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ABSTR AC T
Introduction
Thiopurine treatment of inflammatory bowel disease patients is often complicated by drug 
induced liver injury. There is evidence pointing towards a role for oxidative stress. The aim 
of this study was to assess whether thiopurine induced liver injury coincides with increased 
oxidative stress and whether the supplementation of N-acetylcysteine protects against it.

Methods
A randomized, open label, crossover pilot study was carried out. Adult inflammatory bowel 
disease patient with thiopurine induced liver injury were included. The study comprised four 
stages of four weeks. Patients received no additional therapy followed by N-acetylcysteine 
1200mg B.I.D., or the other way around, in addition to thiopurine treatment. The third 
and fourth stage comprised a washout period and thiopurine reintroduction period, 
respectively. Markers of oxidative stress (myeloperoxidase (MPO), malondialdehyde 
(MDA), 8-hydroxy-deoxyguanosine (8OHdG) and F2-isoprostanes) were measured in 
addition to liver tests and thiopurine metabolites. 

Results
Nine patients (8 Crohn’s disease and 1 ulcerative colitis) completed the study. There was 
no period or carry-over effect. Addition of NAC decreased MPO concentrations from a 
median of 33.6 pmol/l (range 14.4-64.2) to 24.5 pmol/l (range 8.3-36.2); p=.04. The other 
markers remained unchanged, including liver tests. Reintroduction of thiopurines led to an 
increment of F2-isoprostanes, from 101 ng/mmol (range 76-232) to 157 ng/mmol (range 
96-246); p=.04, but not of liver tests.

Conclusion
Thiopurines may increase oxidative stress and the addition of NAC seems to reduce 
oxidative stress in IBD patients with thiopurine associated liver injury. 
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OXIDATIVE STRESS IN THIOPURINE INDUCED L IVER INJURY

INTRODUC TION
Thiopurines play an important role in the treatment of inflammatory bowel disease (IBD). 
Their use is often compromised by adverse events, including drug induced liver injury 
(DILI) which is prevalent in up to 15% of IBD patients taking thiopurines1-3. In DILI, 
pharmacokinetic and pharmacogenetic properties are likely to be involved4. Although there 
is an established association between the formation of methylated by-products and the 
occurrence of thiopurine induced liver injury, the aetiology is unclear5. Evidence from animal 
models points towards a role for oxidative stress. Depletion of reduced glutathione (GSH) 
by its conjugation with azathioprine (AZA) in the formation of mercaptopurine (MP) may 
increase oxidative stress. Also, formation of radical oxygen species (ROS) which occurs upon 
activity of xanthine oxidase (XO) might contribute6-8. Several animal studies show that co-
administration of N-acetylcysteine (NAC), a precursor of cysteine and glutathione, attenuates 
oxidative stress and liver injury in both AZA as well as in methotrexate and cyclosporine-A 
induced DILI7,9,10. These findings suggest that supplementation of GSH or other antioxidant 
substances might reduce or prevent thiopurine induced DILI. Neither the role of oxidative 
stress nor the possible protective effect of NAC has been established in vivo in IBD patients 
with thiopurine induced DILI. We hypothesized that thiopurine induced DILI in IBD patients 
was associated with an increased state of oxidative stress and that co-administration of NAC 
could reduce oxidative stress and subsequently ameliorate liver test abnormalities.

