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Abstract: This study focuses on the use of thiopurines for treating inflammatory bowel diseases (IBD).
These drugs undergo enzymatic changes within the body, resulting in active and inactive metabolites
that influence their therapeutic effects. The research examines the role of genetic polymorphisms in the
enzyme thiopurine S-methyltransferase (TPMT) in predicting the therapeutic response and adverse
effects of thiopurine treatment. The TPMT genotype variations impact the individual responses
to thiopurines. Patients with reduced TPMT activity are more susceptible to adverse reactions
(AEs), such leukopenia, hepatotoxicity, pancreatitis, and nausea, which are common adverse effects
of thiopurine therapy. The therapeutic monitoring of the metabolites 6-thioguanine nucleotides
(6-TGN) and 6-methyl mercaptopurine (6-MMP) is proposed to optimize treatment and minimize
AEs. Patients with higher 6-TGN levels tend to have better clinical responses, while elevated 6-MMP
levels are linked to hepatotoxicity. Genotyping for TPMT before or during treatment initiation
is suggested to tailor dosing strategies and enhance treatment efficacy while reducing the risk
of myelosuppression. In conclusion, this study highlights the importance of considering genetic
variations and metabolite levels in optimizing thiopurine therapy for IBD patients, focusing on
balance therapeutic efficacy with the prevention of adverse effects and contributing to personalized
treatment and better patient outcomes.

Keywords: inflammatory bowel diseases; azathioprine; 6-mercaptopurine; pharmacogenetics; thiop-
urine S-methyl transferase

1. Introduction

Thiopurines, specifically azathioprine (AZA) and 6-mercaptopurine (6-MP) are, respec-
tively, a prodrug and drug frequently used in the treatment of inflammatory bowel diseases
(IBD). Such medicines undergo enzymatic modifications intracellularly, leading to the
formation of active metabolites, 6-thioguanine nucleotides (6-TGN), and a major inactive
metabolite, 6-methyl mercaptopurine (6-MMP), which is related to hepatotoxicity [1,2].

Thiopurines are effective for maintaining remission and as a steroid-sparing agent
in the medium- and long-term in IBD, particularly when 6-TGN levels remain above
235 pmol/8 × 108 RBC (red blood cells). However, the non-adherence rate of patients to
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therapy is around 17%, as shown by the undetectable or low intraerythrocytic levels of the
metabolites [3–6].

Despite the beneficial effects of thiopurines on treating IBD, therapy is often limited
by common adverse effects (AEs) inherent to the drugs or their metabolites. Around 10%
to 30% of patients cannot tolerate therapy due to AEs such as myelotoxicity, hepatotoxicity,
pancreatitis, and nausea. Some authors suggest that the by-product of the conversion of
AZA to 6-MP, a nitroimidazole derivative, may be the primary cause of some of these
AEs [3,7–10].

Thiopurine S-methyltransferase (TPMT) is a crucial enzyme involved in the metabolism
of thiopurines; it catalyzes the S-methylation of the aromatic and heterocyclic sulfhydryl
groups. Although the mechanism of action of thiopurines is not yet entirely clear, it is pro-
posed that it can result from the incorporation of the 6-TGN metabolite into the cell’s DNA,
impairing DNA synthesis and leading to cell apoptosis [1,2]. The gene encoding TPMT
exhibits genetic heterogeneity, resulting in vast interindividual differences when consider-
ing clinical efficacy and toxicity profiles during treatment with thiopurines [1,11]. Several
studies have pointed out that patients with polymorphisms in the TPMT gene related to
decreased enzymatic activity are at greater risk of thiopurine-induced leukopenia [2,9].

These changes in TPMT activity have a significant population distribution profile.
Approximately 0.3% of individuals in the general population have TPMT with low activity,
while 10% have moderate activity, which leads to higher concentration of 6-TGN and
an increased risk of severe myelosuppression or other toxic effects related to thiopurine
treatment [3,6,8,12,13].

So far, three wild-type alleles and 39 variant alleles of this gene have been identified,
most of which are associated with the decreased enzymatic activity of TPMT. Four geno-
types, TPMT * 2, * 3A, * 3B, and * 3C, have been intensively investigated because they
represent more than 95% of mutations and are associated with various degrees of reduction
in enzyme activity. The TPMT * 3A is a haplotype that contains two non-synonymous SNPs:
* 3B and * 3C [11], and the TPMT * 3A genotype is the most prevalent genotype in Cau-
casians (3.2–5.7%) and White Americans, followed by the TPMT * 3C genotype (0.5–1.5%).
This genotype is also the most common variant in Africa, Ghana, and Asia, and the main
variant type in Japan, with enzyme activity reduced by approximately 25% compared to
the non-polymorphic allele [9,11,14–19]. The TPMT * 2 genotype, with a prevalence of
0.2–0.5%, is significantly more associated with AZA-induced leukopenia, followed by an
unusual prevalence of TPMT * 3B, found in Chinese, Ghanaian, and Japanese populations.
The TPMT * 3D and TPMT * 4 are found in a northern European family. The TPMT * 5 and
TPMT * 6 are expressed in Koreans, the TPMT * 7 is found in European Caucasians, and the
TPMT * 8 is found in African Americans [9,11,14–19].

Therefore, this study aims to conduct a systematic review to analyze the influence of
the genetic polymorphisms of the TPMT enzyme on the therapeutic response related to
thiopurine (azathioprine or mercaptopurine) in patients with IBD.

2. Materials and Methods

The systematic review was conducted according to the eligibility criteria (Table 1)
and described following the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA 2020) [20,21]. The protocol is registered in the International prospective
register of systematic reviews PROSPERO (# CRD42023397307).

2.1. Research Strategies and Sources of Information

Medical literature research was performed using MEDLINE, Scielo, Scopus, BVS Lilacs,
and the Cochrane Library. The analysis included English, Portuguese, and Spanish articles
published until October 2022 without ethnic restriction. Only original studies published in
article format with an approach to the influence of genetic polymorphisms of the TPMT
enzyme on the response to thiopurine therapy in patients with IBD were included.
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We considered controlled and randomized clinical trials and retrospective or prospec-
tive multicenter studies using thiopurines to treat patients with IBD. We addressed the
genetic variations related to the TPMT enzyme that metabolizes the drugs of interest.

Animal-related studies, in vitro studies, or studies unrelated to pharmacogenetics us-
ing thiopurines, case reports, and articles containing incomplete information, as judged by
the reviewers, were excluded from this research. The research strategy used the following
keywords: polymorphism genetic, pharmacogenetic, drug effects, azathioprine, thiopurine,
and inflammatory bowel diseases.

Table 1. Eligibility criteria of included studies.

Eligibility Criteria

Kind of study:

• clinical studies;
• controlled and randomized clinical trials;
• comparative studies;
• multicentric studies;
• observational and cross-sectional studies;
• genetic variations related to the enzyme that metabolizes the drugs of interest

(AZA or 6-MP);
• TPMT enzyme genotype availability.

Search:

• MedLine;
• BVS Lilacs;
• Cochrane Library;
• Scopus; and
• Scielo;
• Main keywords (pharmacogenetic; polymorphism; thiopurine; inflammatory

bowel diseases).

Population:

• patients diagnosed with Inflammatory Bowel Disease.

Intervention:

• on treatment with thiopurines for at least three months.

Language:

• originally in English.

2.2. Selection Process

Three researchers independently reviewed all articles by screening their titles and
abstracts to assess their relevance. A second confirmatory screening was performed using
the Rayyan App (http://rayyan.qcri.or, accessed on 3 September 2023).

Search terms were constructed based on PICOT. Terms related to Crohn’s disease,
ulcerative colitis, inflammatory bowel diseases, azathioprine, 6-mercaptopurine or thiop-
urine, 6-methyl mercaptopurine, 6-thioguanine, genetic polymorphism, allelic variants,
pharmacokinetic analysis, pharmacogenetics, genetic mutations, genotype, drug effects,
therapy, immunosuppressive agents, adverse drug reactions, and metabolite monitoring
were applied using free text and appropriate controlled vocabulary. Furthermore, search
terms were combined within the same domain using ‘OR’ and across domains using ‘AND’.

2.3. Assessment of Risk of Bias

Two independent reviewers assessed the risk of bias in the included studies. The
studies were classified as “low risk” and “concerning” (22 articles that did not make clear
for how long the follow-up of patients occurred or had subjects that were lost during the
studies, probably not introducing bias in the study), “moderate risk with some concerns”

http://rayyan.qcri.or
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(14 articles with a short follow-up time of patients or had a follow-up rate of around 70–80%
of patients recruited), and “high risk” (4 articles that were not blinded to interventions or
had subjects lost for follow-up, likely introducing bias). This assessment was conducted for
both the study and primary outcomes.

3. Results
3.1. Selection and Characteristics of the Studies

The broad search strategy identified 1134 studies involving genetic polymorphisms
related to drug therapy with thiopurines in patients with IBD. From the application of the
inclusion and exclusion criteria previously defined, 662 articles were initially excluded
(Figure 1). A total of 472 papers were evaluated in detail, and of these, 432 were excluded
for different reasons, leaving 40 articles eligible for inclusion.
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Figure 1. Flowchart of the article selection process.Figure 1. Flowchart of the article selection process.

