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ABSTRACT

Background and Objectives: Methotrexate (MTX) is a worldwide drug used to treat neoplastic and non-neoplastic diseases
despite its severe side-effects. The present study aimed to throw more light on the MTX effects on cardiac muscle of adult male

albino rats and the possible protective role of L-citrulline.

Materials and Methods: Thirty Adult male albino rats were used and equally divided into three Groups: Group I: control,
Group II (MTX treated), Group III (MTX and L-citrulline treated). Left ventricular specimens were prepared for H and E,
Mallory trichrome staining, immunohistochemical analysis for TLR2 and electron microscope examination.

Results: Cardiac muscles of MTX treated rats (Group II) showed histological, ultrastructural and histochemical changes such
as dark stained nuclei, vacuolation, pyknotic nuclei, loss of striations and interrupted intercalated disc. Increased collagen
fibers were also found. Minimal changes were observed in Group III (MTX and L-citrulline treated).

Conclusion: MTX has a deleterious effect on rat cardiac muscle and administration of L-citrulline has a protective effect.
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INTRODUCTION

Methotrexate (MTX), a structural analogue of folic acid,
is widely used as a chemotherapeutic agent for neoplasm
treatment as acute leukaemia, lung and breast cancers!'. It is
also recommended for non-neoplastic diseases as psoriasis
and autoimmune diseases as rheumatoid arthritis!?,

Using MTX at cyclic high doses to treat malignant
tumors can be associated with severe hepatotoxicity
and acute renal failure®, while its chronic use at lower
doses may cause progressive liver fibrosis, uremia, and
hematuria. Some cardiac dysfunctions could be detected
by previous studies after using methotrexate®. Since it is
essential drug for treatment of many diseases, many trials
were done to attenuate its side effects especially on the
vital organs as the heart.

L-Citrulline is a colorless water-soluble amino acid
that is a potent endogenous precursor of L-arginine. It is
first identified from the juice of watermelon. It was later
obtained from tryptic digestion of casein!®.

In a recent clinical study, L-citrulline supplementation
dose-dependently increases plasma L-arginine (L-Arg)
levels in healthy human volunteers more effectively than
equivalent doses of L-arginine itselfl”. Orally administered
L-arginine is known to be extensively metabolized by
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bacteria in the gut, and arginase in the gut and liver.
However, oral L-citrulline administration was shown to
avoid such metabolisms. Accordingly, oral L-citrulline
supplementation was reported to increase L-Arginine
levels more efficiently than oral L-Arg administration
itself and increased nitric oxide production®.

Toll-like receptors (TLRs) represent the first line of
host defense against microbial infection and play a pivotal
role in both innate and adaptive immunity. TLRs can also
function as a sensor responding to tissue stress such as
hypoxia and ischemia and modulate cell survival and tissue
injury®l.

The aim of this work is to study the possible histological
alterations that may occur in the cardiac muscle structure
of adult male albino rats receiving MTX and the possible
protective role of L-citrulline supplementation.

MATERIALS AND METHODS

1. Chemicals:

Methotrexate was purchased from Shanxi PUDE
Pharmaceutical Company (Shanxi, China) in the form of
vials 50mg/2ml. L-citrulline was obtained from Sigma
chemical Co.
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11. Experimental animals:

Thirty adult male albino rats (13—16 weeks old), with
an average weight of 200-250 gm were used in this study.
They were obtained from breading animal house, Faculty
of Medicine, Zagazig University. Experimental protocol
was approved by the Zagazig University Research Ethics
Committee. Throughout the duration of the experiment, the
rats were housed at room temperature with normal light/
dark cycles and were allowed ad-libitum access to food
and water. The animals were divided into three groups
each of them consists of 10 rats.

Group I (control group): 10 rats were injected
intraperitoneally with saline. Group II (methotrexate
treated group): rats were intraperitoneally injected with
methotrexate at the dose S5mg/kg/day for one month!'l.

