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Abstract

Nephrotoxicity is defined as rapid deterioration in Kidney functions. It arises from direct exposure to
drugs or their metabolites. Methotrexate is a famous chemotherapeutic drug with anti-inflammatory and
immunosuppressive properties. A high-dose methotrexate-induced renal dysfunction can be life threatening.
Cyanocobalamin, one of the forms of vitamin Biz, acts as a coenzyme in the conversion of homocysteine to
methionine in the cytosol, and the conversion of methylmalonyl-CoA to succinyl-CoA in the mitochondrion. The
study was designed to investigate the possible protective role of intraperitoneal cyanocobalamin administered in
2 different doses, against rat model of nephrotoxicity induced by methotrexate. Rats utilized in this study were
randomized into 4 groups (ten rats per each group); Group 1- (Control) rats intraperitoneally injected with 0.5ml
normal saline once daily for 7 consecutive days. Group 2- Rats intraperitoneally injected with 0.5ml normal saline
once daily for 7 consecutive days; and at day 2, a single intraperitoneal dose of methotrexate (20mg/kg) is to be
injected. Group 3- Rats intraperitoneally injected with a 0.5mg/kg cyanocobalamin once daily for 7 consecutive
days, and at day 2, a single intraperitoneal dose of methotrexate (20mg/kg). Group 4- Rats intraperitoneally
injected with a 2mg/kg cyanocobalamin once daily for 7 consecutive days, and at day 2, a single intraperitoneal
dose of methotrexate (20mg/kg). Co-administration of cyanocobalamin at doses cyanocobalamin 0.5mg/kg and
2mg/kg with methotrexate showed significant-reduction- (P<0.05) in malondialdehyde, significant elevation
(P<0.05)-in the glutathione level, significant upregulation in renal Nrf2 expression and significant down
regulation in renal keapl expression each compared to corresponding levels in methotrexate-only treated group.
In conclusion this study demonstrated that co-administration of cyanocobalamin at two different doses with MTX
resulted in attenuation of its nephrotoxicity by the utilization of selected parameters.
Keywords: Nephrotoxicity, methotrexate, cyanocobalamin, malondialdehyde, glutathione, Nrf2, Keap1l.
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Introduction

Nephrotoxicity can be defined as any renal
damage caused directly or indirectly by drugs or
their metabolites, with acute renal failure,
tubulopathies, and glomerulopathies as prominent
clinical presentations ),

Methotrexate (MTX) is a famous
chemotherapeutic drug with anti-inflammatory and
immunosuppressive properties that is used to treat
autoimmune disorders. Despite its wide range of
clinical use, MTX's efficacy is often limited by
severe adverse effects, primarily nephrotoxicity and
hepatotoxicity; it also has other side effects such as
intestinal damage, myelosuppression ),

The pathogenesis of MTX nephrotoxicity involves
several pathways, including oxidative stress (OS)
and inflammation @,

A characteristic hallmark of high dose-MTX-
induced acute kidney injury (AKI) is a rapid increase
in serum creatinine after injection of high dose-
methotrexate (HD-MTX) ©),

Two major pathways are thought to be
involved in MTX-induced nephrotoxicity. The first
is MTX-induced crystal nephropathy, which is
caused by the precipitation of MTX and its
metabolites within the renal tubules. The second
mode is direct tubular toxicity; where, MTX can
cause overproduction of the reactive oxygen species
(ROS) in the kidney ©.

Furthermore, researchers revealed that acidic urine

can increase the risk of MTX-induced
nephrotoxicity because MTX is poorly soluble at
low pH, resulting in intratubular MTX

crystallization and obstruction of urine flow .
Increased hydration, high-dose leucovorin, and
glucarpidase (if needed) effectively lower serum
MTX concentrations and protect cells from such
drug, but these treatments must be started as soon as
possible to -avoid further toxicity, -facilitate renal
recovery, and -allow patients to resume HDMTX
therapy once renal function has returned to normal
®

