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Introduction and aim: Methotrexate (Mtx) is an antineoplastic and immunosuppressive drug
that may cause hepatotoxicity, whereas molsidomine (Mol) is a vasodilating and antioxidant
agent. This study aimed to investigate the potential protective effects of Mol in Mtx-induced
liver toxicity in rats.

Materials and methods: Forty Wistar albino rats were equally divided into five groups:
control, Mol, Mtx, Mol-Mtx, and Mtx—Mol. Following treatment, the animals were sacrificed,
and liver tissue samples were histopathologically evaluated using Roening grading and Bcl-2
antibody staining. Tissue oxidants, antioxidants, and serum transaminases were measured and
statistically compared across all groups.

Results: No hepatic fibrosis or steatosis was observed in any of the groups. In the Mtx group,
grade 2 liver injury and score 2 Bcl-2 antibody staining were observed; however, in the Mol-Mtx
group, these were lower (grade 1, score 1). There were no statistically significant differences in
serum transaminase levels among groups. Malondialdehyde levels were higher in all rats that
received Mtx, but no differences in myeloperoxidase levels were observed among the groups.
Levels of tissue antioxidants, including superoxide dismutase, glutathione (GSH) peroxidase
(GSH-Px), and reduced GSH, were significantly higher in the Mol-treated and Mol pre-treated
groups. Catalase (CAT) levels were elevated in all Mol-treated groups, but only in that group
were CAT levels statistically significantly higher than in the control group.

Conclusion: Our results suggest that some oxidant levels could increase following Mtx
administration in the liver, possibly contributing to liver damage, whereas Mol could mitigate
the histopathological and biochemical effects of hepatotoxicity. However, molecular studies
are required to understand the exact mechanisms of these alterations.

Keywords: methotrexate, molsidomine, hepatotoxicity, hepatic fibrosis

Introduction

Methotrexate (Mtx) is a folic acid antagonist and cytotoxic agent that effectively
inhibits cellular growth. It is used in many clinical indications, including leukemia,
lymphomas, and other malignancies; autoimmune diseases, such as psoriasis and
rheumatoid arthritis; and ectopic pregnancy.'* Mtx is typically well tolerated by
patients, although its cytotoxic function also causes adverse effects on hepatic, renal,
pulmonary, and hematopoietic tissues.>* Although the molecular mechanism of Mtx-
induced hepatotoxicity is not completely understood, rat studies have indicated that
this side effect is likely related to the increasing levels of ROS, hydrogen peroxide,
and hydroxyl radicals as a result of oxidative stress and lipid peroxidation,’® along with
decreased levels of antioxidant defense molecules.*® Furthermore, it was reported
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that Mtx reduced cellular levels of glutathione (GSH), an
important cytosolic antioxidant and free radical scavenger,
and it increased the levels of malondialdehyde (MDA) and
myeloperoxidase (MPO).'* Additionally, Kobayashi et al’
reported that upregulation of p53 and p21 played a signifi-
cant role in the induction of hepatocyte apoptosis following
administration of a single dose of Mtx in rats. Therefore,
the reduction of Mtx side effects is a hot topic in medicine;
however, very few drugs are known, which reverse the
Mtx-induced oxidative damage in liver tissue.

Molsidomine (Mol), a vasodilator agent, has been used
in the treatment of stable angina pectoris.®® It is a nitric
oxide (NO) donor and a pro-drug that is enzymatically
decarboxylated by the liver to the active molecule. In addi-
tion to its vasodilating effect, Mol has also been shown to
have antioxidant and anti-inflammatory effects in the context
of tissue damage.”!® Furthermore, Mol has been shown to
successfully prevent oxidative stress-induced tissue injuries,
such as cisplatin-induced hepatotoxicity'! and cyclosporine-
and iron-induced nephrotoxicities.'>!* However, there are
almost no data on the possible protective effects of Mol on
the hepatic tissue damage caused by Mtx.

In this study, a rat model was designed to assess whether
Mol had any protective effects against oxidative stress injury,
which was caused by acute Mtx-induced hepatotoxicity.
For this purpose, histopathological changes and levels of
tissue antioxidants and serum transaminases were measured
in Mtx-administered animals with or without Mol treat-
ment. We believe that the results of this study will play an
important role in demonstrating that it may be possible to
reduce liver toxicity, one of the most important side effects
limiting the effective use of an indispensable cytotoxic agent,
such as Mtx, with a drug with relatively few side effects,
such as Mol.

