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Abstract

:

Objective: to identify new single-nucleotide polymorphisms (SNPs) in genes encoding proteins involved in methotrexate (MTX) metabolism and to evaluate the associations of these SNPs with MTX toxicity or intolerance in a southern Spanish cohort of patients with rheumatoid arthritis (RA). Methods: An observational, retrospective, and multicenter study was conducted at three participating hospitals in southern Spain. The main variable was intolerance to MTX (i.e., bDMARD monotherapy), defined as an interruption of treatment due to adverse events or toxicity. Patients being treated with MTX and bDMARDs (combined treatment) at the time of the study visit were considered “tolerant” of MTX. Ten polymorphisms were selected for sequencing in our patients according to a literature review. Each polymorphism was classified according to three possible genotypes (e.g., two homozygous (AA or GG) and one heterozygous (AG)), and the association of these combinations with MTX intolerance was evaluated. Results: A total of 227 patients were included in the final analysis (107 intolerant of MTX and 120 tolerant). A significant association was observed between MTX intolerance and the GGH-T401C AA/AG genotype (OR 2.13, 95% CI 1.06–4.29) in comparison with the GG genotype. On the other hand, an inverse association was observed between the ABCC2-C24T TT/TC genotype and intolerance to MTX (OR 0.59, 95% CI 0.35–1.00) in comparison with the CC genotype. Conclusion: This study provides new data on the association between genetic polymorphisms and MTX intolerance, which may contribute to the development of new biomarkers and personalized medicine in patients with RA.
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1. Introduction


Rheumatoid arthritis (RA) is an autoimmune rheumatic disease characterized by synovial inflammation and cartilage damage, which leads to joint destruction and mobility limitations in patients receiving inadequate treatment [1].



Although RA is a chronic disease, knowledge of its pathogenesis has facilitated the development of new drugs that are increasingly effective. Both the European League Against Rheumatism (EULAR) and the American College of Rheumatology (ACR) recommend the use of nonsteroidal anti-inflammatory drugs (NSAIDs) and conventional synthetic antirheumatic drugs (csDMARDs) as first-line treatment in patients with active disease as soon as possible, and both organizations agree on the use of methotrexate (MTX) as the first drug of choice [2,3]. MTX can be used as monotherapy or in combination with other DMARDs (such as biological DMARDs (bDMARDs)) or glucocorticoids. In fact, according to these recommendations, if the treatment target is not achieved after MTX, the addition of a bDMARD can be considered (combination therapy). However, approximately half of patients do not achieve the treatment target, and approximately 20% of patients interrupt MTX treatment due to the appearance of side effects or intolerance [4,5,6].



Polymorphisms in genes encoding transporters and enzymes mediating the biotransformation and elimination of MTX have been suggested as one cause of adverse events [7]. In fact, several studies have shown that two single-nucleotide polymorphisms (SNPs) (rs1891133 and rs1801131) in the 5,10-methylenetetrahydrofolate reductase (MTHFR) gene, which is involved in the intracellular MTX pathway, are associated with MTX toxicity [8,9,10]. Similarly, a polymorphism (rs1051266) in the SLC19A1/RFC180GA gene, a member of the solute carrier (SLC) family of uptake-type transporters that is involved in MTX cell entry, is associated with MTX treatment toxicity in the European population [9]. In addition, the SNP-C3435T (rs104562) in ABCB1, which encodes a membrane glycoprotein, is associated with MTX intolerance [11].



Despite the extensive study of these gene polymorphisms, no reliable biomarker has been identified to predict MTX intolerance or toxicity in patients with RA. Personalized medicine focuses on the identification of SNPs present in transporters and enzymes mediating the elimination of MTX and might provide valuable information to predict MTX intolerance and toxicity in these patients.



Therefore, we decided to conduct this study with the aim of identifying new SNPs in genes encoding proteins involved in MTX metabolism and to evaluate the associations of these SNPs with MTX toxicity or intolerance in a southern Spanish cohort of patients with RA.




2. Materials and Methods


2.1. Study Design and Patients


This observational, retrospective and multicentre study was conducted at 3 participating hospitals in southern Spain (University Hospital Virgen de las Nieves from Granada, Carlos Haya University Hospital from Málaga and University Hospital Reina Sofía from Córdoba). Consecutive patients with RA fulfilling the following inclusion criteria were selected for this study: (a) diagnosis of RA according to the ACR/EULAR criteria [12], (b) current bDMARD treatment at the time of the inclusion visit (infliximab, etanercept, adalimumab, golimumab, tocilizumab, abatacept, or rituximab), (c) MTX treatment at any time during the course of the disease, and (d) signature on the informed consent form.



