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Summary

The effects of alpha-pinene (AP), a monoterpenoid, known for its
antioxidant, anti-inflammatory, and anti-apoptotic properties, on
methotrexate (MTX)-induced cardiac and hepatic damage were
investigated in this study. Male Sprague-Dawley rats were divided
into Control, Vehicle, AP, MTX, and AP+MTX groups (n=7). AP
(50 mg/kg/day, 14 days) was applied subcutaneously in the AP
and AP+MTX groups. MTX (20 mg/kg) was injected three days
before sacrification. Serum CK-MB, troponin T, ALT, and AST
levels, as well as cardiac and hepatic MDA, GSH, caspase-3, and
p53 levels, were measured by ELISA. Histological changes in
tissues were evaluated by scoring in terms of tissue damage and
cellular degeneration parameters after hematoxylin-eosin
staining. MTX caused significant increase in serum CK-MB,
troponin T, ALT, and AST levels, hepatic and cardiac lipid
peroxidation, GSH depletion, and caspase-3 level. However,
tissue levels of p53 did not change significantly. MTX-induced
histological deterioration was observed in both tissues. These
MTX-induced changes were significantly reduced in the AP+MTX
group. Present results show that MTX-induced cardiac and
hepatic damage is prevented by AP pretreatment. This protection
can be attributed to the antioxidant and anti-apoptotic properties
of AP. Considering the importance of MTX in cancer treatment,
AP appears to have highly promising potential as
a cardioprotective and hepatoprotective agent in anti-tumoral

therapy.
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Introduction

Methotrexate (MTX) is a chemotherapeutic
agent utilized in the treatment of various cancer types,
including breast cancer, leukemia, and lymphoma.
Beyond its capacity to induce apoptosis, the impact of
MTX on folate metabolism is pivotal in suppressing the
proliferation of cancer cells. Through the inhibition of
tetrahydrofolate synthesis, MTX disrupts DNA and RNA
synthesis in the cell, thereby preventing proliferation,
particularly in rapidly dividing cells such as hemato-
poietic cells, gastrointestinal mucosal cells, along with
cancer cells [1]. Approximately 40 years after its
discovery in the 1940s, MTX started being used in the
treatment of rheumatoid arthritis. Currently, it is also
prescribed for the therapy of various autoimmune
diseases, including psoriasis, multiple sclerosis, Crohn's
disease, and myasthenia gravis [2]. Despite its
widespread clinical use, MTX can cause damage to the
heart, [3-7]. Different

pathological mechanisms have been suggested to explain

liver, kidneys, and neurons
the MTX toxicity. For example, in MTX-induced hepatic
damage, factors such as depletion of hepatic folate stores,
increased oxidative and endoplasmic reticulum stresses,
death,

apoptotic  cell accumulation of MTX in
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polyglutamate form, and excessive homocysteine

accumulation have been proposed as potential
contributors to tissue damage [8-9]. The disruption of
hepatocyte membrane integrity caused by MTX results in
significant increases in serum liver enzyme levels,
including aspartate aminotransferase (AST), alanine
(ALT),

[10, 11]. MTX treatment, which causes significant

aminotransferase and alkaline phosphatase
damage to cardiomyocytes, results in elevated serum
levels of cardiac enzymes, including creatine kinase (CK)
and its myocardial band isoenzyme (CK-MB), as well as
cardiac proteins like troponin I and troponin T. In the
MTX-induced

mitochondrial damage,

cardiac damage, oxidative stress,
inflammatory response, and
apoptosis can be considered as the main underlying
mechanisms [3, 5]. Ongoing comprehensive research
aims to enhance combination therapies that can mitigate
the toxic effects of MTX without compromising its
chemotherapeutic potential.

Alpha-pinene (AP), a monoterpene, is one of the
key metabolites derived from essential oils obtained from
coniferous trees [12]. Several in-vitro studies have
demonstrated that AP influences various biological
processes. For instance, it has been reported to exhibit
stress, DNA

damage, and apoptosis induced by UVA in human

protective effects against oxidative
epidermal keratinocytes [13], oxidative stress, and cell
death

epithelial cells [14]. Conversely, AP has been reported to

induced by aspirin in rat small intestinal
induce apoptotic cell death in cancer cell lines, including
murine melanoma and human ovarian cancer cells
[15, 16]. Moreover, various studies have highlighted the
anti-inflammatory, antimicrobial, and antiparasitic
properties of AP [17, 18]. In a limited number of
in-vivo experiments, AP has demonstrated
neuroprotective effects and the potential to alleviate
symptoms of neurodegenerative diseases [19-22].
Additionally, of AP have been
reported in cases of gastric mucosal damage [23],
[25].