Group III (methotrexate concomitant with
citrulline group): rats were injected intraperitoneally
with methotrexate at the same previous dose (Smg/kg/day)
in concomitant with oral administration of 900mg/kg of
L-citrulline for one month using intragastric tubet''l.

II1. Methods:

After 24 hours from the last dose, rats were anesthetized
using ether inhalation, sacrificed, carefully dissected and
specimens from the left ventricle were processed for light
and electron microscopic examination.

Light microscope technique:

For light microscopy, the specimens were immersed
in 10% neutral-buffered formalin, washed, dehydrated,
cleared, and embedded in paraffin. Sections of 5 pum
thickness were stained with H&E and Mallory’s trichrome
to assess the degree of cardiac muscle alterationst'.
For immunohistochemistry, 5-um-thick sections were
dewaxed, rehydrated, and washed with PBS. The sections
were incubated in hydrogen peroxide for 10 minutes
to block the endogenous peroxidase then incubated
overnight in a humid chamber with the primary antibody
at 4°Cat dilution of 1:100 for localization of TLR-2. The
primary antibody was rabbit monoclonal anti-rat Toll-
like receptor 2 (TLR2) antibody (ab108998; Abcam,
Cambridge, Massachusetts, USA). The sections were
then rinsed three times in PBS and incubated with the
corresponding biotinylated secondary antibody for 1 h
at room temperature. Streptavidin peroxidase was then
added for 10 min and the specimens were rinsed again
three times in PBS. Immunoreactivity was visualized
using 3,3'-diaminobenzidine as a chromogen. The
sections were counterstained with Mayer’s hematoxylin.
Negative control sections were prepared by excluding
the primary antibodies!’’l. Positive control for TLR2
was LPS (Lipopolysaccharide)-stimulated THP1 cells.

TLR2-immunostained heart sections were considered
positive upon expressing clear evident brown cytoplasmic
coloration. Sections were viewed using an Olympus
microscope (C5060-AUD, 5SHO1155 JAPAN) and images
were captured by a digital camera (Canon PowerShot
A620, England, UK).

The scale bar was added to the photomicrographs
according calibration sheet using power point (https://
www.youtube.com/watchv=3bynnPQQxmg).

Transmission electron microscope technique:

For transmission electron microscopy, the specimens
were fixed in 2.5% buffered glutaraldehyde for 2 hours
at 4°C, washed in PBS and fixed in 1% osmium tetroxide
in distilled water for 2 hours at 4°C, then dehydrated in
alcohol and embedded in epoxy resins. Semithin sections
(1-um-thick) were obtained and stained with 1% toluidine
blue and examined under a light microscope and ultrathin
sections (70-90 nm) were stained with uranyl acetate and
lead citrate!'!. The ultrathin sections were examined and
photographed using a JEOL JEM 2100 EXII Electron
Microscope (Jeol Ltd), Electron Microscope Research
Laboratory, Faculty of Agriculture, Mansoura University,

Egypt.

1V. Morphometric study:

The image analyzer computer system Leica Qwin 500
(Leica Ltd, Cambridge, UK) at the Image Analyzing Unit
of Pathology Department, Faculty of Dentistry, Cairo
University, Egypt, was used to measure the area percent
of collagen fibers and optical density of immunoreaction
for TLR2 at a magnification X400. The area percent
was measured using the interactive measure menu. The
measuring frame of a standard area equal to 118476.6 mm?
was chosen so that the brown positive immune reaction
could be seen and masked by blue binary colour to be
measured. Examination of ten readings from five non-
overlapping sections from each rat of all groups was done.