MATERIAL AND METHODS
Study design and par ticipants
A prospective randomized open label study with crossover design was conducted at the VU 
University Medical Center in Amsterdam, the Netherlands. The study was approved by the 
ethical review board at the VU University Medical Center, Amsterdam, the Netherlands 
(09/056) and registered at www.trialregister.nl (NTR1833). Written informed consent was 
obtained from all the participants and good clinical and laboratory practice was applied 
throughout the study.
Patients were eligible for inclusion if they were between 18 and 70 years old, diagnosed 
with Crohn’s disease or ulcerative colitis and had developed liver test abnormalities during 
azathioprine or mercaptopurine treatment. Liver test abnormalities had to be below five 
times the upper limit of their normal range corresponding with grade 1 or 2 toxicity on the 
Common Terminology Criteria for Adverse Events version 3.011.
Exclusion criteria were the presence of any liver and biliary disease including auto-immune 
hepatitis, active viral hepatitis, liver cirrhosis, severe steatosis and steatohepatitis, primary 
sclerosing cholangitis, primary biliary cirrhosis, hepatocellular carcinoma, metastatic 
liver disease and symptomatic cholelithiasis. Additional exclusion criteria were the use of 
methotrexate or NAC within the last three months, allergy to NAC and pregnancy or lactation.
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Procedures
After eligibility patients were actively screened for exclusion criteria. Both active viral 
hepatitis (hepatitis A, B and C, Epstein-Barr virus and cytomegalovirus) and autoimmune 
hepatitis was excluded by serological testing. Moreover, all patients underwent 
ultrasonography of the liver to exclude structural liver and/or biliary diseases.
Patients who did not meet any exclusion criteria were assigned to one of the two treatment 
groups by randomisation and were invited to visit the outpatient clinic five times with an 
interval of four weeks (figure 1). 
During the first visit, which took place shortly after the screening, demographic data were 
obtained, as were data on the medical history, disease type and disease activity. Participants 
continued their thiopurine therapy and, dependent on the group they were assigned to, 
received either no additional therapy (group 1) or NAC 1200mg B.I.D. (group 2) for four 
weeks. After four weeks the second visit took place, after which the crossover took place 
and groups switched to the alternative therapy strategy for another four weeks, i.e. NAC 
1200mg B.I.D. or no additional therapy. Subsequently the treatment schedule of both 
groups remained similar: a washout period of four weeks, wherein both thiopurines and 
NAC were discontinued, was followed by the reintroduction of the thiopurines without 
NAC for another four weeks. Following the last four weeks of thiopurine reintroduction the 
last visit took place. Every visit, except for the screening visit, blood was drawn by venous 
puncture and patients were asked to hand in an instantly collected urinary sample. Patients 
were asked about possible adverse events and disease activity scores were filled in. Disease 
activity was assessed by assessment of the Harvey–Bradshaw Index (HBI) for Crohn’s 
disease and the Modified Truelove and Witts Index (MTLWI) for ulcerative colitis12,13.

Figure 1. Design of the study showing its 16 week duration with 5 visits including baseline. The washout 
period follows the crossover periods not only to washout n-acetylcysteine (NAC) use but to washout 
thiopurine exposure as well. Reintroduction of the thiopurine is commenced at week 12.
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Outcomes
The primary endpoint was a change in systemic state of oxidative stress upon NAC co-
administration, as reflected by the several biomarkers described below. Secondary 
endpoints were effects of NAC co-administration on liver tests and thiopurine metabolite 
concentrations. Also, the effect of the reintroduction of thiopurines on biomarkers of 
oxidative stress and liver tests were assessed.

Biomarkers of oxidative stress
Blood samples were collected in EDTA tubes and immediately centrifuged at 1500 g for 
10 minutes to isolate plasma. Plasma aliquots were instantly frozen in liquid nitrogen and 
stored at -80 degrees Celsius until analysis. Urine samples were instantly frozen in liquid 
nitrogen and immediately stored at -30 degrees Celsius until analysis.

Myeloperoxidase concentration in plasma

Myeloperoxidase (MPO) concentration was measured in duplicate by a sandwich ELISA 
(Mercodia, Uppsala, Sweden) and expressed in pmol/L. The intra-assay and inter-assay 
coefficient of variation were 3.9% and 5.0%, respectively.

Malondialdehyde concentration in plasma

The concentration of total (free and protein-bound) malondialdehyde (MDA) in plasma 
was determined after reaction with thiobarbituric acid and expressed in µmol/L. To 50 μL 
of plasma 25 μL of 0.2% butylated hydroxytoluene as anti-oxidant and 0.4 mL 1 mol/L 
sodium hydroxide for alkaline hydrolysis were added. The mixture was incubated at 60 
°C for 60 min in a shaking water bath. After cooling to room temperature, 1.5 mL of 1% 
potassium iodide in 10% trichloroacetic acid was added, and the mixture was placed on 
ice for 10 min and centrifuged at 1500 g for 10 min at 4 °C. To 0.5 mL of the supernatant 
0.25 mL 41.6 mmol/L thiobarbituric acid was added, and the mixture was heated at 95 
°C for 30 min. After cooling to room temperature and centrifugation (1500 g, 10 min) 50 
μL of the supernatant was injected on a symmetry C-18 column (Waters 4.6 × 100 mm, 
3.5 μm) eluted at 1 mL/min by using 70% (v/v) 25 mmol/L KH2PO4 (pH 6.8) and 30% 
(v/v) methanol. Detection of the MDA-thiobarbituric acid adduct was performed with 
fluorescence detection (excitation at 515 nm and emission at 553 nm). For quantification 
the intensities of the MDA-thiobarbituric acid peak areas were compared to standards 
constructed with tetraethoxypropane (Sigma, St. Louis, MO, USA). The intra-assay and 
inter-assay variations were 3.5% and 8.7%, respectively.