In all these studies utilizing diverse experimental models,

protective effects

testicular damage [24], and cardiac damage
the neuroprotective, gastroprotective, testiculoprotective,
and cardioprotective effects of AP have been attributed to
its antioxidant, anti-apoptotic, and anti-inflammatory
properties.

The toxic side effects of MTX are well known to
be primarily mediated by oxidative stress, inflammation,
and apoptotic cell death. Considering the biological
properties of AP, it suggests a strong potential to prevent
or alleviate the side effects of MTX. Therefore, this study

aimed to investigate the potential protective effects of AP
against MTX-induced cardiac and hepatic damage in rats.

Methods

Animals and grouping

Male Sprague Dawley rats aged 2.5-3 months
were used, and all procedures were approved by the
Ethics
(Approval number: 2023-01/10). The animals were

Local Committee of Animal Experiments
randomly assigned to one of the 5 groups: Control,
Vehicle, AP, MTX, and AP+MTX (n=7).

In the Control group, no pretreatment was given
to the rats.

In the Vehicle group, animals received
subcutaneous (sc) injections of DMSO (0.1 %, the sol-
vent for AP) for 14 consecutive days [25].

In the AP group, animals were given AP (Sigma-
Aldrich; 147524) at a dose of 50 mg/kg/day (sc) for
14 days. The dose and duration of AP pretreatment were
chosen based on the literature findings [20].

Rats in the MTX group received vehicle
(DMSO, 0.1 %, sc) for 14 days. On the 12™ day of the
experiment, a single dose of MTX (20 mg/kg, sc)
injection was performed [26].

In the AP+MTX group, animals received AP
injections (50 mg/kg/day, sc) for 14 days, and on the
12" day of the experiment a single dose of MTX injection
(20 mg/kg, sc) was performed.

On the 15™ day of the study, all rats were
(80 mg/kg:
10 mg/kg, sc). After the midline incision, the aorta was

anesthetized using ketamine:xylazine

exposed, and blood samples were quickly collected from
the abdominal aorta. Heart and liver tissue specimens
were obtained. After allowing blood samples to stand at
room temperature for 30-40 minutes, they were
centrifuged at 4000 g for 10 minutes. Serum samples
were stored as aliquots at -80°C. One part of the tissue
specimens (from the lobus sinister of the liver and the
apex of the heart) was placed in 10 % neutral formalin for
histological examination, while remaining part was stored
at -80°C without any processing for ELISA experiments.
The parameters described below were investigated in

tissue and serum samples.

Biochemical parameters

Serum levels of cardiac troponin T, CK-MB,
ALT,
commercial

and AST were measured using appropriate
ELISA kits (Elabscience E-EL-R0151,
Technology BT-E0311Ra,

Bioassay Laboratory
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BT-E0155Ra, and BT-E0595Ra, respectively).

Evaluation of oxidative stress in tissue

To evaluate oxidative damage in cardiac and
hepatic tissues, malondialdehyde (MDA) and reduced
glutathione (GSH) levels were measured using suitable

commercial ELISA kits (Bioassay Technology
Laboratory BT-E0156Ra and BT-EAO113Ra,
respectively). Tissue samples were homogenized

according to the kit protocol. Measurements were made
on the obtained supernatants after centrifugation at
5000 g for 5 minutes. Tissue levels of MDA and GSH
were presented relative to total protein level, which was
spectrophotometrically determined by Bradford method
using the Coomassie reagent (Thermo Scientific; 23200).

Evaluation of apoptosis in tissue

To assess apoptotic damage, the levels of
caspase-3 and p53 in heart and liver tissues were
measured using appropriate commercial ELISA Kkits
(Bioassay Technology Laboratory, BT-E1648Ra, and
BT-E0071Ra,
performed in supernatants obtained from tissue homo-

respectively).  Measurements ~ were
genates according to the kit protocol. The cardiac and
hepatic levels of caspase-3 and p53 were presented

relative to the total protein levels in each tissue.

Histological evaluation

Specimens of heart and liver were harvested and
then fixed in 10 % neutral formalin. After routine
histological processing steps, the tissues were embedded
in paraffin according to the region to be examined (lobus
sinister in the liver, ventricles in the heart), and then 5 pm
thick sections were obtained using a microtome. To
evaluate the general histological structure of the tissues,
the sections were stained with hematoxylin and eosin
(H&E) and examined under a
Additionally, they were scored for tissue damage and

light microscope.

cellular degeneration on a scale from 0 to 3 (0: none,
1: mild, 2: moderate, 3: severe) and photographed.