Figure 1 shows the flowchart used to select the analyzed articles, and Table 2 summa-
rizes the detailed characteristics of the studies included in this systematic review.
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Table 2. Characterization of the selected studies regarding the evaluated clinical outcome (adverse effects and clinical response).

Authors (Year) Country Sample
(n)

DII
CD/UC

Gender
M/F

Age
(Years)

Dose of AZA or 6-MP
(Lowest–Highest Dose) TPMT Alleles Evaluated Metabolites

Evaluated

AL-Judaibi et al. (2016) [22] England 53 35/18 32/21 41.0 (19–80) 1.5 mg/Kg/day * 1, * 3A -
Ansari et al. (2008) [23] England 207 117/90 92/115 40.3 (18–80) 2.0 (1.88–2.38) mg/Kg/day * 1, * 3A, * 3B, * 3C 6-TGN

Ban et al. (2008) [24] Japan 70 20/70 47/23 38.3 (17–79) 50 mg/day * 1, * 3C -
Bayoumy et al. (2021) [10] Netherlands and UK 316 154/147/15 a 121/195 45 (34–58) 20 (10–40) mg/day * 1, * 2, * 3A -

Chang et al. (2019) [2] Japan 164 85/68 98/66 38.7 (20–80) 1.7 (1.1–2.3) mg/Kg/day * 1, * 2, * 3B, * 3C -

Coelho et al. (2016) [1] England 78 67/23 56/44 <18 anos 1–5.2 mg/Kg/day
6-MP: 1–1.5 mg/Kg/day * 1, * 3A, * 39 -

Coenen et al. (2015) [6] Netherlands 783 356/253 354/429 41.0 ± 15.8 2.0 (0.5–3.01) mg/Kg/day * 1, * 2, * 3A, * 3C -
Coucoutsi et al. (2017) [11] Greece 223 113/110 126/97 53.0 (16–90) - * 1, * 2, * 3A, * 3B, * 3C -
Dubinsky et al. (2002) [25] USA 51 35/16 30/21 36.6 (14–65) 2.5 (0.5–8.0) mg/Kg/day - 6-TGN
Dubinsky et al. (2000) [26] USA 92 79/13 41/51 11.5 (1–18) 6-MP: 1.3 (0.4–2.4) mg/Kg/day * 1, * 3A, * 3B, * 3C 6-TGN

Fangbin et al. (2012) [14] China 199 160/39 133/66 31.8 (18–80) 50 mg/day
6-MP: 25 mg/day * 1, * 2, * 3A, * 3B, * 3C -

Fangbin et al. (2016) [27] China 132 102/30 76/56 34.0 (18–72) 50 mg/day
6-MP: 25 mg/day * 1, * 2, * 3A, * 3B, * 3C 6-TGN

Gardiner et al. (2008) [28] New Zealand 69 53/16 34/35 39.2 (35–43) 1.6 (1.46–1.81) mg/kg/day * 1, * 3 6-TGN
Gazouli et al. (2010) [3] Greece 97 69/17/11 a 40/57 11.0 (3–16) 1.4 (0.3–2) mg/kg/day * 1, * 2, * 3A, * 3B, * 3C -
Gearry et al. (2003) [7] New Zealand 56 39/17 27/29 40.6 (17–74) - * 1, * 2, * 3A, * 3C -

Gilissen et al. (2011) [4] Netherlands 100 57/40/3 a 60/40 42.3 (15–79) 1.8 (0.6–3.0) mg/Kg/day
6-MP: 0.8 (0.5–1.2) - 6-TGN/6-MMP

Hanai et al. (2010) [12] Japan 257 -/257 - 36.7 (14–68) 6-MP: 20–30 mg/day - 6-TGN

Hande et al. (2006) [29] USA 126 98/28 67/59 22 (6–79) 1.8 ± 0.6 mg/kg/day
6-MP: 1.2 ± 0.4 mg/kg/ day - 6-TGN/6-MMP

Hibi et al. (2003) [30] Japan 82/22 35/47 17/5 45.6 (28–64) 0.6–1.2 mg/Kg/day
6-MP: 50 mg/day * 1, * 2, * 3A, * 3C 6-TGN

Hlavaty et al. (2013) [31] Slovakia 220 19 119/101 37.1 ± 12.4 3.8 + 5.5 mg/Kg/day * 1, * 2, * 3A, * 3B, * 3C -

Kim et al. (2010) [32] Korea 286 228/34/24 b 187/99 25.7 ± 9.3 1.8 (0.56–3.26) mg/Kg/day
6-MP: 1.5 (0.82–2.27) * 1, * 2, * 3A, * 3B, * 3C -

Lee et al. (2017) [5] Korea 140 140 114/26 33.6 ± 8.8 1.2 ± 0.5 mg/Kg/day
6-MP: 0.6 ± 0.3 mg/Kg/day * 1, * 3 6-TGN

Lee et al. (2015a) [33] Korea 132 99/33 95/37 17 (15–18) 1.1 (0.81–1.30) mg/kg/day * 1, * 3C, * 6, * 16 6-TGN/6-MMP
Lee et al. (2015b) [34] Korea 137 103/34 98/39 17 (15–18) 1.0 (0.8–1.03) mg/kg/day * 1, * 3C, * 6, * 16 6-TGN/6-MMP

Lindqvist et al. (2006) [35] Sweden 54 - - - 2.5 mg/kg/day
6-MP: 1.25 mg/kg/day * 1, * 3A -

Odahara et al. (2015) [16] Japan 48 19/29 29/19 34.2 ± 13.6 1.0 mg/kg/day * 1,* 3A,* 3C,* 3D, * 4,* 5,* 6,* 7,* 8 6-TGN/6-MMP
Palmieri et al. (2007) [15] Italy 422 250/172 227/195 39 (21–54) 1.6–3.2 mg/kg/day * 1, * 3A, * 3B e * 3C -

Ribaldone et al. (2019) [17] Italy 200 120/80 116/84 33 (13–67) 0.5–1 mg/kg/day * 1, * 2, * 3A, * 3B, * 3C -
Sheffield et al. (2009) [36] Australia 132 - - (18–80) 1.9 (1.6–2.0) mg/kg/day - 6-TGN/6-MMP

Stocco et al. (2005) [8] Italy 70 38/31/1 a 34/36 14.2 (0.8–38.8) 2.0 (1.0–4.0) mg/kg/day * 1, * 2, * 3A, * 3B, * 3C -
Teml et al. (2005) [37] Germany 20 -/14/6 a 7/13 45 (19–75) 80 mg/day * 1, * 2, * 3A, * 3B, * 3C 6-TGN/6-MMP

Uchiyama et al. (2009) [18] Japan 16 8/8 9/7 39.1 ± 15.4 50 mg/day
6-MP 30 mg/day * 1, * 2, * 3A, * 3B, * 3C, * 3D, * 4, * 5, * 6, * 7 e * 8 6-TGN/6-MMP

von Ahsen et al. (2005) [38] Germany 71 71/- 31/40 36.0 ± 11.6 2.5 mg/kg/day - 6-TGN/6-MMP
Wang et al. (2018) [19] China 219 176/39/4 a 160/59 33.4 ± 13.1 1.0–2.0 mg/kg/day * 1, * 3C -
Winter et al. (2007) [39] UK 130 69/61 70/60 45 1.6 mg/kg/day * 1, * 2, * 3A, * 3B, * 3C -

Wroblova et al. (2012) [9] Czech Republic and Slovakia 188 137/41/10 a 107/81 37.3 (20–71) 1.4–2.0 mg/kg/day * 1, * 2, * 3A, * 3B, * 3C -
Zabala-Fernández et al.

(2011) [13] Spain 232 156/76 115/117 32.6 (8–70) 2.3 (1.5–3.0) mg/kg/day * 1, * 2, * 3A, * 3B, * 3C -

Zelinkova et al. (2006) [40] Netherlands 262 195/67 103/159 39 (17–87) 132 (50–250) mg/day * 1, * 2, * 3A, * 3B, * 3C -
Zhu e Cao (2012) [41] China 52 49/3 27/25 34 (16–77) 1.4 (0.9–2.2) mg/Kg/day * 1, * 2, * 3A, * 3B, * 3C -
Zhu et al. (2016) [42] China 253 253/- 185/68 - 1.8 (0.5–3.1) mg/Kg/day * 1, * 2, * 3A, * 3B, * 3C -

Note: IBD: “a” undetermined colitis; “b” Intestinal Behcet’s disease; “-“: not described or not evaluated. Abbreviations: CD: Crohn’s disease; UC: Ulcerative colitis; M: Male; F: Female;
AZA: Azathioprine; 6-MP: 6-Mercaptopurine; TPMT: Thiopurine S-methyl-transferase enzyme; 6-TGN: 6-Thioguanine nucleotides; 6-MMP: 6-methyl mercaptopurine.
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The most included were cohort studies (38 studies, 95%), followed by randomized
controlled trials (two studies, 5%). Most of the studies were conducted in Europe (England
(three), Netherlands (three), Italy (three), Greece (two), Slovakia (two), Germany (one), and
Spain (one)) and Asia (Japan (six), Korea (four), and China (five)), followed by the United
States (three), and Oceania (New Zealand (two) and Australia (one)).

