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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Up to 30% of inflammatory bowel disease

patients treated with the thiopurine drugs
azathioprine and 6-mercaptopurine do not
respond properly to therapy.

• Genetic variation in the polymorphic enzyme
thiopurine S-methyltransferase (TPMT) is
associated with adverse events if patients are
treated with standard doses.

• However, not all adverse events or metabolite
patterns can be explained by genetic variations
in TPMT, therefore we investigated the role of
another thiopurine-metabolizing enzyme,
inosine-5′-monophosphate dehydrogenase
(IMPDH).

WHAT THIS STUDY ADDS
• There was a negative correlation of

mononuclear cell (MNC) IMPDH activity with
red blood cell (RBC) 6-methylthioinosine
5′-monophosphate, but not with RBC
6-thioguanine nucleotide (6-TGN).

• The results indicate either that measuring
thiopurine metabolites in RBC, as is the current
practice in clinical monitoring, is not an
appropriate surrogate compartment for MNC
metabolite concentrations, or that IMPDH in
MNC is not as important a rate-limiting enzyme
in the interconversion of thioinosine
monophosphate to 6-TGN as has been
hypothesized.

• All metabolite concentrations and enzymatic
activities should preferably be measured in the
same compartment.

AIMS
Azathioprine and 6-mercaptopurine are steroid-sparing drugs used in
inflammatory bowel disease (IBD). The polymorphic enzyme thiopurine
S-methyltransferase (TPMT) is of importance for thiopurine metabolism
and occurrence of adverse events. The role of other thiopurine-
metabolizing enzymes is less well known. This study investigated the
role of inosine-5′-monophosphate dehydrogenase (IMPDH), which is a
key enzyme in the de novo synthesis of guanine nucleotides and also
strategically positioned in the metabolic pathway of thiopurines.

METHODS
IMPDH was measured in 100 healthy blood donors. IMPDH, TPMT and
metabolite concentrations were studied in 50 patients with IBD on
stable thiopurine therapy. IMPDH activity was measured in peripheral
blood mononuclear cells. TPMT activity, 6-methylthioinosine
5′-monophosphate (meTIMP) and 6-thioguanine nucleotide (6-TGN)
concentrations were measured in red blod cells, which is the current
practice in clinical monitoring of thiopurines. Enzyme activities were
related to metabolite concentrations and clinical characteristics.

RESULTS
A wide range of IMPDH activity was observed both in healthy blood
donors (median 13.1, range 4.7–24.2 nmol mg-1 protein h-1) and IBD
patients (median 14.0, range 7.0–21.7). There was a negative correlation
between IMPDH activity and dose-normalized meTIMP concentrations
(rs = -0.31, P = 0.03), but no evident correlation to 6-TGN concentration
or the meTIMP/6-TGN ratio. There were no significant correlations
between TPMT activity and metabolite concentrations.

CONCLUSION
Even though the meTIMP concentrations correlated inversely to the
IMPDH activity, the role of IMPDH in balancing the formation of
methylated and phosphorylated metabolites was not evident. Taken
together, the results give cause to question established opinions about
thiopurine metabolism.
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Treatment of inflammatory bowel disease (IBD) is currently
based on aminosalicylates, corticosteroids, immunosup-
pressives, biologicals, antibiotics, nutritional support and
surgery [1–4]. These therapies are limited by side-effects
and may be inefficient in up to 30% of patients [5]. Steroid-
refractory and steroid-dependent patients are at great risk
of extensive bowel resections,even though surgery cannot
cure IBD. These patients are qualified for more extensive
immunosuppression and the most successful treatment so
far has been thiopurine treatment with azathioprine (AZA)
or 6-mercaptopurine (6-MP).