Patients receiving MTX and bDMARD treatment (combined treatment) at the time of the study were considered “tolerant” to MTX. Patients receiving bDMARD monotherapy at the study visit were asked about the reason for MTX discontinuation. In cases of discontinuation due to adverse events or toxicity (such as nausea; vomiting; dyspepsia; alopecia; oral ulcers; leukopenia; hepatic alterations, defined as alanine aminotransferase levels greater than 1.5 times the upper normal limit; or pulmonary toxicity), these patients were considered “intolerant” to MTX. Investigators were asked if the intolerance was caused by the MTX and confirmed the resolution of the adverse event after MTX withdrawal to ensure that the intolerance was due to MTX. In the case of MTX discontinuation for reasons other than toxicity (i.e., improvement, inefficacy, and contraindication), the patient was not included in the analysis.



All patients provided written informed consent, and the study was approved by the ethics committees of the three hospitals.




2.2. DNA Extraction and Genotyping


Eight polymorphisms in seven genes encoding proteins involved in MTX metabolism (pharmacokinetics and pharmacodynamics) and MTX toxicity, as well as two polymorphisms located in noncoding sequences, were selected for sequencing in our patients according to a literature review. The analyzed polymorphisms were involved in:




	
Active transport of MTX: RFC-1-G80A (SMP rs1051266);



	
MTX polyglutamate formation: GGH-T401C (SNP rs11545078);



	
Folate cycle and purine synthesis: MTHFR-C677T (SNP rs1801133), MTHFR-A1298C (SNP rs1801131), DHFR (SNP 1105525), SHMT1-c1303C > T (SNP rs1979277) and ITPase-C94A (SNP rs34743033), and the latter is located in the noncoding sequence;



	
MTX extraction pumps: ABCC2-C24T (SNP rs717620), ABCB1-c3435C > T (SNP rs1045642) and SLCO1B1 (SNP rs11045879), the last of which is located in the noncoding sequence.








Genomic DNA was obtained from blood samples collected during the previous 5 years before the initiation of the study and stored at each hospital. However, DNA was extracted from saliva samples obtained from patients at the University Hospital Virgen de las Nieves using a buccal swab and the QlAamp DNA Mini kit (Qiagen GmbH, Hilden, Germany) according to the purification protocol provided by the manufacturer and stored at −40 °C.



The 10 polymorphisms were sequenced using a real-time polymerase chain reaction system for the discrimination of alleles using TaqMan® probes (7300 Real-Time PCR System, ABI Applied Biosystems, Bedford, MA, USA). The analysis was performed according to the manufacturer’s instructions. Allelic variants (i.e., adenine (A), cytosine (C), guanine (G), and thymine (T)) were determined using StepOne v2.3 software (Applied Biosystems, Bedford, MA, USA).




2.3. Variables


This study involved two different variables: one is intolerance to MTX (i.e., bDMARD monotherapy), defined as an interruption of treatment due to adverse events or toxicity, and the other is tolerance to MTX (i.e., bDMARDs and MTX combined treatment) at the time of the study visit.



In addition to the polymorphisms, the following variables were collected:




	
Sociodemographic characteristics: age and sex;



	
Disease-related variables: disease duration (months), age at diagnosis, time since bDMARD initiation (months), and duration of MTX treatment (months);



	
Disease activity at the time of the study visit: c-reactive protein (CRP) in mg/dL, erythrocyte sedimentation rate (ESR) in mm/h, number of tender joints (NTJ), number of swollen joints (NSJ), physician assessment (visual analogue scale ranging from 0–10 points), patient assessment (visual analogue scale ranging from 0–10 points), Disease Activity Score 28 (DAS28), Simple Disease Activity Index (SDAI), and Clinical Disease Activity Index (CDAI).








Among patients belonging to the “intolerant” group, the reasons for MTX withdrawal and adverse events were recorded.



The study was approved centrally by the Ethics Committee at the Reina Sofia University Hospital (protocol code RCC-MTX-2016-01), and each participant signed an informed consent form before inclusion in the study.




2.4. Statistical Analysis


The sample size was estimated considering an alpha risk of 5% and a power of 80% to detect a minimum odds ratio of 2.2 for the presence of polymorphisms associated with toxicity or intolerance to MTX. According to the hypothesis that the polymorphism rate would be 50% in the group of “intolerant” patients (i.e., bDMARD monotherapy) and a 3:1 inclusion ratio, the minimum estimated sample size was 251 controls (tolerant patients) and 93 cases (intolerant patients).



Qualitative variables were compared between the two groups (i.e., tolerant vs. intolerant) using the chi-square or Fisher test, and continuous variables were compared using the t-test or Mann–Whitney test.