V. Statistical analysis:

All values of the experiments were represented as mean
+ Standard Deviation (SD). One-way analysis of variance
(ANOVA) was used, followed by Post hoc least significant
difference (LSD) test to evaluate the differences between
the groups. All analyses were performed using the IBM
SPSS 19.0 software!'*.
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RESULTS

I-Light and Electron microscope results:-

Light microscopic examination of heart sections from
the control group showed longitudinally and transversely
arranged muscle fibers with acidophilic cytoplasm and
central oval vesicular nuclei. Those fibers were branching
and anastomosing with each other (Fig.1).

Electron microscopic examination of heart sections
from the control group showed a cardiomyocyte with a
single euchromatic oval nucleus (Fig.2A). Bundles of
myofibrils were seen with alternating dark and light bands.
Z lines were observed in the middle of I bands. (Fig.2A
& B). Portions of cardiomyocytes were joined at an
intercalated disc (Fig.2C). Numerous mitochondria were
found around the nucleus and in between the myofibrils
and arranged in rows (Fig.2A, B&C).

Light microscopic examination of heart sections
from the Methotrexate-treated group showed distorted
cardiac muscle fibers with many vacuolations. There were
condensed nuclei with congested blood vessels (Fig.3).

Electron microscopic examination of heart sections
from the Methotrexate-treated group showed a
cardiomyocyte having an indented nucleus with irregular
nuclear envelope. Mitochondria with variable sizes and
shapes were observed while others with destructed cristae.
Dilated blood capillary was also seen (Fig.4A). There
were bundles of collagen fibrils. Accumulated groups of
mitochondria and numerous glycogen granules were seen
(Fig.4B). Areas of myofibrillar loss were noticed (Fig.4A
& B). Interrupted intercalated disk, mitochondria with
disrupted cristae and small vacuoles were seen (Fig.4C).

Light microscopic examination of heart sections from
the Methotrexate-Citrulline treated group showed cardiac
muscle fibers with preserved normal architecture and large
oval vesicular nuclei. Some cellular infiltrate was seen
with some congested blood capillaries (Fig.5).

Electron microscopic examination of heart sections
from the Methotrexate-Citrulline treated group showed
a cardiomyocyte with euchromatic nucleus. Numerous
mitochondria in the perinuclear area and some glycogen
granules were noticed. There were more or less normal
myofibrils arrangement (Fig.6A). Some myofibrils were
well organized into alternating dark and light bands while
others were discontinued. There were regularly arranged
mitochondria and others with variable size and shape.
Intact intercalated disc was observed (Fig.6B).

Light microscopic examination of Mallory’s trichrome
stained sections of cardiac muscle revealed blue-stained
collagen fibers which were scanty in the control group
(Fig.7A), marked in the Methotrexate -treated group
(Fig.7B) and moderate in the Methotrexate-Citrulline
treated group (Fig.7C) in between muscle fibers and around
blood vessels.

Lightmicroscopicexaminationofimmunohistochemical
stained sections for Toll-like receptor 2 (TLR2) showed
positive cytoplasmic immunoreaction which was weak in
few cardiac muscle cells in the control group (Fig.8A),
strong in many cardiac muscle cells in the Methotrexate
-treated group (Fig.8B) and moderate in some cardiac
muscle cells in the Methotrexate-Citrulline treated group
(Fig.8C).

-
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Fig.1: A photomicrograph of a section of cardiac muscle
of a control rat (group I) showing longitudinally (L) and
transversely (T) arranged cardiac muscle fibers with acidophilic
cytoplasm (arrows) and central oval vesicular nuclei (N). The
fibers are branching and anastomosing with each other (F).

(H&E, x 400; scale bar=30um).