The thiopurines are subject to extensive metabolism
with both activating and inactivating pathways. The drugs
are activated intracellularly by hypoxanthine guanine
phosphoribosyltransferase (HPRT1, EC 2.4.2.8). Phosphory-
lation to thioguanine nucleotides (6-TGN) and incorpora-
tion of 6-TGN in DNA has traditionally been regarded as
the most important immunosuppressive mechanism [6,
7]. Competing pathways to 6-TGN formation are methyla-
tion regulated by the polymorphic enzyme thiopurine
S-methyltransferase (TPMT, EC 2.1.1.67), and oxidation
to thiouric acid by xanthine oxidase (EC 1.1.3.22) [6]. Both
6-MP and AZA also mediate their effects through inhibi-
tion of de novo purine biosynthesis by methylated
metabolites (6-methylthioinsoine 5′-monophosphate,
meTIMP) [8–11]. Recently, it has also been suggested that
thioguanine-triphosphate (thio-GTP) interferes with the
Rac1-Vav activation of guanosine 5′-diphosphate (GDP),
promoting apoptosis [12], and that the drugs selectively
inhibit the expression of inflammatory genes in activated
T lymphocytes [13]. Studies have implicated the inosine
triphosphate pyrophosphatase (ITPA, EC 3.6.1.19) 94C→A
polymorphism in the development of adverse events of
thiopurine drugs, such as rash, flu-like symptoms, pancre-
atitis and also leukopenia, but with divergent results
[14–17].

The relevance of thiopurine-metabolizing enzymes
other than TPMT to the clinical effects of these drugs has
not been extensively evaluated.

Inosine 5′-monophosphate dehydrogenase (IMPDH, EC
1.1.1.205) is a key enzyme in the de novo synthesis of
guanine nucleotides and is positioned at the branch point
between adenine and guanine biosynthesis. IMPDH has
the lowest activity of the purine enzymes [18, 19]. It is also
strategically positioned in the metabolic pathway of thi-
opurines [6, 19]. IMPDH may be a significant rate-limiting
enzyme in the metabolism of thiopurine drugs to 6-TGN,
and its activity would be expected to correlate positively
to 6-TGN concentrations and negatively to meTIMP
concentrations.

The IMPDH enzyme is present in two isoforms encoded
by two different genes, IMPDH1 and IMPDH2 [20], located
on chromosomes 7 and 3, respectively [21–23]. High
expression of IMPDH has been demonstrated in pancreas,
kidney, colon and peripheral blood leucocytes compared
with other tissues such as liver [24]. Increased enzymatic

activity and IMPDH mRNA have been described in rapidly
proliferating tumour cells and activated T lymphocytes
[18, 20, 25, 26]. In cells that are induced to differentiate,
decreased activity and downregulated mRNA expression
have been observed [26–28].

There are, to our knowledge, no data on IMPDH activity
in relation to TPMT activity and the production of 6-TGN or
meTIMP in IBD patients. The aims of this study were there-
fore to investigate (i) IMPDH activity in healthy blood
donors and in IBD patients on stable thiopurine therapy, (ii)
the relationships between the enzymatic activities of
IMPDH and TPMT and metabolite formation, and (iii)
whether the ITPA 94C→A polymorphism or concomitant
5-aminosalicylic acid (5-ASA) therapy had any impact on
these relationships.

Materials and methods

Study subjects
The study was performed in 50 patients with IBD, Crohn’s
disease (CD; n = 25) and ulcerative colitis (UC; n = 25),
of whom 23 were men aged 20–64 and 27 were women
aged 19–80 years. Forty-six were of White and four of non-
White ethnicity. All patients had been on stable treatment
with thiopurines for at least 3.5 months without dose
adjustment. The daily median dose of AZA (n = 39) was
2.06 mg kg-1 body weight per day (range 0.83–2.94) and
that of 6-MP (n = 11) was 0.92 mg kg-1 body weight per day
(range 0.33–1.62). Patients on 6-MP had previously experi-
enced side-effects on AZA but had been successfully
changed to 6-MP.Twenty-four patients (CD six, UC 18) were
on concomitant treatment with 5-ASA at 2325 mg day-1

(range 500–6750) and seven (UC four, CD three) were on
steroids. Eight women and three men were smokers. None
of the patients included in the study had received a blood
transfusion within 4 months prior to the study.

Patient and disease characteristics were noted. Disease
activity was measured at the time of sampling, using a
Walmsley’s index for UC and the Harvey-Bradshaw index
for CD [29, 30]. In both of these indices active disease was
indicated by a score >5.