3.2. Effect of Genotype on the Profile of AE to Thiopurines

The analysis of the studies in the articles showed a high rate of patients (10 to 39%)
with some AE, especially in the first three months of therapy. The most commonly re-
ported AEs included dizziness, malaise, fever, pancreatitis, leukopenia, hepatotoxicity,
gastrointestinal effects such as nausea, vomiting, abdominal discomfort, or reduced ap-
petite, and a high occurrence of gastric intolerance. Less commonly reported adverse
effects included dermatological issues such as skin reactions, hair loss, and warts, as well
as myalgia, arthritis, susceptibility to infections, a potential risk of malignancy, and flu-like
syndrome [1,2,6,9,20,23,27]. The occurrences of AEs in the participants of the selected
studies can be found in Table 3.

An increased risk of thiopurine toxicity has been observed in patients with a TPMT
deficiency in various conditions beyond IBD, such as hematologic malignancies, transplan-
tation, and autoimmune diseases. Likewise, genetic variation in the activity of different
enzymes involved in the thiopurine metabolism may explain part of the toxicity, which is
not accounted for by variation in the TPMT activity [1,13,23,27,39]. The association between
the presence or absence of the TPMT polymorphism and the AEs observed in the studies is
presented in Tables 4 and 5.



J. Clin. Med. 2023, 12, 6742 7 of 16

Table 3. Occurrence of adverse effects in the participants of the selected studies.

Authors
(Year)

Total Patients
with EAs Myelotoxicity Hepatotoxicity Leukopenia Lymphopenia Neutropenia Thrombocytopenia Hepatitis Pancreatitis Skin irritation/

Hair Loss Arthralgia Gastrointestinal
Intolerance/Nausea/Vomiting

Flu-Like
Symptoms

Discontinued/
Adjusted Dose

AL-Judaibi et al. (2016) [22] 17 (32.1%) 4/3 * (7.5%) 13 (24.6%) 2 (3.8%) 7 (13.2%)
Ansari et al. (2008) [23] 95 (44.2%) 7 (3.2%) 7 (3.2%) 8 (3.7%) 8 (3.7%) 76 (59.9%) 11 (5.1%) 83 (39.0%)

Ban et al. (2008) [24] 7 (10.0%)
Bayoumy et al. (2021) [10] 28 (8.9%) 14 (4.4%)

Chang et al. (2019) [2] 45/1 * (27.4%) 30 (16.5%) 42 (23.1%) 42 (23.1%)
Coelho et al. (2016) [1] 28 (21.9%) 1 (1.3%) 40 (40.0%)
Coenen et al. (2015) [6] 559 (71.4%) 203 (26.6%) 58 (7.5%) 3 (0.4%) 41 (5.2%) 171 (21.8%) 132 (16.9%) 448 (57.2%) 313.2 (40.0%)

Coucoutsi et al. (2017) [11] 23 (25.3%) 13 (58.3%) 5 (21.7%) 2 (8.7%) 23 (25.3%)
Dubinsky et al. (2002) [25] 19 (37.2%) 12 (24.0%) 8 (15.7%)
Dubinsky et al. (2000) [26] 36 (39.1%) 1 (1.1%) 16 (17.4%) 13 (14.1%) 1 (1.1%)
Fangbin et al. (2012) [14] 50 (25.1%) 1 (0.5%) 36 (18.1%) 3 (1.5%) 6 (3.0%) 7 (3.5%)
Fangbin et al. (2016) [27] 30 (22.7%) 26 (19.7%) 3 (2.3%) 1 (0.8%) 16 (12.1%)
Gardiner et al. (2008) [28] 22 (31.9%) 6 (8.7%) 2 (2.9%) 4 (5.8%) 8 (11.6%) 16 (23.2%)

Gazouli et al. (2010) [3] 10 (10.3%) 1 (1.0%) 6 (6.2%) 3 (3.1%) 13 (13.4%)
Gearry et al. (2003) [7] 56 (100%) 4 (7.1%) 18 (32.1%) 5 (8.9%) 13 (23.2%) 12 (21.4%) 56 (100%)
Hanai et al. (2010) [12] 18 (7.0%) 6 (2.3%) 5 (1.9%) 4 (1.6%) 3 (1.2%)
Hibi et al. (2003) [30] 18 (12.8%) 12 (8.5%) 1 (0.7%) 1 (0.7%) 1 (0.7%) 2 (1.4%) 5 (3.5%)

Hlavaty et al. (2013) [31] 75 (34.1%) 32 (14.5%) 24 (10.9%) 26 (11.8%) 6 (2.7%) 2 (0.9%) 7 (3.2%) 43 (19.5%)
Kim et al. (2010) [32] 116 (40.6%) 2 (0.7%) 9 (3.1%) 8 (2.8%)
Lee et al. (2017) [5] 38 (27.1%) 1 (0.7%) 2 (1.4%) 13 (9.3%)

Lee et al. (2015a) [33] 21 (15.9%) 40 (30.3%) 24 (18.2%) 4 (3.0%) 1 (0.8%) 16 (12.1%) 5 (3.8%) 15 (11.4%)
Lee et al. (2015b) [34] 21 (15.3%) 40 (29.2%) 24 (17.5) 4 (3.0%) 1 (0.7%) 16 (11.7%) 5 (3.6%) 15 (10.9%)

Lindqvist et al. (2006) [35] 39 (72.2%) 9 (16.7%) 27 (50.0%)
Odahara et al. (2015) [16] 14 (29.2%) 10 (20.8%) 1 (2.1%) 4 (8.3%) 12 (25.0%)
Palmieri et al. (2007) [15] 81 (19.2%) 12 (16.4%) 23 (31.5%) 16 (21.9%) 3 (4.1%) 9 (12.3%) 18 (24.7%)

Ribaldone et al. (2019) [17] 60 (30.0%) 6 (10.0%) 24 (40.0%) 28 (46.7%) 2 (3.3%) 60 (30.0%)
Stocco et al. (2005) [8] 19 (27.1%) 7 (10.0%) 6 (8.6%) 4 (5.7%) 1 (1.4%) 19 (27.1%)
Teml et al. (2005) [37] 2 (10.0%) 1 (5.0%) 3 (15.0%) 4 (20.0%) 2 (10.0%) 8 (40.0%)

Uchiyama et al. (2009) [18] 12 (75.0%) 4 (25.0%) 5 (31.3%) 1 (6.3%)
von Ahsen et al. (2005) [38] 3 (4.2%) 2 (2.8%) 8 (11.3%) 13 (18.3%)

Winter et al. (2007) [39] 44 (33.8%) 4 (3.1%) 9 (6.9%) 10 (7.7%) 1 (0.8%) 4 (3.1%) 14 (10.8%) 6 (4.6%) 33 (25.4%)
Wroblova et al. (2012) [9] 44 (23.4%) 34 (18.1%) 4 (2.1%) 2 (1.1%) 4 (2.1%)
Zabala-Fernández et al.

(2011) [13] 75 (32.3%) 15 (6.5%) 5 (2.2%) 19 (8.2%) 14 (6.0%) 6 (2.6%) 16 (6.9%) 72 (31.0%)
Zelinkova et al. (2006) [40] 12 (4.6%) 11 (4.2%) 7 (2.7%) 5 (1.9%) 21 (8.0%)

Zhu e Cao (2012) [41] 5 (9.6%) 1 (1.9%) 5 (9.6%) 6 (11.5%)
Zhu et al. (2016) [42] 65 (25.7%) 22 (8.7%) 6 (2.4%)

Note: Myelotoxicity (Severe < 1500/mm3); Leukopenia (WBC < 3000/µL); Neutropenia (neutrophils < 1500/µL); Lymphopenia (lymphocytes < 1000/µL). Thrombocytopenia
(PLT < 100,000/µL); Anemia (Hb < 10 g/dL); Pancreatitis (severe abdominal pain and 3-fold elevation of serum amylase and/or lipase); Hepatotoxicity (alanine aminotransferase or
aspartate aminotransferase enzyme activity > 2 times the upper limit of the reference range); * Severe myelotoxicity.

Table 4. Association between TPMT polymorphism and types of adverse effects.

Authors (Year) TPMT Genes Myelotoxicity Hepatotoxicity Gastrointestinal
Intolerance Skin Irritation/Hair Loss Pancreatitis Leukopenia Neutropenia Nausea/Vomiting

AL-Judaibi et al. (2016) [22] * 1/* 1 48 (90.6%)
* 1/* 3A 5 (9.4%) 2 (40.0%) 1 (20.0%)

Ansari et al. (2008) [23] * 1/* 1 200 (91.3%) 7 (8.4%) 8 (9.6%) 34 (40.1%) 7 (10.0%) 13 (7.0%)
variants 19 (8.7%) 5 (26.3%) 8 (42.1%) 2 (10.5%) 7 (37.0%)

Ban et al. (2008) [24] * 1/* 1 110 (99.1%) 7 (63.6%) 1 (0.9%)
* 1/* 3C 1 (0.9%)

Coenen et al. (2015) [6]

* 1/* 1 705 (90.0%)
* 1/* 2 7 (0.9%)

* 1/* 3A 58 (7.4%)
* 1/* 3C 12 (1.5%) 1 (8.3%)

* 3A/* 3A 1 (0.1%)
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Table 4. Cont.

