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Abstract
Methotrexate is a medication known as an antimetabolite and acts as  an  anti-folate.  Methotrexate  has  proven  to  be  an  efficient,
quick-acting DMARD and its widespread use in the management of rheumatoid arthritis. The main genetic variations in proteins that affect
the kinetics and efficiency profile of methotrexate are described in this review’s objectives. A literature review was conducted from
January, 2013 to March, 2023 using the PubMed and Embase bibliographic databases. The search was focusing on methotrexate,
pharmacogenetics, pharmacokinetics and rheumatoid arthritis. The research criteria were met by 133 articles in total, which were then
analyzed. Increased activity of ABC transporters can lead  to  lower  MTX  concentrations  in  cells  and  reduced  therapeutic  response.
The SLCO1B1 gene variant 521 C/T is associated with better MTX response and lower risk of MTX toxicity. The TYMS  gene’s 3R allele
genotype is linked to reduced efficacy and increased toxicity. Methotrexate indirectly inhibits the MTHFR enzyme and the MTHFR  gene
variants C677T and A1298C are associated with diminished effectiveness and increased toxicity of MTX. Several gene variants influence
MTX response; however, the individual effects of each variant are probably not significant. This demonstrates the increasing demand for
better gene characterization and a deeper comprehension of variant distribution by ethnicity.
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INTRODUCTION

Rheumatoid Arthritis (RA) is a chronic inflammatory
autoimmune disease1. The RA affects approximately 1% of the
worldwide population, with higher prevalence in women and
older individuals2. The etiology of RA involves a combination
of genetic, environmental and hormonal factors3.

Methotrexate is a gold standard in the treatment of RA,
with many patients experiencing significant improvements in
symptoms, disease activity and functional ability4. However,
some patients do not respond to MTX5. Up to one-third of
patients  fail  to   respond  to  treatment  due  to
ineffectiveness, according to studies and this variation restricts
the treatment options for some patients6. A combined
examination of 21 separate studies on RA patients revealed
that  72.9%  of  patients  experienced  at  least  one  adverse
drug reaction7. The most common type of toxicity was
gastrointestinal problems, followed by liver toxicity, skin
reactions, neurological problems and hematological toxicity8.

Several pharmacogenetics studies have been done to
identify possible correlations between MTX therapeutic
outcomes and genetic polymorphisms in genes encoding
proteins involved in MTX carrier-mediated transport systems9.
Genes involved in influx, efflux and metabolism pathways
have been the focus of these studies10.

Recently, 120 SNPs in 34 genes are associated with MTX
response. Contradictory data from the studies, however, has
led to ambiguous interpretations11. The heterogeneity
between study populations, relatively small sample sizes with
low statistical power and the absence of testing for variants
across multiple genes are all potential contributors to the
variance seen in the study12.

The objective of this review was to discuss the genetic
variations of various proteins and how each one affects the
effectiveness and toxicity profile of methotrexate in RA
patients.

MATERIALS AND METHODS

A review of the literature was done from January, 2013 to
March, 2023 using the PubMed and Embase bibliographic
databases. The search was focusing on methotrexate,
pharmacogenetics, pharmacokinetics and rheumatoid
arthritis. The research criteria were met by 133 articles in total.

RESULTS

Methotrexate cellular transporters genes and clinical
response: Reduced folate carrier 1 (RFC1) is a protein that
assists in the  transport  of  folates  across  the  cell  membrane

into the cell, where they are needed for various cellular
processes. One such function is DNA synthesis13.

The RFC1 gene’s function can be impacted by genetic
changes or mutations, which have an impact on how
Methotrexate is transported into the cell14. According to some
studies, specific RFC1 genetic variants may be linked to various
levels of methotrexate uptake and may affect how well
patients with rheumatoid arthritis respond to treatment with
methotrexate15.

The  rs1051266  SNP,  also  known  as  the  G80A
polymorphism, is the variant of RFC1 that has been studied
the most in relation to methotrexate (MTX) treatment in
Rheumatoid Arthritis (RA)16. In a group of 266 Chinese patients
with RA, a study published in 2021 investigated the
connection between the G80A polymorphism and MTX
response9. In contrast to patients with the GG genotype, the
authors discovered that those with the A allele responded to
MTX more frequently and experienced fewer adverse drug
reactions17.