8-hydrox y-2-deox yguanosine concentration in urine

Urine samples were 10 times diluted in milliQ water. The concentrations of 8-hydroxy-2-
deoxyguanosine (8-OHdG) were determined by adding 0.5 mL of 1 nmol/L internal standard 
(15N58-OHdG, Buchem, Apeldoorn, the Netherlands) in 3.4% phosphoric acid to 0.5 mL 
of the diluted urine, and expressed in nmol/mmol. The analytes were then extracted using 
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Oasis mixed-mode anion exchange 96-wells plate (60 mg; Waters, Milford, MA, USA). Each 
well was successively washed with 1.5 mL 5% NH4OH, 1.5 mL 10% methanol and 1.5 mL 
100% methanol. The fraction containing 8-OHdG was eluted with 1 mL methanol containing 
2% (v/v) formic acid, dried under a steam of nitrogen at room temperature and dissolved in 
100 μL 5% methanol containing 0.1% (v/v) acidic acid. A volume of 12 μL was injected on a 
reverse phase HSS T3 column (1.8 μm, 2.1 × 100 mm; Waters, Milford, MA, USA). The eluate 
components were separated at a flow rate of 0.45 mL/min using a gradient of milliQ water 
and methanol containing 0.1% acetic acid and were measured on an AB Sciex API 5000 mass 
spectrometer in positive ion multiple reaction monitoring acquisition mode. To calculate 
the 8-OHdG concentration, the analyte to internal standard peak area ratio with transitions 
284.2 to 168.2 and 289.2 to 173.2, respectively, were compared with a standard curve ranging 
1.0–16.0 nmol/L 8-OHdG. Intra- and inter-assay variations were 4.1% and 5.3%, respectively.

F2 Isoprostanes concentration in urine

The concentration of urinary F2-isoprostanes was determined by LC-MS/MS and expressed 
in ng/mmol. In brief, 0.1 mL of 10 ng/mL deuterated internal standard (8iPF2α-d4; Cayman 
chemical, Ann Arbor, MI, USA) was added to 1 mL urine. The sample was then subjected to 
solid phase extraction (Oasis HLB, Waters, Milford, MA, USA) as previously described14,15. 
The eluate was taken to dryness under a stream of nitrogen at room temperature, and 
afterwards dissolved in 100 μL 10% acetonitrile of which 40 μL was injected on a reverse 
phase XTerra MS C18 column (Waters, Milford, MA, USA; 3.5 μm, 2.1 × 100 mm). Urinary 
F2-isoprostanes were quantified using a Quattro Micro (Waters) mass spectrometer. To 
calculate the F2-isoprostanes concentration, the analyte to internal standard peak area ratio 
was compared with a standard curve from 2 to 16 ng/mL (Cayman chemical, Ann Arbor, 
MI, USA). The intra-assay and inter-assay variation were 4.8% and 10.1%, respectively.

Thiopurine metabolites
Blood samples were collected in lithium heparin tubes, immediately homogenized and 
subsequently handled to isolate the RBC pallet. The RBC pallet was stored at -80 ºC for 
a maximum of 6 days until further analysis that was based on the method described by 
De Graaf et al.16. In brief, perchloric acid 70% was used for deproteinization of the RBC 
pallet; hydrolysis of 6-TGN to free 6-thioguanine (6-TG) was accomplished by incubation 
for 1 hour at 100 ºC. A reverse phase C18 column was used to separate 6-TG and 6-MMP. 
Concentrations of 6-TGN and 6-MMP were reported in pmol/8x10^8 RBC.

