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As the principal representatives of thiopurines, 6-mercaptopurine (6MP) and its prodrug azathioprine (AZA) are

primary immunomodulating agents. They are used for example to manage inflammatory bowel diseases (IBD),

including ulcerative colitis (UC) and Crohn’s disease (CD), chronic inflammatory disorders of the gastrointestinal

tract. Thiopurines were used to treat CD in the late 1960s and they are currently applied in around 60% of IBD

patients.
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1. Metabolism of Thiopurine Drugs

Thiopurines undergo a complex metabolism, resulting in the formation of 6-thioguanine nucleotides (6TGN), the

primary active therapeutic metabolite. Both azathioprine (AZA) and 6-mercaptopurine (6MP) , as prodrugs,

undergo intracellular activation through a complex process, including the following enzymes: thiopurine

methyltransferase (TPMT), xanthine oxidase/dehydrogenase (XOD), and hypoxanthine phosphoribosyltransferase

(HPRT), forming three competitive pathways. In the first step, AZA is converted in the liver into 6MP, although only

partly, by the enzyme glutathione S-transferase (GST), and evidence shows that it is also a non-enzymatic process

. Nevertheless, it is known that reduced activity of GST caused by mutations leads to reduced sensitivity to AZA

in patients due to a lower concentration of active metabolites . On the other hand, high activity of GST correlates

with an increased risk of adverse effects and leukopenia during treatment with thiopurine drugs .

TPMT is responsible for the formation of inactive metabolites, 6-methylmercaptopurine (6MMP) and 6-

methylmercaptopurine ribonucleotide (6MMPR), further converted to 6TGN by guanosine monophosphate

synthetase (GMPS). However, it is worth noting that over 80% thiopurine-induced hepatotoxicity are due to a high

concentration of 6-MMPR in one week after treatment initiation. In addition, elevated 6-MMPR levels can contribute

to the explanation of gastrointestinal intolerance and general malaise, the most common limiting adverse events of

thiopurines . There is evidence that hepatotoxicity also correlates with elevated 6-MMP levels . TPMT

constitutes a crucial enzyme regulating the biotransformation of thiopurines. The genetic polymorphism influencing

TPMT enzyme activity may result in a clinical response and possible myelotoxicity among IBD patients . High

enzymatic activity of TPMT leads to a low therapeutic 6TGN level . At the same time, patients with low activity

of TPMT are susceptible to the myelotoxicity of thiopurine therapy.
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HPRT enzyme catalyzes the conversion of 6MP to 6-thioinosine monophosphate (6TIMP), which is then

metabolized directly into active 6TGN using an inosine monophosphate dehydrogenase (IMPDH) or TPMT and

GMPS pathway . Xanthine oxidase/dehydrogenase (XOD), known as the cytoplasmic enzyme, is involved in

the liver and intestinal degradation of endogenous and exogenous substrates such as thiopurine. XOD metabolizes

an integral part of 6MP into inactive 6-thiouric acid (6TUA). The activity of XOD is also regulated by different single

nucleotide polymorphisms located in the gene coding for this enzyme and may explain inter-individual variations in

enzyme activity. Poor XOD metabolizers have an increased risk of thiopurine adverse effects, whereas rapid

metabolizers are the group with an increased risk of thiopurine therapy failure . A recent significant discovery

regarding the metabolic pathway of thiopurine drugs is the enzyme NUDT15, which catalyzes the hydrolysis of 6-

thioguanosine triphosphate (6TGTP) to 6-thioguanosine monophosphate (6TGMP) . In 54 Japanese IBD

patients (27 UC, 27 CD) showed that a NUDT15 mutation leading to increased deoksythioguanosine (dTG) of

DNA-incorporated may be responsible for thiopurine-induced leukopenia through cell apoptosis .

2. Cytotoxic Properties and the Mechanism of Action of
Thiopurines

Like immunosuppressants, the general action of thiopurines is based on the inactivation of the critical T-cell

processes that lead to inflammation. However, the exact mechanism and effect of thiopurines is not yet fully

understood, and their cytotoxicity is determined by a combination of different factors.

2.1. Induction of Cell Apoptosis

One of the primary therapeutic metabolites, 6TGN (more specifically 6-thioguanine triphosphate, 6TGTP), binds to

Ras-related C3 botulinum toxin substrate 1 (Rac1) as a competitive antagonist, an intracellular enzyme, small

GTPase, involved in the activation of the inflammatory cascade (including NF-κB and STAT-3 pathways), and

finally stimulates apoptosis of gut T cells . Essentially, AZA converts a costimulatory signal into an apoptotic

signal through this binding process. However, the affinity of 6TGTP to Rac1 is lower than that of its standard

binding partner GTP. This can explain the delayed onset of the clinical activity of AZA .