Fig. s A, 7
Fig.2: An electron micrograph of cardiac muscle of a control
rat (group I) showing (2A): a cardiomyocyte with a single
euchromatic oval nucleus (N). Numerous mitochondria (M) are
found around the nucleus and in between the myofibrils. Bundles
of myofibrils are seen with alternating dark (A) and light bands
(D). Glycogen granules (G) are seen. (2B): The normal striations
of cardiac muscle cell are seen showing alternating dark (A)
and light (I) bands. Z lines (arrow heads) are observed in the
middle of I bands. Numerous intermyofibrillar mitochondria
(M) are elongated and regularly aligned in rows. (2C): Portions
of cardiomyocytes are joined at an intercalated disc (arrows).
Rows of mitochondria (M) are seen in between myofibrils.
(TEM: Ax9000, B&Cx13.000).
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Fig.3 (A&B): A photomicrograph of a section of cardiac muscle
of a methotrexate-treated rat (group II) showing distorted cardiac
muscle fibers (F) with many vacuolations (v). The nuclei are
condensed (N). There are congested blood vessels (BVs).

(H&E, x 400; scale bar=30um).

Fig.4: An electron micrograph of cardiac muscle of a

methotrexate-treated rat (group 1) showing (4A): a cardiomyocyte
having an indented nucleus with irregular nuclear envelope (N).
Mitochondria with variable sizes and shapes (M) are observed.
Other mitochondria with destructed cristae (notched arrow) are
also observed. Areas of myofibrillar loss (curved arrows) and
dilated blood capillary (B) are seen. (4B): There are bundles
of collagen fibrils (C). Accumulated groups of mitochondria
(M) are seen. Numerous glycogen granules (G) are noticed.
(4C): a cardiomyocyte having heterochromatic nucleus with
irregular nuclear envelope (N). Interrupted intercalated disk
(arrows), mitochondria with disrupted cristac (notched arrow)
and small vacuoles )v) are seen. (TEM: Ax6000, B&Cx13.000),

(Scale bar: A=5um, B&C=2um).

Fig.5: A photomicrograph of a section of cardiac muscle of
animals treated with methotrexate concomitant with Citrulline
(group IIT) showing most of cardiac muscle fibers with preserved
normal architecture (F) and large oval vesicular nuclei (N). Some
cellular infiltrate is seen (curved arrow). Notice some congested
blood capillaries (BVs). (H&E, x 400; scale bar=30um).

Fig.6: An electron micrograph of cardiac muscle of animals

treated with methotrexate concomitant with Citrulline (group
III) showing (6A): a cardiomyocyte with euchromatic nucleus
(N). There are more or less normal myofibrils (F) arrangement.
Numerous mitochondria (M) in the perinuclear area are seen.
Some glycogen granules (G) are noticed. (6B): Some myofibrils
are well organized into alternating dark (A) and light (I) bands
while others are discontinued (curved arrow). Regularly arranged
mitochondria (M) are seen. Other mitochondria (notched
arrow) appear with variable size and shape. Intact intercalated
disc (arrow) is observed. (TEM: Ax16.000, Bx16.000),

(Scale bar: A&B=2um).
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Fig.7: A photomicrograph of a section of cardiac muscle
showing blue-stained collagen fibers which are scanty (arrows)
in the control group (7A), marked in the Methotrexate-
Methotrexate-
fibers

treated group (7B) and moderate in the

Citrulline treated group (7C) in between muscle

(thin arrows) and around blood vessels (thick arrows).
(Mallory’s trichrome, x400; scale bar=30um).

Fig.8: A photomicrograph of a section of cardiac muscle showing
cytoplasmic immunoreaction for toll-like receptor 2 (TLR2)
which is weak in few cardiac muscle cells (arrows) in the control
group (8A), strong in many cardiac muscle cells (arrows) in the
Methotrexate -treated group (8B) and moderate in some cardiac
muscle cells (arrows) in the Methotrexate-Citrulline treated
group (8C). (TLR2 immunostaining, x400; scale bar=30um).

II-Morphometric and Statistical Results:-
Area percentage (%) of collagen fibers:

Statistical analysis of the area % of collagen fiber
content showed a highly significant increase in the
Methotrexate-treated group (II) as compared to control
group (I). However, there was a non-significant increase
in the Methotrexate- Citrulline treated group (III) as
compared to control group (I) (Tablel; Histogram 1).