Materials and methods

Animals and experimental procedure

The experimental protocol for the present study was approved
by the Ethics Committee on Animal Research of Inonu
University (Reference Number: 2014/A-63), and the Guide-
lines for Animal Research from the National Institute of
Health were followed in all experimental procedures. Forty
male, post-pubertal (10—12 weeks) Wistar albino rats weigh-
ing 350450 g were obtained from the Inonu University
Laboratory Animal Research Center. We did not use the
female rats in the experiments to avoid the interference of
the study results with the changing hormones of the animals,
and we could not use the animals from both sexes due to

the limited financial source. The animals were housed at
22°C+2°C and 60%15% relative humidity in wire bottom
colony cages (four rats/cage) with a 12-hour light/dark
cycle (7:00 am—7:00 pm) and fed standard rat chow and
tap water ad libitum. The animals were divided into five
groups according to their experimental treatment as fol-
lows: the control group (n=8) received only physiological
serum; the Mol group (n=8) was treated by intraperitoneal
(i.p.) injection with 4 mg/kg/day Mol (molsidomine, Sigma
Chemical Co., St Louis, MO, USA) for seven consecutive
days; the Mtx group (n=8) received a single i.p. injection of
20 mg/kg Mtx (Mtx DBL, 500 mg/20 mL, Kogak Farma,
Istanbul, Turkey); the Mol plus Mtx group (Mol-Mtx) (n=8)
received a single i.p. dose of Mol (4 mg/kg/day) for seven
consecutive days following a single-dose i.p. injection of
Mtx (20 mg/kg/day); and the Mtx plus Mol group (Mtx—Mol)
(n=8) received a single i.p. dose of Mtx (20 mg/kg/day) for
seven consecutive days following a single-dose i.p. injection
of Mol (4 mg/kg/day). At the end of the experimental proce-
dure, all rats were sacrificed with high doses of a ketamine
(100 mg/kg i.p.) and xylazine (10 mg/kg i.p.) anesthesia
mixture. The entire liver was excised and split; one half
was fixed in formalin (10%) and embedded in paraffin for
subsequent use in histopathological analysis, and the other
half was stored at —80°C for biochemical analysis. Blood
samples were obtained from the inferior vena cava for serum
biochemical analysis.

Histopathological examination

Liver sections (4 um) were stained with H&E and Masson’s
trichrome (for hepatic fibrosis). Sections were stained with
Bcl-2 antibody (Novus Biologicals, LLC 8100, catalog
number: NB100-56101 Southpark Way, A-8 Littleton, CO
80120, US) on poly-L-lysine-coated slides in a Ventana
Benchmark XT immunohistochemical staining device
(Ventana Medical Systems, Roche Group, Tucson, AZ,
USA). All sections were examined using a light microscope
(Olympus BX53, Tokyo, Japan).

Mtx-induced hepatic injury was histomorphologically
evaluated according to the Roenigk classification'* as fol-
lows: grade 1: normal tissue, no/mild fatty change, no/mild
nuclear pleomorphism, no fibrosis, and mild portal inflamma-
tion; grade 2: moderate/severe fatty changes, moderate/severe
nuclear pleomorphism, no fibrosis, and moderate/severe
portal inflammation; grade 3a: mild fibrosis, portal fibrotic
septa extending into the lobuli, and portal tract enlargement;
grade 3b: moderate/severe fibrosis; and grade 4: cirrhosis,
regenerating noduli, and bridging of the portal tracts."”
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Bcl-2 antibody stained sections were semiquantitatively
scored and evaluated according to the Rappaport model."
In this model, three zones were defined according to the blood
flow as follows: zone 1 (periportal area), zone 2 (midzonal
area), and zone 3 (centrilobular area). We scored the Bcl-2
antibody staining as follows: score 0: no staining with Bcl-2
antibody; score 1: positive staining with Bcl-2 antibody of
1-2 rows of hepatocytes within zone 3; score 2: score 1
plus scattered positive Bcl-2 stained hepatocytes; score 3:
positive staining with Bcl-2 antibody of zone 1 and zone 2
hepatocytes.