The reference group comprised 100 healthy blood
donors (28 women aged 23–64 and 72 men aged
24–66 years), who were sampled in order to establish a
reference interval for IMPDH activity. Their ethnicity was
not registered.

Venous blood samples were obtained prior to the
morning dose of thiopurine for routine blood chemistry,
DNA extraction and IMPDH activity.

The study was reviewed and approved by the Ethics
Committee at Linköping University (dnr 03-260). Written
informed consent was obtained from all IBD patients and
oral informed consent was obtained from the healthy
blood donors.
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Enzyme and metabolite assays
IMPDH activity was measured in peripheral blood mono-
nuclear cells (MNC) with the ion-pair reversed-phase
high-pressure liquid chromatography (HPLC) method pre-
viously described by Glander et al. [31] with minor modifi-
cations: MNC were isolated using cell prep tubes (CPT
tubes 8 ml, 362782) from Becton Dickinson (Franklin Lakes,
NJ, USA) with two washing steps instead of Ficoll–Paque.
The mobile phase had a higher concentration of tetrabu-
tylammonium bisulphate than in the original method
(14 mM instead of 7 mM).

IMPDH activity was expressed as nmol xanthosine
5′-monophosphate (XMP) formed from inosine 5′-
monophosphate (IMP) per milligram protein and hour.The
assay was run on a Dionex isocratic system (Sunnyvale, CA,
USA) with the Chromeleon 6.40 software and an ASI-100
automated sampler, a P680 HPLC pump, and a UV/VIS
UVD170U detector. A Prontosil 120-5-C18-AQ 5.0-mm
column (Bishoff Chromatography, Leonberg, Germany)
with a Brownlee NewGuard MPLC RP18 Aquapor precol-
umn (Perkin Elmer, Shelton, CT, USA) was utilized.

The standard curve comprised water solutions of XMP
at concentrations ranging from 3.7 to 70.0 mmol l-1.

The sensitivity, specificity, linearity and imprecision
were approximately as described by Glander et al. [31] with
an imprecision <7% in the incubation conditions.

IMP, nicotinamid adenine dinucleotide (NAD), XMP, KCl
and K2CO3 were obtained from Sigma Aldrich (St Louis, MO,
USA), tetrabutylammonium bisulphate and KH2PO4 from
Fluka (Buchs, Switzerland) and methanol from Labscan
Analytical Sciences (Dublin, Ireland).

TPMT activity was determined in red blood cells (RBC)
as previously described [32]. One unit of TPMT enzyme
activity represents the formation of 1 nmol 6-methyl-MP
from 6-MP per ml packed RBC and hour of incubation
(U ml-1 pRBC). The interassay coefficient of variation at
12 U ml-1 pRBC was 8.4%. 6-TGN and meTIMP were deter-
mined by the method of Lennard and Singleton [33]. The
lower limits of quantification of the 6-TGN and meTIMP
assays were 20 and 300 pmol per 8 ¥ 108 RBC, respectively.
The interassay coefficients of variation at 62 and 692 pmol
6-TGN per 8 ¥ 108 RBC were 21.3% and 18.9%, respectively.
The interassay coefficients of variation at 1670 and
17 400 pmol meTIMP per 8 ¥ 108 RBC were 30.3% and
27.4%, respectively.

DNA extraction and genotyping
DNA was isolated using the Biorobot Ez1 and the Ez1 DNA
blood kit (Qiagen, Hilden, Germany).The ITPA 94C→A poly-
morphism was determined using a pyrosequencing
method for genotyping [34, 35].

Statistical analysis
Statistical analysis was performed using the Statistical
Package for Social Sciences (SPSS, Inc., Chicago, IL, USA),
version 14.0 for Windows.

When evaluating the results, 6-MP doses were con-
verted to AZA doses assuming a conversion factor of
2.08 [36]. The dose-normalized metabolite concentrations
were expressed as pmol metabolite per mg AZA. The
data distribution for each variable was evaluated using the
Kolmogorov–Smirnov test. Correlations between variables
were evaluated using the Spearman rank order correlation
coefficient, rs. For group comparisons, the Mann–Whitney
U-test was used. Median (range) values are given. Two-
sided testing was used and considered statistically signifi-
cant if P < 0.05.

