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Abstract 
Background  The association between thiopurine use 
and testicular reproductive functions remains unclear. In 
this study, we investigated whether thiopurines affect tes-
ticular functions based on the NUDT15 genotypes using 
Nudt15R138C knock-in mice.
Methods   The male Nudt15R138C knock-in mice 
(9–12  weeks) were treated with mercaptopurine (MP: 
0.5 mg/kg/day) for 4 or 12 weeks. To examine reversibility, 
some mice were maintained for a further 12 weeks under 
MP-free condition.
Results  After MP treatment for 4 weeks, Nudt15R138C/R138C 
mice exhibited a significant reduction of testis weight com-
pared to Nudt15+/+ mice and Nudt15+/R138C mice. The epi-
thelial height and diameter of seminiferous tubules were 
significantly reduced in Nudt15R138C/R138C mice compared to 
Nudt15+/+ and Nudt15+/R138C mice. Apoptotic cells were sig-
nificantly increased in Nudt15R138C/R138C mice, and most of 
apoptotic cells were spermatogonia. There were no signifi-
cant changes in sperm counts and sperm morphology in MP-
treated Nudt15R138C/R138C mice after 4-week MP treatment. 
On the other hand, after MP treatment for 12 weeks, the 
Nudt15+/R138C mice, but not Nudt15+/+ mice, exhibited a sig-
nificant reduction in the testis weight and atrophic changes 
of seminiferous tubules, but these changes disappeared after 
12-week rearing under MP-free condition. Despite a signifi-
cant increase in abnormal sperm rate, there were no changes 
in the ability to conceive. No differences in serum levels of 

follicle-stimulating hormone or testosterone were observed 
between MP-treated Nudt15+/R138C and Nudt15+/+ mice after 
12-week MP treatment.
Conclusions  Thiopurines exert harmful effects on tes-
ticular reproductive function according to host NUDT15 
genotypes.

Keywords  Inflammatory bowel disease · 
Mercaptopurine · NUDT15 · Spermatogenesis

Introduction

The thiopurine drugs azathioprine (AZA) and 6-mercap-
topurine (MP) are widely used for maintenance of clinical 
remission in steroid-dependent inflammatory bowel disease 
(IBD) [1–6]. Although thiopurines are key drugs in the 
treatment of IBD, adverse events such as myelosuppression, 
hepatotoxicity, hair loss, pancreatitis and gastrointestinal 
intolerance have been reported [4, 7–9]. Myelosuppression 
is most common, and its incidence is higher in East Asian 
populations (20 ~ 40%) than in Caucasians (5%) [10].

Yang et al. identified a strong association between a sin-
gle nucleotide polymorphism (SNP) in NUDT15 and thio-
purine-induced myelosuppression [11]. This variant leads 
to an amino acid substitution at position 139 [NUDT15 
p.Arg139Cys (R139C)] and induces a loss of enzyme 
activity [12]. NUDT15 converts cytotoxic 6-thioguanosine 
triphosphate (TGTP) and 6-thio-deoxyguanosine triphos-
phate (TdGTP) to non-cytotoxic 6-thioguanosine monophos-
phate (TGMP) and 6-thio-deoxyguanosine monophosphate 
(TdGMP) [12, 13]. Loss of function of NUDT15 induces 
an accumulation of cytotoxic 6-TGTP and 6-TdGTP, caus-
ing myelosuppression [12]. A previous study of thiopu-
rine-treated IBD patients in Japan (n = 1291) revealed that 
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more than 90% of patients carrying homozygotes for the 
NUDT15R139C variant (n = 49) developed leukocytopenia and 
alopecia, and many of them were serious and early onset 
[14]. The NUDT15R139C risk variant is most common in 
East Asians (9.8%) and Hispanics (3.9%), rare in Europeans 
(0.2%) and not observed in Africans [15], supporting ethnic-
related differences in thiopurine tolerance [16]. In Japanese, 
the homozygotes frequency for the NUDT15R139C variant 
is about 1%, and the heterozygotes frequency is about 20% 
[17, 18]. Based on these findings, NUDT15 genotyping is 
recommended prior to thiopurine introduction to mitigate 
drug toxicity [14, 19, 20].

We have previously established Nudt15R138C knock-
in mice which corresponds to the human NUDT15R139C 
polymorphism [21, 22]. In this model, thiopurine causes 
hematopoietic stem cell (HSC) toxicity in Nudt15+/R138C 
and Nudt15R138C/R138C mice. Hematopoietic tissue was 
promptly injured by MP treatment in Nudt15+/R138C and 
Nudt15R138C/R138C mice, and HSCs were damaged accord-
ing to Nudt15R138C allele number [22].