All genetic variants were tested for deviation from Hardy–Weinberg equilibrium. Each polymorphism was classified according to the three possible genotypes (e.g., two homozygous (AA or GG) and one heterozygous (AG)), and the association of these genotypes with MTX intolerance was evaluated using the chi-square test.



Finally, alleles of each polymorphism were classified into two groups according to the presence of one base and using the homozygosity of the other base as a reference. For example, SNPs with homozygous AA and GG and heterozygous AG genotypes were grouped as AA vs. GG/AG to determine the association between MTX intolerance and the G base. These associations were tested through univariate and multivariate logistic regression analyses using the variable “tolerant/intolerant” as the dependent outcome and the polymorphisms as explicative variables. Goodness of fit was evaluated with the Hosmer–Lemeshow test. All the contrasts were bilateral, and a p-value < 0.05 was considered significant.



Statistical analyses were conducted by RAIER (Andalusian Network in Rheumatology Research) using SPSS v25 software(IBM, Chicago, IL, USA) Clinical data were collected using the Research Electronic Data Capture (RedCap) system (www.project-redcap.org, accessed on 6 September 2021), and the reporting of this study conforms to the STROBE statement [13].





3. Results


Among the 255 patients with RA selected for the study, 28 were excluded because the reason for MTX withdrawal was not toxicity or intolerance. Thus, 227 patients were included in the final analysis, among whom 107 were intolerant of MTX (i.e., patients receiving bDMARD monotherapy) and 120 were tolerant of MTX (i.e., patients receiving bDMARD and MTX combination therapy). The mean age was 60.0 (12.1) years, and 78.4% were female. The mean age at RA diagnosis was 44.2 (12.2) years, and the mean disease duration was 1.48 (7.8) years.



Table 1 shows sociodemographic variables and disease activity of the two groups of patients at the time of the study visit. No differences between the two groups were found.



Table 2 shows the associations of the 10 polymorphisms with MTX intolerance. The homozygous GG genotype of SNP rs11545078 (GGH-T401C) was significantly less prevalent among intolerant patients than among tolerant patients (77.6% vs. 87.5%, respectively, p < 0.05). On the other hand, the homozygous CC genotype of SNP rs717620 (ABCC2-C24T gene) was more frequent among the intolerant patients than among the tolerant patients (51.4% vs. 37.5%, respectively, p < 0.05), while the heterozygous TC genotype of the rs717620 polymorphism was less prevalent among the intolerant group (35.5% vs. 50.0%, respectively, p < 0.05).



In Table 3, alleles of each polymorphism in these genes were classified into two groups according to the presence of one allele, and the homozygosity of the other base was used as a reference to evaluate the association between MTX intolerance and the allele combination for each polymorphism. These results showed a significant association between MTX intolerance and the GGH-T401C AA or AG genotypes (OR 2.13, 95% CI 1.06–4.29, p = 0.035) compared with the GG genotype. On the other hand, an inverse association was observed between the ABCC2-C24T TT or TC genotypes and intolerance to MTX (OR 0.59, 95% CI 0.35–1.00, p = 0.05) compared with the CC genotype.



The multivariate logistic regression analysis confirmed the results from the univariate analysis, showing that the GGH-T401C AA or AG and ABCC2-C24T TT or TC genotypes were independently associated with MTX intolerance (OR 2.14, 95% CI 1.05–4.39, p = 0.037 and OR 0.54, 95% CI 0.32–0.93, p = 0.026, respectively) (Table 4).




4. Discussion


MTX represents the first-line treatment for patients with RA, either in monotherapy or in combination with other drugs [14]. MTX is efficacious against both inflammatory symptoms and radiographic destruction [15]; however, intolerance and adverse effects are common and may lead to MTX discontinuation [16]. Therefore, reliable biomarkers to predict MTX intolerance or toxicity in patients with RA should be identified. Our results showed a high prevalence (47%) of intolerant patients compared with values reported in the literature, which may be explained by the use of different definitions of “intolerance”. We considered “intolerant” as a patient who suffered from any type of side effect, while previous studies were focused on a specific type of intolerance or adverse event [11,16].