Statistical analysis

Results were presented as mean + standard
deviation. The normal distribution of the data was tested
using the Kolmogorov-Smirnov test. One-way analysis of
variance (ANOVA) followed by Tukey post hoc test was
used to evaluate statistical differences between groups.
Values with p<0.05 were considered statistically
significant. GraphPad 4.0 software package was used for

statistical evaluations.

Results

Effects of MTX and AP treatments on serum biomarkers
The impact of AP pretreatment on MTX-induced
cardiac and hepatic damage was assessed with
conventional serum biomarkers. As depicted in Table 1,
serum CK-MB, troponin T, ALT, and AST values were
comparable in the Control, Vehicle, and AP groups.
A single dose of MTX injection resulted in a significant
elevation in the serum levels of CK-MB, troponin T,
ALT, and AST. However, in the animals treated with AP,
MTX injection did not alter these serum biomarkers. In
comparison to the MTX group, the values were found to

be significantly lower in the AP+MTX group (Table 1).

Cardiac effects of MTX and AP treatments

In the Control group, the MDA level in cardiac
tissue was found to be 92.73+22.84 umol/mg protein.
Neither vehicle nor AP treatment caused a significant
change in this value. However, in the MTX group,
in cardiac MDA
154.64+25.18 pmol/mg protein was observed (difference

a significant increase level to
from the Control group p<0.01; difference from the
Vehicle and AP groups p<0.05). In the AP+MTX group,
lipid peroxidation was at a similar level to the Control
group (104.64+25.98 umol/mg protein) and significantly
lower than that in the MTX group (p<0.05, Fig. 1A).
Cardiac GSH concentration was recorded at similar levels
in the Control, Vehicle, and AP groups (64.27+10.69,
62.19+8.36, and  69.65+11.49
respectively). MTX injection caused a significant
decrease in GSH levels in the MTX group (43.47t
12.68 mg/mg protein, difference from the Control group
p<0.01; difference from the Vehicle group p<0.05;
difference from the AP group p<0.001). However, the

mg/mg  protein,

values increased to the control level in the AP pretreated
AP+MTX group (68.76+11.07 mg/mg protein, difference
from the MTX group, p<0.001) (Fig. 1B). Caspase-3
levels in control cardiac tissue homogenates were
determined as 77.02+7.91 pg/mg protein. Vehicle or AP
treatments did not cause a significant change, however,
MTX injection induced a significant increase in caspase-3
levels to 94.57+12.01 pg/mg protein (difference from the
Control group, Vehicle and AP groups p<0.05). In the
AP+MTX group, the values were significantly lower than
those of the MTX group (p<0.05) and were found to be
close to the control level (79.49+8.45 ng/mg protein)
(Fig.
of p53 in cardiac tissue was found to be 8.84+1.82 pg/mg

1C). In the Control group, the concentration

protein, and this value remained unaffected by vehicle
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Table 1. The Effects of MTX and AP treatments on serum biomarkers

CK-MB (ng/ml) Troponin T (pg/ml) ALT (U/L) AST (U/L)

Control 6.94+0.78 372.14460.61 30.71+2.88 71.79+2.85

Vehicle 7.1840.21 365.71+41.48 29.7343.46 71.6145.96

AP 8.1542.05 368.57+35.08 32.61+2.73 72.19+4.99

. 11.30+1.05 431.25+39.26 39.76+4.79 80.634.12
w11 od w4 11 d w1 G #H1od

AP+MTX 7.79+1.36 368.1369.84 33.3443.49 67.34+7.18

The values were presented as mean + standard deviation. Difference from the Control group *p<0.05, **p<0.001; difference from the

Vehicle group #p<0.05, ##p<0.001; difference from the AP group L1p<0.05 L1 1p<0.01,

AP+MTX group ¢p<0.05, ¢¢p<0.001.
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Fig. 1. The Effects of MTX and AP treatments on cardiac oxidative stress and apoptosis. Levels of MDA (A), GSH (B), Caspase-3 (C),
and p53 (D) in cardiac tissue. Results are presented as mean * standard deviation. Difference from the Control group *p<0.05,
**p<0.01; difference from the Vehicle group #p<0.05; difference from the AP group 1p<0.05, L1p<0.001; difference from the

AP+MTX group ¢p<0.05, ¢¢p<0.001.

or AP treatments alone. The MTX group exhibited
a slight increase in cardiac p53 levels (11.68+1.56 pg/mg
protein),  however, this not
statistically significant. Lastly, in the AP+MTX group,
the tissue level of p53 was comparable to that of
the other groups (10.01£1.89 pg/mg protein, Fig. 1D).