Authors (Year) TPMT Genes Myelotoxicity Hepatotoxicity Gastrointestinal
Intolerance Skin Irritation/Hair Loss Pancreatitis Leukopenia Neutropenia Nausea/Vomiting

Coucoutsi et al. (2017) [11]

* 1/* 1 206 (92.4%) 5 (21.7%) 10 (43.5%)
* 1/* 2 4 (1.8%)

* 1/* 3A 6 (2.7%) 2 (8.7%)
* 1/* 3B 3 (1.3%) 1 (4.3%)
* 1/* 3C 4 (1.8%)

Dubinsky et al. (2000) [26] * 1/* 1 35 (97.2%) 12 (13.0%)
variants 1 (2.8%) 1 (1.1%)

Fangbin et al. (2012) [14] * 1/* 1 197 (99.0%) 1 (0.5%) 32 (16.1%) 6 (3.0%)
* 1/* 3C 2 (1.0%) 4 (2.0%)

Fangbin et al. (2016) [27] * 1/* 1 130 (98.5%)
* 1/* 3C 2 (1.5%) 2 (1.5%)

Gazouli et al. (2010) [3]
* 1/* 1 86 (88.7%) 3 (3.1%) 6 (6.2%)
* 1/* 2 3 (3.1%)

* 1/* 3A 2 (2.1%)
* 1/* 3B 4 (4.1%)

Hlavaty et al. (2013) [31]
* 1/* 1 205 (93.2%) 62 (30.2%) 23 (11.2%) 7 (3.4%) 6 (2.9%) 18 (8.8%) 36 (17.6%)

* 1/* 3A 13 (5.9%) 13 (86.7%) 1 (6.7%) 0 (0.0%) 0 (0.0%) 8 (53.3%) 1 (6.7%)
* 1/* 3C 1 (0.5%)

* 3A/* 3A 1 (0.5%)

Kim et al. (2010) [32] * 1/* 1 279 (97.6%) 111 (39.8%)
* 1/* 3C 7 (2.4%) 5 (71.4%)

Lee et al. (2017) [5] * 1/* 1 135 (96.4%) 30 (21.4%)
* 1/* 3 5 (3.6%) 20 (14.3%)

Ribaldone et al. (2019) [17]
* 1/* 1 192 (96.0%) 24 (40.0%) 26 (43.3%) 6 (10.0%) 2 (3.3%)
* 1/* 2 2 (1.0%)

* 1/* 3A 6 (3.0%) 2 (3.3%)

Stocco et al. (2005) [8]
* 1/* 1 65 (92.9%) 7 (10.0%)
* 1/* 2 1(1.4%)

* 1/* 3A 4 (5.7%)

Uchiyama et al. (2009) [18] * 1/* 1 4 (25.0%) 5 (31.3%) 12 (75.0%) 1 (6.3%)

von Ahsen et al. (2005) [38]
* 1/* 1 66 (93.0%)
* 1/* 2 1(1.4%) 1(1.4%)

* 1/* 3A 4 (5.6%) 4 (5.6%)

Wang et al. (2018) [19] * 1/* 1 216 (98.6%) 18 (22.8%)
* 1/* 3C 3 (1.4%) 1 (05%)

Winter et al. (2007) [39]
* 1/* 1 119 (91.5%) 8 (6.2%) 3 (2.3%) 9 (6.9%) 14 (10.7%)

* 1/* 3A 8 (6.2%) 1 (0.8%) 1 (0.8%) 1 (0.8%)
* 1/* 3C 3 (2.3%) 1 (0.8%)

Wroblova et al. (2012) [9]
* 1/* 1 172 (91.5%) 26 (13.8%) 3 (1.6%) 3 (1.6%) 2 (1.1%)

* 1/* 3A 13 (6.9%)
8 (4.3%) 1 (0.5%) 1 (0.5%)* 1/* 3B 2 (1.1%)

* 1/* 3C 1 (0.5%)

Zabala-Fernández et al. (2011) [13]
* 1/* 1 217 (93.5%) 9 (3.9%) 5 (2.2%) 15 (6.5%) 14 (5.6%) 18 (7.8%)
* 1/* 2 3 (1.3%) 1 (0.4%)

* 1/* 3A 11 (4.7%) 2 (0.9%) 1 (0.4%) 1 (0.4%)
* 1/* 3C 1 (0.4%)

Zhu et al. (2016) [42] * 1/* 1 245 (96.8%) 62 (24.5%)
* 1/* 3C 8 (3.2%) 3 (1.2%)

Abbreviations: TPMT: Thiopurine S-methyl-transferase enzyme.
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Table 5. Association between TPMT polymorphisms and adverse effects.

Authors (Year) TPMT Genotypes Patients with AEs Patients without AEs (IC 95%) p-Value

AL-Judaibi et al.
(2016) [22]

variant (* 3A) 3 (17.6%) 2 (5.6%) OR = 3.64 0.55–24.23 0.3127
wild (* 1/* 1) 14 (82.4%) 34 (94.4%)

Ansari et al.
(2008) [23]

variants 15 (79.0%)
* 1/* 1 66 (35.0%)

Coelho et al.
(2016) [1]

TPMT * 3A 5 (55.6%) 4 (44.4%)
* 1/* 1 9 (13.1%) 60 (86.9%)

Coenen et al.
(2015) [6]

variants 9 (12.2%) RR = 0.11 0.01–0.85
* 1/* 1 51 (7.3%) RR = 1.2 0.72–2.09

Coucoutsi et al.
(2017) [11]

variants 3 (3.3%) 14 (15.4%) OR = 8.87 0.97–81.11 0.048
* 1/* 1 20 (22.0%) 54 (59.3%)

Gazouli et al.
(2010) [3]

* 1/* 1 1 (1.0%) 85 (87.6%)
variants 4 (4.1%) 7 (7.2%)

Hlavaty et al.
(2013) [31]

* 1/* 1 62 (30.2%) 143 (69.8%) OR = 15.0 3.3–68.5 0.00002
variants 13 (86.7%) 2 (13.3%)

Ribaldone et al.
(2019) [17]

* 1/* 1 58 (29.0%) 134 (67.0%) OR = 0.77 0.08–7.7 0.82
variants 2 (1.0%) 6 (3.0%)

Wroblova et al.
(2012) [9]

* 1/* 1 34 (18.1%) 138 (73.4%)
variants 10 (5.3%) 6 (3.2%) 2.124–17.094 <0.01

Zelinkova et al.
(2006) [40]

* 1/* 1 3 (1.1%) 235 (89.8%) OR = 6.316 2.141–18.634 0.004
variants 4 (1.5%) 20 (7.6%)

Zhu et al.
(2016) [42] a

* 1/* 1 62 (24.5%) 183 (72.3%) OR = 1.21 0.74–1.97 0.44
* 1/* 3C 3 (1.2%) 5 (2.0%)

Note: OR: Odds ratio; RR: relative risk; “a” authors only evaluated the adverse reaction leukopenia.

3.3. Effect of Genotype on Thiopurine Efficacy

Studies indicate that males are six times more likely to experience a reduced response
to AZA compared to females. However, females have more AEs (52.6%), especially patients
over 40. Additionally, females are two to three times more likely to develop leukopenia
than younger females and males. Smokers are more susceptible to developing leukope-
nia and respond poorly to therapy [16,22,36,42]. The correlation between the expected
clinical response and the reduced response with the presence or absence of the TPMT
polymorphism in the participants of the selected studies is shown in Table 6.

Table 6. Association between clinical response and TPMT polymorphisms.

Authors (Year) TPMT Genotypes Response
OR CI 95% p-ValueReduced Expected Indeterminate

AL-Judaibi et al.
(2016) [22]

variants 2 (7.7%) 2 (12.5%)
0.583 0.074–4.615 0.628* 1/* 1 24 (92.3%) 14 (87.5%)

Ansari et al.
(2008) [23]

variants - 55 (81.0%)
<0.001* 1/* 1 - 24 (43.0%)

Coelho et al.
(2016) [1]

variants 10 (76.9%) 22 (43.1%)
0.003* 1/* 1 3 (23.1%) 28 (54.9%)

Dubinsky et al.
(2000) [26]

variants - 8 (8.7%)
* 1/* 1 15 (16.3%) 39 (42.4%)

Gazouli et al.
(2010) [3]

variants - 11 (11.3%)
* 1/* 1 3 (3.1%) 83 (85.6%)

Lee et al.
(2017) [5]

variants 45 (32.1%) 90 (64.3%)
<0.001* 1/* 1 - 5 (3.6%)

Palmieri et al.
(2007) [15]

variants 45 (10.7%) 45 (10.7%)
* 1/* 1 45 (10.7%) 304 (72.0%)

Stocco et al.
(2005) [8]

variants 2 (40.0%) 3 (60.0%)
* 1/* 1 17 (33.3%) 34 (66.7%)

Zabala-Fernández
et al. (2011) [13]

variants 8 (3.5%) 4 (1.7%) 3 (1.3%)
2.74 0.81–9.22 0.096* 1/* 1 125 (53.9%) 30 (12.9%) 62 (26.7%)

Note: OR: Odds ratio; CI: confidence interval.
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4. Discussion
4.1. TPMT Genotypes and Adverse Effects

Our review provides a comprehensive analysis of TPMT genotypes and their associa-
tion with adverse effects (AEs), unlike most previous work focused on the hematological
toxicity of thiopurines.