IBD occurs in women and men of young reproductive age, 
and many of them are treated with thiopurines. Thiopurines 
are approved for administration to pregnant women [20], but 
their safety is under debate. Therefore, we previously investi-
gated how thiopurine use during pregnancy affects offspring 
carrying the NUDT15 risk allele using Nudt15R138C knock-
in mice. Thiopurine use during pregnancy caused serious 
damage to the fetus, depending on the NUDT15 genotype 
of the offspring. In particular, Nudt15R138C/R138C offspring in 
Nudt15+/R138C pregnant mice suffered from serious damage 
when the pregnant mice were exposed to a therapeutic thio-
purine dose [21]. Since the NUDT15 genotype of offspring is 
dependent on the genotype of the parents, we recommended 
to check the NUDT15 genotype of not only an IBD mother 
but also their partner to avoid possible adverse outcomes in 
their offspring prior to thiopurine initiation.

Thiopurines inhibit purine synthesis and possibly affect 
spermatogenesis, but the association between thiopurine 
use and testicular function has not been extensively studied. 
The aim of this study was to investigate whether thiopurine 
use affects male fertility based on their NUDT15 genotypes 
using Nudt15 R138C knock-in mice.

Methods

Animal experiments

We previously established two independent Nudt15R138C 
knock-in mouse strains using two different sgRNAs [22], 
and both strains were used in this study. The human and 
mouse NUDT15 are 89% identical at the protein level. The 
arginine at amino acid sequence 139 in human NUDT15 

is preserved at position 138 in mouse NUDT15. We have 
previously reported that overexpression of the murine 
Nudt15R138C mutant enhances sensitivity to MP in a murine 
blood cell line [22]. Thus, by using CRISPR–CAS9 genome 
editing and homology-directed repair to convert c.412C to 
T, we established knock-in mice carrying the Nudt15R138C 
allele in the C57BL/6 background. Genotypes were deter-
mined by sequencing with the forward primer, GGC​ATC​
TAG​CCT​GTA​ATA​TAG​ACA​T, the reverse primer, CAG​
AGG​TAG​GTA​GGC​AGA​TCT​GAG​, and the sequencing 
primer, CCC​GGC​CTG​CAG​GTC​TAT​GCC​ACC​AGG​ACA​
ATT​CAG​. Nudt15R138C knock-in mice were reared under 
specific pathogen-free conditions. The animal research com-
mittee of Shiga University of Medical Science approved this 
project (permission number 2019–2-5).

Mercaptopurine (MP) administration

MP (Sigma-Aldrich Japan, Tokyo, Japan) was dissolved in 
water and orally administered to the Nudt15R138C knock-in 
mice [22]. Since mouse was reported to drink about 5 ml of 
water per day [23], MP was dissolved in water adjusted to 
0.2 µg × mouse body weight (g) × ml–1 (1 mg/kg MP). Drink-
ing water containing the same amount of dimethyl sulfoxide 
(DMSO) was given to the control mice. As described in 
our previous report [22], the daily dose of MP that allows 
long-term survival of more than 2 months is 1.0 mg/kg for 
Nudt15+/+, 0.5 mg/kg for Nudt15+/R138C, and 0.2 mg/kg for 
Nudt15R138C/R138C mice. In this study, we used an MP dose 
of 0.5 mg/kg/day for all experiments.

MP treatment and histological analysis

For evaluation of the effect of MP on the histopathological 
parameters of spermatogenesis, the male mice (9–12 weeks) 
were treated with MP for 4 or 12 weeks and sacrificed, and 
the right testis and cauda epididymis were immediately 
removed and weighed. The testis was fixed in Bouin’s solu-
tion and embedded in paraffin using a routine method. Sec-
tions perpendicular to the long axis of the testis were made 
and stained with hematoxylin and eosin. The epithelial 
height and diameter of the seminiferous tubules were meas-
ured using an ocular micrometer. At least 30 round tubules 
were measured in each mouse. The mean tubular diameter 
and the epithelial height of 30 tubules were calculated for 
each mouse. These mean values were then used to determine 
the tubular diameter and the epithelial height.

