity, 12h light/dark cycle) and were provided with stan-
dard pellet diet (containing not less than 20% protein, 5% fiber, 3.5%
fat, 6.5% ash and a vitamin mixture) and water ad libitum. Animals
were assigned a group designation and weighed. Animal pain or suf-
fering was minimized as much as possible during experimentation. All
processes of animals experimentation were executed as stated in the
Arrive guidelines and in accordance with U.K. Animals Act, 1986 and
approved by the Research Ethics Committee, Faculty of Pharmacy, Ain
Shams University, Cairo, Egypt under the memorandum No.135.

2.2. Drugs and chemicals

Liraglutide (CAS no. 204656-20-2) was provided from Novo
(Nordisk Co., Denmark). MTX injection (50 mg/2 ml) manufactured by
Mylan N.V was purchased. All other chemicals used were of highest
grade commercially available.

2.3. Induction of liver injury

Acute administration of Methotrexate (20 mg/kg, i.p) in rats was
used for experimental induction of hepatic toxicity (Russmann et al.,
2009).

2.4. Experimental design
The study was conducted on two phases:

2.4.1. Dose screening for the optimum hepatoprotective dose of liraglutide

After acclimatization for 2 weeks, 48 rats were randomly divided
into six groups of eight rats each and treated for 10 consecutive days as
follows:

Group 1: served as negative control, receiving saline only during
the entire experimental period.

Group 2: received a single intraperitoneal injection of methotrexate
at a dose of 20 mg/kg bw (El-Sheikh et al., 2015) on the eighth day.
Group 3, 4, 5: received liraglutide at dose of 0.3, 0.6 and 1.2 mg/kg
respectively i.p twice daily and on the eighth day was given single
i.p MTX injection at a dose of 20 mg/kg.The dose range of liraglu-
tide is selected based on previous reports (Gao et al., 2015;
Shirakawa et al., 2012).

Group 6: received liraglutide only at a dose of 1.2 mg/kg, i.p twice
daily for ten days.

Based on our prelimenary results, blood samples were collected,
following 72 h after MTX injection, from retro-orbital plexus after light
anesthesia with sodium pentobarbital (50 mg/kg, i.p.). Centrifugation
at 855.27g for 10 min was used to separate serum and was used for the
estimation of liver functions. Rats were sacrificed by cervical disloca-
tion and livers were removed and weighed. A Portion was placed in
formol-saline for histopathological analysis.

The assessed parameters for phase I to select the optimum liraglu-
tide dose were:
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2.4.1.1. Assessment of liver enzymes: serum ALT & AST. Serum
concentrations of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), were determined colorimetrically using
available commercial kits (Spectrum diagnostics, Cairo, Egypt).

2.4.1.2. Histopathological examination. 10% formol saline is used to
preserve liver samples from rats of the different experimental groups for
24 h. Tissue washing was done by tap water then serial dilutions of
alcohol (methyl, ethyl and absolute ethyl) were used for dehydration.
Specimens were cleared in xylene and fixed in paraffin at 56 °C in a hot
air oven for 24 h. Sections were embedded in paraffin and sliced into
4 um thick sections by a sledge microtome. The tissue sections were
collected on glass slides, deparaffinized, stained with hematoxylin &
eosin stain (H&E) then examined by light microscope (Banchroft et al.,
1996).

2.4.2. Studying the hepatoprotective mechanism of liraglutide against MTX
induced liver injury

Based on serum ALT & AST and histopathological examination re-
sults, liraglutide 1.2 mg/kg dose was selected to be the optimum he-
patoprotective dose and used for assessment of oxidative stress and
inflammatory markers and studying the signaling hepato-protection
pathway.

2.4.2.1. Hepatic oxidative stress markers. Lipid peroxidation was
determined by estimating the level of thiobarbituric acid reactive
substances (TBARS); measured as malondialdehyde (MDA). Levels of
MDA, reduced glutathione (GSH), and superoxide dismutase (SOD)
were measured using commercial kits (Biodiagnostic, Cairo, Egypt). All
the procedures were conducted as stated in the manufacturer's
instructions.

2.4.2.2. Enzyme-linked immunosorbent assay (ELISA) for interleukin-6 (IL-
6), tumor necrosis factor- a (TNF-a), phosphorylated cAMP response
element-binding protein (pCREB), nuclear factor erythroid 2-related
factor2 (Nrf2), and Heme oxygenase-1 (HO-1). Liver tissues were
washed and homogenized in ice-cold PBS (pH = 7.4) to obtain 20%
homogenate (w.v-1), which was then centrifuged for 15minat
5000 rpm and 4 °C. The supernatant obtained was used for measuring
TNF-a (Platinum ELISA, eBioscience, Vienna, Austria) and IL-6 (R&D
Systems, a biotechne brand, Quantikine ELISA, Minneapolis, USA)
using sandwich ELISA kits as reported by the manufacturer's
instructions. They were expressed as pg.mg ' protein. Protein
content was also determined in the supernatant using a commercially
available kit (Jenway, Staffordshire, UK). P-CREB (Serine 133), a
marker for cAMP response element binding protein (CREB)
phosphorylated (S133), Nrf2, a marker for nuclear factor erythroid 2-
related factor2, and HO-1 (Heme oxygenase-1) were measured in
nuclear protein extract using sandwich ELISA kits (R&D systems,
DuoSet IC. Minneapolis, USA), (MyBioSource, Inc, San Diego, USA),
and (Elabscience, USA) respectively.