A group of membrane proteins known as ABC
transporters, which are also known by the name ATP- binding
cassette  transporters,  are  essential  for  the  movement  of
many different substances, including drugs, across cell
membranes18. The efflux of methotrexate from cells is
mediated by a subset of ABC transporters, which can result in
decreased intracellular drug levels and conceivably reduced
therapeutic efficacy19.

A high frequency polymorphism in the ABCB1 gene,
codified as 3435 C/T (rs1045642), is strongly linked to RA
responses, symptom remission and adverse events brought on
by MTX therapy. The T allele of the 3435C/T polymorphism
was associated with a better response to MTX treatment than
the CC genotype, according to a meta-analysis that was
published in 2020 and included 15 studies and more than
2,000 RA patients20. However, the authors noted that the
strength of this association varied between different ethnic
populations and that further research is needed to clarify the
clinical significance of this finding21.

The ABCC2  gene was the subject of a 2020 study that
looked into the connection between the ABCC2-24C/T SNP
and MTX toxicity in a group of 101 RA patients. In contrast to
patients with the CT or TT genotypes, the authors discovered
that patients with the CC genotype were more likely to
experience liver toxicity brought on by MTX22.

The  SLCO1B1  is  a  transporter  protein  that  is  involved
in  the  uptake  of  methotrexate  into   cells.   Polymorphisms
in  the  SLCO1B1  gene   have   been   associated   with   altered
methotrexate pharmacokinetics and may impact the response
and toxicity of methotrexate in various diseases, including
Rheumatoid Arthritis (RA)23.
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The  rs4149056  SNP  in  the  SLCO1B1  gene  was
connected  to  both  MTX  response  and  toxicity,  according
to a meta-analysis that was published in  2018  and  included
11 studies and over 1,000 RA patients. The researchers
discovered that, in comparison to the TT or TC genotypes, the
CC genotype was associated with a better MTX response and
a lower risk of MTX toxicity24.

Another transporter protein, SLCO1B3, is essential for
methotrexate uptake into cells25. Methotrexate toxicity and
response in people with Rheumatoid Arthritis (RA) may be
affected by polymorphisms in the SLCO1B3  gene26 Table 1.

The rs4149117 SNP, which affects how MTX is treated in
RA, has been the subject of most research on the SLCO1B3
gene  variation.  The  effect  of  SLCO1B3  polymorphisms  on
MTX-induced  liver  toxicity  in  a  group  of  91  RA  patients
was  examined  in  a  study  that  was  published  in  202227.
The rs4149117 AA genotype was found to be correlated with
a lower risk of MTX- induced liver toxicity than the GG or GA
genotypes, according to the Huang et al.22.

Methotrexate intracellular pathway genes and clinical
response: The DHFR enzyme is competitively inhibited by
both  MTX  and  MTX-PGs. According to Tulstrup et al.28

reported that TYMS27 is inhibited by DHF and MTX-PGs.
Inhibiting DHFR and TYMS causes a reduction in THF and
dTMP biosynthesis which prevents the synthesis of new
purines and negatively impacts DNA and RNA synthesis29.

The association between the DHFR -317A>G SNP and
methotrexate   response   in   a   group    of    224    rheumatoid

arthritis patients was examined in a recent study that was
published in the journal Clinical and Experimental
Rheumatology  in  202130.  According  to  the  study,  patients
with  the  G  allele  were  more  likely   than   those   with   the
A allele to experience a favorable response to methotrexate.
Additionally, the study hypothesized that the DHFR -317A>G
SNP might be a useful indicator of methotrexate response in
rheumatoid arthritis patients31.