To evaluate whether or not the effects of MP on sper-
matogenesis are reversible, after 12-week treatment with MP 
some mice were maintained for a further 12 weeks in the 
absence of MP. Then, histological evaluation was performed.
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Evaluation of male fertility

After MP treatment for 12 weeks, male Nudt15R138C knock-
in mice were placed with wild-type females (male: female, 
1:2) for 3 days. The females were checked for pregnancy, 
and pregnant were moved to a holding cage and number of 
offspring birth was counted.

Sperm analysis

For sperm sampling, the cauda epididymis was minced with 
small scissors and the sperm suspensions were allowed to 
disperse in 1 mL of modified HTF medium (Nippon Medical 
& Chemical Instruments Ltd., Osaka, Japan) for 30 min at 
37 °C. The sperm suspensions were filtered through a 40 µm 
nylon filter to remove any debris, and the sperm count and 
sperm morphology were evaluated.

The number of epididymal sperm was determined by 
hemocytometer counts. All counts were made in duplicate 
and averaged. For evaluation of sperm morphology, sperm 
cells on glass slides were fixed with methanol for 5 min. 
After air-drying, they were incubated with Giemsa’s stain 
solution (Nacalai Tesque, Kyoto, Japan) for 20 min. The 
slides were observed under an inverted phase contrast micro-
scope (BX51, Olympus Co., Tokyo, Japan). The sperm cells 
were classified according to the site of abnormality, and at 
least 200 sperm cells were analyzed per mouse. Morphologi-
cal classification of sperm cells was evaluated according to 
previous reports [24, 25].

Serum hormone levels

Serum levels of mouse testosterone, luteinizing hormone 
(LH) and follicle-stimulating hormone (FSH) were meas-
ured using enzyme-linked immune-sorbent assays (ELISAs), 
purchased from Enzo Life Sciences, Inc. (Tokyo, Japan) and 
CUSABIO (Houston, TX).

TUNEL (terminal deoxynucleotidyl transferase 
dUTP‑biotin nick end labeling) assay

Apoptosis was determined using the DeadEnd™ Fluoromet-
ric TUNEL assay (Promega, Madison, WI) according to the 
manufacturer’s instructions. For quantification, 20 seminifer-
ous tubules per sample were analyzed and the average num-
ber of TUNEL positive cells per one seminiferous tubule 
was determined.

Statistical analysis

Data are presented as the mean ± SD. ANOVA followed by 
Tukey’s tests was adopted for multiple comparison analy-
ses using GraphPad Prism version 9 (GraphPad software, 

La Jolla, CA, USA). All tests were two-tailed, and a p 
value < 0.05 was considered significant.

Results

Short‑term (4 weeks) effects of MP on testicular 
function in Nudt15R138C knock‑in mice

To evaluate the association of thiopurine toxicity with 
testicular function in Nudt15R138C knock-in mice, male 
Nudt15R138C/R138C mice were orally administered MP at 
0.5 mg/kg/day for 4 weeks. This is the therapeutic dose 
used for IBD patients carrying the NUDT15R139C heterozy-
gote. We have previously reported that MP at 0.5 mg/kg/
day induces severe myelosuppression and serious dam-
age to the fetus in Nudt15R138C/R138C mice [21, 22]. At this 
dose, Nudt15+/+ and Nudt15+/R138C mice survive long-term 
(> 2 months), but Nudt15R138C/R138C mice die earlier [22].

As shown in the representative pictures (Fig. 1A), the 
testis of Nudt15R138C/R138C mice was morphologically small. 
Nudt15R138C/R138C mice exhibited a significant reduction of 
the ratio of testis/body weight compared to Nudt15+/+ mice 
and Nudt15+/R138C mice [Nudt15R138C/R138C 2.8 ± 0.2 mg/g 
vs. Nudt15+/+ 3.7 ± 0.2 (p < 0.01) and vs. Nudt15+/R138C 
3.8 ± 0.2 (p < 0.01)] (Fig. 1B). No morphological altera-
tions of the testis were observed in either Nudt15+/+ or 
Nudt15+/R138C mice compared to control mice.

Histological examination of the testis revealed that the 
epithelial height and the diameter of seminiferous tubules 
were significantly reduced in Nudt15R138C/R138C mice com-
pared to Nudt15+/+ mice and Nudt15+/R138C mice [epithe-
lial height: Nudt15R138C/R138C 29.0 ± 1.2 µm vs. Nudt15+/+ 
37.2 ± 1.5 (p < 0.01) and vs. Nudt15+/R138C 36.5 ± 1.3 
(p < 0.01); diameter: 154.0 ± 4.3  µm vs. 178.9 ± 7.9 
(p < 0.01) and vs 178.1 ± 7.0 (p < 0.01)] (Fig. 2A–C).