Cyanocobalamin is the public name of the Bi.-active
corrinoid (also known as cobalamin) with a cyanide
ion (CN") at the B-position of the cobalt atom ©,
Intracellular ~ vitamin  Bi, is  stored as
methylcobalamin and deoxyadenosylcobalamin,
two active coenzymes. Methylcobalamin is a
cofactor for cytoplasmic methionine synthase,
which catalyzes homocysteine methylation to
methionine. This transmethylation reaction also
includes folate (vitamin B9), which is necessary for
nucleic acid synthesis. The second active coenzyme
(deoxyadenosylcobalamin) is a cofactor for
methylmalonyl-CoA mutase enzyme, which
catalyzes the conversion of methylmalonyl-CoA to
succinyl-CoA in the mitochondria. Succinyl-CoA
then enters the Krebs cycle where it is used to
synthesize lipids and carbohydrates ¢°-12),
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Vitamin Bi, has several antioxidant
properties including: (a) direct scavenging of
reactive oxygen radicals (RORs), mainly superoxide
anion (02); (b) indirect activation of ROS
scavenging by restoration of reduced glutathione
(GSH); (c) modulation of cytokine and growth
factor (GF) production to offer protection from
immune response-induced OS; (d) lowering of
homocysteine-induced OS; and (e) reduction of OS
caused by advanced glycation end products 3,

The Nrf2 (Nuclear factor-erythroid 2-
related factor 2) is the key transcription factor that
regulates the antioxidant response. Under
physiological condition, Kelch-like ECH-associated
protein 1 (Keapl) sequesters Nrf2 in the cytosol.
Upon activation by ROS, Nrf2 dissociates from
Keapl, translocates into the nucleus, forms a dimer
with a small musculoaponeurotic fibrosarcoma
(MAF) protein, binds to the antioxidant response
element (ARE) and promote the transcription of
several antioxidant and cytoprotective genes 419,

This study is designed to investigate the
protective effect of cyanocobalamin (0.5mg/kg and
2mg/kg) each intraperitoneally (IP)-injected in
combination on methotrexate (MTX)-induced
nephrotoxicity in rats.

Materials and Methods
Animals

Forty (40) white Albino rats of both sexes,
weighing 180-200g were used in this study. Rats
were obtained from the Animal House of the
College of Pharmacy-University of Baghdad; and
maintained under controlled conditions of
temperature, humidity and light/dark cycle. The
animals were fed commercial pellets and tap water
ad libitum.

Chemicals and kits

Methotrexate (MTX) vial (50mg/2ml)
Mylan, France; Cyanocobalamin (vitamin Bi.
ampule 1mg/2ml) Kontam, Hong Kong; Rat GSH
ELISA kit Mybiosource, USA; Rat MDA ELISA kit
Mybiosource, USA. In addition, TRIzol reagent
Thermo Fisher Scientific (USA). GoTag® 1-Step
RT-gPCR System. Promega, USA. PCR primers for
Nrf2, keap 1, and p-actin genes were synthesized
and purchased from Macrogen, Korea.

Experimental design

Wistar rats utilized in this study were
randomly-divided into 4 groups (10 rats each) and
received their treatment by IP route as follows:
Group 1- Control/Experimental healthy rats IP
injected with 0.5ml normal saline (0.9% NaCl) once
daily for 7 consecutive days.
Group 2- Experimental healthy rats IP injected with
0.5ml normal saline (0.9% NaCl) once daily for 7
consecutive days; and at day 2, a single dose of
MTX (20mg/kg) is to be I.P injected 19,
Group 3- Experimental healthy rats I.P injected
with a 0.5mg/kg cyanocobalamin @7 once daily for
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7 consecutive days, and at day 2, a single IP dose of
MTX (20mg/kg) to be injected.

Group 4- Experimental healthy rats I.P injected
with a 2mg/kg cyanocobalamin ¢ once daily for 7
consecutive days, and at day 2, a single IP dose of
MTX (20mg/kg) to be injected.

The animals in each group were euthanized by
anesthetic ether 24 hour after the end of the
treatment.

Preparation of kidney tissue homogenate

After the rat euthanized by anesthetic ether,
the kidney was quickly excised, rinsed in ice-cold
buffer phosphate saline pH 7.4 to remove excess
thorough blood and  weighed before
homogenization, then minced tissue and
homogenized with the aid of homogenizer after
putting the tube in a beaker containing ice. After that
the homogenate was then centrifuged for 20 min at
3000 rpm using cold centrifuge and the supernatant
was utilized for the estimation of GSH, and MDA
levels.