Liver tests
Aspartate aminotransferase (ASAT), alanine aminotransferase (ALAT), alkaline phosphatase 
(AP), gamma glutamyl transferase (GGT), all expressed in U/l, and total bilirubin expressed 
in μmol/l, were determined in heparinised blood according to standard operating procedures 
as used in daily clinical practise. Reference values were between 0 and 35 U/l for ASAT and 
ALAT, below 40 U/l for GGT, below 120 U/l for AP and below 20 μmol/l for bilirubin.
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Randomization
A computer-generated randomisation scheme was created and patients were assigned a 
number in the order of their inclusion. The investigators could allocate patients to one of 
the two treatment groups according to the randomisation code which was not blinded.

Statistical analysis
With respect to the primary study endpoint no representative sample size could be calculated 
as there are no data regarding the distribution of values of any of the biomarkers in our 
specific study population. Based on means and standard deviations of several liver tests in 
IBD patients with DILI, 30 patients were anticipated to be included to detect differences of 
0.5 SD that are significant at the 5% level with a power of 80%, considering that liver tests 
are logarithmic normal distributed. 
Non parametric tests were used for all statistical calculations due to the low number of 
participants. Prior to testing the treatment effect we tested whether there was substantial 
treatment-period effect or carry-over effect. These effects were not observed (data not 
shown). Therefore a Wilcoxon Signed Rank test was performed comparing the effect of 
combination therapy (thiopurine plus NAC) and thiopurine monotherapy. To test the effect 
of reintroduction of thiopurines again a Wilcoxon Signed Rank test was used. Al analysis 
were carried out in SPSS (v20) and a p-value of <.05 was considered statistically significant.

Figure 2. Flow chart showing the number of patients included in each part of the study.
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Table 1. Patient characteristics at baseline (n=9).

Thiopurine (n=4) Thiopurine + NAC (n=5)

Gender

Male 3 2
Female 1 3
Age (years) 51.6 (range 28.7-65.2) 58.7 (range 37.4-71.1)
Crohn’s disease 3 5
Ileum - 2
Colon 3 2
Ileum and colon - 1
Ulcerative colitis 1 -
Pancolitis 1 -
Disease activity (points) HBI 1 (range 0-5); MTLWI 0 (range -) HBI 2 (range 0-4)
Disease duration (years) 14.9 (range 1.1-34.9) 15.4 (range 7.3-30.7)
Body mass index (kg/m2) 29 (range 24-37) 27 (range 24-37)
Active smoker 1 1
Thiopurine treatment
Azathioprine - 2
Dose (mg/day) - 200 (range 150-250)
Mercaptopurine 4 3
Dose (mg/day) 100 (range 100-100) 100 (100-100)
Duration to first visit (months) 22.3 (range 13.5-38.5) 25.5 (range 3.3-180.3)
6-TGN (pmol/8x10^8 RBC) 490 (range 310-720) 530 (range 290-1170)
6-MMP (pmol/8x10^8 RBC) 12390 (range 1130-23600) 9750 (range 1690-12490)
Ratio 6-MMP/6-TGN 25 (range 2-76) 18 (range 1-33)

No clear effect was observed by the addition of NAC on liver tests except for gamma glutamyl transferase, 
the concentration of which slightly increased. Thiopurine metabolite concentrations did not change. In 
addition, blood counts and CRP did not show any significant change.

RESULTS
Between December 2009 and May 2012 eleven patients were identified as eligible for 
inclusion in the study. Two patients either refused consent or withdrew consent which 
led to the randomization of nine patients. All nine patients completed the study and were 
analysed for the primary and secondary outcomes (figure 2). 

Clinical characteristics
Nine patients with a median age of 59 years (range 29-71) were included, five of whom 
were males. Eight were having Crohn’s disease and one ulcerative colitis, seven were being 
treated with MP and two with AZA. Table 1 describes additional patient characteristics. 
There was no difference between groups with regard to disease activity.
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Figure 3. Serum myeloperoxidase (MPO) concentrations expressed in pmol/l. During thiopurine 
monotherapy the median MPO concentration was 33.6 (range 14.4-64.2) pmol/l versus 24.5 (range 8.3-36.2) 
during combination therapy of thiopurines and N-acetylcysteine; p=.04.

Figure 4. Thiopurine use results in an increase of urinary F2-isoprostanes. F2-isoprostanes concentrations 
are higher after 4 weeks of thiopurine usage (median 157 ng/mmol; range 96-246) as compared to those 
observed after a washout period of 4 weeks (median 101 ng/mmol; range 76-232); p=.04.