In our study, we identified one polymorphism associated with MTX intolerance (SNP rs11545078 AA or AG in the gene GGH-T401C) and one polymorphism associated with MTX tolerance (SNP rs717620 TT or TC in the gene ABCC2-C24T). GGH (gamma-glutamyl hydrolase), which is encoded by the GGH gene, is an enzyme that participates in MTX polyglutamate formation, facilitating the elimination of MTX from the cell. Thus, our results suggest that the genetic variant in GGH-T401C (specifically AA or AG) may be associated with MTX intolerance or toxicity in patients with RA. Similarly, previous studies conducted in other RA cohorts indicated that patients with the TT 401C > T genotype showed increased GGH activity compared with patients with the CC or CT genotype, suggesting an association between the TT genotype and an inadequate response to MTX. In addition, a study published by García-Bournissen et al. [17] reported an association between these GGH-T401C alterations and lower enzyme activity, leading to higher hematological MTX toxicity in patients with childhood acute lymphoblastic leukemia [18]. Both studies support our results, suggesting that the presence of this genetic variant (i.e., SNP rs11545078 AA or AG in the GGH-T401C gene) should be investigated in depth as a potential biomarker predicting MTX intolerance.



According to several studies, the MTHFR variants A1298C and C677T are two of the most important polymorphisms associated with MTX toxicity [16,19,20,21]. The MTHFR A1298C polymorphism has been reported to lead to a 60% reduction in enzymatic activity in patients homozygous for 1298C, causing MTX intolerance [22]. In addition, genetic variants causing reduced enzyme activity might contribute to the risk of early increases in alanine aminotransferase (ALT) levels. However, our study did not obtain significant differences related to this polymorphism, which may be explained by the smaller sample size in our study than in these previous studies.



Interestingly, we found that the SNP rs717620 TT or TC genotype from the gene ABCC2-C24T was associated with MTX tolerance. This gene encodes ATP-binding cassette subfamily C member 2, a multispecific organic anion efflux transporter that affects biliary excretion of endogenous and xenobiotic compounds, such as MTX [23]. Based on our results, patients with the T allele exhibited lower toxicity and less intolerance than patients with the CC genotype. These results confirm previous studies showing that patients carrying the T allele exhibit increased MTX clearance, suggesting that ABCC2 is involved in MTX elimination. Hence, the T allele in ABCC2-C24T should be studied in-depth as a potential predictive biomarker for low MTX toxicity.



RFC1-G80A is one of the most analyzed polymorphisms in studies of MTX in patients with RA, but inconsistent results have been published regarding its role in the prediction of the therapeutic response and toxicity. We did not find an association between this polymorphism and MTX intolerance in our patients, suggesting that its effect on MTX outcomes is mild and may be influenced by a combination with some other genetic factors, as described in previous studies [24].



This study has some limitations and some strengths. One limitation is the retrospective nature of the study, as we retrospectively collected information on MTX discontinuation. However, the genetic burden and polymorphisms do not change over time, ensuring the reliability of the genotyping of these patients. The sample size represents another limitation, since our estimation revealed the need for 251 controls (or tolerant patients) and we recruited 120 controls. The sample size may explain why we did not obtain significant differences in some polymorphisms that have been described as associated with MTX intolerance in the literature, such as MTHFR A1298C. One strength of this study is the exclusion of patients who interrupted MTX treatment for reasons other than toxicity or intolerance, such as clinical improvement, inefficacy, or voluntary interruption. In addition, all patients included resided in southern Spain, reducing genetic variability.




5. Conclusions


In conclusion, our results show that MTX intolerance is significantly associated with the presence of the AA or AG genotype of the GGH-T401C polymorphism compared with the presence of the GG genotype in a cohort of patients with RA. In addition, we confirmed greater MTX tolerance in carriers of the TT or TC genotype of the ABCC2-C24T polymorphism compared with CC carriers. This study provides new data on the association between polymorphisms and MTX intolerance, which might contribute to the development of new biomarkers and personalized medicine for patients with RA. Future studies conducted in other populations and with greater sample sizes should be conducted to confirm these relationships.







Author Contributions


Conceptualization, A.E.-C., P.F.-U., R.C.-C., M.R.-J. and E.C.-E.; methodology, P.F.-U. and C.L.-M.; formal analysis, B.M.-M., A.J.-M. and P.F.-U.; investigation, A.E.-C., R.O.-C., J.C.-G., N.M.-V., B.P.-L. and R.C.-C.; writing—original draft preparation, A.E.-C., C.L.-M. and P.F.-U.; writing—review and editing, all authors; supervision, E.C.-E. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by an unrestricted grant from Roche Pharma and supported by “Red Andaluza para la Investigación de Enfermedades Reumáticas (RAIER)”.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Reina Sofia University Hospital (protocol code RCC-MTX-2016-01).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data are available upon a reasonable request.




Acknowledgments


B.M.-M. is a recipient of a contract from Programa Operativo Fondo Social Europeo 2014–2020 (D1113102S1) and Consejería de Salud y Familias Junta de Andalucía (HR-0060-2020).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data or in the decision to publish the results. M.R.-J. participated in manuscript conception and manuscript review.