Biochemical analyses

In this study, both before and after Mtx administration, the
following tissue oxidants and antioxidants were analyzed:
MDA, MPO, superoxide dismutase (SOD), catalase (CAT),
GSH peroxidase (GSH-Px), and reduced GSH. In addition,
aspartate amino transferase (AST) and alanine amino trans-
ferase (ALT) levels were measured in serum samples.

Blood samples obtained from the inferior vena cava
were extracted to evaluate serum levels of AST and ALT
using an Abbott C1600 Autoanalyzer (Abbott, Abbott Park,
IL, USA). The MDA contents of the homogenates were
determined spectrophotometrically by measuring the pres-
ence of thiobarbituric acid reactive substances (TBARS).'
The amount of lipid peroxides was calculated as TBARS
of lipid peroxidation. The results were calculated in nmol/g
tissue according to a prepared standard graph, which was
prepared using the measurements of standard solutions
(1,1,3,3-tetramethoxypropane).

Total SOD activity was determined using the method of
Sun et al,'” which involves the inhibition of nitro blue tetra-
zolium (NBT) reduction by employing the xanthine—xanthine
oxidase system as a superoxide generator. One unit of SOD
was defined as the enzyme amount, causing 50% inhibition
in the NBT reduction rate. SOD activity is provided in U/mg
of protein.

GSH-Px activity was measured using Paglia and Valen-
tine’s method.!® Via an enzymatic reaction in a tube contain-
ing nicotinamide adenine dinucleotide phosphate, GSH, and
sodium azide, GSH reductase was initiated by the addition

of HO

272
spectrophotometer at 340 nm. The activity is expressed in

and the change in absorbance was observed by a

U/g of protein.

The reduced GSH concentration in homogenate was
measured spectrophotometrically according to Ellman’s
method." Reduction in GSH content in ileum tissue as
non-protein sulfhydryls was analyzed using the described
method."” Absorbance values were extrapolated from a
GSH standard curve and expressed as reduced GSH (umol/g
of tissue).

CAT activity was determined according to Aebi’s method.?
This assay is based on the determination of the constant rate
(k, s-1) or the H,O, decomposition rate at 240 nm. Results
are expressed in k/g of protein.

The MPO level in tissues was spectrophotometrically
assayed using a Biotek HT Synergy Gen 5 software immuno-
plate reader and a commercial Rat MPO ELISA kit (Shanghai
Sunred Biological Technology Co., Ltd., Shanghai, China,
Catalog No: 201-11-0575). MPO value was calculated as
ng/mL by calibrating using standard measurements prepared
in the kit.

Statistical analyses

Data were analyzed using IBM SPSS for Windows version
22.0 (SPSS Inc., Chicago, IL, USA). Descriptive statistics
of the dataset are expressed as medians (min. value—max.
value). The Kruskal-Wallis H test was used for group com-
parisons, and the post hoc Dunn test was then used for multi-
comparisons. P-values <0.05 were regarded as statistically
significant and are provided in bold type in Tables 1 and 2.

Ethical approval and consent to
participate

This study was approved by the Ethics Committee on Animal
Research of Inonu University (Reference Number: 2014/
A-63). No human consent was required for this study.

Results

Body and liver weights
No animals died during the active experimental period.
No body weight differences were observed before or after

Table | The level of serum transaminases measured in the rat groups

Transaminases Control (n=8) Mol Mtx + Mol Mol + Mtx (n=8) | Mtx (n=8) P* P*
(n=8) (n=8)

ALT (U/L) median (min—max) 93 (78-137) 92 (57-126) 86 (35-223) 81 (35-118) 79,5 (42-128) 0392 |-

AST (U/L) median (min—-max) 209.5 (154-285) 242 (155-379) 164 (70-419) 163.5 (108-203) 191 (96-296) 0.106 |-

Notes: P*: P-values for Kruskal-Wallis H Test. P**: P-values for pairwise comparisons.