Most dosing guidelines for AZA in the treatment of inflammatory bowel disease
(IBD) are primarily based on studies involving Caucasian patients, where a daily dose of
2 to 3 mg/kg of AZA (Clinical Pharmacogenetics Implementation Consortium) or 1.5 to
2.5 mg/kg (European Crohn’s and Colitis Organization) is recommended for patients with
regular TPMT activity. However, applying these guidelines to other ethnicities requires
further evaluation in terms of therapeutic efficacy and toxicity. Japanese populations, for
example, have shown that lower doses of AZA are sufficient to achieve clinical efficacy
and therapeutic concentrations of 6-TGN [34,36]. In a study by Kim et al. (2010), it was
observed that only 35.3% of patients could be treated with more than 2.0 mg/kg of AZA.
Additionally, Coenen et al. (2015) reported a 40.0% discontinuation rate of thiopurine
therapy due to AEs, which is relatively high when compared to other studies [6,32].

Although AZA is cost-effective, one of the most common and potentially severe AEs
is myelosuppression, occurring in 3 to 7% of patients, leading to severe and possibly
fatal infections [9,19]. It has been shown that leukopenia is the most common form of
thiopurine-induced myelosuppression, with severe cases often emerging within the first
month of therapy, but capable of occurring at any point during treatment [2,22,34,39–41].
Approximately 37% of the patients presented leukopenia with less than three months of
treatment, 22.4% of the patients within 3 to 6 months, 13.8% within 6 to 12 months, 22.4%
at 12 to 24 months, and 14.7% after 24 months of treatment with AZA/6-MP [9,18,32]. Fur-
thermore, leukopenia can develop abruptly without any symptoms or warning signs, and
its incidence can be as high as 47% in patients on thiopurine and 5-aminosalicylate (5-ASA)
combination therapy compared to 16% in patients on thiopurine monotherapy [2,8,22,34].

Despite limited research, some studies have explored factors that can affect the activity
of TPMT, showing that the induction of the enzyme with the use of thiopurines in up to
35% of patients and its inhibition by the use of some drugs such as acetylsalicylic acid,
furosemide, and 5-ASA, mainly mesalazine and sulfasalazine, associated with thiopurines,
may increase occurrences of AEs in up to 92% of associations. Salicylic acid-based drugs are
thought to induce adverse reactions by reducing TPMT activity, raising the blood level of
6-TGN as the dose increases during the co-administration of 5-ASA [7,10,12,16,18,29,31,35].

Kim et al. (2010) pointed out that the high occurrence of bone marrow suppression
during AZA/6-MP treatment could not be solely attributed to genotyping or TPMT activity.
This suggests that myelosuppression is a multifactorial outcome, requiring further investi-
gation [32,41]. Several factors, including the influence of the therapeutic dose of AZA and
the co-administration of 5-ASA, which is commonly used to induce and maintain remission,
suggest that 5-ASA inhibits TPMT and interacts with AZA, potentially leading to increased
6-TGN levels in 82% to 100% of patients, suggesting greater therapeutic efficacy, but also a
higher risk of leukopenia [5,16,32,34,41].

In contrast to the decrease in 6-MMP levels, a statistically insignificant increase in
the levels is observed among patients undergoing 5-ASA therapy. Some studies are not
consistent with the hypothesis that this increase in 6-TGN and 6-MMP is due to TPMT
inhibition, suggesting that 5-ASA may affect AZA and 6-MP metabolism through mecha-
nisms not related to enzyme inhibition. Such inhibition of TPMT by 5-ASA medications
and their metabolites occurs in vitro but not in vivo, as the inhibitor is removed during the
washout steps of the assay [29,33,34,38]. Salicylic acid preparations are standard medica-
tions for IBD, and many patients with refractory IBD, requiring thiopurines, have likely
already undergone treatment with 5-ASA. Thus, the dose of 5-ASA is unlikely to increase
thiopurine-induced AEs significantly. However, patients with reduced TPMT activity
should have this association evaluated cautiously [18].
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Considering these findings, a likely interaction between 5-ASA and TPMT/6-TGN
needs to be considered seriously, as patients with IBD, especially with active ulcerative
colitis (UC), may be receiving high doses of 5-ASA, up to 4 g/day, and, with such a high
dose, the inhibition of TPMT and increase in the mean 6-TGN levels cannot be disregarded,
even with dose-adjusting thiopurines [12,29,38].

Several studies that relate the reduced enzymatic activity of TPMT and the occurrence
of severe AEs suggest that other factors could be involved in addition to the genetic
variability of this enzyme [3,7,8,16,33,38]. Among the studies evaluated in this review, 21
(52%) directly correlated TPMT polymorphisms with the occurrence of adverse effects,
particularly leukopenia, bone marrow toxicity, hepatotoxicity, pancreatitis, nausea, and
vomiting (Figure 2). AEs such as fever, rash, myalgia, and arthralgia, thought to be allergic
reactions, have been observed in patients able to tolerate AZA at therapeutic doses, leading
researchers to question the nature of these events, suggesting that they are related to a type
of hypersensitivity reaction, rather than TPMT pharmacogenetics [7].
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4.2. Ethnic Variations in Thiopurine Dosing and Efficacy

The authors point out that differences between reports of the occurrence of AEs
reported in studies can be explained by the racial backgrounds and the differing definitions
of the threshold values adopted by the authors. For instance, many define the occurrence
of these AEs when the leukocyte count is less than 3000/µL, neutrophils < 1500/µL, and
lymphocytes < 1000/µL; alanine aminotransferase or aspartate aminotransferase when
enzymatic activity exceeds twice the upper limit of the reference range; and for pancreatitis,
the occurrence of severe abdominal pain and the three-fold elevation of serum amylase
and/or lipase [9,13,25–27,32,41]. Another important finding is that pancreatitis has been
observed as an idiosyncratic reaction in Western populations (2.8–7.4%) [9,14].

Fangbin et al. (2012) emphasize that evaluating the TPMT genotype has been con-
sidered a promising area in identifying the metabolic profiles of patients with a higher
risk of AEs. However, there are studies reporting patients of different ethnicities who had
leukopenia and did not have the TPMT variant allele, suggesting that the TPMT poly-
morphism does not efficiently predict AZA-induced leukopenia. Furthermore, the genetic
polymorphism of TPMT differs significantly between populations [14,16,17,19].

4.3. Myelosuppression and Environmental Factors

Gazouli et al. (2010) reported that, in addition to genotype, environmental factors are
important in influencing TPMT activity and the intraindividual variability observed in pa-
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tient responses receiving thiopurines [3]. Consequently, an analysis of the TPMT genotypes
before starting treatment may be useful for predicting myelosuppression and other AEs in
IBD patients with TPMT polymorphisms, in addition to measurements of the enzyme ac-
tivity and concentration of 6-TGNs, to ensure the safe use of AZA/6-MP [3,8,13,16,24]. The
research indicates that TPMT activity varies approximately four-fold between the normal
and intermediate metabolizers and varies inversely with the 6-TGN concentrations, suggest-
ing that TPMT activity explains only 30% of the variation in the thiopurine dose, suggesting
the involvement of other factors. Additional factors such as other drug treatment, age of
red blood cells, and transfusions also influence TPMT enzyme activity [7,10,12,16,29,31,35].

Thiopurine treatment presents challenges due to the need for a dose–response re-
lationship and a lengthy delay before therapeutic efficacy becomes evident. As for a
dose–response relationship, the establishment of this profile is complicated by the genetic
polymorphism associated with the activity of the TPMT enzyme [12]. Overall, a complete
clinical response to AZA occurs in around 38% of patients, with a notable connection
between the lower neutrophil counts and the response to AZA [23]. Previous studies on
the influence of TPMT have focused on predicting toxicity in those with a TPMT deficiency
(heterozygotes and homozygotes for the TPMT variant) at a high risk of severe neutropenia
and other AEs, even at standard doses of AZA. However, high TPMT activity may also
predict a poor clinical response due to a preference for 6-MP methylation over 6-TGNs
bioactivation [13,23].

Very high TPMT activity can be a reliable predictor of a need for allopurinol co-therapy,
or an alternative immunosuppressant to be recommended to prevent severe myelotoxicity,
as allopurinol potently inhibits xanthine oxidase (XO), necessitating 25–33% of the standard
daily dose of AZA or 6-MP [3,16–18,23,34,40]. Especially in these situations, the therapeutic
monitoring of the metabolites 6-TGN and 6-MMP is an option that can help optimize
drug therapy and minimize AEs; however, it needs to be addressed. In contrast, patients
diagnosed with IBD, experiencing disease exacerbation during thiopurine maintenance, are
generally subjected to a change of therapy to biologics, with no further attempt to optimize
thiopurine dosing based on metabolite levels [4,16,34].