2.4.2.3. Quantitative immunohistochemical analysis of NF-kB (p65), COX-
2, Bax, Bcl-2, and caspase 3. Paraffin fixed tissue sections of 3 um
thickness were rehydrated first in xylene and then in graded ethanol
solutions. The slides were embedded with 5% BSA in Tris buffered
saline (TBS) for 2 h. Immunohistochemical analyses were performed by
a standard streptavidin-biotin-peroxidase procedure (Habib et al.,
2019). The sections were immuno-stained with one of the following
primary antibodies; rabbit polyclonal anti-rat NF-kB (p65) (Thermo
Fisher Scientific, Cat. No. RB-9034-P), anti-COX-2 (Thermo Fisher
Scientific, Cat. No. RB-9072-R7), anti-Bax (Thermo Fisher Scientific,
Cat. No. MA5-14003), anti-Bcl2 (Biogenex, Cat.No. AN541), anti-
Caspase 3 (Santa Cruz Biotechnology, Cat. No. sc-7272) at a
concentration of 1pg.ml'l and incubated overnight at 4°C. After
washing the slides with TBS, the sections were incubated with the
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corresponding biotinylated secondary antibody for 10-15min. After
that, the horseradish-peroxidase-conjugated streptavidin solution was
added and incubated at room temperature for 10-15 min. Sections were
then washed with TBS and incubated for 5-10min in a solution of
0.02% diaminobenzidine containing 0.01% hydrogen peroxide.
Counter staining was performed using hematoxylin and the slides
were visualized under light microscope (Abdel-Maged et al., 2018).
Immunohistochemical quantification was performed by measuring the
OD of immunopositive reaction using image analysis software (ImageJ,
1.46a, NIH, USA).

2.4.2.4. Western blot analysis of Bax and Bcl-2. Protein levels of Bax and
BCl-2 in hepatic tissues of different treatment groups were assessed by
Western blot technique (Abdel-Maged et al., 2018). Briefly, liver tissues
were homogenized with 300 ul RIPA buffer using a T-10 Basic Ultra
Turrax Homogenizer (IKA) and protein concentrations of lysates were
determined using Bradford Protein Assay Kit (SK3041). The primary
antibodies Bax (6A7), Bcl-2 (Bcl-2-100) and f-actin (1:2000 dilution;
Thermo fisher, USA) raised in rabbit were used. Following which, The
secondary antibody, horseradish peroxidase-conjugated goat anti-
rabbit-IgG was used. Detection of proteins bound by the antibody of
interest was accomplished by chemiluminescent signals which were
captured using a CCD camera-based imager. Image analysis software
was used to read the band intensity of the target proteins versus control
sample after normalization by B-actin on the Chemi Doc MP imager.
Results were expressed as arbitrary units after normalization for B-actin
protein (Gallagher, 2006).

2.4.2.5. Caspase-3 activity assay. For measurement of nuclear caspase-3
activity, hepatic nuclei were isolated as described previously (Buckley
et al., 1988). 200 mmol/L caspase-3 substrate I (Ac-DEVD-pNA) was
used as the substrate for caspase-3 and p-Nitroaniline was used as the
standard. Cleavage of the substrate was monitored at 405nm and
specific activity was expressed in pmol of the product, nitroaniline, per
minute per mg protein.

2.4.2.6. Cytotoxicity assay

2.4.2.6.1. Mammalian cell lines and chemicals used. HepG-2 cells
(human Hepatocellular cancer cell line) were obtained from the
American Type Culture Collection (ATCC, Rockville, MD). Dimethyl
sulfoxide (DMSO), MTT and trypan blue dye were purchased from
Sigma (St. Louis, Mo., USA). Fetal Bovine serum, DMEM, RPMI-1640,
HEPES buffer solution, L-glutamine, gentamycin and 0.25% Trypsin-
EDTA were purchased from Lonza (Belgium).

2.4.2.6.2. Cytotoxicity evaluation using MTT assay. For cytotoxicity
assays, the tumor cell line was suspended in medium at concentration
5 x 10*cell/well in Corning® 96-well tissue culture plates, then
incubated for 48 h. The tested compounds were then added into 96-
well plates (three replicates). Vehicle controls with either media or
0.5% DMSO were run for each 96 well plate as a control. After
incubating for 48 h, the numbers of viable cells were determined by
the MTT assay (Mosmann, 1983). The relation between surviving cells
and drug concentration is plotted to get the survival curve of each
tumor cell line after treatment with the specified drug. The 50%
inhibitory concentration (ICsp), the concentration required to cause
cytotoxic effects in 50% of intact cells, was estimated from graphic plots
of the dose response curve for each conc. using GraphPad Prism
software (San Diego, CA. USA).

2.4.2.6.3. Evaluation of drug interaction. Dose-response curves for
Liraglutide alone was first generated. The extent of the effect of the
combined treatment Liraglutide + MTX was analyzed by applying
isobologram equation (Berenbaum, 1989): I = d1/D1 + d2/D2. Where
d1 and d2 are the respective concentrations of MTX and liraglutide used
in the combination required to produce a fixed level of inhibition ICsg,
while D1 and D2 are their concentrations able to produce alone the
same magnitude of effect (50% inhibition of cell growth). If “I”
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(interaction index) is less than 1, the effect of combination is
synergistic, whereas if I=1 or I > 1 the effect is additive or
antagonistic, respectively (Azab et al., 2005).