Abbreviations: ALT, alanine amino transferase; AST, aspartate amino transferase; Mol, molsidomine; Mtx, methotrexate.
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the experiments among all groups. Furthermore, there were
no significant differences in the liver weights of the groups
after euthanasia (data not shown). We thought that it might be
due to the fact that Mtx-induced liver injury developed in the
animals was independent of body and liver weight changes.

Histopathological findings

In the control group, normal liver histology was observed.
No hepatic fibrosis was observed in any of the groups with
Masson’s trichrome staining, and steatosis did not occur
(Figure 1).

The histomorphological findings in the Mol and Mtx
groups were similar and included mild bile duct proliferation
and moderate chronic inflammation associated with eosino-
phil leukocytes. Scattered single cell necrosis (apoptosis) and
vacuolar degeneration were present in the pericentral area and
in the lobular hepatocytes of these groups. Compared with
the remaining three study groups, decreased inflammation
and bile duct proliferation were observed in the Mol-Mtx
group. Morphological findings in the Mtx—Mol group were
similar to those in the Mtx and Mol groups (Figure 2).

No immunostaining was observed with Bcl-2 antibody
in the control group (Figure 1). In the Mol group, score 1
immunostaining was recorded with Bcl-2 antibody. Score 2
immunostaining was detected in the pericentral and lobular
hepatocytes in both the Mtx and Mtx—Mol groups. In the
Mol-Mtx group, there was score 1 Bcl-2 immunostaining
in the pericentral hepatocytes (Figure 2). The results of the
histopathological and immunohistochemical stainings are
summarized in Table 3.

Biochemical findings
No statistically significant differences were observed in the
serum levels of AST and ALT among the groups in this
study; the results are presented in Table 1.

A significantly lower concentration of SOD was observed
in the Mtx group than in all other study groups (control, Mol,

Mtx—Mol, and Mol-Mtx). The CAT levels were significantly
higher in the Mol group than in the control group, although
no further differences were detected among the other groups.
GSH-Px levels were significantly higher in the Mol group
than in the control and Mtx groups. Additionally, GSH
was significantly higher in the Mol and Mol-Mtx groups
than in the Mtx group. MDA levels were higher in all Mtx-
administered groups than in both control and Mol groups;
however, there was no significant difference in MDA levels
between the control and Mol groups. Moreover, no significant
differences in MPO level were present among the groups;
the results are presented in Table 2.

Discussion

In the present study, the possible protective effects of Mol in
Mtx-induced liver toxicity were assessed. As such, we mea-
sured alterations in some tissue oxidants and antioxidants,
as well as the serum markers in the rats receiving Mol, Mtx,
and Mol and Mtx combinations. Our results indicate that
Mol-only and Mtx-only groups exhibited histomorphological
changes, including vacuolar degeneration, chronic portal
inflammation with eosinophils, mild-to-moderate bile duct
proliferation, and noncaseating granulomas in the liver, all
changes consistent with the effects of Mtx. We also observed
lowered Mtx-mediated liver toxicity in rats that received
Mol pre-treatment.

Lipid peroxidation is an important oxidative stress mecha-
nism in Mtx-induced liver toxicity.?! Because MDA has been
reported as an end-product of lipid peroxidation, it has been
used as a marker to indicate the level of tissue damage.?**
We observed significantly elevated levels of MDA in the
Mtx-only and Mtx—Mol groups. We determined that MDA
levels decreased following Mol administration in this study,
which is in accordance with the results of previous studies on
the antioxidant activity of Mol.?* Furthermore, we observed
apoptosis and vacuolar degeneration in rat hepatocytes, which
were likely a result of lipid peroxidation induced by Mtx.