References


	



Smolen, J.S.; Aletaha, D.; Barton, A.; Burmester, G.R.; Emery, P.; Firestein, G.S.; Kavanaugh, A.; McInnes, I.B.; Solomon, D.H.; Strand, V.; et al. Rheumatoid arthritis. Nat. Rev. Dis. Prim. 2018, 4, 18001. [Google Scholar] [CrossRef] [PubMed]

	



Smolen, J.S.; Landewé, R.B.M.; Bijlsma, J.W.J. EULAR recommendations for the management of rheumatoid arthritis with synthetic and biological diasease-modifying antirheumatic drugs: 2019 update. Ann. Rheum. Dis. 2020, 79, 685–699. [Google Scholar] [CrossRef] [PubMed]

	



Singh, J.A.; Saag, K.G.; Bridges, S.L. 2015 American College of Rheumatology guideline for the treatment of rheumatoid arthritis. Arthritis Rheumatol. 2016, 68, 1–26. [Google Scholar] [CrossRef] [PubMed]

	



Smolen, J.S.; Aletaha, D. Rheumatoid arthritis therapy reappraisal: Strategies, opportunities and challenges. Nat. Rev. Rheumatol. 2015, 11, 276–289. [Google Scholar] [CrossRef] [PubMed]

	



Inoue, K.; Yuasa, H. Molecular Basis for Pharmacokinetics and Pharmacodynamics of Methotrexate in Rheumatoid Arthritis Therapy. Drug Metab. Pharmacokinet. 2014, 29, 12–19. [Google Scholar] [CrossRef] [PubMed]

	



Ling, S.F.; Bluett, J.; Ling, S. Pharmacogenetics of methotrexate response in rheumatoid arthritis: An update. Pharmacogenomics 2020, 21, 3–6. [Google Scholar] [CrossRef]

	



Hakamata, J.; Hashiguchi, M.; Kaneko, Y. Risk factors for abnormal hepatic enzime elevation by methotrexate treatment in patients with rheumatoid arthritis: A hospital based-cohort study. Mod. Rheumatol 2018, 28, 611–620. [Google Scholar] [CrossRef]

	



Sundbaum, J.K.; Baecklund, E.; Eriksson, N.; Hallberg, P.; Kohnke, H.; Wadelius, M. MTHFR, TYMS and SLCO1B1 polymorphisms and adverse liver effects of methotrexate in rheumatoid arthritis. Pharmacogenomics 2020, 21, 337–346. [Google Scholar] [CrossRef]

	



Huang, J.; Fan, H.; Qiu, Q.; Liu, K.; Lv, S.; Li, J.; Yang, H.; Shu, X.; Xu, Y.; Lu, X.; et al. Are gene polymorphisms related to adverse events of methotrexate in patients with rheumatoid arthritis? A retrospective cohort study based on an updated meta-analysis. Ther. Adv. Chronic Dis. 2020, 11, 1–17. [Google Scholar] [CrossRef]

	



Owen, S.A.; Lunt, M.; Bowes, J.; Hider, S.L.; Bruce, I.N.; Thomson, W.; Barton, A. MTHFR gene polymorphisms and outcome of methotrexate treatment in patients with rheumatoid arthritis: Analysis of key polymorphisms and meta-analysis of C677T and A1298C polymorphisms. Pharmacogenomics J. 2011, 13, 137–147. [Google Scholar] [CrossRef]

	



Bohanec, G.P.; Logar, D.; Lestan, B. Genetic determinants of methotrexate toxicity in rheumatoid arthritis patients: A study of polymorphisms affecting methotrexate transport and folate metabolism. Eur. J. Clin. Pharmacol. 2008, 64, 1057–1068. [Google Scholar] [CrossRef]

	



Aletaha, D.; Neogi, T.; Silman, A.J.; Funovits, J.; Felson, D.T.; Bingham, C.O., III; Birnbaum, N.S.; Burmester, G.R.; Bykerk, V.P.; Cohen, M.D.; et al. 2010 Rheumatoid arthritis classification criteria: An American College of Rheumatology/European League Against Rheumatism collaborative initiative. Arthritis Rheum. 2010, 62, 2569–2581. [Google Scholar] [CrossRef] [PubMed]

	



von Elm, E.; Altman, D.G.; Egger, M. The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies. Lancet 2007, 370, 1453–1457. [Google Scholar] [CrossRef]

	