Adding NAC to thiopurines
The addition of NAC resulted in a statistically significant decrease in serum myeloperoxidase 
concentration (figure 3). It did not alter the concentrations of serum malondialdehyde and 
urinary 8-OHdG and F2-isoprostanes (table 2). 

Reintroduction of thiopurines
As compared to measurements after a washout period of 4 weeks, urinary F2-isoprostanes were 
increased after 4 weeks of thiopurine treatment (figure 4). The other parameters of oxidative 
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Table 2. Effect of adding NAC to thiopurine treatment.

Thiopurine Thiopurine + NAC P

Malondialdehyde (µmol/l) 5.8 (4.5-7.7) 5.8 (4.9-6.8) 1.0
Myeloperoxidase (pmol/l) 33.6 (14.4-64.4) 24.5 (8.3-36.2) .04
8-hydroxy-2-deoxyguanosine (nmol/mmol) 1.07 (0.60-1.54) 1.19 (0.48-1.72) .51
F2-isoprostanes (ng/mmol) 126 (76-285) 140 (86-234) .58
6-TGN (pmol/8x10^8 RBC) 410 (200-950) 500 (230-1160) .29
6-MMP (pmol/8x10^8 RBC) 5640 (1060-21830) 6370 (930-17840) .68
Ratio 6-MMP/6-TGN 15 (2-109) 15 (2-78) .26
ASAT (U/l) 35 ( 27-79) 39 (28-80) .91
ALAT (U/l) 55 ( 17-109) 61 (25-107) .89
Gamma GT (U/l) 31 (14-70 37 (15-85) .04
Alkaline phosphatase (U/l) 57 (42-95) 71 (39-98) .26
Bilirubin (µmol/l) 12 (8-21) 11 (9-36) .35
Haemoglobin (mmol/l) 8.8 (6.6-9.4) 8.5 (7.0-9.7) .40
Leucocyte count (x10^9/l) 4.1 (2.2-5.7) 4.5 (2.8-9.6) .29
Platelet count (x10^9/l) 248 (178-406) 264 (166-348) .53
CRP (mg/l) 3 (3-40) 3 (3-19) .89

Data are expressed as median with range.

stress did not change. As expected, both 6-TGN and 6-MMP concentrations were increased and 
leukocyte count was decreased after thiopurine reintroduction. An increase in platelet count 
was observed and CRP concentrations and alkaline phosphatase levels decreased (table 3).

Table 3. Effect of the reintroduction of thiopurines.

Washout Thiopurines P
Malondialdehyde (µmol/l) 5.7 (4.2-7.1) 5.7 (4.9-6.8) .94
Myeloperoxidase (pmol/l) 29.1 (3.1-83.4) 25.5 (12.1-45.6) .31
8-hydroxy-2-deoxyguanosine (nmol/mmol) 1.15 (0.58-2.70) 1.19 (0.73-2.02) .77
F2-isoprostanes (ng/mmol) 101 (76-232) 157 (96-246) .04
6-TGN (pmol/8x10^8 RBC) 30 (0-70) 410 (190-1000) .01
6-MMP (pmol/8x10^8 RBC) 110 (0-220) 8000 (3170-23210) .01
Ratio 6-MMP/6-TGN 1.7 (0-4) 17.7 (3-46) .07
ASAT (U/l) 34 (26-89) 34 (28-76) .91
ALAT (U/l) 50 (23-99) 52 (15-104) .51
Gamma GT (U/l) 29 (15-105) 26 (13-107) .35
Alkaline phosphatase (U/l) 75 (41-110) 68 (35-102) .03
Bilirubine (µmol/l) 8 (1-14) 11 (6-26) .17
Haemoglobin (mmol/l) 8.8 (6.8-10.0) 8.6 (7.1-10.0) .06
Leucocyte count (x10^9/l) 5.0 (4.0-8.0) 3.8 (2.7-6.2) .01
Platelet count (x10^9/l) 194 (144-289) 245 (165-364) .01
CRP (mg/l) 3.1 (3.0-14.0) 2.5 (2.5-12.0) .04

Data are expressed as median with range.
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Adverse events and disease activity
Mild adverse events, which did not alter medical treatment, occurred in five patients and 
consisted of headache (n=3), nausea (n=2) and dysgeusia (n=1). Apart from one, these 
adverse events occurred following the period of thiopurine monotherapy or after the 
washout period, thus were judged not be related to administration of NAC. Disease activity 
did not change as a result of addition of NAC.