2.4.2.7. Statistical analysis. Results are expressed as mean * standard
deviation (SD). Multiple comparisons were performed using one-way
ANOVA followed by Tukey-Kramer as a post-hoc test. A p value of less
than 0.05 was considered statistically significant. All analyses were
performed using Instat software package (version 3.06). Correlation
coefficient was determined by linear regression analysis (Abdel-Daim
et al., 2015; Abdel-Maged et al., 2018). Graphs were sketched using
GraphPad Prism software (version 5).

3. Results
3.1. Dose screening for the optimum hepatoprotective dose of liraglutide

3.1.1. Hepatotoxicity markers-Serum alanine aminotransferase and
aspartate aminotransferase levels

As compared to control group, rats receiving MTX showed sig-
nificant increase in serum ALT and AST by 103% and 28.4% respec-
tively. Concurrent administration of all the tested doses of liraglutide
showed significant decrease in serum aminotransferases as compared to
MTX group (Table 1).

3.1.2. Histopathological examination

Microscopic examination of H&E-stained liver sections of control
rats showed normal histological structure of the central vein and intact
pericentral hepatocytes (Fig. 1A). In contrast, MTX-induced rats re-
vealed focal area of necrosis replaced with inflammatory cells, mild
vacuolar degeneration of hepatocytes and activated kupffer cells
(Fig. 1B). Different doses of liraglutide pre-treatment showed relatively
diverse protective actions. Pre-treatment of 0.3mg/kg liraglutide
showed hepatic sinusoids, necrobiotic changes of hepatocytes (arrow),
others showing microvesicular steatosis (arrow head) and activated
kupffer cells (Fig. 1C). While, pre-treatment with 0.6 mg/kg liraglutide
showed congested central vein necrobiotic changes of some hepatocytes
and activated kupffer cells (Fig. 1D). Nevertheless, pre-treatment with
1.2 mg/kg liraglutide restored normal histological structure of central
vein with pericentral intact hepatocytes (Fig. 1E). Liraglutide only
treated rats showed normal portal vein with intact hepatocyte (Fig. 1F).

As a result of liver transaminases analysis and Histopathological
examination of the different groups, we revealed that 1.2 mg/kg lir-
aglutide is the optimum dose to be further studied for the protective
mechanism of liraglutide.

Table 1
Effect of different doses of liraglutide on hepatotoxicity indices in rats exposed
to methotrexate.

Group ALT (UL™YH AST (UL™YH
Control 69.92 * 4.15 162.4 + 9.073
Methotrexate 141.95 + 13.82° 208.53 + 9.26°
0.3 mg/kg Liraglutide + MTX 82.04 + 14.42° 184.7 + 18.82°
0.6 mg/kg Liraglutide + MTX 70.25 + 12.29° 174.6 + 13.93"
1.2 mg/kg Liraglutide + MTX 63.14 + 3.81"¢ 156.2 + 3.139 >¢
Liraglutide Only 74.64 + 4.77° 166.4 + 3.87°

Data are presented as mean = SD (n = 8).

a or b or c: significantly different from the control or MTX group or 0.3 mg/kg
liraglutide, respectively at P = 0.001 using ANOVA followed by Tukey-Kramer
as a post-hoc test.

ALT: alanine aminotransferase; AST: aspartate aminotransferase.
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3.2. Studying the hepatoprotective mechanism of liraglutide against MTX
induced liver injury

3.2.1. Liraglutide mitigates MTX-induced oxidative stress in liver of rats by
modulating the activities of antioxidant defense enzymes

The ameliorative outcome of liraglutide on MTX-induced oxidative
stress was examined via determination of GSH, SOD, and MDA. MTX-
induced rats showed significant deterioration in hepatic GSH content
and abolished activity of SOD by 85.7% and 128.7% respectively when
compared with control group. MTX-induced rats pre-treated with
1.2 mg/kg liraglutide produced a significant elevation in GSH and SOD
by 5.7 folds and 1.5 folds respectively, when compared to MTX-induced
group. Contrarily, MDA is increased by 71.5% in MTX-induced rats as
compared to control group. Pre-treatment with liraglutide halted MDA
content by 45.2% as compared to MTX-induced group. In liraglutide
administered group, GSH, SOD and MDA showed non-significant
changes compared to control group. Accordingly, liraglutide pre-treat-
ment protects against MTX induced oxidative stress (Table 2).

3.2.2. Liraglutide attenuates MTX-induced inflammation in liver of rats

Immunohistochemical detection of COX-2 and NF-kB showed al-
most negative expression in control group (Fig. 2A and 3A). In contrast,
MTX group revealed a significant increase in the expression of COX-2
and NF-kB as shown by intense brown staining as compared to control
group (Fig. 2B and 3B). Conversely, Pre-treatment with 1.2 mg/kg lir-
aglutide significantly reduced the expressions of COX-2 and NF-kB as
compared to MTX group (Fig. 2C and 3C). In addition, as shown in
(Fig. 2D&3D), liraglutide administered group showed negative levels of
expression for COX-2 and NF-kB as compared to control group. The
immunohistochemical staining was counted as optical density (OD) of
the stained regions using the image analysis software (Figs. 2E and 3 E).