In the cardiac ventricles of the Control, Vehicle,
and AP groups, normal histological myocardial structure
was observed with a regular distribution of cells with
centrally located nuclei and well-organized muscle
bundles (Fig. 2). In the MTX group, histological
alterations such as the absence of nuclei in some
the presence of

increase was

myocytes, myocyte vacuolization,
occasional  lymphocytic

the AP+MTX group,

hemorrhagic areas, and

infiltration were noted. In

a reduction in myocytic damage, absence of hemorrhagic
areas and lymphocytic infiltration, and an overall return
to normal histological appearance of cardiac tissue were
observed (Fig. 2).

Upon reviewing the mean scores derived from
examination, similar results were
observed in the Control (0.086+0.11), Vehicle
(0.114+0.11), and AP (0.116+0.12) groups, while
a significant increase was found in the MTX group
(2.171£0.08, difference from the Control, Vehicle, and
AP groups, p<0.001). The histological score recorded in
the AP+MTX group was comparable to the Control group
(0.229+0.18) and significantly lower than that of the
MTX group (p<0.001).

the histological
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AP+MTX

Fig. 2. H&E-stained cardiac tissues from the Control, Vehicle, AP, MTX, and AP+MTX groups. 1 column: 20x magnification, 2™ column:

40x magnification. Black arrows indicate myocytes lacking nuclei, black arrowheads indicate myocyte vacuolization, yellow arrowheads
indicate hemorrhagic areas and white arrows indicate lymphocytic infiltration.
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Fig. 3. The Effects of MTX and AP treatments on hepatic oxidative stress and apoptosis. Levels of MDA (A), GSH (B), Caspase-3 (C),
and p53 (D) in liver tissue. Results are presented as mean + standard deviation. Difference from the Control group *p<0.01,
**p<0.001; Difference from the Vehicle group #p<0.05, ##p<0.01; Difference from the AP group Lp<0.05, 11p<0.01, L11p<0.001;

Difference from the AP+MTX group ¢p<0.05, ¢¢p<0.01.

Hepatic effects of MTX and AP treatments

Hepatic lipid peroxidation was determined as
53.49+12.50 umol/mg protein in the Control group, and it
did not significantly change in the Vehicle and AP
groups. MTX injection resulted in a significant elevation
of hepatic MDA levels to 82.06+9.80 umol/mg protein
(difference from the Control and AP groups p<0.001,
difference from the Vehicle group, p<0.01). In the
AP+MTX group, this value was significantly lower than
that of the MTX group (p<0.01) but did not significantly
differ from the Control group (Fig. 3A).

Hepatic GSH level was determined to be
73.94+10.08 mg/mg protein in the Control group.
Treatment with vehicle or AP did not cause a significant
change in tissue GSH levels. However, MTX injection
led to a significant decrease in hepatic GSH levels
(53.29+12.81 mg/mg protein, the difference from the
Control and AP groups, p<0.01; difference from the
Vehicle group, p<0.05). In the AP+MTX group, the GSH
level was similar to the control values and significantly
higher than that of the MTX group (69.93+10.26 mg/mg
protein, p<0.05) (Fig. 3B).

The level of caspase-3 in the liver tissue was
determined as 40.51+6.05 pg/mg protein in the Control
group. No significant difference was observed compared
to the Control group in the Vehicle and AP groups. In the
MTX group, caspase-3 increased to 60.11+
12.98 pg/mg protein (difference from the Control group,
p<0.001; difference from the Vehicle group, p<0.01;
difference from the AP group, p<0.05). In the AP+MTX

level

group, the wvalues returned to the control level
(45.93+8.74 ug/mg protein) and were found to be
significantly lower than those of the MTX group (p<0.05,
Fig. 30).

The level of p53 in liver tissue in the Control
group was 3.95+0.67 pg/mg protein, unaffected by
vehicle or AP treatments. The mild increase in hepatic
pS3 level in the MTX group was not statistically
significant ~ compared to the  other
(4.75£1.36 pg/mg protein). Similarly, the value did not
significantly change in the AP+MTX group (Fig. 3D).

The liver lobus sinister regions of the Control,

groups

Vehicle, and AP groups exhibited histologically normal
hepatic structure, featuring hepatocytes arranged in
radially organized cords separated by sinusoids, with
well-defined cytoplasm, one or more distinct nuclei, and
nucleoli. In the MTX group, there were notable
disruptions in the histological structure, with areas of
hydropic degeneration and fatty change. In the AP+MTX
group, a the overall

histological structure of the liver was noted, with no signs

significant improvement in
of hydropic degeneration or fatty changes (Fig. 4).