Apoptotic cells in the seminiferous tubules, detected 
by TUNEL staining, were significantly increased in 
Nudt15R138C/R138C mice compared to Nudt15+/+ mice and 
Nudt15+/R138C mice [Nudt15R138C/R138C 5.9 ± 2.7/semi-
niferous tubule vs. Nudt15+/+ 1.3 ± 0.3 (p < 0.01) and vs. 
Nudt15+/R138C 2.0 ± 0.6 (p < 0.01)] (Fig. 3A, B). Localiza-
tion of TUNEL-positive cells indicates that MP treatment 
induced apoptosis of spermatogonia (the mitotic germ cells 
including the stem cells and differentiation-destinated ampli-
fying cells) in Nudt15R138C/R138C mice (Fig. 3A) [26].

At this time point, there were no significant changes in 
spermatozoa (sperm counts and morphological abnormal-
ity) in the cauda epididymis of Nudt15R138C/R138C mice com-
pare to Nudt15+/+ and Nudt15+/R138C mice [sperm counts: 
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Fig. 1   Effects of short-term 
mercaptopurine (MP) treat-
ment (4 weeks) on the testes 
of Nudt15R138C knock-in mice. 
A Morphology of testes after 
treatment with MP (0.5 mg/
kg/day) for 4 weeks. Scale 
bar: 5 mm. B Statistics of 
the testis/body weight ratio. 
Data are presented as the 
mean ± SD. **p < 0.01. n.s. not 
significant, + / + : Nudt15+/+ 
mice (wild type), + /R138C: 
Nudt15+/R138C mice, R138C/
R138C: Nudt15R138C/R138C mice

Fig. 2   Histology of the testes from Nudt15R138C knock-in mice after 
treatment with MP (0.5  mg/kg/day) for 4  weeks. A Representa-
tive images (× 400) of HE-stained sections of the testes. Scale bar: 
100 µm. B Statistics of the epithelial height of seminiferous tubules. 

C Statistics of the diameter of seminiferous tubules. Data are pre-
sented as the mean ± SD. **p < 0.01. n.s., not significant, + / + : 
Nudt15+/+ mice (wild type), + /R138C: Nudt15+/R138C mice, R138C/
R138C: Nudt15R138C/R138C mice
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Nudt15R138C/R138C 71.0 ± 16.9 × 105/cauda epididymis 
vs. Nudt15+/+ 86.6 ± 18.4 × 105 (p = 0.19) and vs. 
Nudt15+/R138C 86.7 ± 15.3 (p = 0.18); abnormal sperm rate: 
Nudt15R138C/R138C 32.9 ± 4.7% vs. Nudt15+/+ 30.4 ± 7.2% 
(p = 0.73) and vs. Nudt15+/R138C 26.8 ± 7.3% (p = 0.15)].

Long‑term (12 weeks) effects of MP on testicular 
function of NUDT15+/R138C mice

Since MP (0.5  mg/kg/day) was extremely toxic for 
Nudt15R138C/R138C mice, long-term effects could be evalu-
ated in Nudt15+/+ mice and Nudt15+/R138C mice. Nudt15+/+ 
mice and Nudt15+/R138C mice were treated with MP (0.5 mg/

Fig. 3   Evaluation of apoptosis 
in the testes from Nudt15R138C 
knock-in mice after treatment 
with MP (0.5 mg/kg/day) for 
4 weeks. A Representative 
images showing apoptotic 
cells stained with the TUNEL 
method. B Statistics of the 
number of TUNEL-positive 
apoptotic cells per seminiferous 
tubule. Data are presented as 
the mean ± SD. **p < 0.01. n.s. 
not significant, + / + : Nudt15+/+ 
mice (wild type), + /R138C: 
Nudt15+/R138C mice, R138C/
R138C: Nudt15R138C/R138C mice

Fig. 4   Effects of long-term 
MP treatment (12 weeks) 
on the testes of Nudt15R138C 
knock-in mice. A Morphol-
ogy of testes after treatment 
with MP (0.5 mg/kg/day) for 
12 weeks. Scale bar: 5 mm. 
B Statistics of the testis/
body weight ratio. After MP 
treatment for 12 weeks, some 
mice were maintained for a 
further 12 weeks under MP-free 
condition (Recovery). Data are 
presented as the mean ± SD. 
**p < 0.01, *p < 0.05. n.s., not 
significant. + / + : Nudt15+/+ 
mice (wild type), + /R138C: 
Nudt15+/R138C mice
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kg/day) for 12 weeks, and some of them were followed for 
a further 12 weeks under MP-free condition.