Furthermore, as shown in (Fig. 2F and G), concerning the effect of
liraglutide on the pro-inflammatory cytokines, TNFa and IL-6 showed a
significant increase in MTX-induced rats by 155% and 46% respec-
tively, when compared to control group. Interestingly, Pre-treatment
with 1.2 mg/kg liraglutide resolved TNFa and IL-6 levels elevation by
78% and 28.5% decrease respectively, when compared to MTX-induced
rats. In addition, liraglutide administered group showed non-significant
changes in the pro-inflammatory cytokines as compared to control
group.

3.2.3. Liraglutide attenuates MTX-induced apoptosis in liver of rats

Next, we questioned the status of the apoptotic machinery in MTX
induced liver injury and the potential effect of pre-treatment of lir-
aglutide on these markers. To assure the effect of liraglutide pre-
treatment on MTX-induced apoptosis, Bax and Bcl-2 proteins expres-
sions were assessed by Western blot. One-way ANOVA showed sig-
nificant differences among groups in the percent change in liver Bax
and Bcl-2 protein expression. Rats receiving MTX showed significant
increase in liver Bax expression while Bcl-2 expression was significantly
decreased as compared to control group. Pre-treatment with liraglutide
showed a significant decrease in Bax expression and a significant in-
crease in Bcl-2 expression as compared to MTX-induced group. In lir-
aglutide alone group, non-significant changes in levels of expression
were detected for Bax and Bcl-2 as compared to control group (Fig. 3F &
G).

Furthermore, the levels of expression of pro-apoptotic protein Bcl-2
Associated X protein (Bax) and active caspase-3 as well as anti-apop-
totic protein B-cell lymphoma 2 (Bcl-2) were assessed using im-
munohistochemical technique. As shown in Fig. (4 & 5), Capase-3 and
Bax immunoreactivity were increased while Bcl-2 was decreased in li-
vers of MTX-induced rats resulting in apoptotic cell death as compared
tocontrol group. Interestingly, pre-treatment with liraglutide sig-
nificantly suppressed the levels of expression of Caspase-3, Fig. 5C and
Bax, Fig. 4C while increased Bcl-2 expression level when compared to
MTX group, Fig. 4G. In addition, pre-treatment with liraglutide
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Fig. 1. Different doses of liraglutide pre-treatment ameliorated MTX-induced histopathological deterioration in liver of rats. Histopathological analysis of
rat liver sections using H&E staining. A: Control rats showed normal histological structure of the central vein (CV) and intact pericentral hepatocytes. B: MTX-induced
rats showed focal area of necrosis replaced with inflammatory cells (black arrow), mild vacuolar degeneration of hepatocytes and activated kupffer cells. C: 0.3 mg
liraglutide pre-treatment showed congested central vein and hepatic sinusoids, necrobiotic changes of hepatocytes (arrow), others showed microvesicular steatosis
(arrow head) and activated kupffer cells. D: 0.6 mg liraglutide pre-treatment showed congested central vein necrobiotic changes of some hepatocytes and activated
kupffer cells. E: 1.2 mg liraglutide pre-treatment showed normal histological structure central vein with pericentral intact hepatocytes. F: Liraglutide only treated rats
showing normal portal vein with intact hepatocyte. G: Scoring of histopathological alterations of liver specimens in all treatment groups.

Table 2
Effect of liraglutide on oxidative stress markers in rats exposed to methotrexate.

Group GSH (umol. g~ tissue) MDA (nmol. g~ tissue) SOD (U.g ™! tissue)
Control 38.37 + 2.99" 470.3 + 56.65" 3323 + 52.30°
Methotrexate 5.493 * 0.47° 806.7 * 44.6° 1453 + 345.4°
Liraglutide Only 35.57 + 2.32° 469.6 + 30.39° 3358 + 132.3"
Liraglutide + Methotrexate 36.82 + 3.752° 4421 + 72.74° 3654 + 142.1°

Data are presented as mean *+ SD (n = 8).

a or b: significantly different from the control or MTX group, respectively at P = 0.001 using ANOVA followed by Tukey—Kramer as a post-hoc test.

GSH: reduced glutathione; MDA: malondialdehyde; SOD: superoxide dismutase.

significantly suppressed Bax/Bcl-2 ratio in comparison with MTX
group, Fig. 4K. In liraglutide alone group, non-significant changes in
levels of expression were detected for Caspase-3, Bax and Bcl-2 as
compared to control group Fig. (4D, 4H &5D).

Finally, Caspase-3 activity was measured (Fig. 5F). One-way
ANOVA showed significant differences among groups on the percent
change in liver Caspase-3 activity. Rats receiving MTX showed sig-
nificant increase in caspase-3 activity while pre-treatment with lir-
aglutide showed a significant decrease in Caspase-3 activity as com-
pared to MTX-induced group. In liraglutide alone group, non-significant
changes in levels of expression were detected for activity of Caspase-3
as compared to control group.

3.2.4. Liraglutide protects liver in MTX induced liver injury via activation of
Nrf2/HO-1/CREB pathway

To explore the mechanism underlying the effect of liraglutide on
protecting MTX induced liver damage, the activation of Nrf2/HO-1/
CREB pathway was examined. MTX-induced rats exhibited a significant
decline in Nrf2 by 67.4% when compared to control group. On the other
hand, liraglutide pre-treatment group significantly increased Nrf2 levels
by nearly 2 folds when compared to MTX-induced rats (Fig. 6A). HO-1,

a Nrf2-regulated enzyme, showed significant increase in MTX group by
23.4% when compared to control group. In contrast, liraglutide pre-
treated rats showed significant]l decrease by 26.7% when compared to
MTX-induced rats (Fig. 6B).