The average histological scores obtained in the
liver were similar in the Control (0.114+0.11), Vehicle
(0.143+0.15), and AP (0.171+0.14) groups. In the MTX
group, the histological score was significantly elevated to
2.029+0.34 (difference from the Control, Vehicle, and AP
groups, p<0.001). However, in the AP+MTX group, it
was close to the values of the Control group (0.200+0.16)
and significantly lower than the MTX group (p<0.001).
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Vehicle Control

AP

MTX

AP+MTX

Fig. 4. H&E-stained liver tissues of Control and experimental groups. 1% column: 20x magnification, 2™ column: 40x magnification.
Arrows indicate hepatocytes undergoing hydropic degeneration, and arrowheads indicate fatty changes.

Discussion results notably revealed that the pretreatment with AP
successfully prevented tissue damage through antioxidant

In this study, the effects of AP on MTX-induced  and anti-apoptotic effects.
cardiac and hepatic damage were investigated and our The cytotoxic impact of MTX extends beyond
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cancer cells, affecting healthy cells and causing damage
to various organs, notably to the heart and liver [3-7].
Numerous experimental studies have demonstrated that
the toxic effects of MTX involve different mechanisms
such as increased oxidative stress, inflammatory
response, and apoptotic cell death. For instance,
El-Sheikh and colleagues showed that 3 days after
a single dose of MTX administration (20 mg/kg) in rats,
serum levels of ALT, AST, creatinine, and blood urea
nitrogen were found to be increased [26]. The researchers
have also reported that hepatic and renal levels of GSH
and activity of catalase (CAT) were lower, while MDA,
nitric oxide, TNF-alpha, NF-kB, iNOS, and caspase-3
levels were higher than those of the control group. In
a different experimental study, Al-Abkal and colleagues
demonstrated an elevation in serum ALT, AST, urea,
creatinine, CK, CK-MB, and troponin levels 3 days after
a single dose of MTX injection (10 mg/kg) [3]. The
researchers observed an increase in inflammatory
response in liver, kidney, and heart tissues through
elevated NF-kB and TNF-alpha levels. Additionally,
there was an increase in oxidative stress, as indicated by
reduced levels of superoxide dismutase (SOD), CAT,
GSH, and ATP, along with elevated levels of MDA.
Moreover, apoptotic cell death was noted through
increased caspase-3 and p53 levels.

In line with previous reports, we observed
an increase in serum CK-MB, troponin T, ALT, and AST
levels 3 days after MTX administration (20 mg/kg).
Histological evaluation revealed structural deterioration
in both liver and heart tissues in the MTX group. These
findings suggest that MTX causes hepatic and cardiac
studies. Further

examinations of liver and heart tissues showed a decrease

damage, consistent with previous
in GSH and an increase in lipid peroxidation in both
tissues of rats injected with MTX. These results, in
accordance with the literature findings, indicate the role
of oxidative stress in the hepatic and cardiac damage
caused by MTX [3, 4]. Since apoptosis is a significant
mechanism in MTX-mediated tissue damage, caspase-3
and p53 levels were measured in the cardiac and hepatic
tissues. Our findings demonstrate a significant increase in
caspase-3 levels in both tissues. However, mild increase
in the cardiac and hepatic levels of p53 in the MTX group
did not reach statistical significance. Contrary to our
results, previous studies have highlighted the role of p53
in MTX-mediated apoptosis [3]. It is known that
pS3-induced mitochondrial cytochrome-c release is

crucial in the conversion of pro-caspase-3 to active

caspase-3, however, it is not the sole mechanism, and the
activation of the extrinsic pathway can also result in
caspase-3 activation [27]. Therefore, under the current
experimental conditions, in addition to the contribution of
slightly increased p53, other mechanisms may also be
involved in the elevation of cardiac and hepatic caspase-3
levels.