Optical density of TLR2 immunoexpression:

Statistical analysis of the optical density of TLR2
positive immunoexpression showed a highly significant
increase in the Methotrexate-treated group (II) as compared
to control group (I). However, there was a non-significant
increase in the Methotrexate- Citrulline treated group (I1I)
as compared to control group (I) (Tablel; Histogram 1).

Table 1: Morphometric and Statistical analysis of heart specimens
among the studied groups:

Parameters Group [ Group 11 Group 111
Area percentage 1.02+0.01  1.87+0.05""  1.54+0.02"
of collagen fibers

Optical density 12.88+41.58 25.89+1.25" 18.08+2.56"
of TLR2

immunoexpression

Data are expressed as the mean + Standard deviation (SD).

++: Highly significant when comparing Methotrexate-treated
group (II) with control group (1) (p value<0.001).

Ns: Non- significant difference when comparing Methotrexate-
Citrulline treated group (I11) with control group (1) (p value>0.05).

30

15
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o == 1 |

Optical density of TLR2
immunoexpression

Area percentage of
collagen fibers

mGroup| mGroupll = Grouplil

Histogram 1: showing morphometric and statistical analysis of
heart specimens among studied groups.

DISCUSSION

Methotrexate is a corner stone of treatment for malignant
and autoimmune diseases!'®. The broad range of antitumor
activity of methotrexate is reflected in the large number
of malignant diseases for which it is included in treatment
regimens. Also, methotrexate has anti-inflammatory and
immunomodulating properties, which allows for its use
in a wide range of therapeutic indications across multiple
specialties!!”.

All rats used in this study were males to avoid any effect
of the gender on the results especially the cyclic hormonal
pattern of females. Moreover, gender difference has been
mentioned as one of the risk factors in the toxic effects
of anticancers as females show more severe cardiotoxicity
with more depressed contractility than males!'*!.
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MTX-treated group showed that left ventricular
cardiomyocytes lost their striation and contained pyknotic
nuclei. That could be explained by Ravi Rajagopalan and
his colleges who reported that the anti-proliferative action of
MTX depends on the inhibition of dihydrofolate reductase
enzyme which is necessary for DNA production!'.

The myocardial fibers of rats in MTX-treated group
were infiltrated by inflammatory cells with congested
blood vessels in between the cardiomyocytes. That is in
agreement with Morsy and El-Kholy who reported cellular
infiltration in the mucosal folds of fallopian tubes of MTX
treated ratsi?”. Also, Chelab and Majeed documented
congested glomeruli in the kidney MTX treated micel.

It was reported that despite the immunosuppressive
effect of high dose of MTX, it does not suppress the
cytokine release from peritoneal macrophages which
attract more and more inflammatory cells to the field?*.
Also, the congested blood vessels are attributed to the role
of MTX in increasing the prostaglandin synthesis which
leads to smooth muscle relaxation with vasodilatation!?*!.

In the present work, cardiomyocytes vacuolations were
observed in MTX -group. Also, E.M ultrathin sections
showed cardiomyocytes with small vacuoles. That is in
agreement with Al-Ali and his colleagues who observed
the same result on liver cells®. They explained the
result by the destructive effect of the accumulated toxic
metabolites inside the hepatocytes on the cell membranes
with subsequent hydropic degeneration and vacuolation
of them. Also, MTX has a peroxidative effect on the
polyunsaturated lipid on the cell membranes which disturb
the intracellular water and electrolytes distribution!®!,

In the current work, MTX -group showed marked
increase of collagen fibers in between cardiomyocytes
which were demonstrated in the Mallory trichrome stained
sections. Also, E.M ultrathin sections showed bundles
of collagen fibrils in between the cardiomyocytes and
confirmed statistically by a significant increase of the mean
area percentage of collagen fibers in comparison to the
control group. That is in agreement with some authors who
reported increase of collagen fibers in the liver of MTX rat-
group around the central vein, portal tract and the plates of
cells more than the control group®®.