As shown in Fig. 4, MP administration induced a signifi-
cant reduction of testis/body weight ratio in Nudt15+/R138C 
mice (Nudt15+/R138C 3.2 ± 0.2 mg/g vs. Nudt15+/+ 3.7 ± 0.3, 
p < 0.01), but this change disappeared after 12 weeks of MP-
free condition (3.6 ± 0.2 mg/g, p = 0.73 vs Nudt15+/+ mice). 
Histological examination revealed that MP administration 
induced a significant reduction of the height and diameter 
of the seminiferous tubules in Nudt15+/R138C mice com-
pared to Nudt15+/+ mice [epithelial height: Nudt15+/R138C 
35.7 ± 0.9 µm vs. Nudt15+/+ 38.2 ± 1.2 (p < 0.05); diameter: 
167.4 ± 3.4 µm vs. 178.4 ± 4.0 (p < 0.01)] (Fig. 5A–C), and 
these changes disappeared after 12 weeks of MP-free con-
dition (epithelial height: 37.6 ± 1.0 µm, p = 0.61; diameter, 
178.5 ± 2.1 µm, p = 1.00 vs. Nudt15+/+ mice) (Fig. 5B, C).

As shown in Fig. 6, there was no significant change in 
epidydimal sperm number, but the abnormal sperm rate was 
significantly increased in Nudt15+/R138C mice as compared 
to Nudt15+/+ mice [Nudt15+/R138C 35.6 ± 4.1% vs. Nudt15+/+ 
31.1 ± 3.6% (p < 0.05)]. This increase disappeared after 
12-week MP-free condition (29.1 ± 3.7%, p = 0.67 compared 
to Nudt15+/+ mice). Despite a significant increase of abnor-
mal sperm rate, mating experiments with females showed 

that pregnancy rate and number of offspring birth were 
not affected after MP treatment for 12 weeks [pregnancy 
rate: Nudt15+/R138C 31.8% vs. Nudt15+/+ 40.9% (p = 0.53); 
average number of offspring birth/pregnant: 7.6 ± 2.0 vs. 
5.9 ± 1.5 (p = 0.07)] (Fig. 7A). No teratogenicity associated 
with MP treatment was evident in MP-treated Nudt15+/R138C 
and Nudt15+/+ mice.

LH has been reported to stimulate spermatogenesis indi-
rectly via testosterone, whereas FSH acts directly on the 
seminiferous tubules [27–29]. Therefore, we evaluated serum 
levels of LH, FSH and testosterone in Nudt15+/R138C mice 
treated with MP (0.5 mg/kg/day) for 12 weeks (Fig. 7B). 
LH was not detected in Nudt15+/R138C mice and Nudt15+/+ 
mice, and there were no significant differences in serum 
FSH and testosterone levels between Nudt15+/R138C mice and 
Nudt15+/+ mice [FSH: Nudt15+/R138C 3.2 ± 1.7 mIU/mL vs. 
Nudt15+/+ 4.0 ± 3.5 (p = 0.58); testosterone: 2.8 ± 0.8 ng/mL 
vs. 2.7 ± 0.4 (p = 0.74)].

Discussion

Thiopurines play an important role in maintaining remission 
in the treatment of patients with IBD, which often affects 

Fig. 5   Histology of the testes from Nudt15R138C knock-in mice after 
treatment with MP (0.5  mg/kg/day) for 12  weeks. A Representa-
tive images (× 400) of HE-stained sections of the testes. Scale bar: 
100 µm. B Statistics of the epithelial height of seminiferous tubules. 
After MP treatment for 12  weeks, some mice were maintained for 

a further 12  weeks under MP-free condition (Recovery). C Statis-
tics of the diameter of seminiferous tubules. Data are presented as 
the mean ± SD. **p < 0.01, *p < 0.05. n.s., not significant. + / + : 
Nudt15+/+ mice (wild type), + /R138C: Nudt15+/R138C mice
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Fig. 6   Sperm evaluation. (A) 
Statistics of the number of 
sperm per cauda epididymis 
after treatment with MP 
(0.5 mg/kg/day) for 12 weeks. 
(B) Statistics of the percent-
age of abnormal sperm. 
Morphological classification 
of spermatozoa was evalu-
ated according to the previ-
ous reports [24, 25]. Data are 
presented as the mean ± SD. 
**p < 0.01, *p < 0.05. n.s., not 
significant. + / + : Nudt15+/+ 
mice (wild type), + /R138C: 
Nudt15+/R138C mice