Likewise, ELISA analysis revealed that pCREB tissue levels were
significantly decreased by 40.8% in MTX-induced rats when compare to
control group. However, a significant increase in pCREB levels was
observed in liraglutide pre-treatment group where its levels reached
nearly 79% increase as compared to MTX-induced group. Liraglutide
alone group showed non-significant change as compared to control
group (Fig. 6C).

3.2.5. Correlation studies

Estimation of liver injury damage by ALT concentration was found
to be strongly correlated with the content of GSH, MDA, IL-6, NF-kB,
Caspase-3, pCREB and Nrf-2 (r = —0.907, r = 0.8135, r = 0.914,
r=0.907, r=0.889, r= —0.825 and r = 0.935, respectively,
p < 0.0001) and moderately correlated with the content of HO-1
(r = 0.598) as shown in Fig. 7 (A-H).
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Fig. 2. Liraglutide pre-treatment reduced inflammation associated with MTX-induced liver injury. Inmunohistochemical detection of liver sections of A:
normal rats showed negative expression of COX-2. B: MTX-induced liver injury rats showed extensive COX-2 expression (brown stain). C: Liraglutide pre-treatment
group showed minimum COX-2 expression. D: Liraglutide only treated group showed negative expression of COX-2. E: Quantitative image analysis for im-
munohistochemical staining of COX-2 expressed as optical density of stained area in different study groups. F: Effect of liraglutide pre-treatment on hepatic TNF-a
levels. G: Effect of liraglutide pre-treatment on hepatic IL-6 levels. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

Each column represents mean = SD (n = 6). a or b: statistically significant from the control or MTX group, respectively at P < 0.001 using one-way ANOVA
followed by Tukey—Kramer as a post hoc test. COX-2: cyclooxygenase-2; IL-6: interleukin-6; TNF-a: tumor necrosis factor alpha.

3.2.6. Combined MTX and liraglutide displays additive cytotoxicity against
HepG-2 cells

To elucidate the cytotoxic activities of different treatments, HepG-
2 cells was treated with liraglutide alone, MTX alone and their combi-
nation. Liraglutide was able to induce growth inhibition after 48h of
incubation and the IC5o was 50 + 1.8 pg/ml (Fig. 8A). The ICsy of MTX
was 369 *= 7.9ug/ml after 48 h (Fig. 8B). Combination of MTX with
10 pg/ml and 20 pg/ml of liraglutide resulted in significant reduction of
ICs0; where the ICsq of MTX with 10 pg/ml liraglutide was decreased to
322 *= 5.8 ug/ml. Moreover, The ICsq of MTX with 20 ug/ml liraglu-
tide significantly decreased to 242 + 3.9 ug/ml. To verify the type of
interaction between MTX and liraglutide, isobologram analysis was
carried out and revealed that the interaction between MTX and lir-
aglutide was additive in HepG-2cell line (I = 1.07 for 10 pg/ml lir-
aglutide and I = 1.05 for 20 ug/ml liraglutide; respectively) Table .3.

4. Discussion

MTX is a disease-modifying anti-rheumatic drug which decreases
inflammation in autoimmune diseases by suppressing the immune
system (Mahmoud et al., 2017b). High doses of MTX, as used for acute
leukemia or severe psoriasis have been related to acute hepatotoxicity,
hepatic fibrosis and cirrhosis (Jung et al., 2014). Despite remarkable
extensive research about MTX hepatotoxicity, the incidence of adverse
liver events in methotrexate-treated patients on clinical trials is 11.2%
(Conway and Carey, 2017). A glucagon like peptide-1 agonist, liraglu-
tide, is an approved treatment for type-2 diabetes with demonstrated
anti-oxidant and anti-inflammatory effects on clinical trials (Kahal
et al., 2014; Rizzo et al., 2015). Besides, liraglutide has been reported to
ameliorate liver microvascular dysfunction in cirrhosis and inhibit en-
dothelial inflammation through activation of AMPK pathway (de
Mesquita et al., 2017; Krasner et al., 2014). Accordingly, the current

study sheds light on the possible protective effect of liraglutide in MILI
and elucidate the underlying molecular mechanisms.

To address our aim, first a dose screening phase was conducted to
choose the most effective dose of liraglutide. Liver enzymes along with
histopathological examination revealed that 1.2mg/kg is the best
choice for hepato-protection in MILIL. Results of the current study ob-
served that rats treated with MTX showed pronounced liver damage as
indicated by significant increase in liver transaminases; AST and ALT in
agreement with previous reports (Hafez et al., 2015; Mukherjee et al.,
2013). The current biochemical findings were supported by histo-
pathological examination results which revealed marked hepatic injury
in MTX group. Several studies supported the deleterious effect of MTX
on the liver (Erdogan et al., 2015; Moghadam et al., 2015). On the other
hand, pre-treatment of MTX-administered rats with liraglutide in the
present study significantly ameliorated the circulating liver function
markers, AST and ALT. Also, liraglutide markedly alleviated the liver
tissue architecture, where it was able to restore back the normal liver
histology. In agreement with several studies, the current results confirm
the effect liraglutide on reducing liver enzymes (Abdelsameea et al.,
2017; Gaballah et al., 2017). These findings demonstrate the potent
hepatoprotective activity of liraglutide.