Since MTX-induced side effects limit its clinical
usage, ongoing research aims to develop approaches that
reduce or prevent them. Considerable amounts of
studies various  natural

previous presented  that

compounds with antioxidant and anti-inflammatory
properties could be used against MTX-induced drug
toxicity [28]. AP, one of the important components of
essential oils, possesses antioxidant, anti-inflammatory,
anti-apoptotic, and anti-tumor properties [12, 18]. Among
the limited number of in-vivo studies demonstrating the
effects of AP, its cardioprotective properties were
established in a damage model induced by isoproterenol
[25].
increments in CK, CK-MB, troponin T, and troponin I

In this model, researchers showed that the

levels induced by isoproterenol were significantly

improved in rats receiving AP pretreatment (50 mg/kg,
21 days).
decrease in SOD, CAT, and GPx activities, as well as

Furthermore, the isoproterenol-induced
GSH depletion, along with the elevation in inflammatory
markers such as TNF-alpha, IL-6, and NF-kB levels in
cardiac tissue, were significantly prevented in the rats
treated with AP. The researchers have concluded that the
cardioprotective effects of AP may be attributed to its
antioxidant and anti-inflammatory properties.

In this study, it is addressed whether the AP had
similar protective effects in MTX-induced cardiac
damage. Our results showed that the MTX-induced
increments in the serum levels of cardiac damage
markers, CK-MB and Troponin T, were significantly
prevented in the group pretreated with AP. The
histological evaluation also revealed that structural
deterioration of ventricular myocytes caused by MTX,
such as the presence of hemorrhagic areas and
lymphocytic infiltration, was significantly reduced in the
group pretreated with AP, and normal ventricular
histological structure was preserved. The role of
oxidative stress in the effects of MTX and AP treatment
was assessed by determining the lipid peroxidation and
GSH levels. According to the current results, MDA
elevation and GSH depletion in cardiac tissue associated
with MTX were prevented in the group treated with AP.
These results suggest that the antioxidant property of AP
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is an important factor for its protective effect in MTX-
Although the activity of
antioxidant enzymes such as SOD, CAT and glutathione

induced cardiac damage.

peroxidase (GPx) has not been investigated in cardiac
tissue, which is a limitation of our study, changes in GSH
levels can be interpreted that the AP increases the total
antioxidant capacity and thus reduces oxidative stress.
Another significant finding observed in the AP+MTX
group was the prevention of MTX-induced increase in
caspase-3 level in cardiac tissue. Caspase-3 is one of the
key executor enzymes in apoptosis, that can be activated
by both intrinsic and extrinsic pathways. Therefore, the
prevention of caspase-3 increments indicates the anti-
apoptotic effect of AP. In line with previous literature,
this outcome suggests that AP not only possesses
antioxidant properties, but also exhibits anti-apoptotic
effects; therefore, it can be proposed that at least these
two mechanisms might play a role in mitigating the
MTX-induced cardiac damage.

While
demonstrating the isolated effects of AP on the liver,

there is no literature finding
certain essential oils known to contain AP have been
reported to exhibit protective role in various liver damage
models. For instance, Rosemary (Rosmarinus officinalis
L.) essential oil, which comprises approximately 11 %
AP, has exhibited protective effects against hepatic
damage induced by CCls, when orally administered at
a dose of 10 mg/kg for one week [29]. The elevations in
total bilirubin, direct bilirubin, AST, urea, and creatinine
caused by CCly application were significantly prevented
with a 7-day rosemary oil treatment. Changes in MDA,
GSH, CAT, GPx, and glutathione reductase activities
induced by CCly in the liver were significantly prevented
with rosemary oil treatment, emphasizing the importance
of the reduction of oxidative stress in this protective
effect [29]. Nevertheless, it may not be accurate to
directly attribute the results of the mentioned study to AP.

References

In this regard, our study is the first of its kind to
investigate the effects of AP in any damage model. The
current results indicate that AP pretreatment prevented
the MTX-induced increase in serum ALT and AST levels
and significantly protected the general histological
structure of the liver by preventing hydropic degeneration
and fatty changes. These findings suggest that AP is
protective for the liver, similar to its effects on the heart.
The changes induced by MTX in hepatic MDA and GSH
levels used to evaluate oxidative stress, were completely
Additionally, the
MTX-induced increase in hepatic caspase-3 level was not

prevented with AP pretreatment.

observed in the group pre-treated with AP. All these data
suggest that AP prevents MTX-induced hepatic damage
through antioxidant and anti-apoptotic mechanisms, in
line with its effects on the heart.

Conclusion

In this study, the effectiveness of AP, which has

antioxidant, anti-inflammatory and anti-apoptotic
properties, in MTX-induced cardiac and hepatic damage
was tested. According to the present results, AP
successfully reduces MTX-induced cardiac and hepatic
damage by preventing oxidative stress and apoptosis.
Especially considering that MTX is a drug used in cancer
treatment, AP appears to have very promising potential as
a cardioprotective

and hepatoprotective agent in

antitumoral therapy.

Conflict of Interest
There is no conflict of interest.