DISCUSSION
In this randomized, open label, crossover study we searched for a protective effect of 
NAC in IBD patients who were being treated with thiopurines and had developed liver 
test abnormalities. In addition, the study was designed to obtain in vivo evidence for an 
increased state of oxidative stress upon thiopurine treatment in this specific group of 
patients. The main findings were that the addition of NAC resulted in a decrease of plasma 
myeloperoxidase concentrations, underlining the potential of NAC to reduce the amount 
of free radicals. Changes of the other parameters of oxidative stress were not observed. In 
addition, we found that reintroduction of thiopurines increased urinary F2-isoprostanes 
in this specific group of patients. Addition of NAC resulted in a statistically significant but 
clinically meaningless increase of gamma glutamyl transferase. The other liver tests did not 
change. The reintroduction of thiopurines neither induced nor worsened liver tests.
There are several limitations to this study that need to be addressed to help interpreting the 
outcomes. First of all, the size of the study is small, potentially introducing selection bias. 
Identification of Grade I-II hepatotoxicity proved to be burdensome, whereas higher grades 
of hepatotoxicity were likely to be treated with combination therapy with allopurinol or 
tioguanine. Secondly, the median duration of thiopurine treatment before inclusion was around 
2 years, which is a fairly long period for DILI. Theoretically, we would expect the thiopurine 
and oxidative stress related DILI to occur shortly after commencing treatment. Another 
limitation lies in the obesity of the participants, being a potential confounder. With a BMI 
between 24 and 37, liver test abnormalities might not be from thiopurine toxicity but related 
to fatty liver disease, even though extensive steatosis was not observed by ultrasonography. As 
opposed to the washout period which was implemented before reintroduction of thiopurine 
monotherapy, there was no washout period between the crossover periods. However, as no 
carry-over effect was observed this seems an acceptable limitation.
Although we did not observe a clinically significant improvement of liver test abnormalities, 
we believe that our findings do acknowledge that thiopurine use results in an increased state of 
oxidative stress and that supplementation of NAC as a precursor of GSH may counterbalance 
this effect. There is evidence that IBD itself, whether active or in remission, is associated with an 
increased state of oxidative stress as reflected by increased concentrations of malondialdehyde, 
8-OHdG and F2-isoprostanes17,18. Animal and in vitro studies show that azathioprine (AZA) 
induced DILI is accompanied by intracellular GSH depletion, ATP depletion, mitochondrial 
injury and eventually necrosis6,7. It is this GSH depletion that is thought to predispose to 
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oxidative stress leading to enhanced lipid peroxidation with higher myeloperoxidase (MPO) 
and malondialdehyde (MDA) levels and decreased activity of endogenous liver antioxidants 
such as catalase (CAT) and superoxide dismutase (SOD)9,10. GSH depletion may be a result of 
the conjugation of GSH with AZA. Reactive oxygen species (ROS) that are generated during XO 
mediated conversions may reduce GSH concentrations as well.
The salvage pathway of MP involves the production of several metabolites including the main 
active immunosuppressive metabolites 6-thioguanine nucleotides (6-TGN), the inactive 
6-thiouric acid (mediated by XO) and the methylated metabolites 6-methylmercaptopurine 
ribonucleotides (6-MMP). These methylated metabolites are a product of thiopurine S-methyl 
transferase (TPMT) activity and are associated with DILI as well4. In this study the median 
6-MMP concentrations observed at different time points were quite high as compared to 
6-TGN, resulting in high 6-MMP/6-TGN ratios. Such a way of thiopurine metabolism has been 
coined “skewed” or “ultramethylated”. It is this group of patients that is known to benefit from 
the addition of allopurinol to a low dosage of thiopurines19,20. As allopurinol is a known XO 
inhibitor and a radical scavenger, there might be a role for oxidatiZve stress. It would therefore 
be of particular interest to perform a study like this one with allopurinol instead of NAC.
In conclusion, we observed indications that thiopurine treatment enhances systemic 
oxidative stress, at least in IBD patients who develop liver test abnormalities upon treatment. 
Moreover, addition of NAC to thiopurine treatment limited oxidative stress, although a 
beneficial hepatoprotective effect could not be observed. Further studies regarding the role 
of oxidative stress in thiopurine associated toxicity seem warranted.
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