Furthermore, it is a known mechanism of apoptosis induction by thiopurines via a mitochondrial pathway.

Incorporating TG into mitochondrial DNA (mtDNA) causes accumulation of oxidized TG, which inhibits transcription

and translation, and finally results in loss of mitochondrial function. It is speculated that this mechanism influences

toxicity and myopathy induced by thiopurines .

2.2. Inhibition of DNA Replication and RNA Transcription

There is evidence that deoxythioguanosine triphosphate (TdGTP), formed by ribonucleotide reductase from active

metabolite 6TGTP during the biotransformation pathway, may be incorporated into DNA. TdGTP is a suitable

substrate for DNA polymerases. Studies have shown that the incorporation frequency into the leukocyte DNA of

patients undergoing treatment with MP varies between 1:32000 and 1:4000 thioguanine (TG) bases per guanine
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base . In contrast, methylation of TG-thymine base pairs causes errors in the process of replication and

transcription, also disrupting the DNA mismatch repair system, which results in DNA strand breaks, thus

contributing to the thiopurine-mediated cytotoxicity effect. The studies also revealed that reactive oxygen

generation and cell death are a consequence of TG incorporation into DNA .

During the incorporation of appropriate nucleotides into DNA, a particular role is played by the enzyme nudix

hydrolase (nucleoside diphosphate-linked moiety X)-type motif 15 (NUDT15), which removes the wrong

nucleotides from a cellular pole. NUDT15 can hydrolyze both TGTP and TdGTP. In vitro research has shown that

NUDT15 knockdown results in significantly higher TGTP, TdGTP, and TG levels in DNA relative to controls .

Therefore, its role in the acute hematopoietic toxicity caused by thiopurine therapy has been proven.

2.3. Inhibition of De Novo Purine Synthesis

Thiopurines interfere with the synthesis of nucleic acids in dividing cells, acting mainly in the S phase.

Mercaptopurine competes with hypoxanthine and guanine for hypoxanthine-guanyl phosphoribosyltransferase and

is converted to thioinosine monophosphate (TIMP). This intracellular metabolite of mercaptopurine inhibits many

reactions related to the metabolism of inosinic acid. S-methylation of TIMP with the participation of thiopurine S-

methyltransferase (TPMT) leads to methylthioinosine monophosphate (MTIMP) formation. Both TIMP and MTIMP

inhibit glutamine-5-phosphoribosyl pyrophosphate amidotransferase, the first enzyme in de novo synthesis of

purine ribonucleotides .

Thiopurine metabolites vary in cytotoxicity, with methylthioinosine-mono-phosphate and thioguanosine-tri-

phosphate being the most toxic and the methyl-thioguanosine nucleotides the least. Recent in vitro studies

revealed that the most significant impact on cytotoxic properties of this group of drugs come from MTIMP and TG

incorporation into DNA together as combined factors disturbing GTP signaling pathways .

3. Pharmacological Aspects and Clinical Characteristics of
IBD Patients Treated with Thiopurines

Thiopurines are used as immunosuppressive drugs in both CD and UC. Guidelines for their application are set out

in the European Crohn’s and Colitis Organisation (ECCO) Consensus .

3.1. Thiopurines in Crohn’s Disease (CD) Treatment

Experts suggest that thiopurines should not be used alone to induce remission in CD. Based on the available

studies, the benefit of AZA monotherapy is not greater than that of a placebo . However, the combination of

thiopurines with infliximab (IFX) is recommended to induce remission in moderate to severe CD patients who have

had an inadequate response to a conventional therapy and have not used AZA to date. Biologic and

Immunomodulator Naive Patients in Crohn’s Disease (SONIC), which compared the efficacy of IFX monotherapy

with IFX in combination with AZA in patients who failed to respond to glucocorticoid therapy, showed that
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combination therapy had higher rates of clinical remission and mucosal remission at week 26 compared with IFX

monotherapy (RR: 1.64; 95% CI: 1.07–2.53) (RR: 1.82; 95% CI: 1.01–3.26) . However, in clinical practice,

where the patient uses thiopurines more often and the expected effect of maintaining remission is not achieved,

which is recognized as an insufficient response to thiopurines. There are no reports that the combined therapy of

thiopurines with IFX would be of benefit in achieving clinical remission in this group of patients, but doing so may

be helpful in reducing IFX immunity. Naturally, it cannot forget about the immunogenicity of biological drugs.

Therefore, in this aspect, the combined therapy should be considered by doctors individually for each patient .