Bedoui, Y.; Guillot, X.; Sélambarom, J.; Guiraud, P.; Giry, C.; Jaffar-Bandjee, M.C.; Ralandison, S.; Gasque, P. Methotrexate an Old Drug with New Tricks. Int. J. Mol. Sci. 2019, 20, 5023. [Google Scholar] [CrossRef]

	



Burmester, G.R.; Pope, J.E. Novel treatment strategies in rheumatoid arthritis. Lancet 2017, 389, 2338–2348. [Google Scholar] [CrossRef]

	



Sundbaum, J.K.; Eriksson, N.; Hallberg, P.; Lehto, N.; Wadelius, M.; Baecklund, E. Methotrexate treatment in rheumatoid arthritis and elevated liver enzymes: A long-term follow-up of predictors, surveillance, and outcome in clinical practice. Int. J. Rheum. Dis. 2019, 22, 1226–1232. [Google Scholar] [CrossRef]

	



Dervieux, T.; Kremer, J.; Lein, D.O. Contribution of common polymorphisms in reduced folate carrier and gamma-glutamylhydrolase to methotrexate polyglutamate levels in patients with rheumatoid arthritis. Pharmacogenetics 2004, 14, 733–739. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Bournissen, F.; Moghrabi, A.; Krajinovic, M. Therapeutic responses in childhood acute lymphoblastic leukemia (ALL) and haplotypes of gamma glutamyl hydrolase (GGH) gene. Leuk. Res. 2007, 31, 1023–1025. [Google Scholar] [CrossRef] [PubMed]

	



Cáliz, R.; del Amo, J.; Balsa, A. The C677T polymorphism in the MTHFR gene is associated with the toxicity of methotrexate in a Spanish rheumatoid arthritis population. Scand. J. Rheumatol. 2012, 41, 10–14. [Google Scholar] [CrossRef] [PubMed]

	



Uribarri, M.; Ruiz-Larrañaga, O.; Arteta, D.; Hernández, L.; Alcaro, M.C.; Martínez, A.; Escorza-Treviño, S.; Estonba, A.; Migliorini, P.; Czirják, L.; et al. Influence of MTHFR C677T polymorphism on methotrexate monotherapy discontinuation in rheumatoid arthritis patients: Results from the GAPAID European project. Clin. Exp. Rheumatol. 2015, 33, 699–705. [Google Scholar]

	



Wang, S.; Zuo, S.; Liu, Z.; Ji, X.; Yao, Z.; Wang, X. Association of MTHFR and RFC1 gene polymorphisms with methotrexate efficacy and toxicity in Chinese Han patients with rheumatoid arthritis. J. Int. Med. Res. 2020, 48. [Google Scholar] [CrossRef] [PubMed]

	



Weisberg, I.; Tran, P.; Christensen, B.; Sibani, S.; Rozen, R. A Second Genetic Polymorphism in Methylenetetrahydrofolate Reductase (MTHFR) Associated with Decreased Enzyme Activity. Mol. Genet. Metab. 1998, 64, 169–172. [Google Scholar] [CrossRef] [PubMed]

	



Kranz, J.; Hessel, S.; Aretz, J.; Seidel, A.; Petzinger, E.; Geyer, J.; Lampen, A. The role of the efflux carriers Abcg2 and Abcc2 for the hepatobiliary elimination of benzo[a]pyrene and its metabolites in mice. Chem. -Biol. Interact. 2014, 224, 36–41. [Google Scholar] [CrossRef] [PubMed]

	



Jekic, B.; Maksimovic, N.; Damnjanovic, T.; Biljana, J.; Nela, M.; Tatjana, D. Methotrexate pharmacogenetics in the treatment of rheumatoid arthritis. Pharmacogenomics 2019, 20, 1235–1245. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Sociodemographic characteristics and disease activity at the study visit between tolerant and intolerant patients.






Table 1. Sociodemographic characteristics and disease activity at the study visit between tolerant and intolerant patients.





	Variable
	Intolerant (bDMARDs Monotherapy) Mean (SD) n = 107
	Tolerant (MTX and bDMARDs Combo Therapy) Mean (SD) n = 120
	p-Value *