4.4. TPMT Genotypes, Metabolite Levels, and Clinical Response

Therapeutic monitoring is the only method to reveal non-compliance with thiopurine
therapy, playing an important role in the case of refractory IBD. Theoretically, zero or
deficient levels of 6-TGN could result from other factors such as thiopurine malabsorp-
tion, unknown enzyme defects, or enzymes with extremely high activity in the thiopurine
metabolic pathway [4,8,12]. In recent years, the concentrations of the thiopurine metabo-
lites, 6-TGN and 6-MMP, associated with a clinical response have been described by several
studies, defining a therapeutic range between 235 and 490 pmol/8 × 108 RBC. Patients
with 6-TGN levels exceeding 490 pmol/8 × 108 RBC are at an increased risk of leukocy-
topenia, whereas higher 6-MMP levels above 5700 pmol/8 × 108 RBC are associated with
hepatotoxicity [4,5,29].

An analysis comparing patients with different 6-TGN values and the occurrence of
a clinical response showed that there was a difference between the groups, where 74% of
patients with 6-TGN > 100 pmol/8 × 108 RBC showed a clinical response compared to
46% with 6- TGN < 100 pmol/8 × 108 RBC, increasing the probability of success in the
clinical response of patients by 4.6 times. These results were corroborated by other similar
studies where patients with higher levels of 6-TGN had a successful clinical response
(57.6%, 313 pmol/8 × 108 RBC versus 42.4%, 209 pmol/8 × 108 RBC) (85%, greater than
225 pmol/8 × 108 RBC vs. 17%) [5,23,25–27]. When assessing the AEs in patients with high
concentrations of 6-TGN (above 286 pmol/8 × 108 RBC), 22.6 to 30.0% had leukopenia,
corroborating the literature which states that the concentration of intraerythrocytic 6-TGN,
not the thiopurine dose, is significantly and independently associated with the therapeutic
response. Other factors were evaluated but unrelated, such as age, sex, and type of disease
(CD or UC) [5,16,25–27,29].
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If 6-TGN concentrations are used to indicate the likely therapeutic efficacy, the actual
difference in dose may be three-fold instead of two-fold, relative to intermediate metabolite
status subjects, as suggested by some investigators and guidelines; however, these may
require half the dose of patients with normal metabolizers. Thus, 6-TGN concentrations, as
a clinical point above 235 to 260 pmol/8 × 108 RBC, are associated with a three-fold more
significant likelihood of remission [28]. Although these studies did not find a correlation
between the metabolite levels and thiopurine doses resulting from differences in an inter-
individual metabolism, in clinical practice, metabolites are dosed on a dose per patient
body weight basis (AZA 2.0–3.0 mg/kg and 6-MP 1.0–1.5 mg/kg). However, patients with
leukopenia may not reach the recommended AZA dose [4,12,32,36]. Chang et al. (2019)
reported in their study that, although the duration of patient follow-up or cumulative drug
dosage did not show a statistical difference according to TPMT genotyping, patients who
underwent genotyping before starting treatment had a lower number of outpatient visits
(7.8 ± 3.2 vs. 9.0 ± 3.9) and required a lower thiopurine dosage, discontinuation, or dose
reductions (15.3% vs. 33.7%) during the study period [2].

In our review, some observed limitations included the characteristics of the published
literature available for analysis. There is a high degree of heterogeneity among the included
studies, which may be attributed to differences in the study design (clinical and randomized
cohort studies), variations in the patient populations across the reported studies, and
disparities in the definition of adverse effects. Further prospective multicenter studies
are required to elucidate disease-specific variations in polymorphisms, especially within
specific populations. Additionally, these studies can help identify new polymorphisms that
could potentially explain leukopenia in patients lacking these recognized genetic variants.

Finally, we emphasize the importance of genotyping before or during the initial phase
of treatment with thiopurines to ensure the continuity of treatment, monitor severe AEs, and
contribute to reducing the medical budget and laboratory tests, which are usually necessary.
Previous knowledge of TPMT genotyping is an important predictor of clinical response
and may significantly reduce the occurrence of myelosuppression or thiopurine-induced
leukopenia. However, genotyping before initiating thiopurine therapy cannot replace the
current practice of periodically monitoring WBC and neutrophil counts [2,7,9,13,14,17,30].

5. Conclusions

Thiopurines such as AZA and 6-MP are effective in maintaining clinical remission
in patients with IBD, but the long-term use of these drugs is associated with serious AEs,
particularly bone marrow suppression.

Monitoring the intraerythrocytic levels of 6-TGN (active metabolite) and 6-MMP
(toxic metabolite) in patients with IBD undergoing remission or maintenance therapy
allows health professionals to be able to prevent or reduce the occurrence of AEs such as
myelosuppression and other toxic effects. The quantification of AZA metabolites emerges
as a valuable clinical tool for enhancing the precision and personalization of AZA therapy
in IBD. While AZA dosing traditionally considers body weight, studies have revealed a
limited correlation between dose per weight and 6-TGN levels. Therefore, it is advisable
to routinely measure 6-TGN levels, even for patients adhering to the recommended AZA
dosage. This practice provides valuable insights into the therapeutic effectiveness of the
drug, allowing for more assertive treatment decisions and improved patient outcomes.

TPMT genotyping is also useful to suggest the most appropriate dose of thiopurines
to start the treatment and prevent myelotoxicity and other AEs in patients with IBD, being
essential to perform it at least in patients with IBD where AZA therapy is considered for
treatment. However, healthcare professionals should also monitor patients treated with
thiopurines for biochemical, hematological, and hepatic parameters to detect toxicities.



J. Clin. Med. 2023, 12, 6742 14 of 16

Author Contributions: Conceptualization, J.W.L.N., A.C.R. and J.M.F.C.; methodology, A.C.R., P.d.F.P.
and P.S.A.S.G.; writing—original draft preparation, A.C.R., J.W.L.N. and P.S.A.S.G.; writing—review
and editing, A.C.R., J.W.L.N., P.S.A.S.G., J.M.F.C. and P.d.F.P.; supervision, P.d.F.P. and J.W.L.N.;
project administration, J.W.L.N.; funding acquisition, J.W.L.N. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Brazilian Ministry of Health and the Minas Gerais Research
Foundation (FAPEMIG) (PPSUS/FAPEMIG-grant #APQ-03823-17), and the Coordination for the
Improvement of Higher Education Personnel (CAPES).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used in this study can be found in the full-text, tables
and references that were included in the systematic review and are available on request from the
corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Coelho, T.; Andreoletti, G.; Ashton, J.J.; Batra, A.; Afzal, N.A.; Gao, Y.; Williams, A.P.; Beattie, R.M.; Ennis, S. Genes implicated in

thiopurine-induced toxicity: Comparing TPMT enzyme activity with clinical phenotype and exome data in a paediatric IBD
cohort. Sci. Rep. 2016, 6, 34658. [CrossRef]

2. Chang, J.Y.; Park, S.J.; Jung, E.S.; Jung, S.-A.; Moon, C.M.; Chun, J.; Park, J.J.; Kim, E.S.; Park, Y.; Kim, T.-I.; et al. Genotype-
based Treatment With Thiopurine Reduces Incidence of Myelosuppression in Patients With Inflammatory Bowel Diseases. Clin.
Gastroenterol. Hepatol. 2020, 18, 2010–2018.e2. [CrossRef]

3. Gazouli, M.; Pachoula, I.; Panayotou, I.; Mantzaris, G.; Syriopoulou, V.P.; Goutas, N.; Vlachodimitropoulos, D.; Anagnou, N.P.;
Roma-Giannikou, E. Thiopurine S-methyltransferase genotype and the use of thiopurines in paediatric inflammatory bowel
disease Greek patients. J. Clin. Pharm. Ther. 2010, 35, 93–97. [CrossRef]

4. Gilissen, L.P.; Wong, D.R.; Engels, L.G.; Bierau, J.; Bakker, J.A.; Paulussen, A.D.; Romberg-Camps, M.J.; Stronkhorst, A.; Bus, P.;
Bos, L.P.; et al. Therapeutic drug monitoring of thiopurine metabolites in adult thiopurine tolerant IBD patients on maintenance
therapy. J. Crohn’s Colitis 2012, 6, 698–707. [CrossRef]

5. Lee, J.H.; Kim, T.J.; Kim, E.R.; Hong, S.N.; Chang, D.K.; Choi, L.-H.; Woo, H.I.; Lee, S.-Y.; Kim, Y.-H. Measurements of 6-thioguanine
nucleotide levels with TPMT and NUDT15 genotyping in patients with Crohn’s disease. PLoS ONE 2017, 12, e0188925. [CrossRef]

6. Coenen, M.J.; de Jong, D.J.; van Marrewijk, C.J.; Derijks, L.J.; Vermeulen, S.H.; Wong, D.R.; Klungel, O.H.; Verbeek, A.L.;
Hooymans, P.M.; Peters, W.H.; et al. Identification of Patients with Variants in TPMT and Dose Reduction Reduces Hematologic
Events during Thiopurine Treatment of Inflammatory Bowel Disease. Gastroenterology 2015, 149, 907–917.e7. [CrossRef] [PubMed]

7. Gearry, R.B.; Barclay, M.L.; Burt, M.J.; Collett, J.A.; Chapman, B.A.; Roberts, R.L.; Kennedy, M.A. Thiopurine S-methyltransferase
(TPMT) genotype does not predict adverse drug reactions to thiopurine drugs in patients with inflammatory bowel disease.
Aliment. Pharmacol. Ther. 2003, 18, 395–400. [CrossRef] [PubMed]