Previous reports have demonstrated the key role of oxidative stress
in MTX hepatotoxicity (Finkel, 2003; Mukherjee et al., 2013). The
current study showed that a single dose of MTX (20 mg/kg) caused
significant hepatotoxicity compared to control by disruption of the
balance between oxidant and antioxidant status in a rat model. Like-
wise, MTX was shown to raise th elevel of MDA activity as well as to
decline the levels of GSH and SOD activities in liver. These results are
similar to those from previous studies of MTX effects in liver tissue
(Hadi et al., 2012; Kurokawa et al., 1992; Mukherjee et al., 2013;
Tunali-Akbay et al., 2010). Herein, liraglutide pre-treatment provided
anti-oxidant effects not only on the non-enzymatic defense system
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Fig. 3. Liraglutide pre-treatment suppressed NF-kB and BAX in liver tissue and increased Bcl-2 expression.
Each column represents mean + SD (n = 6). a or b: statistically significant from the control or MTX group, respectively at P < 0.001 using one-way ANOVA

followed by Tukey—Kramer as a post hoc test. NF-kB: Nuclear factor Kabba B.

Immunohistochemical detection of NF-kB. A: Control group showed negative expression of NF-kB. B: MTX group showed extensive NF-kB expression (brown stain).
C: Liraglutide pre-treatment group showed less NF-kB expression. D: Liraglutide only treated group showed negative expression of NF-kB. E: Quantitative image
analysis for immunohistochemical staining of NF-kB expressed as optical density of stained area in different study groups. F:Western blot analysis of Bax expression
showed significant increase in MTX induced rats and decrease after pre-treatment of liraglutide. G: Western blot analysis of Bcl-2 expression showed significant
decrease in MTX induced rats and returned to normal level after pre-treatment of liraglutide. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

(GSH), but also on the enzymatic one such as (SOD). Similar anti-
oxidant effects of liraglutide were recently reported in many in-
flammatory conditions including inflammation on human endothelial
cells (Shiraki et al., 2012), cardiotoxicity (Abbas and Kabil, 2017), type
2 diabetes (Rizzo et al., 2015), autoimmune encephalitis (DellaValle
et al., 2016), and liver ischemia/reperfusion injury (Abdelsameea et al.,
2017). In addition, liraglutide pre-treatment decreases the level of MDA
and this finding is supported by a study of liraglutide on high-fat diet/
streptozotocin-induced type 2 diabetes in rats (Gaballah et al., 2017).

Another main event involved in MTX liver injury is the in-
flammatory process initiated by kupffer cell activation (El-Sheikh et al.,
2015; Racanelli and Rehermann, 2006). NF-kB is a transcription factor
that up-regulates the expression of various pro-inflammatory cytokines
such as TNF-a and IL-6 as well as pro-inflammatory enzymes such as
COX-2. TNF-a and IL-6 cause further activation of NF-kB, hence, per-
petuating the inflammatory cascade (Tacke et al., 2009). Consistent
with previous studies, the present study showed that MTX increased NF-
kB expression with a subsequent rise in liver TNF-a, IL-6 levels as well
as hepatic COX-2 expression, thus, worsening the hepatic inflammation
(Abd El-Twab et al., 2016; Mukherjee et al., 2013). Contrarily, it was
previously reported that liraglutide counteracted lipopolysaccharide-
induced release of different cytokines (Krasner et al., 2014). Another
study has demonstrated that liraglutide attenuated the expression of
TNF-a and inhibits NF-kB (Zhang et al., 2013). Moreover, liraglutide
decreases IL-6 level, thus improves endothelial function (Dai et al.,
2013). In line with this, we observed that pre-treatment with liraglutide
resulted in marked decrease in COX-2 expression. This finding was
supported by a study that reveals neuro-protective effect of liraglutide
in diabetic peripheral neuropathy by marked decrease in IL-6 content as
well as COX-2 expression (Moustafa et al., 2018).

Impairment of cytokine actions after liver damage can give rise to

excessive apoptosis, a key finding in various acute and chronic liver
diseases, e.g., viral and autoimmune hepatitis, cholestatic disease, and
alcohol or drug/toxin-induced liver injury (Neuman, 2001). Thus,
oxidative stress and inflammation are two main mechanisms working in
concert to induce apoptosis of hepatocytes (Jaeschke, 2011). Several
studies have demonstrated the activation of proapoptotic proteins in
MTX hepatotoxicity (Ali et al., 2014; Mahmoud et al, 2017b;
Mukherjee et al., 2013). In the present study, MTX treated rats showed
significantly increased liver Bax and caspase-3. These findings were in
accordance with other studies which stated that MTX increased the
expression of liver caspase-3 and Bax (El-Sheikh et al., 2015; Mehrzadi
et al., 2018). Moreover, in the current study, liraglutide significantly
decreased both Bax and caspase-3 in the liver of MTX-induced rats. In
addition, liraglutide increased Bcl-2 anti-apoptotic factor. Due to the
well-acknowledged role of oxidative stress and inflammation in pro-
voking apoptosis, the anti-apoptotic effect of liraglutide could be di-
rectly related to its antioxidant and anti-inflammatory efficacies
(Abdelsameea et al., 2017; Sharma et al., 2014). Previous studies have
demonstrated liraglutide's ability to prevent apoptosis. In a model of
ischemia/reperfusion injury in rat livers, liraglutide attenuated hepa-
tocytes apoptosis via declined caspase-3 and augmented Bcl-2 expres-
sion (Abdelsameea et al., 2017). Another model of ischemic stroke re-
ported that liraglutide could promote the expression of pro-survival
proteins and simultaneously inhibit pro-apoptotic proteins and promote
the overall anti-apoptotic effects on ischemic neurons (Zhu et al.,
2016).