	Sex (female), n (%)
	89 (83.2%)
	89 (74.2%)
	0.100



	Age (years)
	61.3 (13.2)
	58.8 (10.9)
	0.133



	Age at diagnosis (years)
	45.1 (14.0)
	43.5 (10.4)
	0.344



	Moths between diagnosis and MTX initiation
	27.6 (65.2)
	23.6 (48.9)
	0.612



	NTD
	1.8 (2.8)
	1.9 (3.0)
	0.888



	NSJ
	0.7 (2.0)
	0.7 (1.5)
	0.753



	CRP (mg/dL)
	1.4 (3.3)
	2.8 (7.7)
	0.065



	ESR (mm/h)
	18.6 (16.6)
	20.1 (18.6)
	0.511



	Patient’s VAS (0–10)
	3.4 (2.4)
	3.7 (2.5)
	0.365



	Physician’s VAS (0–10)
	2.9 (2.1)
	2.9 (2.2)
	0.967



	DAS28 ESR
	2.8 (1.1)
	2.9 (1.2)
	0.589



	DAS28 CRP
	2.7 (1.1)
	2.8 (1.2)
	0.355



	SDAI
	10.2 (8.2)
	11.8 (11.8)
	0.239



	CDAI
	8.8 (7.4)
	9.0 (7.4)
	0.785







* p-value for chi-square test or Student t-test. CDAI: Clinical Disease Activity Index; CRP: c-reactive protein; DAS28: Disease Activity Score 28; ESR: erythrocyte sedimentation rate; MTX: methotrexate; NTD: number of tender joins; NSJ: number of swollen joints; SDAI: Simple Disease Activity Index; VAS: visual analogue scale.
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Table 2. Association between methotrexate intolerance and polymorphisms.
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Gen (SNP)

	

	
Intolerant (bDMARDs Monotherapy) n = 107 n [% (95% CI)]

	
Tolerant (MTX and bDMARDs Combo Therapy) n = 120 n [% (95% CI)]

	
p-Value *






	
Active Transport of MTX




	
RFC-1-G80A (SNP rs1051266)

	
Homozygotic AA

	
33 [30.8 (22.1–39.6)]

	
26 [21.7 (14.3–29.1)]

	
0.213




	
Homozygotic GG

	
24 [22.4 (14.5–30.3)]

	
36 [30.0 (21.8–38.2)]




	
Heterozygotic AG

	
50 [46.7 (37.3–56.2)]

	
58 [48.3 (39.4–57.2)]




	
MTX Polyglutamate Formation




	
GGH-T401C (SNP rs11545078)

	
Homozygotic AA

	
2 [1.9 (−0.7–4.5)]

	
1 [0.8 (−0.8–2.4)]

	
0.138




	
Homozygotic GG

	
83 [77.6 (69.7–85.5)]

	
105 [87.5 (81.6–93.4)]

	
0.048




	
Heterozygotic AG

	
22 [20.6 (12.9–28.3)]

	
14 [11.7 (5.9–17.5)]

	
0.138




	
Folate Cycle and Purine Synthesis




	
MTHFR-C677T (SNP rs1801133)

	
Homozygotic AA

	
15 [14.0 (7.4–20.6)]

	
22 [18.3 (11.4–25.2)]

	
0.207




	
Homozygotic GG

	
42 [39.3 (30.1–48.6)]

	
34 [28.3 (20.2–36.4)]




	
Heterozygotic AG

	
50 [46.7 (37.3–56.2)]

	
64 [53.3 (44.4–62.2)]




	
MTHFR-A1298C (SNP rs1801131)

	
Homozygotic TT

	
50 [45.8 (40.5–49.6)]

	
66 [55.0 (46.1–63.9)]

	
0.428




	
Homozygotic GG

	
8 [7.5 (5.1–12.5)]

	
9 [7.5 (2.8–12.2)]




	
Heterozygotic TG

	
49 [45.8 (36.4–55.2)]

	
45 [37.5 (28.8–45.3)]




	
DHFR (SNP 1105525)

	
Homozygotic AA

	
0 [0 (0–0)]

	
4 [3.3 (0.1–6.5)]

	
0.160




	
Homozygotic GG

	
82 [76.6 (68.6–84.6)]

	
90 [75 (67.3–82.8)]




	
Heterozygotic AG

	
25 [23.4 (15.4–31.4)]

	
26 [21.7 (14.3–29.1)]




	
SHMT1-c1303C > T (SNP rs1979277)

	
Homozygotic AA

	
14 [13.1 (6.7–19.5)]

	
12 [10.0 (4.6–15.4)]

	
0.766




	
Homozygotic GG

	
47 [43.9 (34.5–53.3)]

	
55 [45.8 (38.0–54.7)]




	
Heterozygotic AG

	
46 [43.0 (33.6–52.4)]

	
53 [44.2 (35.3–53.1)]




	
ITPase-C94A (SNP rs34743033)

	
Homozygotic AA

	
2 [1.9 (−0.7–4.5)]

	
0 [0]

	
0.294




	
Homozygotic GG

	
93 [86.9 (80.5–93.3)]

	
104 [86.7 (80.6–92.8)]




	
Heterozygotic AG

	
12 [11.2 (5.2–17.2)]

	
16 [13.3 (7.2–19.4)]