Fig. 7   Evaluation of fertil-
ity and serum hormones. A 
Statistics of pregnancy rate and 
the number of offspring births 
per female mouse. After treat-
ment with MP (0.5 mg/kg/day) 
for 12 weeks, male Nudt15R138C 
knock-in mice (n = 10) were 
placed with wild-type females 
(n = 20) for 3 days, and the 
pregnancy rate and number of 
offspring births per pregnant 
female were evaluated. B 
Statistics of serum testosterone 
and FSH (follicle-stimulating 
hormone) levels after treatment 
with MP (0.5 mg/kg/day) for 
12 weeks. Data are presented 
as the mean ± SD. n.s., not 
significant. + / + : Nudt15+/+ 
mice (wild type), + /R138C: 
Nudt15+/R138C mice
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young men and women. It is estimated that there are more 
than 1 million IBD patients in the USA and 2.5 million in 
Europe, about one-third of whom receive thiopurines during 
the course of their disease [30, 31]. On the other hand, since 
thiopurines exert their effects by inhibiting nucleic acid syn-
thesis, there is concern about their toxicity on actively-divid-
ing somatic cells and germ cells, such as spermatozoa. In 
this context, we have recently reported using NUDT15R138C 
knock-in mice that thiopurines at a clinical dose to the preg-
nant mother led to serious consequences for the fetus based 
on fetal NUDT15 genotypes [21]. Like female reproductive 
function, spermatogenesis is a highly organized and complex 
process [32]. This study represents the first report on the 
impact of thiopurines on male reproductive function, tak-
ing into account the NUDT15 genotypes, using Nudt15R138C 
knock-in mice.

Short-term (4 weeks) administration of 0.5 mg/kg/day 
MP resulted in a decrease in testicular size and a signifi-
cant decrease in testicular weight in Nudt15R138C/R138C mice, 
while Nudt15+/R138C mice and Nudt15+/+ mice showed no 
change. In addition, histology showed an atrophy of seminif-
erous tubules in Nudt15R138C/R138C mice, and TUNEL assay 
indicated that these changes were accompanied by a signifi-
cant increase in apoptotic cells. Most apoptotic cells were 
located in contact with the basement membrane of the semi-
niferous tubules, suggesting that spermatogonia were mainly 
injured. Spermatogonia are the mitotic germ cells including 
the stem cells and differentiation‐destined amplifying cells 
and are located in the basal compartment [26]. A previous 
study reported that thiopurine-sensitive cells in the testes are 
spermatocytes in mice [33], but the localization of apoptotic 
cells in this study is not consistent with the anatomical local-
ization of spermatocytes. In Nudt15R138C/R138C mice, it is 
likely that loss of NUDT15 activity may have induced a sys-
temic accumulation of the cytotoxic 6-TGTP and 6-TdGTP 
and injured spermatogonia (stem cells and amplifying cells), 
leading to testicular atrophy. These results suggest that in the 
IBD patients with homozygous NUDT15 risk allele, thio-
purine cytotoxicity might extend to actively-dividing cells 
throughout the body, not only to the stem cells in the bone 
marrow and hair follicle. Atrophic changes in seminiferous 
tubules were evident in MP-treated Nudt15R138C/R138C mice, 
but there were no changes in sperm count and morphology. 
The germ cells have been reported to require 34.4 days or 
longer for seminiferous epithelial cycles (one cycle, 8.6 days 
or longer)] to complete spermatogenesis in mice [26]. This 
suggests that 4 weeks may have been too short to reflect his-
tological changes of the testes in epididymal sperm counts. 
Thus, short-term administration of 0.5 mg/kg/day MP was 
harmful to the testicular function in Nudt15R138C/R138C mice, 
although it did not affect that of Nudt15+/R138C mice.