To delineate the mechanisms concealing the protective effect of
liraglutide against MTX-induced oxidative stress and inflammation, Nrf-
2and pCREB expression were determined. Nrf-2 is a redox-sensitive
transcription factor that controls the transcription of cytoprotective
genes for maintaining cellular homeostasis in harmful stresses (Jaiswal,
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Fig. 4. Liraglutide pre-treatment suppressed apoptosis in liver tissue.

Immunohistochemical detection of Bax and Bcl-2, A: Control group showed negative Bax expression. B: MTX group showed extensive Bax expression (brown stain).
C: Liraglutide + MTX group showed less Bax expression. D: Liraglutide only treated group showed minimal Bax expression. E: Control group showed maximal Bcl-2
expression (brown staining). F: MTX group showed less Bcl-2 expression. G: Liraglutide + MTX group showed extensive Bcl-2 expression. H: Liraglutide only treated
group showed maximal Bcl-2 expression. I: Quantitative image analysis for immunohistochemical staining of Bax expressed as optical density of stained area of all
study groups. J: Quantitative image analysis for immunohistochemical staining of Bcl-2 expressed as optical density of stained area of all study groups. K: Bax/Bcl-2

ratio of all study groups.

Each column represents mean = SD (n = 6). a or b: statistically significant from the control or MTX group, respectively at P < 0.001 using one-way ANOVA

followed by Tukey—Kramer as a post hoc test.

2004). Interestingly, CREB-binding protein (CBP) is required for the
transactivation activity of Nrf-2 (Katoh et al., 2001). In the current
study, we found that MTX induced rats showed decrease in Nrf-2 and
PCREB levels. Accordingly, previous studies presented that Nrf-2 de-
creased in MTX induced kidney toxicity (Abd El-Twab et al., 2016) and
MTX induced liver toxicity (Mahmoud, 2014). On the other hand,
previous studies showed that liraglutide has protective and antioxidant
effects on hepatic gluco-lipotoxicity-induced liver cell apoptosis
through activation of Nrf-2 pathway in diabetic fatty rats (Guo et al.,
2018). Another report explained that liraglutide's alleviating effects on
diabetes complicated with cerebral ischemia injury may be related to
upregulation of Nrf-2 protein expression (Deng et al., 2018). In addi-
tion, liraglutide activated Nrf-2 pathway improved survival of mice
after experimental myocardial infarction (Noyan-Ashraf et al., 2009).
Importantly, liraglutide exerts its action on GLP-1 receptors. It has been
demonstrated that activation of GLP-1R pathway activates CREB
phosphorylation (Li et al., 2015b). In the current study, liraglutide pre-
treated rats showed significant increase in Nrf-2 and pCREB expression.
Taken together, these results clearly suggest for the first time that lir-
aglutide hepatoprotective role may be closely linked to its ability to
modulate NF-kB and Nrf2 - pCREB crosstalk.

As a protective and adaptive response, most tissues exhibit robust
activation of the highly inducible HO-1 (Agarwal and Bolisetty, 2013).
To maintain homeostasis, the human body upregulates HO-1 in trau-
matic circumstances such as ischemia, atherosclerosis, and inflamma-
tion (Lee et al., 1997; Willis et al., 1996). It is reported that the serum
level of HO-1 is excessively increased in patients with some in-
flammatory disorders such as adult-onset Still's disease and hemopha-
gocytic syndrome (Kirino et al., 2005). In agreement with previous
studies, the present results showed that MTX induced rats is associated

with increase in HO-1 expression due to oxidative stress and in-
flammation. This data is supported by previous study that showed in-
crease in HOL1 in liver after induced liver injury using heat in old rats
(Zhang et al., 2003). Another study observed increased HO-1 activity in
the lungs of rodents exposed to hypertoxic conditions (Lee et al., 1996).
Liraglutide pretreatment in the current study restores the level of HO-1
in treatment group. This observation is supported by a clinical trial on
type-2 diabetic patients which explained that patients with T2DM have
abnormally elevated plasma levels of HO-1 and that liraglutide lowers
its plasma concentrations (Rizzo et al., 2015).

Finally, the present results documented strong correlation between
serum ALT activity and oxidative stress, inflammation, apoptosis mar-
kers and pCREB/Nrf-2. Serum ALT activity has been generally used as a
major biomarker for liver injury in humans and in preclinical studies
(Yang et al, 2014). In consistence with our findings, two studies showed
a negative correlation between ALT activity and GSH concentration in
patients with acute viral hepatitis and a positive correlation with MDA
in women with pre-eclampsia (Atiba et al., 2016; Swietek and Juszczyk,
1997). Furthermore, a correlation was reported between liver damage
and elevation of IL-6 and NF-kB in acute liver injury (Borkham-
Kamphorst et al., 2013). Another study reported that high levels of ALT
and IL-6 in hepatitis B patients are correlated (Kao et al., 2012). In our
study, ALT activity is positively correlated with IL-6 concentration and
with NF-kB expression which supports the association of liver damage
and inflammation. Moreover, another report showed a strong correla-
tion between ALT activity and Caspase 3/7 activity in the serum of HCV
acute infection and was associated with liver injury in HCV patients
(Choi et al., 2016). These data support our result of positive correlation
between ALT activity and Caspase-3 expression in liver damage. In-
terestingly, a study reported that ALT activity increased in genetic