Thiopurines have an undeniable and essential place in Crohn’s disease (CD) and are used to maintain remission in

patients with a steroid-dependent form of the disease. Four hundred and eighty-nine patients were analyzed in the

large meta-analysis of six studies. The advantage of AZA was demonstrated over the placebo in this group of

patients (RR: 1.19; 95% CI: 1.05–1.34) . However, it is not recommended to include thiopurines in all patients

with newly diagnosed CD to maintain remission. It was suggested that an early introduction of these drugs may

contribute to the favorable course of the disease. However, conducted research has failed to confirm this thesis. It

was described by Panés et al., patients with a recent diagnosis of CD (<8 weeks) were randomized to two groups,

one receiving a placebo and the other treated with AZA. At 76 weeks of therapy, no statistically significant

differences were observed in the maintenance of disease remission between the two groups. The frequency of

relapses and the need for glucocorticosteroids in both groups were comparable. Severe adverse effects occurred

in 14 patients (20.6%) in the AZA group and 7 (11.1%) in the placebo group . Its continuation is recommended in

patients treated with thiopurines in long-term remission during thiopurine maintenance therapy. It is believed that

there is a greater risk of the disease returning when treatment is discontinued .

3.2. Thiopurines in Ulcerative Colitis (UC) Treatment

In patients with steroid-dependent UC, thiopurine or IFX combined with thiopurine is also recommended. It was

conducted by Ardizzone et al. showed that patients receiving prednisone at a dose of 40 mg/day and AZA at a

quantity of 2 mg kg/day achieved significantly more steroid-free remission compared to the group receiving

prednisone and 5-ASA 3.2 g per day (53% vs. 21%) . Similarly, later research demonstrated an increase in

remission without corticosteroids in UC patients treated with combination therapy after 16 weeks (39.7% vs. 22.1%,

p = 0.017) . Patients with UC display the same resistance to thiopurines as CD individuals. It is recommended to

use biological therapy and, if IFX is used, it should be in combination with a thiopurine. Another indication for using

thiopurines in mild to moderate UC would be patients who experience frequent relapses using mesalazine or

steroids. Retrospective studies indicated that the remission rate in patients treated with AZA was 58% and

increased to 87% after six months of dosing . In patients with severe relapsing disease responding to steroids,

cyclosporine, IFX with thiopurine should be considered for use in maintaining remission. In a retrospection analysis

of 622 patients with CD and UC, the remission rate after six months of AZA use was 64% and 87%, respectively.

After discontinuation of AZA, the proportion of patients remaining in remission after 1, 3, and 5 years was 0.63,

0.44, and 0.35, respectively. The duration of AZA treatment did not affect the relapse rate after treatment was

discontinued .
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3.3. Combination Therapy of Thiopurines and Infliximab in IBD

Clinical practice and research show that the combination of IFX and thiopurines is more effective in inducing

remission in CD and UC than monotherapy with both agents. Data on other varieties of other biologics and

thiopurines are either missing or contradictory . The results of combined IFX-thiopurines therapy can be

explained by the best-documented theory of reducing the risk of immunogenicity, which decreases the production

of anti-IFX antibodies. This effect is related to greater availability of the drug and thus a far better response to

therapy . Anti-IFX formation was observed as early as 18 days after the initiation of treatment. Therefore, to limit

their use, thiopurines should be administered as soon as possible .

3.4. Safety and Adverse Effects of Thiopurine Treatment

When deciding to use AZA for IBD treatment, it should always consider its long-term safety. Data from

observational population studies suggest caution and regular monitoring, especially for the risk of skin non-

melanoma neoplasms and lymphomas in patients exposed to long-term treatment with thiopurines . Adverse

effects were reported in 9.0% (22/245) of patients treated with thiopurines vs. 2.9% (9/311) in those treated with a

placebo . Inappropriate therapeutic levels of 6TGN may trigger toxicity at distinct levels, including hepatotoxicity,

myleosupression, pancreatitis, or gastrointestinal intolerance  (Figure 1).
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Figure 2. Adverse effects of thiopurine therapy in IBD patients.

The most commonly observed dose-dependent adverse reaction is myelosuppression, primarily manifested as

leukopenia, which occurs in up to 20% of IBD patients due to TPMT gene polymorphism . Thiopurines are also

associated with myelosuppression, regardless of TPMT activity. Research has demonstrated that it can occur even

many months after the initiation of the therapy, also in patients with normal TPMT phenotype . Myelosuppression

is the most severe hematological adverse drug reaction, leading to discontinuation of the treatment . Thiopurines

can also induce liver dysfunction by methylated intermediate metabolites, manifested as elevated liver enzymes,

hepatitis, or hepatic veno-occlusive disease. Thiopurine-induced pancreatitis is another adverse effect of unknown

origin, which occurs in less than 5% of patients treated with AZA or 6MP, mainly in the first month of treatment .