Long-term (12  weeks) administration of 0.5  mg/kg/
day MP to Nudt15+/R138C mice caused an atrophy of 

the seminiferous tubules and an increase in abnormal 
sperms, although these changes were reversible with drug 
withdrawal. It was possible that changes in MP-treated 
Nudt15+/R138C mice could be due to hormonal changes affect-
ing spermatogenesis such as testosterone or FSH [27–29], 
but there were no differences in serum levels of testoster-
one and FSH. Mating experiments with females showed no 
changes in male fertility or offspring malformations. This is 
supported by a similar observation in the act (activator of 
cAMP-responsive element modulator in testis) gene knock-
out (KO) mice which exhibit more severe morphological 
abnormalities and reduced number of spermatozoa than 
our models. The changes in the sperms of the act KO mice 
were more serious compared to the findings in this study, 
but they showed normal fertility [34]. These suggest that 
fertility in male mice may be preserved even in the presence 
of considerable sperm abnormalities. Based on the findings 
so far in MP-treated Nudt15+/R138C mice, MP administration 
at a therapeutic dose has the potential to induce a revers-
ible toxicity on spermatogenesis while preserving fertility 
in patients with heterozygotes for the NUDT15 risk allele. 
Since we clinically prescribe thiopurines for heterozygous 
male carrying the NUDT15 risk allele for a long period, a 
longer-term study (more than 12 weeks) using this mouse 
model will be necessary in the future.

Although the relationship between thiopurine use and 
male fertility has been reported in several mouse studies, 
conclusions about the safety of thiopurines remain confus-
ing [35]. Ligumsky et al. have previously reported a slightly 
different observation in mice [36]. Administration of rela-
tively higher doses of MP (2, 5 or 8 mg/kg/day) for 51 days 
did not affect sperm morphology or sperm production. 
However, a significant increase in embryonic resorption in 
all exposed mice, suggested a potential sperm damage. In 
another study, there were no changes in testicular function 
or spermatogenesis in male rats treated with 3 or 5 mg/kg/
day MP for 75 days [37]. A number of animal model stud-
ies have revealed that the toxic effects of MP were dose 
dependent, and testicular function and fertility remained 
unaffected at low dosages [35]. However, our findings in 
this study suggested that such experiments are preferable to 
be performed with consideration with thiopurine-susceptible 
genotypes when experimental results are applied to actual 
clinical practice.

The safety of fetal exposure to thiopurines and the impor-
tance of controlling the disease activity for pregnancy using 
thiopurines has been extensively evaluated [38–41], but 
there are few studies of the association between paternal 
exposure to thiopurines with male reproductive activity 
and related pregnancy outcomes. In a systematic review by 
Simsek et al. [35], it was reported that none of the included 
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studies revealed an association between thiopurine exposure 
and poor sperm quality or testicular function, and impaired 
fertility was often related to underlying disorders. The esti-
mated odds ratio (OR) for congenital anomalies in pater-
nally thiopurine exposed offspring was 1.32 (95% CI, 0.75 
and 2.34). They concluded that the slightly increased risk 
of birth abnormality could be a consequence of paternal 
chronic disease rather than thiopurine exposure. A recent 
systematic review by Gubatan et al. reported that paternal 
thiopurine use was not associated with preterm birth com-
pared with no thiopurine exposure [42], and paternal thiopu-
rine use was not associated with congenital malformations 
[42]. They also reported that thiopurine use in male patients 
with IBD was not associated with increased risk of early 
pregnancy loss, preterm birth, or congenital malformations. 
Friedman et al. used Danish registries to examine long-term 
outcomes and no negative impact of paternal preconcep-
tion use of thiopurines was reported [43]. Thus, there is an 
increasing body of evidence suggesting that thiopurine use 
is safe for IBD fathers wishing to promote pregnancy, but 
conclusive studies are insufficient. Furthermore, previous 
reports have not taken into account any genetic background 
related to thiopurine metabolism. Since the importance of 
the NUDT15 genotype in thiopurine use has been recog-
nized, the genetic background of patients should also be 
analyzed as a contributory factor in the future.

In conclusion, previous studies have shown that thiopu-
rines do not impair spermatogenesis or testicular function 
and do not injure paternally exposed offspring. However, 
these did not consider the genetic background involved in 
thiopurine metabolism, such as NUDT15. In actual clinical 
settings, it is necessary to set doses based on the genetic 
background of patients such as NUDT15 genotypes and 
to remember the potential effects of thiopurines on male 
fertility associating with genetic susceptibility. To clarify 
whether thiopurines affect spermatogenesis and paternally 
exposed offspring, large epidemiological studies evaluating 
the safety of thiopurines in men and their offspring should 
be performed in the future.

Acknowledgements  The authors wish to thank DR. Keiji Tomita, 
Prof. Susumu Kageyama and Prof. Akihiro Kawauchi (Department of 
Urology, Shiga University of Medical Science) for professional opin-
ions and helpful discussion.