Results

Healthy blood donors
Intraindividual variation in IMPDH activity was investi-
gated in three different subjects over time (four measure-
ments during 1 month). IMPDH activity varied <25% (CV)
within each subject (data not shown). A wide range of
IMPDH activity was observed among healthy blood donors
with a median of 13.1 nmol mg-1 h-1 and a range of 4.7–
24.2 nmol mg-1 h-1 (Figure 1a). The distribution of IMPDH
activity did not differ significantly from a normal distribu-
tion (P = 0.91).

IBD patients
Patient characteristics are summarized in Table 1. The
median metabolite concentrations were 154.6 (39.2–
383.1) pmol 6-TGN per 8 ¥ 108 RBC and 1500 (0–
11 700) pmol meTIMP per 8 ¥ 108 RBC.

In the IBD population the median IMPDH activity was
14.0 (7.0–21.7) nmol mg-1 h-1 (Figure 1b). The distribution
of IMPDH activity did not differ significantly from a normal
distribution (P = 0.93). There was no significant difference
in IMPDH activity between blood donors and IBD patients
(P = 0.66).

No significant differences in IMPDH activity or metabo-
lite concentrations were found between patients with UC
and CD (data not shown).

There was no difference in meTIMP or 6-TGN concen-
trations, nor in TPMT and IMPDH activity between patients
on concomitant 5-ASA therapy vs. those who were not
(P = 0.47, 0.86, 0.24 and 0.08, respectively).

Relationship between IMPDH and
metabolite concentrations
There was a negative correlation between IMPDH activity
and meTIMP concentrations normalized to AZA dose
(rs = -0.31, P = 0.03), but no correlation with normalized
6-TGN concentrations (rs = -0.16, P = 0.27) or the meTIMP/
6-TGN ratio (rs = -0.25, P = 0.08) (Figure 2 and Table 2).
There was no correlation between IMPDH activity and
TPMT activity (P = 0.71). When patients heterozygous for
the ITPA 94C→A polymorphism (n = 7) were excluded,
results were essentially unchanged (Table 2).
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Remission or active disease
Patients in clinical remission (n = 43) had higher 6-TGN
concentrations than those with active disease [median
162.3 (60.6–383.1) pmol per 8 ¥ 108 RBC vs. 85.8 (39.2–
297.0) pmol per 8 ¥ 108 RBC, P < 0.05]. Even if the numerical
values of the meTIMP concentrations differed between
these two groups, the difference was not statistically sig-
nificant [median 1700 (0–11 700) pmol per 8 ¥ 108 RBC vs.
200 (200–4800) pmol per 8 ¥ 108 RBC, P = 0.24]. There was
no correlation between metabolite concentrations and the
Harvey–Bradshaw index in CD patients or the Walmsley
index in UC patients (data not shown).

Blood cell counts
The metabolite concentrations did not correlate to the
white blood cell counts (data not shown). Eight patients
with high meTIMP concentrations (�4800 pmol per 8 ¥ 108

RBC) had low but still normal monocyte and neutrophil cell
counts compared with patients with lower meTIMP con-
centrations [median monocyte count 0.3 (0.2–0.5) ¥ 109

cells l-1 and neutrophil count 2.3 (1.8–3.0) ¥ 109 cells l-1 vs.
0.4 (0.2–0.9) ¥ 109 cells l-1 and 3.3 (1.3–9.3) ¥ 109 cells l-1,
P < 0.05]. There was no difference in lymphocyte counts
(P = 0.18).

Discussion

In this first study of IMPDH activity in patients with IBD,
those on stable thiopurine therapy were included and
IMPDH and TPMT activity was related to thiopurine
metabolite concentrations and clinical characteristics in
order to elucidate the significance of IMPDH in the thiopu-
rine metabolism. To compensate for differences in doses
between patients, dose-normalized metabolite concentra-

tions were used when investigating relationships between
metabolite concentrations and metabolic capacity (enzy-
matic activities), as previous data from our group has
demonstrated a linear relationship between dose and for-
mation of meTIMP, using the same methodology as in this
study [37]. However, when investigating for biological
effects the measured metabolite concentration was used.