The most common reasons for thiopurine discontinuation are gastrointestinal disturbances such as nausea,

vomiting and abdominal pain .

Much attention is paid to the adverse effects of combination therapy in IBD patients. Treatment with both IFX and

thiopurines is known to generate specific adverse effects. Particular concerns stem from the risk of infection and

cancer formation. Data on the safety of this form of treatment come mainly from a pooled post hoc analysis of drug
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registration trials, dedicated trials on combination therapy, and registries. It has been shown that patients treated

with IFX in combination with immunosuppressants have a higher incidence of infections (120.07 (95% CI 110.66,

130.08)/100 patient-years vs. 92.47 (84.54, 100.94)/100 patient-years). Patients with CD treated with

immunosuppressants had a higher incidence of malignancies compared to the absence of immunosuppression

treatment (1.84 (0.22, 6.66)/100 patient-years vs. 0.00 (0.00, 0.00)/100 patient-years) .

Clinical registries are beneficial in assessing the safety of drugs. Firstly, they cover a larger group of patients

compared to randomized trials. Secondly, they represent real clinical practice. The Crohn’s Therapy, Resource,

Evaluation, and Assessment Tool (TREAT ) was designed to assess the safety of drugs in CD. This registry

included 6273 patients. The median follow-up was six years. It showed that the use of immunosuppressants as

monotherapy (OR 4.19; 95% CI 0.58–30.37; p = 0.16) or in combination with IFX (OR 3.33; 95% CI 0.46–24.06; p

= 0.23) was associated with a numerically greater risk of malignancy than treatment with IFX alone (OR 1.96; 95%

CI 0.23–17.02), although it was not statistically significant (p = 0.54) . Similar results were obtained in other

long-term studies of adalimumab (ADM) safety in CD . The PYRAMID registry showed that ADM monotherapy

vs.combination therapy showed a marked difference in the incidence of malignancies. In addition, there was a

significant difference in the incidence of serious infections between ADM monotherapy and combination therapy

(9.6 vs. 12.7%, p = 0.007) . Limited data are available on the safety of combining immunosuppressants with

vedolizumab. However, based on available investigations, no combination therapy was shown to lead to an

increase in adverse effects . Moreover, combined therapy and thiopurine monotherapy resulted in a significantly

higher proportion of patients with severe COVID-19 compared to TNF-antagonist monotherapy (8.8% and 9.2% vs.

2.2%, respectively, p < 0.001). The comparative analysis of TNF-antagonist monotherapy, combination therapy

(adjusted OR 4.01, 95% CI 1.65–9.78), and thiopurine monotherapy (adjusted OR 4.08, 95% CI 1.73–9.61)

showed a significantly increased risk of severe COVID-19 .

In summary, the combination of AZA with anti-TNF antibodies increases the effectiveness of the therapy. In patients

who start therapy with IFX, combination therapy is recommended for about a year. During this treatment, doses of

immunosuppressants should be lower than in monotherapy. In patients who discontinue biological treatment, it

seems advisable to continue treatment with AZA. However, the potential risk of adverse effects should be

assessed.

3.5. Thiopurine Cytotoxicity and Pregnancy in IBD

The safety of thiopurines in pregnancy has long been a controversial topic. There has long been evidence that both

AZA, 6MP, and TG and their metabolites pass through the placenta to the fetus . At the same time, a significant

and positive correlation between infant and maternal 6TGN level at delivery was demonstrated. The last data

including 40 pregnant IBD patients on thiopurines revealed that at delivery, the median 6TGN level was lower in

infants than mothers in a ratio of 0.4:1 (78.5 vs. 217 pmol/8 × 108 RBCs, p < 0.001) .

The current state of knowledge shows that conventional thiopurine exposure throughout conception and pregnancy

is considered safe and is not associated with a higher risk of preterm birth or congenital disorders . Recently,
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Mahadevan et al., basing their analysis on prospective multicenter studies among 1490 completed pregnancies,

demonstrated that thiopurines, anti-TNF drugs, or combination therapy during pregnancy were not associated with

increased adverse maternal or fetal outcomes at birth or in the first year of life. Moreover, the data obtained confirm

the impact of higher disease activity on adverse effects (spontaneous abortion, hazard ratio 3.41, 95% CI 1.51–

7.69; and preterm birth with increased infant infection, OR 1.73, 95% CI 1.19–2.51) . Therefore, clinical

remission in IBD patients for at least a couple of months before conception and during pregnancy is significant to

reduce the risk of spontaneous abortion and premature birth, and to promote reaching a healthy weight .