Determination of mRNA expression of renal Nrf2
and keap 1 genes

Total RNA was extracted from kidney
tissues depending on the steps of TRIzol™ Reagent
Table 1. Primers
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protocol. Quantus fluorometer was applied for the
detection of the extracted RNA concentration. The
isolated RNA was ready for use in cDNA synthesis.
One step RT-gPCR protocol used to investigate
quantitatively mRNA of the transcription factor
Nrf2 and keap 1. All real-time RT-PCR reactions
were conducted in a total volume of 10 pl. The
thermal profile used was at 37 °C for 15 min for RT.
Enzyme activation at 95 °C for 5min for initial
activation denaturation, followed by 40 cycles of 95
°C for 20s denaturation, 56 °C for 20 s annealing and
72 °C for 20 s extension. As a reference gene, the -
actin is used. After the PCR amplification, the AA Ct
was used for calculating by subtraction of the B-actin
Ct from each sample Ct, gRT-PCR primers Nrf2,
keap 1 and B-actin sequences “& ) were shown in
table 1.
Statistical analysis

Data were analyzed as meanzstandard
error of the mean (SEM); and performed by using
the Graphpad Prism, version 8. The analysis of
variance (ANOVA) followed by a Tukey's multiple
comparisons test was done. Data differences were
considered significant at P<0.05.

Primer Name Sequence

B actin- F 5°-CCACCATGTACCCAGGCATT-3"

B actin- R 5-ACGCAGCTCAGTAACAGTCC-3°

NRF2-F 5 -TTGTAGATGACCATGAGTCGC-3"

NRF2-R 5-TGTCCTGCTGTATGCTGCTT-3

Keapl-F 5°-GGACGGCAACACTGATTC-3°

Keapl-R 5-TCGTCTCGATCTGGCTCATA-3
Results 100 b
Effect on reduced glutathione (GSH) level b

Rats IP injected with MTX at day 2 at a 804 L a =

dose of 20mg/kg (Group 2) showed significant s —

reduction (P<0.05) in the level of GSH compared to
the corresponding level in control (Group 1) rats.
Mean+SEM of GSH levels were respectively 58.21+
4.254 and 77.85+ 4.585. Figure 1

Furthermore, in figure 1 there were significant
elevation (P<0.05) in GSH level in (Group 3 and 4)
rat treated with cyanocobalamin dose 0.5mg/kg and
2mg/kg for 1 week in combination with MTX each
compared to corresponding level in (Group 2) rats;
where, mean+SEM of GSH levels were respectively

76.57+ 3.445, 78.05+ 5.753 and 58.21+ 4.254.
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=3 control
=3 mtx 20 mg/kg

3 mtx +cyanocobalamin 0.5mg/kg
B3 mtx +cyanocobalamin 2mg/kg

Figure 1. Bar chart showing levels of GSH in
kidney tissue homogenate (mmol/l) in different
experimental groups
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Each value represents meanzstandard error of
means (SEM) a | atter , is significantly different
(P<0.05) compared to control group; b latter, is
significantly different (P<0.05) compared to MTX
group N=10.
Effect on Malondialdehyde (MDA) levels

Rats IP injected with MTX at day 2 at a
dose of 20mg/kg (Group 2) showed significant
elevation (P<0.05) in the level of MDA compared
to that level in control (Group 1) rats. The
meantSEM of MDA levels were respectively
2.882+ 0.3345 and 1.838+ 0.2085. Figure 2
Furthermore in figure 2 there were significant
reduction (P<0.05) in MDA level in (Group 3 and
4) rat treated with cyanocobalamin dose 0.5mg/kg
and 2mg/kg for 1 week each in combination with
MTX at day 2 as compared to corresponding level in
(Group 2); where, mean+SEM of MDA levels were
respectively 1.856+ 0.08614, 1.881+ 0.1498, and
2.882+ 0.3345.
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=3 control =1 mtx +cyanocobalamin 0.5mg/kg

=1 mix 20 mg/kg B3 mtx +cyanocobalamin 2mg/kg

Figure 2. Bar chart showing levels of MDA in
kidney tissue homogenate (nmol/l) in different
experimental groups

Each value represents meanzstandard error of
means (SEM) .- a latter, is significantly different
(P<0.05) compared to control group; b latter, is
significantly different (P<0.05) compared to MTX
group. N=10.