IMPDH activity was distributed over a wide range of
activity both in healthy blood donors and in patients with
IBD. Compared with the well-known trimodal distribution
of TPMT activity, a similar genetic influence does not seem
likely on the distribution of IMPDH activity. In the study by
Roberts et al. [38], patients with high meTIMP concentra-
tions resistant to thiopurine therapy were investigated for
genetic variations in IMPDH1 and IMPDH2 compared with
azathioprine-responsive patients. An insertion in the P3
promotor of IMPDH1 was observed in one patient with a
reduced promoter activity as determined in vitro.Although
IMPDH activity was not measured in the investigated
patients, promoter variants offer one possible explanation
for the wide range of IMPDH activity observed. However,
the variants described are rare, and therefore not likely to
explain the relatively high frequency of individuals with
high or low activity. Also, it remains to be established
whether or not an altered promoter activity is reflected in
an altered expression level and enzyme activity of IMPDH.

The inverse relationship between IMPDH activity in
MNC and dose-normalized meTIMP concentration in RBC
is a new, but expected finding. However, 6-TGN concentra-
tions did not correlate to IMPDH activity. Given that IMPDH
is considered to be the rate-limiting step in the de novo
purine synthesis in MNC [18, 19], and that RBC metabolite
concentrations accurately reflect those in MNC, we had
expected to find a positive relationship. This absence of a
positive correlation between IMPDH activity and 6-TGN
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Figure 1
Inosine-5′-monophosphate dehydrogenase activity in (a) healthy blood donors, n = 100 and (b) inflammatory bowel disease patients, n = 50
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may be because either (i) thiopurine metabolites and
IMPDH activity were measured in different cell types, or (ii)
IMPDH is not as central as has been thought to the mecha-
nism of action in vivo [6].

In clinical practice, RBC are routinely used for TPMT and
metabolite measurements in the management of patients
on thiopurine therapy. Therefore, these RBC assays were
also performed in our study. The use of RBC as a surrogate
marker for MNC is based on the fact that TPMT activity in
RBC reflects that in lymphocytes and other tissues such as
kidney, hepatic tissues and leukaemic blasts [39–42]. The
concentration of thiopurine metabolites in RBC have been
proposed to reflect the concentration in less accessible
tissue such as the MNC [43].

IMPDH activity is very low in RBC lysates and, in fact, the
enzyme has been suggested to be essentially nonfunc-

tional in these cells [44]. We therefore used MNC as the
compartment for IMPDH measurements. The absence of a
positive correlation between IMPDH activity and 6-TGN
may thus have been affected by the use of different bio-
logical compartments for determinations of the various
enzyme activities and metabolite concentrations.

Since thiopurines are metabolized to 6-TGN via IMPDH,
the absence of a positive correlation between MNC IMPDH
activity and RBC 6-TGN in our study casts doubt on the use
of RBC as a surrogate marker for MNC metabolite concen-
trations. RBC have been suggested as a relevant compart-
ment for monitoring of thiopurine metabolites reflecting
the metabolite content in the target cells, but the data
supporting this are limited [43, 45]. RBC lack the ability to
synthesize nucleic acid, but they do have a high capacity
for salvage of purine bases and nucleosides by HPRT [46,
47]. The 6-TGN concentrations found in circulating RBC
have been suggested to be synthesized through salvage
pathways of purine bases formed from hepatic metabo-
lism or blood cell compartments other than RBC able to
produce 6-TG and 6-TX [43, 47–49]. Therefore 6-TGN levels
in RBC do not necessarily reflect the metabolite status of
the target cells correctly. This is further substantiated by
the fact that only a weak positive correlation was observed
between leucocyte DNA 6-TGN and RBC 6-TGN concentra-
tions [50].

Ideally, all metabolite concentrations and enzyme
activities should be measured in the same compartment,
i.e. MNC as they present an active pathway for the synthe-
sis of 6-TGN via IMPDH. To the best of our knowledge,
no study has compared MNC IMPDH activity and MNC thi-
opurine metabolite concentrations in thiopurine-treated
patients. Conversely, when Khalil et al. [51] demonstrated
low IMPDH activity in RBC, the relationships between RBC
IMPDH and RBC 6-TGN and between RBC IMPDH and MNC
IMPDH were not investigated.