Figure | Control group la: Normal liver histology (H&E x100), Ib: Normal fibrous tissue in the portal area (Masson’s trichrome x100), | c: Negative immunohistochemical

staining (Bcl-2 antibody x100).
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Figure 2 (A) Mtx group; I: vacuolar degeneration in pericentral hepatocytes (H&E x100), 2: an apoptotic hepatocyte (H&E x100), 3: grade 2 portal inflammation
(H&E x100), 4: score 2 positive immunohistochemical staining with Bcl-2 antibody in hepatocytes of the lobular area and 5: pericentral zone (Bcl-2 antibody x100). (B) Mol
group; |: granuloma formation in the portal area (H&E x100), 2: mild bile duct proliferation (H&E x100), 3: grade | portal inflammation (H&E x100), 4: score | positive
immunohistochemical staining with Bcl-2 antibody in hepatocytes of the pericentral zone (Bcl-2 antibody x100). (C) Mol-Mtx group; I: mild bile duct proliferation (H&E
x100), 2: grade | portal inflammation (H&E x100), 3: minimal portal inflammation (H&E x100), 4: score | positive immunohistochemical staining with Bcl-2 antibody in
hepatocytes of the pericentral zone (Bcl-2 antibody x100). (D) Mtx—Mol group; |: moderate bile duct proliferation and grade 2 portal inflammation (H&E x100), 2: granuloma
formation in the lobular area (H&E x100), 3: vacuolar degeneration in lobular hepatocytes (H&E x100), 4: score 2 positive immunohistochemical staining with Bcl-2 antibodies

in hepatocytes of the pericentral zone and lobular area (Bcl-2 antibody x100).
Abbreviations: Mol, molsidomine; Mtx, methotrexate.

MPO is a peroxidase enzyme that is stored in azurophilic
granules of neutrophil leucocytes and macrophages and
released into extracellular areas during an acute inflamma-
tory process.”® Some authors have reported that MPO could

Table 3 Histopathological findings in the liver tissue specimens
of the studied rat groups

Rat groups Roenigk Bcl-2 antibody
classification score

Control Grade | (8/8) Score 0 (8/8)

Mtx Grade 2 (8/8) Score 2 (8/8)

Mol-Mtx Grade | (5/8) Score | (5/8)*

Mtx-Mol Grade 2 (8/8) Score 2 (7/8)°

Mol Grade 2 (8/8) Score | (8/8)

Notes: *In the Mol-Mtx group, the remaining 3/8 rats were in the score 2 (Roenigk
Classification). *In the Mtx—Mol group, the remaining 1/8 rat was in Bcl-2 antibody
score |.

Abbreviations: Mol, molsidomine; Mtx, methotrexate.

be used as a marker to indicate Mtx-mediated oxidative
liver injury associated with centrilobular necrosis, apoptotic
bodies, and inflammation.?” However, in contrast to the
results of the previous studies reporting increased MPO
levels in rat livers following Mtx treatment,**?* the present
study did not detect any significant increase in MPO levels,
even in the Mtx-only group. This was possibly due to the
absence of neutrophil leukocytes and macrophage infiltration
in the livers of the rats, although mild-to-moderate chronic
inflammation was observed.

GSH is an antioxidant that is produced in many kinds
of cells, including animal, plant, and bacteria cells, whereas
GSH-Px is a selenium-dependent GSH possessing a catalytic
center containing selenium in the form of selenocysteine;
together with GSH, it catalyzes the reduction of hydrogen
peroxide and lipid peroxides.’ Previous studies have
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highlighted the many roles of GSH, including antioxidant
defense (ROS scavenging), detoxification, modulation of
redox-regulated signal transduction, regulation of cell pro-
liferation, regulation of immune response, and regulation of
leukotriene and prostaglandin metabolism.*! In the present
study, we observed that GSH and GSH-Px levels were higher
in the Mol and Mol-Mtx groups than in the control and Mtx
groups. Interestingly, in the Mol group, GSH-Px levels were
statistically higher than in the control group. The aforemen-
tioned findings suggest that administration of Mol only and
Mol pre-treatment could exhibit an antioxidant effect by
increasing tissue GSH and GSH-Px levels in Mtx-induced
hepatotoxicity.