Effect on Nrf2 gene expression

Rats IP injected with MTX at day 2 at a
dose of 20mg/kg (Group 2) significantly (P<0.05)
downregulated renal Nrf2 mRNA expression
compared to control group (Group 1); where,
mean+SEM of Nrf2 level 0.3529+0.05385 and
1.982+ 0.1495. Figure 3.Furthermore, figure 3
showed that there were significant (P<0.05) up-
regulation in renal Nrf2 mRNA expression in
(Group 3 and 4) rats treated with cyanocobalamin
dose 0.5 mg/kg and 2mg/kg for 1 week in
combination with MTX at day 2 ,respectively
compared to rats treated with MTX (Group 2);
where, mean=SEM of Nrf2 level are 2.000+0.4949,
2.258+0.6545 and 0.3529+0.05385, respectively.
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Relative mRNA expression
of Nrf2/B-actin
N
1

0 I I
=3 control
= mtx 20 mg/kg

I
B3 mtx +cyanocobalamin 0.5mg/kg

B3 mtx +cyanocobalamin 2mg/kg

Figure 3. Bar chart showing levels of relative
MRNA expression of Nrf2/B actin in kidney
tissue in different experimental groups

Each value represents meanzstandard error of
means (SEM) - a latter,- is significantly different
(P<0.05) compared to control group; b latter, is
significantly different (P<0.05) compared to MTX
group. N=10.

Effect on Keapl gene expression

Rats IP injected with MTX at day 2 at a
dose of 20mg/kg (Group 2) upregulated renal keapl
MRNA expression significantly (P<0.05) compared
to that level in control (Group 1) rats; where,
mean+SEM of keap 1 level 1.370+0.2115 and
0.7660+ 0.0895. Figure 4.Furthermore, figure 4
showed that there were significant dawn-regulation
(P<0.05) in renal keapl mRNA expression in
(Group 3 and 4) rats treated with cyanocobalamin
dose 0.5 mg/kg and 2mg/kg for 1 week in
combination with MTX at day 2, respectively
compared to rats treated with MTX (Group 2);
where, mean+SEM of keapl level 0.6361+0.1280,
0.7690+0.04357 and 1.370£0.2115, respectively.
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Figure 4. Bar chart showing levels of relative
MRNA expression of Keapl/B actin in kidney
tissue in different experimental groups
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Each value represents mean + standard error of
means (SEM) - a latter, is significantly different
(P<0.05) compared to control group; b latter, is
significantly different (P<0.05) compared to MTX
group. N=10.

Discussion

Methotrexate (MTX), a chemotherapeutic

agent that is therapeutically-used for the treatment
of various cancers. High doses of such drug can
cause acute renal failure with an increase in the
serum creatinine (SCr) levels, uremia, and
hematuria 9.
One of the key mechanisms through which MTX
can cause tissue damage is the OS. Since, it can
increase ROS  production by  suppressing
homocysteine remethylation, depletion of the
reduced form nicotinamide dinucleotide phosphate
(NADPH), stimulation of neutrophils, activation of
NADPH  oxidase enzyme activity, and
mitochondrial dysfunction; moreover, ROS then can
cause cell damage through oxidizing lipid and
proteins, inactivating antioxidant enzymes, and
causing DNA damage, leading to a dysfunctional
cellular protective response 9,

Furthermore, researchers reported that
administration of high dose of MTX resulted in -
elevated MDA level, -depletion of glutathione
reservoirs, and -reduction in tissue antioxidant
capacity @b,

These ROS negatively affect nephrons, resulting in
structural and functional changes of glomeruli and
renal tubules @2,

The result of this study revealed that rats
treated with 20mg/kg MTX IP, showed significant
reduction in the level of GSH and significant
elevation in the level of MDA as compared to
control group.