8. Stocco, G.; Martelossi, S.; Barabino, A.; Fontana, M.; Lionetti, P.; Decorti, G.; Malusà, N.; Bartoli, F.; Fezzi, M.; Giraldi, T.; et al.
TPMT genotype and the use of thiopurines in paediatric inflammatory bowel disease. Dig. Liver Dis. 2005, 37, 940–945. [CrossRef]

9. Wroblova, K.; Kolorz, M.; Batovsky, M.; Zboril, V.; Suchankova, J.; Bartos, M.; Ulicny, B.; Pav, I.; Bartosova, L. Gene Polymorphisms
Involved in Manifestation of Leucopenia, Digestive Intolerance, and Pancreatitis in Azathioprine-Treated Patients. Dig. Dis. Sci.
2012, 57, 2394–2401. [CrossRef] [PubMed]

10. Bayoumy, A.B.B.; Mulder, C.J.J.; Loganayagam, A.; Sanderson, J.D.; Anderson, S.; Boekema, P.J.; Derijks, L.J.J.; Ansari, A.R.
Relationship between Thiopurine S-Methyltransferase Genotype/Phenotype and 6-Thioguanine Nucleotide Levels in 316 Patients
With Inflammatory Bowel Disease on 6-Thioguanine. Ther. Drug Monit. 2021, 43, 617–623. [CrossRef] [PubMed]

11. Coucoutsi, C.; Emmanouil, G.; Goulielmos, G.; Sfakianaki, O.; Koutroubakis, I.E.; Kouroumalis, E.A. Prevalence of thiopurine
S-methyltransferase gene polymorphisms in patients with inflammatory bowel disease from the island of Crete, Greece. Eur. J.
Gastroenterol. Hepatol. 2017, 29, 1284–1289. [CrossRef] [PubMed]

12. Hanai, H.; Iida, T.; Takeuchi, K.; Arai, O.; Watanabe, F.; Abe, J.; Maruyama, Y.; Oohata, A.; Ikeya, K.; Kageoka, M.; et al. Thiopurine
maintenance therapy for ulcerative colitis: The clinical significance of monitoring 6-thioguanine nucleotide. Inflamm. Bowel Dis.
2010, 16, 1376–1381. [CrossRef] [PubMed]

13. Zabala-Fernández, W.; Barreiro-De Acosta, M.; Echarri, A.; Carpio, D.; Lorenzo, A.; Castro, J.; Martínez-Ares, D.; Pereira, S.;
Martin-Granizo, I.; Corton, M.; et al. A Pharmacogenetics Study of TPmT and ITPA Genes Detects a Relationship with Side
Effects and Clinical Response in Patients with Inflammatory Bowel Disease Receiving Azathioprine. J. Gastrointestin. Liver Dis.
2011, 20, 247–253. Available online: http://www.e-biometria.com/g-stat/index.html (accessed on 29 June 2023).

https://doi.org/10.1038/srep34658
https://doi.org/10.1016/j.cgh.2019.08.034
https://doi.org/10.1111/j.1365-2710.2009.01041.x
https://doi.org/10.1016/j.crohns.2011.12.003
https://doi.org/10.1371/journal.pone.0188925
https://doi.org/10.1053/j.gastro.2015.06.002
https://www.ncbi.nlm.nih.gov/pubmed/26072396
https://doi.org/10.1046/j.1365-2036.2003.01690.x
https://www.ncbi.nlm.nih.gov/pubmed/12940924
https://doi.org/10.1016/j.dld.2005.08.003
https://doi.org/10.1007/s10620-012-2163-y
https://www.ncbi.nlm.nih.gov/pubmed/22535280
https://doi.org/10.1097/FTD.0000000000000869
https://www.ncbi.nlm.nih.gov/pubmed/34521801
https://doi.org/10.1097/MEG.0000000000000947
https://www.ncbi.nlm.nih.gov/pubmed/28857898
https://doi.org/10.1002/ibd.21190
https://www.ncbi.nlm.nih.gov/pubmed/20049951
http://www.e-biometria.com/g-stat/index.html


J. Clin. Med. 2023, 12, 6742 15 of 16

14. Fangbin, Z.; Xiang, G.; Minhu, C.; Liang, D.; Feng, X.; Min, H.; Pinjin, H. Should Thiopurine Methyltransferase Genotypes and
Phenotypes be Measured Before Thiopurine Therapy in Patients with Inflammatory Bowel Disease? Ther. Drug Monit. 2012, 34,
695–701. [CrossRef]

15. Palmieri, O.; Latiano, A.; Bossa, F.; Vecchi, M.; D’incà, R.; Guagnozzi, D.; Tonelli, F.; Cucchiara, S.; Valvano, M.R.; Latiano, T.; et al.
Sequential evaluation of thiopurine methyltransferase, inosine triphosphate pyrophosphatase, and HPRT1 genes polymorphisms
to explain thiopurines’ toxicity and efficacy. Aliment. Pharmacol. Ther. 2007, 26, 737–745. [CrossRef] [PubMed]

16. Odahara, S.; Uchiyama, K.; Kubota, T.; Ito, Z.; Takami, S.; Kobayashi, H.; Saito, K.; Koido, S.; Ohkusa, T. A Prospective Study
Evaluating Metabolic Capacity of Thiopurine and Associated Adverse Reactions in Japanese Patients with Inflammatory Bowel
Disease (IBD). PLoS ONE 2015, 10, e0137798. [CrossRef]

17. Ribaldone, D.G.; Adriani, A.; Caviglia, G.P.; De Nicolò, A.; Agnesod, D.; Simiele, M.; Riganò, D.; Pellicano, R.; Canaparo, R.;
Di Perri, G.; et al. Correlation between Thiopurine S-Methyltransferase Genotype and Adverse Events in Inflammatory Bowel
Disease Patients. Medicina 2019, 55, 441. [CrossRef]

18. Uchiyama, K.; Nakamura, M.; Kubota, T.; Yamane, T.; Fujise, K.; Tajiri, H. Thiopurine S-methyltransferase and inosine triphosphate
pyrophosphohydrolase genes in Japanese patients with inflammatory bowel disease in whom adverse drug reactions were
induced by azathioprine/6-mercaptopurine treatment. J. Gastroenterol. 2009, 44, 197–203. [CrossRef]

19. He, Y.; Wang, H.-X.; Liao, C.-L.; Peng, Y.; Tao, L.-J.; Zhang, W.; Yang, H.-X. Comparison of TPMT and NUDT15 polymorphisms in
Chinese patients with inflammatory bowel disease. World J. Gastroenterol. 2018, 24, 941–948. [CrossRef]

20. Higgins, J.P.T.; Thomas, J.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.J.; Welch, V.A. Cochrane Handbook for Systematic
Reviews of Interventions version 6.3. Handbook. 2021. Available online: www.training.cochrane.org/handbook (accessed on
20 February 2023).

21. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. Syst. Rev. 2021, 10, 89.
[CrossRef]

22. Al-Judaibi, B.; Schwarz, U.I.; Huda, N.; Dresser, G.K.; Gregor, J.C.; Ponich, T.; Chande, N.; Mosli, M.; Kim, R.B. Genetic Predictors
of Azathioprine Toxicity and Clinical Response in Patients with Inflammatory Bowel Disease. J. Popul. Ther. Clin. Pharmacol. 2016,
23, e26–e36. [PubMed]

23. Ansari, A.; Arenas, M.; Greenfield, S.M.; Morris, D.; Lindsay, J.; Gilshenan, K.; Smith, M.; Lewis, C.; Marinaki, A.; Duley, J.;
et al. Prospective evaluation of the pharmacogenetics of azathioprine in the treatment of inflammatory bowel disease. Aliment.
Pharmacol. Ther. 2008, 28, 973–983. [CrossRef]

24. Ban, H.; Andoh, A.; Tanaka, A.; Tsujikawa, T.; Sasaki, M.; Saito, Y.; Fujiyama, Y. Analysis of Thiopurine S-Methyltransferase
Genotypes in Japanese Patients with Inflammatory Bowel Disease. Intern. Med. 2008, 47, 1645–1648. [CrossRef] [PubMed]

25. Dubinsky, M.C.; Yang, H.; Hassard, P.V.; Seidman, E.G.; Kam, L.Y.; Abreu, M.T.; Targan, S.R.; Vasiliauskas, E.A. 6-MP metabolite
profiles provide a biochemical explanation for 6-MP resistance in patients with inflammatory bowel disease. Gastroenterology
2002, 122, 904–915. [CrossRef] [PubMed]

26. Dubinsky, M.C.; Lamothe, S.; Yang, H.Y.; Targan, S.R.; Sinnett, D.; Théorêt, Y.; Seidman, E.G. Pharmacogenomics and metabolite
measurement for 6-mercaptopurine therapy in inflammatory bowel disease. Gastroenterology 2000, 118, 705–713. [CrossRef]