Acknowledgements

This work is supported by the Scientific Research Project
Fund of Ordu University under the project number
A-2306.

1. Bedoui Y, Guillot X, Sélambarom J, Guiraud P, Giry C, Jaffar-Bandjee MC, Ralandison S, Gasque P.
Methotrexate an old drug with new tricks. Int J Mol Sci 2019;20(20):5023. https://doi.org/10.3390/ijms20205023
2. Cronstein BN. Low-dose methotrexate: a mainstay in the treatment of rheumatoid arthritis. Pharmacol Rev

2005;57(2):163-172. https://doi.org/10.1124/pr.57.2.3

3. Al-Abkal F, Abdel-Wahab BA, El-Kareem HFA, Moustafa YM, Khodeer DM. Protective effect of pycnogenol
against methotrexate-induced hepatic, renal, and cardiac toxicity: an in vivo study. Pharmaceuticals (Basel)

2022;15(6):674. https://doi.org/10.3390/ph15060674

4. Abdel-Daim MM, Khalifa

HA, Abushouk AlI,

Dkhil MA, Al-Quraishy SA. Diosmin attenuates

methotrexate-induced hepatic, renal, and cardiac injury: a biochemical and histopathological study in mice.
Oxid Med Cell Longev 2017;2017:3281670. https://doi.org/10.1155/2017/3281670




630 Ccirrik et al. Vol. 73

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Al-Taher AY, Morsy MA, Rifaai RA, Zenhom NM, Abdel-Gaber SA. Paeonol attenuates methotrexate-induced
cardiac toxicity in rats by inhibiting oxidative stress and suppressing TLR4-induced NF-kB inflammatory
pathway. Mediators Inflamm 2020;2020:8641026. https://doi.org/10.1155/2020/8641026

Vezmar S, Becker A, Bode U, Jaechde U. Biochemical and clinical aspects of methotrexate neurotoxicity.
Chemotherapy 2003;49(1-2):92-104. https://doi.org/10.1159/000069773

Brazdilova K, Koller T, Killinger Z, Payer J. Prevalence and risk factors for drug-induced liver injury among

patients with rheumatic diseases treated with biological therapy: a single-center experience. Physiol Res
2019;68(Suppl 2):S157-S163. https://doi.org/10.33549/physiolres.934299

Ortega-Alonso A, Andrade RJ. Chronic liver injury induced by drugs and toxins. J Dig Dis 2028;19(9):514-521.
https://doi.org/10.1111/1751-2980.12612

Jahovic N, Cevik H, Sehirli AO, Yegen BC, Sener G. Melatonin prevents methotrexate-induced hepatorenal
oxidative injury in rats. J Pineal Res 2003;34(4):282-287. https://doi.org/10.1034/1.1600-079X.2003.00043 .x
Erdogan E, Ilgaz Y, Gurgor PN, Oztas Y, Topal T, Oztas E. Rutin ameliorates methotrexate induced hepatic
injury in rats. Acta Cir Bras 2015;30(11):778-784. https://doi.org/10.1590/S0102-865020150110000009

Rizk FH, Saadany AAE, Dawood L, Elkaliny HH, Sarhan NI, Badawi R, Abd-Elsalam S. Metformin ameliorated
methotrexate-induced hepatorenal toxicity in rats in addition to its antitumor activity: two birds with one stone.
J Inflamm Res 2018;11:421-429. https://doi.org/10.2147/JIR.S178767

Vespermann KA, Paulino BN, Barcelos MC, Pesséa MG, Pastore GM, Molina G. Biotransformation of a- and
B-pinene into flavor compounds. Appl Microbiol Biotechnol 2017;101(5):1805-1817.
https://doi.org/10.1007/s00253-016-8066-7

Karthikeyan R, Kanimozhi G, Prasad NR, Agilan B, Ganesan M, Srithar G. Alpha pinene modulates
UVA-induced oxidative stress, DNA damage and apoptosis in human skin epidermal keratinocytes. Life Sci
2018;212:150-158. https://doi.org/10.1016/1.1£s.2018.10.004

Bouzenna H, Hfaiedh N, Giroux-Metges MA, Elfeki A, Talarmin H. Potential protective effects of alpha-pinene

against cytotoxicity caused by aspirin in the IEC-6 cells. Biomed Pharmacother 2017;93:961-968.
https://doi.org/10.1016/j.biopha.2017.06.031

Hou J, Zhang Y, Zhu Y, Zhou B, Ren C, Liang S, Guo Y. o-Pinene induces apoptotic cell death
via caspase activation in human ovarian cancer cells. Med Sci Monit 2019;25:6631-6638.
https://doi.org/10.12659/MSM.916419