Additionally, MTX reduced the efficiency of the
antioxidant enzyme defense mechanism, and
making the cells more vulnerable to ROS;
furthermore, GSH is a sensitive marker of OS and it
plays an essential role in preserving the integrity of
the cell; since such marker involved in several
detoxification reactions in the organism and it is one

of the most important non-enzymatic antioxidants
(23

Furthermore, ROS-induced  oxidation  of
polyunsaturated fatty acids (PUFAS) in biological
systems resulting in the generation of LP products
such as MDA @4,

Although the endogenous antioxidant response
system in human can strongly-regulate the level of
ROS and reduce correlated cellular damage, the
exogenous antioxidants can play a significant role;
since exogenous antioxidants were discovered to
have a priming impact on the antioxidant response
system; furthermore, both exogenous and
endogenous antioxidant response systems work
together to provide a more effective and efficient
defense against harmful redox modulations @,
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Several molecular pathways play a remarkable role
in kidney pathophysiology among them; Kelch-like
ECH-associated proteinl (Keapl)/ nuclear factor
erythroid 2-related factor2 (Nrf2). Since, the
Keap1/Nrf2 pathway is one of the most significant
OS cytoprotective pathways, and Nrf2 plays a
critical physiological role in protecting the kidney
against a variety of illnesses ),

Moreover, researchers mentioned that the increased
in Nrf2 expression was linked to lower OS and
enhanced antioxidant defenses ©7. Additionally,
Hassanein, E. H. M.et al (2018) reported that MTX
significantly down-regulate renal Nrf-2, while up-
regulate renal Keap-1 @9,

Rats injected with a single dose 20mg/kg MTX
downregulated renal Nrf2 mRNA expression and
upregulated renal Keapl mMRNA expression
significantly (P<0.05); while there were significant
(P<0.05) -up-regulation in renal Nrf2 mRNA
expression in rats treated with cyanocobalamin
doses [0.5mg/kg and 2mg/kg] for 1 week in
combination with MTX and -down-regulation in
renal Keapl mRNA expression in rats treated with
cyanocobalamin doses [0.5 mg/kg and 2mg/kg] for
1 week in combination with MTX (figure 3 and 4).
Therefore, activation of Nrf2/antioxidant signaling
by cyanocobalamin can attenuate MTX-induced OS,
inflammation and kidney injury.

Researchers mentioned that the Nrf2 signaling
pathway played a vital role in the protection against
cell injury induced by OS and electrophiles; where,
excessive production of ROS and oxidative injury
are associated with the pathogenesis of several
diseases and disorders; and there is crosstalk
between the Nrf2/ARE signaling and other signaling
pathways, including the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-«B), which
represented the main underlying mechanism by
which Nrf2 exerts its anti-inflammatory activities;
furthermore, given the dual role of Nrf2 activation
in the prevention of OS and inflammation,
pharmacological activation of this signaling
pathway could represent a powerful strategy for
treating diseases associated with excessive release
of ROS and proinflammatory mediators @9,

In agreement with the perception that the activation
of the Nrf2 pathway is coupled with antioxidant
effects and was linked to the decreased levels of NF-
kB and inducible nitric oxide synthase (iNOS)
expression in experimental rats, the Nrf2 is
important for the expression of antioxidant genes
like superoxide dismutase (SOD), catalase (CAT)
and heme oxygenase-1 (HO-1), researchers
postulated that the improved efficacy of antioxidant
nephroprotective defense may be explained by their
ability to regulate the Nrf2 signaling pathway
positively @9,

Additionally it has been demonstrated that, MTX
diminished Nrf2/ARE/HO-1 signaling in the liver
and kidney of rats 4,
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Although exposure to moderate OS can

lead to Nrf2 activation, the excessive and sustained
ROS generation can diminish Nrf2 signaling in the
kidney and liver of rats challenged with MTX; thus,
the diminished Nrf2/HO-1 pathway is a direct
consequence of the sustained ROS generation
induced by MTX @D,

Conclusion

According to the results obtained from this

study, it could be concluded that the protective effect
of cyanocobalamin at a dose of 0.5mg/kg and
2mg/kg were observed when co-administered with

20mg/kg MTX. Notably,

co-administration of

cyanocobalamin at 2 different doses with 20mg/kg
MTX resulted in attenuation of MTX induced
nephrotoxicity.
References

1.

Gabriel, T. Montezuma, S. Renato D. Foresto.
Drug-Induced nephrotoxicity. Rev. Assoc. Med.
Bras. 2020; 66(1):s82-s90. doi: 10.1590/1806-
9282.66.51.82.