	
MTX Extraction Pump




	
ABCC2-C24T (SNP rs717620)

	
Homozygotic TT

	
14 [13.1 (6.7–19.5)]

	
15 [12.5 (6.6–18.4)]

	
0.073




	
Homozygotic CC

	
55 [51.4 (41.9–60.9)]

	
45 [37.5 (28.8–46.2)]

	
0.035




	
Heterozygotic TC

	
38 [35.5 (26.4–44.6)]

	
60 [50.0 (51.2–68.7)]

	
0.035




	
ABCB1-c3434C > T (SNP rs1045642)

	
Homozygotic AA

	
26 [24.3 (16.2–32.4)]

	
25 [20.8 (13.5–28.1)]

	
0.801




	
Homozygotic GG

	
31 [29.0 (20.4–37.6)]

	
38 [31.7 (23.4–40.0)]




	
Heterozygotic AG

	
50 [46.7 (37.3–56.2)]

	
57 [47.5 (38.6–56.4)]




	
SLCO1B1 (SNP rs11045879)

	
Homozygotic TT

	
75 [70.1 (61.4–78.8)]

	
80 [66.7 (58.3–75.1)]

	
0.213




	
Homozygotic CC

	
2 [1.9 (0.7–4.5)]

	
8 [6.7 (2.2–11.2)]




	
Heterozygotic TC

	
30 [28.0 (19.5–36.5)]

	
32 [26.7 (18.8–34.6)]








* p-value for chi-square test bDMARDs: biological disease-modifying antirheumatic drugs; CI: Confidence interval; MTX: Methotrexate; OR: Odds Ratio.
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Table 3. Univariate logistic regression to evaluate the association between MTX intolerance and genetic variants.
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Gen (SNP)

	
Intolerant (bDMARDs Monotherapy) n = 107; n (%)

	
Tolerant (MTX and bDMARDs Combo Therapy) n = 120; n (%)

	
p-Value *

	
OR (IC 95%)

	
p-Value **






	
Active Transport of MTX




	
RFC-1-G80A GG or AG (vs. AA)

	
74 (69.2)

	
94 (78.3)

	
0.116

	
0.62 (0.34–1.13)

	
0.119




	
MTX Polyglutamate Formation




	
GGH-T401C AA or AG (vs. GG)

	
24 (22.4)

	
15 (12.5)

	
0.048

	
2.13 (1.06–4.29)

	
0.035




	
Folate Cycle and Purine Synthesis




	
MTHFR-C677T AA or AG (vs. GG)

	
65 (60.7)

	
86 (71.7)

	
0.082

	
0.61 (0.35–1.07)

	
0.084




	
MTHFR–A1298C GG or TG (vs. TT)

	
99 (92.5)

	
111 (92.5)

	
0.995

	
1.39 (0.82–2.33)

	
0.219




	
DHFR AA or AG (vs. GG)

	
25 (23.4)

	
30 (25)

	
0.774

	
0.87 (0.48–1.60)

	
0.664




	
SHMT1-c1303C > T GG or AG (vs. AA)

	
93 (86.9)

	
108 (90)

	
0.466

	
0.74 (0.33–1.68)

	
0.470




	
ITPase-C94A AA or AG (vs. GG)

	
14 (13.1)

	
16 (13.3)

	
0.956

	
1.06 (0.50–2.26)

	
0.883




	
MTX Extraction Pump




	
ABCC2-C24T TT or TC (vs. CC)

	
52 (48.6)

	
75 (62.5)

	
0.035

	
0.59 (0.35–1.00)

	
0.050




	
ABCB1-c3434C > T GG or AG (vs. AA)

	
81 (75.7)

	
95 (79.2)

	
0.532

	
0.78 (0.42–1.45)

	
0.435




	
SLC01B1 TT or TC (vs. CC)

	
105 (98.1)

	
112 (93.3)

	
0.107

	
3.75 (0.78–18.1)

	
0.099








* chi-square test; ** Univariate logistc regression. bDMARDs: biological disease-modifying antirheumatic drugs; CI: Confidence interval; MTX: Methotrexate; OR: Odds Ratio.
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Table 4. Multivariate logistic regression to evaluate the association between MTX intolerance and genetic variants (final model).
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	Gen (SNP)
	OR (IC 95%) Intolerant vs. Tolerant
	p-Value **





	GGH-T401C AA or AG (vs. GG)
	2.14 (1.05–4.39)
	0.037



	ABCC2-C24T TT or TC (vs. CC)
	0.54 (0.32–0.93)
	0.026







** Hosmer–Lemeshow, Chi-square: 1.254, p = 0.534.
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