SOD is one of the major antioxidant defense systems
against oxygen radicals, and it requires catalytic metal ions
(Cu or Mn) for activation. Superoxide anions are dismutated
by SOD to hydrogen peroxide, which is then catalyzed to
H,0O by CAT, peroxiredoxins, or GSH-Px.*”> We observed that
SOD levels were significantly lower in the Mtx group than
in all other groups in this study. These findings suggest that
Mtx-mediated oxidative damage in the liver possibly occurs
by reducing tissue SOD; as such, Mol treatment may improve
this injury by increasing the SOD levels. Similarly, elevated
CAT levels were observed in all Mol-treated groups, although
CAT levels were only elevated to a statistically significant
degree in the Mol-only group. Notably, CAT levels were
equal in the control and Mtx groups. Therefore, CAT could
potentially be an unsuitable marker for Mtx-induced tissue
damage in the liver. These findings suggest that Mol treat-
ment may contribute to expanding the liver’s antioxidant
capacity by increasing CAT levels in liver tissue, whereas
Mtx administration caused a decrease in the concentration
of CAT to normal levels in the Mol plus Mtx-administered
groups. Because CAT levels were not abnormally low in the
Mtx-administered group without any Mol treatment, it is sug-
gested that the liver can sustain normal CAT levels despite
the oxidative stress produced by Mtx without requiring any
external support, such as medication with Mol. However,
it is apparent that further studies are required to understand
the exact mechanisms of CAT response in the liver tissue to
Mtx and Mol treatments.

The risk of hepatic fibrosis is ~15% in rheumatologic
patients, with high levels of serum transaminases that increase
following the application of a standard dose (10—12.5 mg/m?
per week) of Mtx.>3 In some recent studies, the rate of liver
fibrosis due to total dose or long-term use of Mtx was reported
at ~4%, and when high-risk groups (such as patients with
chronic hepatitis, diabetes mellitus, or a history of alcohol
consumption) were excluded, no direct relationship was

found between Mtx use and liver fibrosis.**** In the present
study, we determined that liver fibrosis did not develop fol-
lowing Mtx use in rats without any preexisting risk factors for
liver damage. Because liver fibrosis increasingly emerges in
cases of chronic liver damage,*® we believe that liver fibrosis
did not develop in our rats because Mtx was administered
over a short time period.

A previous study reported that increased serum transami-
nase levels (AST, ALT), indicating acute hepatotoxicity,
recovered to normal levels after ~2 weeks.’” No increase
in the transaminase levels was observed in the present
study (Table 3). However, we observed rare apoptotic cells
and increased apoptosis in Bcl-2 staining. However, these
increases did not show any impact on the serum levels of
transaminases. Although some histopathological alterations
were identified in the Mtx-administered groups, we believe
that they were not significant enough to limit the use of
Mtx. However, other factors should be considered prior to
Mtx administration due to their potential for inducing liver
injury, including chronic hepatitis, diabetes, and alcohol
consumption.®®

Mol has been used in the treatment of angina pectoris
due to its vasodilatation activity on the vascular smooth
muscles.*’ However, limited information is available regard-
ing its potential role in the protection against hepatic fibrosis.
In one study, it was suggested that Mol inhibits hepatic
fibrosis by increasing the production and secretion of NO
amid decreasing levels of oi-smooth muscle actin and accu-
mulation of collagen type-I in hepatic injury cases.*’ Never-
theless, there is a paucity of data on the antifibrotic activity
of Mol in the liver.

One significant limitation of this study is the lack of
experiments exploring the molecular dynamics of Mol in
the improvement of Mtx-mediated liver toxicity. Such inter-
actions can be detailed in a cell culture model. However,
because hepatotoxicity is a result of complex mechanisms,
including involvement of the immune system, animal
studies must be performed in association with such in vitro
experiments. The relatively small sample size of the included
subjects may be another limitation of this study.

Animal models are routinely used to study human liver
injury; however, such studies sometimes fail to recreate the
etiology and even the severity of human liver pathology due
to species differences. However, experimental study results
must be obtained prior to human investigation(s) and human
treatments. Further experimental and human studies have
been planned to expand on these study results. Addition-
ally, this possible contrasting result is not solely regarding
Mtx-induced pathologies in the liver or in other tissues.
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For this reason, in the current study, we applied single dose
of 20 mg/kg Mtx in rats to induce hepatotoxicity according
to a method outlined in a previous study, which reported
that this dosage of Mtx successfully induced oxidative liver
damage in rats.*

In this study, we determined that administration of Mol
was associated with histopathological improvement in
Mtx-induced toxic injury in the liver, likely due to Mol’s
vasodilatation, antioxidant, and anti-inflammatory activities.
However, further studies are needed to validate these effects
and to support the clinical use of Mtx.
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