Sakalli Cetin, E., Tetiker, H., flhan Celik, O.,
Yilmaz, N., and Cigerci, I. H. Methotrexate-
induced nephrotoxicity in rats: protective effect
of mistletoe (Viscum album L.) Extract.
Complementary Medicine Research 2017
24(6), 364-370. doi:10.1159/000468984

Farah K. Abdul-Wahab and Nada N Al-Shawi.
Effects of vitamin D3 on methotrexate- induced
jejunum damage in rats. 1JPS 2020; (29) 1, 260-
267

doi: https://doi.org/10.31351/v0l29iss1pp260-
267.

Thukaa Z. Abdul Jalil Farah K. Abdul-Wahab.
Study of Iragi spinach leaves (Phytochemical
and protective effects against methotrexate-
Induced hepatotoxicity in rats). 1JPS 2012;
21(2): 8-17.

Kitamura, M., Kitamura, S., Fujioka, M. Rena
Kamijo, Shinya Sato, et al. Methotrexate
induced acute kidney injury in patients with
hematological malignancies: three case reports
with literature review. Ren Replace Ther. 2018;
4: 39. https://doi.org/10.1186/s41100-018-
0180-9

Hany Elsawy, Abdullah M. Alzahrani, Manal
Alfwuaires, Ashraf M. Abdel-Moneim ,
Mahmoud Khalil. Nephroprotective effect of
naringin in methotrexate induced renal toxicity
in male rats. Biomedicine & Pharmacotherapy
2021; 143, 1-15.

Feinsilber D, Leoni R J, Siripala D, Siripala D,
Leuck J, et al. Evaluation, identification, and
management of acute methotrexate toxicity in
high-dose methotrexate administration in
hematologic malignancies. Cureus.
2018;10(1):e2040. Published 2018 Jan 8.
doi:10.7759/cureus.2040

216

10.

11.

12.

13.

14.

15.

16.

17.

Protective effects of cyanocobalamin against methotrexate nephrotoxicity

Howard SC, McCormick J, Pui CH,
Buddington RK, Harvey RD. Preventing and
managing toxicities of high-dose
methotrexate. Oncologist 2016; 21(12):1471-
1482. doi:10.1634/the oncologist.2015-0164
Allen LH, Miller JW, de Groot L,
Rosenberg IH, Smith AD, et al. Biomarkers of
Nutrition for Development (BOND): Vitamin
B-12 Review.J Nutr. 2018; 148 (4):1995S-
2027S. doi:10.1093/jn/nxy201.

Nouri A, Patel K, Montejo J, Nasser R, Gimbel
DA, et al. The role of vitamin B in the
management and optimization of treatment in
patients with degenerative cervical
myelopathy. Global Spine J. 2019; 9(3):331-
337.d0i:10.1177/2192568218758633

Dror DK, Allen LH. Vitamin B-12 in human
milk: A systematic review. Adv Nutr. 2018;
9(1):358S-366S.
doi:10.1093/advances/nmx019

Khastar H, Garmabi B, Zare Mehrjerdi F,
Rahimi ~ MT, Nabi  Shamsaei, et al.
Cyanocobalamin improves memory
impairment via inhibition of necrosis and
apoptosis of hippocampal cell death after
transient global ischemia/reperfusion. Iran J
Basic Med Sci. 2021; 24(2): 160-166.
d0i:10.22038/1JBMS.2020.48447.11126

Van de Lagemaat EE, de Groot LCPGM, van
den Heuvel EGHM. Vitamin By, in relation to
oxidative stress: A systematic review. Nutrients
2019;11(2): 482. Published 2019 Feb 25.
doi:10.3390/nu11020482

Mahmoud AM, Hussein OE, Abd EI-Twab SM,
Hozayen WG. Ferulic acid protects against
methotrexate nephrotoxicity via activation of
Nrf2/ARE/HO-1 signaling and PPARy, and
suppression of NF-kB/NLRP3 inflammasome
axis. Food Funct. 2019; 10(8):4593-4607. doi:
10.1039/c9fo00114j. Epub 2019 Jul 10. PMID:
31289794,

Abd EI-Twab SM, Hussein OE, Hozayen WG,
Bin-Jumah M, Mahmoud AM. Chicoric acid
prevents methotrexate-induced kidney injury by
suppressing NF-«kB/NLRP3 inflammasome
activation and up-regulating Nrf2/ARE/HO-1
signaling. Inflamm Res. 2019; 68(6):511-523.
doi: 10.1007/s00011-019-01241-z. Epub 2019
Apr 29. PMID: 31037316.