Besides the question concerning the validity of RBC as
a surrogate compartment for MNC metabolite measure-
ments, it is possible that IMPDH is not the rate-limiting
enzyme in the conversion of thiopurine drugs to 6-TGN in
MNC. Incubation of WEHI-3b cells with increasing 6-MP
concentrations was accompanied by increased concentra-
tions of TIMP and thio-XMP but, surprisingly, led to reduced
concentrations of thio-GMP, thio-GDP and thio-GTP, as well
as decreased de novo synthesis of ATP and GTP [52]. The
concentration of meTIMP was not measured in that experi-
ment.These findings indicate that it is not the regulation of
only IMPDH, but also that of other pharmacogenes such as
guanosine 5′-monophosphate synthetase, that is central to
the production of 6-TGN [52]. Although it is possible that
IMPDH is a rate-limiting enzyme under special circum-
stances, such as low or absent TPMT activity, our data do
not support such a notion. However, this observation is
based on only four patients with intermediate TPMT activ-
ity (5.4–8.7 U ml-1 pRBC). In these four subjects, greater
MNC IMPDH activity did not correspond to a higher RBC

Table 1
Patient characteristics

Patient characteristics n = 50

Disease (CD/UC) 25/25

Gender (female/male) 27/23

Age (years) 37 (range 19–80)

Remission/active disease 43/7

Corticosteroids (yes/no) 7/43

5-ASA (yes/no) 24/26

AZA/6-MP 39/11

AZA dose (mg kg-1 day-1) 2.06 (0.83–2.94)

6-MP dose (mg kg-1 day-1) 0.92 (0.33–1.62)

Indication for immunosuppression*
Relapses >2 times per year 7
Steroid dependency 16
Chronically active disease 24
Intestinal fistulae 1
Remission maintenance 4
Postoperative prophylaxis 2

IMPDH (nmol mg-1 h-1) 14.0 (range 7.0–21.7)

TPMT (U ml-1 pRBC) 11.4 (range 5.4–15.8)

6-TGN† (pmol per 8 ¥ 108 RBC) 154.6 (range 39.2–383.1)

meTIMP‡ (pmol per 8 ¥ 108 RBC) 1500 (range 0–11 700)

WBC (109 l-1) 4.7 (range 2.7–10.2)

Neutrophil count (109 l-1) 2.8 (range 1.3–9.3)

Lymphocyte count (109 l-1) 1.2 (range 0.4–2.7)

Thrombocyte count (109 l-1) 278 (range 148–494)

*Four patients were categorized as having more than one indication for immu-
nosupression. †6-TGN: The lowest calibrator is 20 pmol per 8 ¥ 108 RBC. If a
result was reported as ‘traces of 6-TGN’ it was set to a concentration of 19 pmol
per 8 ¥ 108RBC. If 6-TGN was reported as ‘not detectable’, the result was set to
a concentration of 0 pmol per 8 ¥ 108RBC. ‡meTIMP: The lowest calibrator is
300 pmol per 8 ¥ 108RBC. Numerical values reported <300 were accepted.
When the concentration was reported as ‘traces of meTIMP’ it was set to
a concentration of 200, and when reported as ‘not detectable’ it was set to
a concentration of 0 pmol per 8 ¥ 108 RBC. Reference ranges: leucocyte
count 3.5–8.8 ¥ 109 l-1; neutrophil count 1.7–8.0 ¥ 109 l-1; lymphocyte count
1.1–4.8 ¥ 109 l-1; thrombocyte count, females 165–387 ¥ 109 l-1, males 145–
348 ¥ 109 l-1. CD, Crohn’s disease; UC, ulcerative colitis; 5-ASA, 5-aminosalicylic
acid; 6-MP, 6-mercaptopurine; IMPDH, inosine-5′-monophosphate dehydroge-
nase; TPMT, thiopurine S-methyltransferase; 6-TGN, 6-thioguanine nucleotide;
meTIMP, 6-methylthioinosine 5′-monophosphate.
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6-TGN concentration and the range of 6-TGN concentra-
tions measured did not differ from that in patients with
normal TPMT activity (data not shown).