Chen WQ, Xu B, Mao JW, Wei FX, Li M, Liu T, Jin XB, Zhang LR. Inhibitory effects of a-pinene
on hepatoma carcinoma cell proliferation. Asian Pac J Cancer Prev 2014;15(7):3293-3297.
https://doi.org/10.7314/APJCP.2014.15.7.3293

Kim DS, Lee HJ, Jeon YD, Han YH, Kee JY, Kim HJ, Shin HJ, Kang J, Lee BS, Kim SH, Kim SJ, Park SH,
Choi BM, Park SJ, Um JY, Hong SH. Alpha-pinene exhibits anti-inflammatory activity through the suppression of

mapks and the nf-kb pathway in mouse peritoneal macrophages. Am J Chin Med 2015;43(4):731-742.
https://doi.org/10.1142/S0192415X15500457

Allenspach M, Steuer C. o-Pinene: A never-ending story. Phytochemistry 2021;190:112857.
https://doi.org/10.1016/j.phytochem.2021.112857

Rahmani H, Moloudi MR, Hashemi P, Hassanzadeh K, Izadpanah E. Alpha-pinene alleviates motor activity in

animal model of Huntington's disease via enhancing antioxidant capacity. Neurochem Res 2023;48(6):1775-1782.
https://doi.org/10.1007/s11064-023-03860-9

Khan-Mohammadi-Khorrami MK, Asle-Rousta M, Rahnema M, Amini R. Neuroprotective effect of
alpha-pinene is mediated by suppression of the TNF-o/NF-kB pathway in Alzheimer's disease rat model.
J Biochem Mol Toxicol 2022;36(5):€23006. https://doi.org/10.1002/jbt.23006

Khoshnazar M, Parvardeh S, Bigdeli MR. Alpha-pinene exerts neuroprotective effects via anti-inflammatory and

anti-apoptotic mechanisms in a rat model of focal cerebral ischemia-reperfusion. J Stroke Cerebrovasc Dis
2020;29(8):104977. https://doi.org/10.1016/].jstrokecerebrovasdis.2020.104977

Lee GY, Lee C, Park GH, Jang JH. Amelioration of scopolamine-induced learning and memory impairment
by a-Pinene in C57BL/6 mice. Evid Based Complement Alternat Med 2017;2017:4926815.
https://doi.org/10.1155/2017/4926815




2024 Alpha-Pinene and Methotrexate Injury 631

23. Rahimi K, Shirvani N, Sanaie P, Javadi A, Khademi M. The effects of alpha-pinene on the Nrf2-HO1 signaling
pathway in gastric damage in rats. Mol Biol Rep 2023;50(10):8615-8622. https://doi.org/10.1007/s11033-023-

08765-y
24. Demir S, Mentese A, Usta ZT, Alemdar NT, Demir EA, Aliyazicioglu Y. Alpha-pinene neutralizes cisplatin-

induced reproductive toxicity in male rats through activation of Nrf2 pathway. Int Urol Nephrol
2024;56(2):527-537. https://doi.org/10.1007/s11255-023-03817-5

25. Zhang B, Wang H, Yang Z, Cao M, Wang K, Wang G, Zhao Y. Protective effect of alpha-pinene against
isoproterenol-induced myocardial infarction through NF-kB signaling pathway. Hum Exp Toxicol
2020;39(12):1596-1606. https://doi.org/10.1177/0960327120934537

26. El-Sheikh AA, Morsy MA, Abdalla AM, Hamouda AH, Alhaider IA. Mechanisms of thymoquinone
hepatorenal protection in methotrexate-induced toxicity in rats. Mediators Inflamm 2015;2015:859383.
https://doi.org/10.1155/2015/859383

27. FElmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol 2007;35(4):495-516.
https://doi.org/10.1080/01926230701320337

28. Marin GE, Neag MA, Burlacu CC, Buzoianu AD. The protective effects of nutraceutical
components in methotrexate-induced toxicity models-an overview. Microorganisms 2022;10(10):2053.
https://doi.org/10.3390/microorganisms10102053

29. Raskovi¢ A, Milanovié I, Pavlovié¢ N, Cebovi¢ T, Vukmirovié S, Mikov M. Antioxidant activity of rosemary

(Rosmarinus officinalis L.) essential oil and its hepatoprotective potential. BMC Complement Altern Med
2014;14:225. https://doi.org/10.1186/1472-6882-14-225





<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues false

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /CZE <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