Dabak DO, Kocaman N. Effects of silymarin on
methotrexate-induced nephrotoxicity in rats.
Ren  Fail.  2015; 37(4):734-9.  doi:
10.3109/0886022X.2015.1012984. Epub 2015
Feb 24. PMID: 25707519.

Zheng-BeiWang, QiangGan, Ronald L.
Rupert, Yin-Ming  Zeng, Xue-Jun  Song.
Thiamine, pyridoxine, cyanocobalamin and
their combination inhibit thermal, but not
mechanical hyperalgesia in rats with primary



https://doi.org/10.31351/vol29iss1pp260-267
https://doi.org/10.31351/vol29iss1pp260-267
https://rrtjournal.biomedcentral.com/articles/10.1186/s41100-018-0180-9#auth-Rena-Kamijo
https://rrtjournal.biomedcentral.com/articles/10.1186/s41100-018-0180-9#auth-Rena-Kamijo
https://rrtjournal.biomedcentral.com/articles/10.1186/s41100-018-0180-9#auth-Shinya-Sato
https://www.sciencedirect.com/science/article/pii/S0753332221009641#!
https://www.sciencedirect.com/science/article/pii/S0753332221009641#!
https://www.sciencedirect.com/science/article/pii/S0753332221009641#!
https://www.sciencedirect.com/science/article/pii/S0753332221009641#!
https://www.sciencedirect.com/science/article/pii/S0753332221009641#!
https://www.sciencedirect.com/science/article/pii/S0753332221009641#!
https://www.sciencedirect.com/science/journal/07533322
https://pubmed.ncbi.nlm.nih.gov/?term=Rosenberg+IH&cauthor_id=30500928
https://pubmed.ncbi.nlm.nih.gov/?term=Smith+AD&cauthor_id=30500928
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rahimi%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=33953854
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shamsaei%20N%5BAuthor%5D&cauthor=true&cauthor_uid=33953854
https://www.sciencedirect.com/science/article/abs/pii/S0304395904006141#!
https://www.sciencedirect.com/science/article/abs/pii/S0304395904006141#!
https://www.sciencedirect.com/science/article/abs/pii/S0304395904006141#!
https://www.sciencedirect.com/science/article/abs/pii/S0304395904006141#!
https://pubmed.ncbi.nlm.nih.gov/?term=Zeng+YM&cauthor_id=15733653
https://pubmed.ncbi.nlm.nih.gov/?term=Song+XJ&cauthor_id=15733653

Iraqi J Pharm Sci, Vol.31(2) 2022

18.

19.

20.

21.

22.

23.

24.

25.

sensory neuron injury. Pain 2005; 114 (1-2):
266-277.

Aladailen SH, Hussein OE, Abukhalil
MH, Abukhalil MH, Saghir SAM, et  al.
Formononetin upregulates Nrf2/HO-1 signaling
and prevents oxidative stress, inflammation,
and kidney injury in methotrexate-induced
rats. Antioxidants (Basel) 2019; 8(10):430.
Yamashita Y, Ueyama T, Nishi T, Yamamoto
Y, Kawakoshi A, et al. Nrf2-inducing anti-
oxidation stress response in the rat liver--new
beneficial effect of lansoprazole. PLoS One
2014;9(5):e97419. doi:
10.1371/journal.pone.0097419. PMID:
24846271; PMCID: PMC4028208

Devrim, E., Cetin, R., Kilicoglu, B., Imge
Ergiider, B., Avci A, et al. methotrexate causes
oxidative stress in rat kidney tissues. Renal
Failure 2005; 27(6): 771
773. doi:10.1080/08860220500244823
Heidari, R., Ahmadi, A., Mohammadi, H.,
Ommati, M. M., Azarpira, N., et al
Mitochondrial dysfunction and oxidative stress
are involved in the mechanism of methotrexate-
induced renal injury and electrolytes imbalance.
Biomedicine and Pharmacotherapy 2018; 107:
834-840. doi:10.1016/j.biopha.2018.08.050
Elmansy RA, Seleem HS, Mahmoud AR,
Hassanein EHM, Ali FEM. Rebamipide
potentially mitigates methotrexate-induced
nephrotoxicity via inhibition of oxidative stress
and inflammation: A  molecular and
histochemical study. Anat Rec (Hoboken).
2021; 304(3): 647-661. doi: 10.1002/ar.24482.
Epub 2020 Jul 17. PMID: 32589351.