Nevertheless, in patients with IBD who are planning a pregnancy, particular attention should be paid to the level of

metabolites of thiopurine drugs in the red blood cells (RBCs) and to the use of the available pharmacogenetic tools,

for example, determination of TPMT and NUDT15 gene alleles .

3.6. Solutions to Cytotoxicity and Resistance to Thiopurines

In IBD patients, resistance to thiopurines and potent therapy cytotoxicity can be overcome by using a split dose of

AZA or mercaptopurine ( for example, 50 mg twice a day instead of 100 mg once daily) calculated using the

conventional weight-based dosing approach (AZA 2–2.5 mg/kg, 6MP 1–1.5 mg/kg). This solution was first

described in 2012. On the one hand, it reduces 6-MMP metabolites and on the other, it maintains 6TGN levels,

serving as an effective strategy to preserve immunomodulator therapy in IBD patients who have a preference for 6-

MMP metabolism .

Another strategy is a combination of AZA or 6MP with allopurinol, an inhibitor of the XDH enzyme that saturates or

reduces the TPMT methylation capacity (Figure 2). Several studies demonstrated a significant reduction in 6-MMP

and an increase in the 6TGN level and clinical remission and mucosal healing of therapy in nearly half of IBD

patients intolerant to conventional thiopurine therapy. However, numerous opportunistic infections occurred 

. At present, the effects of allopurinol on the thiopurine metabolic pathway itself are still unknown. There are

some hypotheses that this drug may damage HPRT or play a role in the methylation of thiopurines .
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Figure 2. Scheme of the thiopurine biotransformation pathway. Explanation of abbreviations: AZA—azathioprine;

GST—glutathione S-transferase; 6MP—6-mercaptopurine; XOD—xanthine oxidase/dehydrogenase; 6TUA—6-

thiouric acid; TPMT—thiopurine methyltransferase; 6MMP—6-methylmercaptopurine; HPRT—hypoxanthine

phosphoribosyltransferase; 6TIMP—6-thioinosine monophosphate; IMPDH—inosine monophosphate

dehydrogenase; 6MMPR—6-methylmercaptopurine ribonucleotide; GMPS—guanosine monophosphate

synthetase; 6TGN—6-thioguanine nucleotides; 6TGMP—6-thioguanosine monophosphate; 6TGDP—6-thio-

guanosine diphosphate; 6TdGMP—6-thio-deoxyguanosine monophosphate; 6TdGDP—6-thiodeoxyguanosine

diphosphate; 6TdGTP—6-thio-deoxyguanosine triphosphate; 6TGTP—6-thioguanosine triphosphate; NUDT15—

nudix hydrolase motif 15.

In addition, a thiopurine alternative to common AZA and 6MP is also TG, which transformation pathway (to

therapeutic TGN) is much shorter and has reduced cytotoxic potential. The conversion of TG to TGN requires only

the participation of HGPRT, without ITPase, in contrast to the AZA and 6MP biotransformation (Figure 2 and

Figure 3).
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Figure 3. 6-thioguanine (6TG) biotransformation pathway. Explanation of abbreviations: 6TG—6-thioguanine;

TPMT—thiopurine S-methyltransferase; 6TUA—6-thiouric acid; HPRT—hypoxanthine phosphoribosyltransferase;

6TGN—6-thioguanine nucleotides; XOD—xanthine oxidase/dehydrogenase; 6MTG—6-methyl thioguanine.

Treatment with 6TG is approved by the European Medicines Agency and the US Food and Drug Administration as

an alternative to conventional thiopurine therapy in treating acute nonlymphocytic leukemia and acute

lymphoblastic leukemia . However, this therapeutic approach is not quoted in the IBD international guidelines.

6TG use has been restricted in IBD due to its association with the subsequent development of nodular

regenerative hyperplasia of the liver and portal hypertension. However, this complication was observed in patients

receiving high doses of 6TG, of up to 100 mg/day .  On the long-term safety of 6TG therapy in 274 IBD patients,

who previously failed therapy with conventional thiopurines, demonstrated a therapeutic effect in 51%, and good

toleration as a maintenance treatment for IBD in about 70% of patients . In contrast to AZA and 6MP, the dose of

6TG does not depend on the patient’s weight and it amounts to that administered in a daily portion (20 mg/day). It

was often indicated adverse events, but these were mainly mild or moderate. Therefore, 6TG in small doses is

proposed as an effective therapy for IBD patients with a target threshold concentration of 6TGN ≥ 700 pmol/8 ×

108 RBC .
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