27. Fangbin, Z.; Xiang, G.; Liang, D.; Hui, L.; Xueding, W.; Baili, C.; Huichang, B.; Yinglian, X.; Peng, C.; Lizi, Z.; et al. Prospective
Evaluation of Pharmacogenomics and Metabolite Measurements upon Azathioprine Therapy in Inflammatory Bowel Disease.
Medicine 2016, 95, e3326. [CrossRef]

28. Gardiner, S.J.; Gearry, R.B.; Begg, E.J.; Zhang, M.; Barclay, M.L. Thiopurine Dose in Intermediate and Normal Metabolizers of
Thiopurine Methyltransferase May Differ Three-Fold. Clin. Gastroenterol. Hepatol. 2008, 6, 654–660. [CrossRef]

29. Hande, S.; Wilson-Rich, N.; Bousvaros, A.; Zholudev, A.; Maurer, R.; Banks, P.; Makrauer, F.; Reddy, S.; Burakoff, R.; Friedman, S.
5-Aminosalicylate therapy is associated with higher 6-thioguanine levels in adults and children with inflammatory bowel disease
in remission on 6-mercaptopurine or azathioprine. Inflamm. Bowel Dis. 2006, 12, 251–257. [CrossRef]

30. Hibi, T.; Naganuma, M.; Kitahora, T.; Kinjyo, F.; Shimoyama, T. Low-dose azathioprine is effective and safe for maintenance of
remission in patients with ulcerative colitis. J. Gastroenterol. 2003, 38, 740–746. [CrossRef]

31. Hlavaty, T.; Batovsky, M.; Balakova, D.; Pav, I.; Celec, P.; Gregus, M.; Zakuciova, M.; Hlista, M.; Horakova, M.; Desatova, B.;
et al. The impact of thiopurine-S-methyltransferase genotype on the adverse drug reactions to azathioprine in patients with
inflammatory bowel diseases. Bratisl. Med. J. 2013, 114, 199–205. [CrossRef]

32. Kim, J.H.; Cheon, J.H.; Hong, S.S.; Eun, C.S.; Byeon, J.S.; Hong, S.Y.; Kim, B.Y.; Kwon, S.H.; Kim, S.W.; Han, D.S.; et al. Influences of
Thiopurine Methyltransferase Genotype and Activity on Thiopurine-induced Leukopenia in Korean Patients with Inflammatory
Bowel Disease a Retrospective Cohort Study. J. Clin. Gastroenterol. 2010, 44, e242–e248. [CrossRef] [PubMed]

33. Lee, M.-N.; Kang, B.; Choi, S.Y.; Kim, M.J.; Woo, S.Y.; Kim, J.-W.; Choe, Y.H.; Lee, S.-Y. Impact of Genetic Polymorphisms on
6-Thioguanine Nucleotide Levels and Toxicity in Pediatric Patients with IBD Treated with Azathioprine. Inflamm. Bowel Dis. 2015,
21, 2897–2908. [CrossRef] [PubMed]

34. Lee, M.-N.; Kang, B.; Choi, S.Y.; Kim, M.J.; Woo, S.Y.; Kim, J.-W.; Choe, Y.H.; Lee, S.-Y. Relationship Between Azathioprine Dosage,
6-Thioguanine Nucleotide Levels, and Therapeutic Response in Pediatric Patients with IBD Treated with Azathioprine. Inflamm.
Bowel Dis. 2015, 21, 1054–1062. [CrossRef]

https://doi.org/10.1097/FTD.0b013e3182731925
https://doi.org/10.1111/j.1365-2036.2007.03421.x
https://www.ncbi.nlm.nih.gov/pubmed/17697207
https://doi.org/10.1371/journal.pone.0137798
https://doi.org/10.3390/medicina55080441
https://doi.org/10.1007/s00535-008-2307-1
https://doi.org/10.3748/wjg.v24.i8.941
www.training.cochrane.org/handbook
https://doi.org/10.1186/s13643-021-01626-4
https://www.ncbi.nlm.nih.gov/pubmed/26950049
https://doi.org/10.1111/j.1365-2036.2008.03788.x
https://doi.org/10.2169/internalmedicine.47.1268
https://www.ncbi.nlm.nih.gov/pubmed/18827410
https://doi.org/10.1053/gast.2002.32420
https://www.ncbi.nlm.nih.gov/pubmed/11910342
https://doi.org/10.1016/S0016-5085(00)70140-5
https://doi.org/10.1097/MD.0000000000003326
https://doi.org/10.1016/j.cgh.2008.02.032
https://doi.org/10.1097/01.MIB.0000206544.05661.9f
https://doi.org/10.1007/s00535-003-1139-2
https://doi.org/10.4149/BLL_2013_042
https://doi.org/10.1097/MCG.0b013e3181d6baf5
https://www.ncbi.nlm.nih.gov/pubmed/20308917
https://doi.org/10.1097/MIB.0000000000000570
https://www.ncbi.nlm.nih.gov/pubmed/26332308
https://doi.org/10.1097/MIB.0000000000000347


J. Clin. Med. 2023, 12, 6742 16 of 16

35. Lindqvist, M.; Hindorf, U.; Almer, S.; Söderkvist, P.; Ström, M.; Hjortswang, H.; Peterson, C. No Induction of Thiopurine
Methyltransferase during Thiopurine Treatment in Inflammatory Bowel Disease. Nucleosides Nucleotides Nucleic Acids 2006, 25,
1033–1037. [CrossRef]

36. Sheffield, L.J.; Irving, P.; Gupta, A.; Byron, K.; Macrae, F.A.; Phillimore, H.; Dronavalli, M.; Rose, R.; George, P.; Walmsley, T.; et al.
Thiopurine methyltransferase and thiopurine metabolite testing in patients with inflammatory bowel disease who are taking
thiopurine drugs. Pharmacogenomics 2009, 10, 1091–1099. [CrossRef]

37. Teml, A.; Schwab, M.; Harrer, M.; Miehsler, W.; Schaeffeler, E.; Dejaco, C.; Mantl, M.; Schneider, B.; Vogelsang, H.; Reinisch, W. A
prospective, open-label trial of 6-thioguanine in patients with ulcerative or indeterminate colitis. Scand. J. Gastroenterol. 2005, 40,
1205–1213. [CrossRef]

38. von Ahsen, N.; Armstrong, V.W.; Behrens, C.; von Tirpitz, C.; Stallmach, A.; Herfarth, H.; Stein, J.; Bias, P.; Adler, G.; Shipkova,
M.; et al. Association of Inosine Triphosphatase 94C>A and Thiopurine S-Methyltransferase Deficiency with Adverse Events and
Study Drop-Outs under Azathioprine Therapy in a Prospective Crohn Disease Study. Clin. Chem. 2005, 51, 2282–2288. [CrossRef]
[PubMed]

39. Winter, J.W.; Gaffney, D.; Shapiro, D.; Spooner, R.J.; Marinaki, A.M.; Sanderson, J.D.; Mills, P.R. Assessment of thiopurine
methyltransferase enzyme activity is superior to genotype in predicting myelosuppression following azathioprine therapy in
patients with inflammatory bowel disease. Aliment. Pharmacol. Ther. 2007, 25, 1069–1077. [CrossRef]

40. Zelinkova, Z.; Derijks, L.J.; Stokkers, P.C.; Vogels, E.W.; van Kampen, A.H.; Curvers, W.L.; Cohn, D.; van Deventer, S.J.; Hommes,
D.W. Inosine Triphosphate Pyrophosphatase and Thiopurine S-Methyltransferase Genotypes Relationship to Azathioprine-
Induced Myelosuppression. Clin. Gastroenterol. Hepatol. 2006, 4, 44–49. [CrossRef]

41. Zhu, Q.; Cao, Q. Thiopurine methyltransferase gene polymorphisms and activity in Chinese patients with inflammatory bowel
disease treated with azathioprine. Chin. Med. J. 2012, 125, 3665–3670.

42. Zhu, X.; Wang, X.; Chao, K.; Zhi, M.; Zheng, H.; Ruan, H.; Xin, S.; Ding, N.; Hu, P.; Huang, M.; et al. NUDT15 polymorphisms
are better than thiopurine S-methyltransferase as predictor of risk for thiopurine-induced leukopenia in Chinese patients with
Crohn’s disease. Aliment. Pharmacol. Ther. 2016, 44, 967–975. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/15257770600890814
https://doi.org/10.2217/pgs.09.60
https://doi.org/10.1080/00365520510023369
https://doi.org/10.1373/clinchem.2005.057158
https://www.ncbi.nlm.nih.gov/pubmed/16214825
https://doi.org/10.1111/j.1365-2036.2007.03301.x
https://doi.org/10.1016/j.cgh.2005.10.019
https://doi.org/10.1111/apt.13796
https://www.ncbi.nlm.nih.gov/pubmed/27604507

	Introduction 
	Materials and Methods 
	Research Strategies and Sources of Information 
	Selection Process 
	Assessment of Risk of Bias 

	Results 
	Selection and Characteristics of the Studies 
	Effect of Genotype on the Profile of AE to Thiopurines 
	Effect of Genotype on Thiopurine Efficacy 

	Discussion 
	TPMT Genotypes and Adverse Effects 
	Ethnic Variations in Thiopurine Dosing and Efficacy 
	Myelosuppression and Environmental Factors 
	TPMT Genotypes, Metabolite Levels, and Clinical Response 

	Conclusions 
	References