Recently, a study that was published in the journal
Pharmacogenomics in 2020 examined the relationship
between the TYMS rs34743033 SNP and methotrexate
response  in  a  group  of  174  rheumatoid  arthritis  patients12.
The TYMS  gene’s most prevalent genetic variant consists of a
tandem repeat of 28 bases. According to research, patients
with the A/A genotype were more common than those with
the A/G or G/G genotypes to experience a favorable response
to methotrexate. According to the study, patients with
rheumatoid arthritis may benefit from using the TYMS
rs34743033 SNP as a predictor of how well they will respond
to methotrexate32. Indirect inhibition of the MTH-FR enzyme
by MTX33. An investigation into the relationship between the
MTHFR C677T, A1298C polymorphisms and methotrexate
response in 119 patients with rheumatoid arthritis was
recently published in the journal Clinical Rheumatology in
201734. According to the research, patients who have the
MTHFR C677T polymorphism T/T genotype are more likely
than those who have the C/C or C/T genotype to experience
a   favorable   response   to   methotrexate.   The   MTHFR
A1298C polymorphism a favorable response  to  methotrexate.

Table 1: Most commonly studied genes in relation to methotrexate’s effectiveness in treating rheumatoid arthritis
Gene Variation type SNP reference Alleles Pathway Clinical implication
RFC1 SNP rs1051266 80G>A Transporter Patients with the A allele had a higher rate of MTX response and a lower rate of adverse

drug reactions compared to those with the GG genotype
ABCB1 SNP rs1045642 3435 C/T Transporter T allele of the 3435C/T polymorphism was associated with a better response to MTX

treatment compared to the CC genotype
ABCC2 SNP rs717620 24C/T Transporter Patients with the CC genotype had a higher risk of MTX-induced liver toxicity compared

to those with the CT or TT genotypes
SLCO1B1 SNP rs4149056 521 C/T Transporter CC genotype was associated with a better MTX response and a lower risk of MTX toxicity

compared to the TT or TC genotypes
SLCO1B3 SNP rs4149117 334T>G Transporter Patients with AA genotype had a lower risk of MTX-induced liver toxicity compared to those

with the GG or GA genotypes
DHFR SNP rs1126684 317A>G Folate Patients with the G allele had a higher likelihood of achieving a good response to

methotrexate compared to those with the A allele
TYMS Indel rs34743033 28bp VNTR Folate Patients with the A/A genotype had a higher likelihood of achieving a good response to

methotrexate compared to those with the A/G or G/G genotype
MTHFR SNP rs1801133 C677T -Patients with the T/T genotype for the THFR C677T polymorphism had a higher likelihood

of achieving a good response to methotrexate compared to those with the C/C or C/T
genotype

SNP rs1801133 1298C Folate -There was no significant association between the MTHFR A1298C polymorphism and
methotrexate response
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The MTHFR A1298C polymorphism and methotrexate
response did not, however, show a statistically significant
association35.

CONCLUSION

Studies  have  linked  various  genetic  polymorphisms  to
the effectiveness and adverse drug reactions of MTX therapy
in RA patients. The data are frequently inconsistent, though, so
far. In the future, evidence-based treatment will be offered to
individual  patients  through  precision  medicine  and
personalized  drug  therapy  based  on  particular  genotypes.
The use of SNPs in clinical practice that affects the MTX path
has been controversial so far. This shows the need to use new
technologies to improve gene identification. Genes and
patient-related characteristics should be considered in
designing the drug gene algorithm, which is expected to add
to treatment decisions soon.

SIGNIFICANCE STATEMENT

This systematic review aimed to explore the genetic
variations in proteins involved in methotrexate (MTX)
transport and metabolism and their impact on the efficacy and
toxicity of MTX in Rheumatoid Arthritis (RA) patients. The key
findings revealed that specific genetic variants in the RFC1,
ABCB1,  ABCC2,  SLCO1B1,  SLCO1B3,  DHFR,  TYMS  and
MTHFR  genes were associated with MTX response and toxicity
in RA patients. These findings have significant clinical
implications as they provide insights into personalized
treatment approaches  for  RA  patients  based  on  their 
genetic  profiles. The study also highlights the need for further
research to better understand the clinical significance of these
genetic associations and optimize MTX therapy in RA.
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