Although measured in the same compartment, RBC,
no correlation was observed between TPMT and dose-
normalized 6-TGN, normalized meTIMP or the meTIMP/6-
TGN ratio.These findings are supported by some [32,53] but
not all [7, 37, 54] studies.The absence of correlations might
have been effected by the coadministration of 5-ASA in 24
patients [55]. However, neither meTIMP or 6-TGN concen-
trations or the activities of TPMT and IMPDH differed
between patients with and without concomitant 5-ASA.

Role of ITPA
It has been suggested that the ITPA 94C→A polymorphism
could be associated with adverse events in patients treated
with thiopurines [14–16, 56]. This has, however, not been
confirmed by others [17,57–60].In these studies the thiopu-
rine metabolite pattern was not described in association
with the ITPA genotype. In our study, only seven subjects
were heterozygous for the ITPA 94C→A polymorphism.

Although our data are limited, it does not seem likely that
the heterozygosity had any effect on the relationships
investigated, since the metabolite concentrations did not
differ between the heterozygotes and the wildtypes in the
patient population studied (data not shown).

Thiopurine metabolism and clinical effects
The 43 patients in clinical remission had higher 6-TGN
concentrations than those with active disease. The 6-TGN
concentrations in patients in remission were, however,
lower than those described by others [61]. In one study no
difference was observed between patients with active
and quiescent disease [60]. Six out of seven patients with
active disease had relatively low metabolite concentra-
tions (6-TGN �125 pmol per 8 ¥ 108 RBC and meTIMP
�4800 pmol per 8 ¥ 108 RBC) in combination with normal
enzymatic activities (n = 5), indicating noncompliance,
resistance to thiopurine therapy or suboptimal dosing.
One of the subjects had intermediate TPMT activity and
one had active disease despite adequate metabolite
concentrations.
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Figure 2
Inflammatory bowel disease patients, n = 50. (a) A scatterplot of inosine-5′-monophosphate dehydrogenase (IMPDH) activity and 6-methylthioinosine
5′-monophosphate concentrations normalized to azathioprine dose (rs = -0.31, P = 0.03). (b) A scatterplot of IMPDH activity and dose-normalized
6-thioguanine nucleotide concentrations (rs = -0.16, P = 0.27)

Table 2
Relationships between IMPDH and TPMT activities and *dose-normalized metabolite concentrations in 50 inflammatory bowel disease patients

IMPDH activity nmol mg-1 h-1

(n = 50)
IMPDH activity in wild-type ITPA
patients nmol mg-1 h-1 (n = 43)

TPMT activity U ml-1

packed RBC (n = 50)
rs P rs P rs P

meTIMP -0.31 <0.05 -0.31 0.05 0.07 0.62

6-TGN -0.16 0.27 -0.14 0.38 0.23 0.11

Ratio of meTIMP/6-TGN -0.25 0.08 -0.27 0.09 -0.03 0.82

TPMT activity -0.05 0.71 -0.22 0.16 – –

*The dose-normalized metabolite concentrations are expressed as pmol metabolite per mg AZA. IMPDH, inosine-5′-monophosphate dehydrogenase; ITPA, inosine triphosphate
pyrophosphatase; TPMT, thiopurine S-methyltransferase; meTIMP, 6-methylthioinosine 5′-monophosphate; 6-TGN, 6-thioguanine nucleotide.
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Conclusion

Even if this study has shown a negative correlation
between IMPDH activity and the formation of meTIMP, we
could not demonstrate a clear-cut role for IMPDH as an
important rate-limiting enzyme in balancing the formation
of methylated and phosphorylated thiopurine metabo-
lites. Our results indicate either that RBC is not a good
surrogate cellular compartment for MNC, when assaying
for thiopurine metabolites in relation to IMPDH activity, or
that IMPDH is not the important rate-limiting enzyme in
MNC in the interconversion of thioinosine monophos-
phate to 6-TGN, as has been hypothesized.Taken together,
our results give cause to question established opinions
about thiopurine metabolism. Preferably, all metabolite
concentrations and enzyme activities should be measured
in the same compartment, i.e. MNC, as these cells display
an intact metabolic pathway from 6-MP to 6-TGN.
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