Saka and Aouacheri. The Investigation of the
oxidative stress-related parameters in high
doses methotrexate-induced Albino Wistar

Rats. J Bioequiv. 2017; 9: 2. DOL:
10.4172/jbb.1000327
Elango, T., Dayalan, H., Gnanaraj, P,

Malligarjunan, H., Subramanian, S. Impact of
methotrexate on oxidative stress and apoptosis
markers in psoriatic patients. Clinical and
Experimental Medicine 2013; 14(4): 431-
437. d0i:10.1007/s10238-013-0252-7

Mohamed Adly; Ahmed Elshatory; Hanaa
Elzahed; George N.B. Morcos. The protective
effect of carnosine on kidneys of albino rats in
methotrexate induced oxidative injury. Egypt J.

This work is licensed under a Creative Commons Attribution 4.0 International License.

26.

217.

28.

29.

30.

31.

Protective effects of cyanocobalamin against methotrexate nephrotoxicity

Forensic Sci. Appli. Toxicol. 2018; 18 (4): 69-
81

Hassanein, E. H. M., Shalkami, A.-G. S,
Khalaf, M. M., Mohamed, W. R., Hemeida, R.
A.  M.The impact of Keapl/Nrf2,
P38MAPK/NF-xB and Bax/Bcl2/caspase-3
signaling pathways in the protective effects of

berberine  against ~ methotrexate-induced
nephrotoxicity. Biomedicine &
Pharmacotherapy 2019; 109: 47—

56. doi:10.1016/j.biopha.2018.10.088
Mahmoud, A. M., Hussein, O. E., Hozayen, W.
G., Abd El-Twab, S. M. Methotrexate
hepatotoxicity is associated with oxidative
stress, and down-regulation of PPARy and
Nrf2: Protective effect of 18B-Glycyrrhetinic
acid. Chemico-Biological Interactions 2017;
270: 59-72. doi:10.1016/j.cbi.2017.04.009
Hassanein EHM, Mohamed WR, Shalkami AS,
Khalaf MM, Hemeida RAM. Renoprotective
effects of umbelliferone on methotrexate-
induced renal injury through regulation of Nrf-
2/Keap-1, P3sMAPK/NF-kB, and apoptosis
signaling pathways. Food Chem Toxicol. 2018;
116(Pt B):152-160.
d0i:10.1016/}.fct.2018.03.041. Epub 2018 Mar
30. PMID: 29608980.

Emad H. M. Hassanein, Ahmed M. Sayed,
Omnia E. Hussein, Ayman M.
Mahmoud, "Coumarins as modulators of the
Keapl/Nrf2/ARE signaling
pathway". Oxidative Medicine and Cellular
Longevity, vol. 2020, Article

ID 1675957, 25 pages, 2020. https://doi.org/10
.1155/2020/1675957

Shalaby, Y. M., Menze, E. T., Azab, S. S., &
Awad, A. S.Involvement of Nrf2/HO-1
antioxidant signaling and NF-«xB inflammatory
response in the potential protective effects of
vincamine  against  methotrexate-induced
nephrotoxicity in rats: cross talk between
nephrotoxicity and neurotoxicity. Archives of
Toxicology 2019, 5(93): 1417-
1431. doi:10.1007/s00204-019-02429-2
Younis, N.S.; Elsewedy, H.S.; Shehata, T.M.;
Mohamed, M.E. Geraniol averts
methotrexateinduced acute kidney injury via
Keapl/Nrf2/HO-1 and MAPK/ NF-xB
Pathways. Curr. Issues Mol. Biol. 2021; 43:
1741-1755. https:// doi. org/ 10. 3390 /cimb
43030123



https://www.sciencedirect.com/science/journal/03043959
https://www.sciencedirect.com/science/journal/03043959/114/1
https://pubmed.ncbi.nlm.nih.gov/?term=Abukhalil+MH&cauthor_id=31561418
https://pubmed.ncbi.nlm.nih.gov/?term=Saghir+SAM&cauthor_id=31561418
https://pubmed.ncbi.nlm.nih.gov/31561418/#affiliation-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