A.IL Abdelaziz, et al. Food and Chemical Toxicology 132 (2019) 110719

O Control

| MTX

BB Liraglutide + MTX
[0 Liraglutide

3 Control

B M1X

£ Liraglutide + MTX
(D Liraglutide

Fig. 5. Liraglutide pre-treatment decreased Caspase-3 expression in liver tissue. Immunohistochemical detection of Caspase-3, A: Control group showed
negative Caspase-3 expression. B: MTX group showed extensive Caspase-3 expression (brown stain). C: Liraglutide + MTX group showed less Caspase-3 expression.
D: Liraglutide only treated group showed minimal Caspase-3 expression. E: Quantitative image analysis for immunohistochemical staining of Caspase-3 expressed as
optical density of stained area of all study groups. F: Effect of liraglutide pre-treatment on Caspase-3 activity. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Each column represents mean + SD (n = 6). a or b: statistically significant from the control or MTX group, respectively at P < 0.001 using one-way ANOVA
followed by Tukey-Kramer as a post hoc test.

disruption of Nrf-2 in a mouse model of hereditary hemochromatosis for the first time a strong positive correlation between ALT activity and

(Duarte et al., 2017). Here the present study reports a positive corre- PCREB in liver injury. Consistent with these data, correlative evidence
lation between ALT activity and Nrf-2 expression and a negative cor- suggests that impaired peroxidative enzyme and Nrf-2/pCREB expres-
relation with HO-1 expression. As explained before that pCREB con- sion contributed to hepatic oxidative stress, inflammation and apoptosis
tributes with Nrf-2 activity for antioxidant effect, herein we reported that may exacerbate drug-induced injury.
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Fig. 6. Liraglutide pre-treatment activates Nrf-2/p-CREB and reduces HO-1 in MTX induced liver injury. Effects of Liraglutide on tissue levels of (A) Nrf-2, (B)
HO-1, and (C) p-CREB.

Each column represents mean + SD (n = 6). a or b: statistically significant from the control or MTX group, respectively at P = 0.001 using ANOVA followed by
Tukey—Kramer as a post-hoc test. Nrf 2: Nuclear factor erythroid 2-related factor2; HO-1: Heme oxygenase-1; P-CREB: phosphorylated cAMP response element-
binding protein.
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Fig. 7. Correlation analysis. Analysis of the correlation coefficients between ALT concentration and GSH (A), MDA (B),NF-kB (C), IL-6 (D), Caspase-3 (E), pCREB
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Collectively, our experimental and correlational designs suggest a
robust association between MTX induced liver injury and hepatic oxi-
dative stress, inflammation and apoptosis. In addition, the correlation
between Nrf-2/pCREB and MTX liver injury sheds light on a promising
hepato-protective pathway. Furthermore, upon studying the mod-
ulatory effects of liraglutide on MTX anti-cancer activity, liraglutide
exhibited inhibitiory effect on HepG-2 cell line proliferation. These re-
sults are in agreement with previous results on HepG-2 cells, showing
that liraglutide was able to induce autophagy and has antiproliferative
effects via PI3K/Akt/mTOR (Krause et al., 2017). Furthermore, the
current investigation led to the conclusion that simultaneous combi-
nation of MTX and 20pg/ml liraglutide resulted in additive growth
inhibitory effect in HepG-2 cells.

5. Conclusion

Pre-treatment of liraglutide in MTX induced rats reversed toxic ef-
fects of MTX by decreasing oxidative stress, inflammation and apop-
tosis. Results suggest that liraglutide exerts hepatoprotective effects
mainly by regulation of the triggering of the transcription factors Nrf-2
and NF-kB. Such protective effects are mediated through up-regulation
of Nrf2 and pCREB concomitant with down-regulation of NF-kB with
subsequent inhibition of inflammatory, oxidative stress and apoptotic
pathways. Based on the current findings, liraglutide as a direct
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Table 3
Effect of liraglutide on MTX cytotoxicity in HepG-2 cells.
HepG-2
Drugs
ICs0 (ug/ml) Interaction Index (I)
Liraglutide 50 = 1.8ug/ml?
Methotrexate 369 + 7.9ug/ml
MTX + 10 pg/ml liraglutide 322 + 5.8pug/ml? 1.07
MTX + 20 pg/ml liraglutide 242 *+ 3.9ug/ml ? 1.05

ICso: The concentration of MTX necessary to produce 50% inhibition of cell
growth, interaction index: I = d1/D1 + d2/D2, where d1 and d2 are the re-
spective concentrations of MTX and liraglutide used in the combination re-
quired to produce a fixed level of inhibition ICsy, while D1 and D2 are their
concentrations able to produce alone the same magnitude of effect.

a: significantly different from MTX group, respectively at P = 0.001 using
ANOVA followed by Tukey—Kramer as a post-hoc test.

antioxidant may be an effective treatment to preserve normal liver
function under conditions of oxidative stress and thus improve out-
comes in this significant patient population. A controlled clinical trial is
needed to explore the potential of these results in patient care, in both
cancer and type 2 diabetic patients.

MTX R*=0.995
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Fig. 8. Cytotoxicity Assay. Inhibition of human hepatic cancer cell line HepG-2 cell growth by liraglutide (A). Cytotoxic effects of Methotrexate (MTX) alone and in

combination with 10 & 20 pug/ml of liraglutide on HepG-2 cells (B).
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