Fibroblasts are found throughout the cardiac tissue,
surrounding cardiomyocytes and bridging between
myocardial tissue layers. Inflammation is frequently
associated with myocardial remodeling involving fibrosis.
The fibroblasts maintain their proliferative potential
which is absent in myocytes of the adult heart!”!. Certain
conditions like inflammation and increase the free
radicals formation caused by MTX stimulate fibroblasts
proliferation and formation of collagen?*.

The MTX group showed marked increase of
immunoreactions for TLR2 (toll like receptor2) which
are expressed normally by cardiomyocytes to recognize
pathogens and trigger innate immune responses?” in
comparison to the control group.

Frantz and his colleagues explained the role of TLR2 in
the tissue damage by activating nuclear factor kappa B (NF-
«B) and translocating it from the cytoplasm to the nucleus
with stimulating various target gene expressions related
to tissue damage. Also, NF-kB initiates the expression
of proinflammatory cytokines (e.g. interleukin-6) and
promotes apoptosis by activating the expression of
proapoptotic proteins, such as p53, Fas, Fas ligand, and
death receptor 65,

Also, other authors reported that TLR2 can bind
to apoptotic debris which leads to the recruitment of
leukocytes, which produces diverse cytokines and
chemokines?'l.

Dilated distorted mitochondria were observed in-
between the fragmented myofibrils of methotrexate- treated
group. Also, interrupted intercalated discs appeared inside
the cardiomyocytes. Mitochondrial damage is triggered by
increased production of ROS caused by MTX therapy. It
induces toxic effect on intercalated discs and mitochondrial
dysfunction with decreasing ATP synthesis*2.

MTX + Citrulline-group revealed preservation in the
histological structure of ventricular cardiomyocytes. They
appeared with vesicular nuclei with mild wide intercellular
spaces. Zhou and his colleagues reported that citrulline can
promote the synthesis of arginine (ARG) and improve its
action in reducing cell apoptosis®l.

Less congested blood vessels appeared in between the
cardiomyocytes. That could be explained by that nitric
oxide (NO) produced from citrulline regulates endothelium-
dependent vasodilatation, prevents the adhesion of blood
cells and platelets along the endothelial cell layer of blood
vessels, decreases their congestion and inhibits vascular
smooth muscle cell proliferation**.

Trichrome stained sections of MTX +Citrulline-group
showed mild increase in the collagen fibers between the
cardiomyocytes. It was reported that citrulline regulates
the formation of NO produced by ARG and prevents NO
overproduction with less inflammatory reaction and weak
stimulation to fibroblasts?.

Also, immunohistochemical reaction for TLR2 showed
mild decrease in comparison to the MTX-group which can
explained by decreasing the inflammatory effect of MTX
by NO. Also, it has scavenging effects against oxygen
radical species’], improves microcirculation and decreases
endotoxemial®’l.
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Also, arginine and its precursor citrulline play an
importantrole in the immune response during inflammation.
Maintaining the arginine availability during inflammatory
conditions is of crucial importance, probably best by
enhancing the citrulline concentration, preventing NOS
uncoupling and maintaining adequate enzyme function
during these conditionsP®,

In contrast, some authors reported that the use of
MTX in rheumatoid arthritis (RA) is associated with a
decreased risk of clinical CVD morbidity and mortality?*!.
The reduction in CVD events may occur very early in the
disease course even before the diagnosis of RA which
raises the exciting prospect that MTX use very early in
the disease course may not only delay the onset of RA
but may also reduce the risk of collateral damage such as
atherosclerosis!*’.

CONCLUSION

There is evidence that MTX has harmful effect on the
heart. Addition of Citrulline to MTX regimen decreases its
harmful effects with improvement of the histology of the
heart. So, the low dose of MTX needs further studies to
determine its actual effect on the heart events.
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