Author contributions  All authors contributed to the study concep-
tion and design. Material preparation, performing experiments, data 
collection and analysis were performed by YY and TI. The first draft of 
the manuscript was written by YY and AA, and all authors commented 
on previous versions of the manuscript. All authors read and approved 
the final manuscript.

Funding  This work was supported by the Japan Agency for 
Medical Research and Development (AMED) under grant number 
JP23ek0410091 (YK), and in part by a Grants-in-Aid for Scientific 
Research from the Ministry of Education, Culture, Sports, Science, 
and Technology of Japan under grant number 22K08054 (AA), and in 
part by Grants from the Japan Sciences Research Grant for Research on 
Intractable Diseases (Japanese Inflammatory Bowel Disease Research 
Group) affiliated with the Japan Ministry of Health, Labour and Wel-
fare under grant number 20FC1027.

Declarations 

Conflict of interest  AA receiving lecture fee from Takeda Pharma-
ceutical Co. Ltd., AbbVie GK, and Miyarisan Pharmaceutical Co. Ltd. 
YK received patent royalties from Medical & Biological Laborato-
ries Co., Ltd, and lecture fee from Takeda Pharmaceutical Co. Ltd., 
AbbVie　GK, and Janssen Pharmaceutical K.K. All other authors de-
clare that they have no conflict of interest in this study.

References

	 1.	 Amin J, Huang B, Yoon J, et al. Update 2014: advances to opti-
mize 6-mercaptopurine and azathioprine to reduce toxicity and 
improve efficacy in the management of IBD. Inflamm Bowel Dis. 
2015;21:445–52.

	 2.	 Lee MN, Kang B, Choi SY, et al. Relationship between azathio-
prine dosage, 6-thioguanine nucleotide levels, and therapeutic 
response in pediatric patients with IBD treated with azathioprine. 
Inflamm Bowel Dis. 2015;21:1054–62.

	 3.	 Timmer A, McDonald JW, Tsoulis DJ, et al. Azathioprine and 
6-mercaptopurine for maintenance of remission in ulcerative coli-
tis. Cochrane Database Syst Rev. 2012;9:CD000478.

	 4.	 Chande N, Patton PH, Tsoulis DJ, et al. Azathioprine or 6-mer-
captopurine for maintenance of remission in Crohn’s disease. 
Cochrane Database Syst Rev. 2015;10:CD000067.

	 5.	 Torres J, Bonovas S, Doherty G, et al. ECCO guidelines on thera-
peutics in Crohn’s disease: medical treatment. J Crohns Colitis. 
2020;14:4–22.

	 6.	 van Gennep S, de Boer NK, D’Haens GR, et al. Thiopurine treat-
ment in ulcerative colitis: a critical review of the evidence for 
current clinical practice. inflamm Bowel Dis. 2017;24:67–77.

	 7.	 Gearry RB, Barclay ML, Burt MJ, et al. Thiopurine drug adverse 
effects in a population of New Zealand patients with inflammatory 
bowel disease. Pharmacoepidemiol Drug Saf. 2004;13:563–7.

	 8.	 Van Dieren JM, Hansen BE, Kuipers EJ, et al. Meta-analysis: ino-
sine triphosphate pyrophosphatase polymorphisms and thiopurine 
toxicity in the treatment of inflammatory bowel disease. Aliment 
Pharmacol Ther. 2007;26:643–52.

	 9.	 Chaparro M, Ordas I, Cabre E, et al. Safety of thiopurine therapy 
in inflammatory bowel disease: long-term follow-up study of 3931 
patients. Inflamm Bowel Dis. 2013;19:1404–10.

	10.	 Chang JY, Cheon JH. Thiopurine therapy in patients with inflam-
matory bowel disease: a focus on metabolism and pharmacogenet-
ics. Dig Dis Sci. 2019;64:2395–403.

	11.	 Yang SK, Hong M, Baek J, et al. A common missense variant in 
NUDT15 confers susceptibility to thiopurine-induced leukopenia. 
Nat Genet. 2014;46:1017–20.

	12.	 Moriyama T, Nishii R, Perez-Andreu V, et al. NUDT15 polymor-
phisms alter thiopurine metabolism and hematopoietic toxicity. 
Nat Genet. 2016;48:367–73.

	13.	 Relling MV, Schwab M, Whirl-Carrillo M, et al. Clinical phar-
macogenetics implementation consortium guideline for thiopurine 



118	 J Gastroenterol (2024) 59:109–118

1 3

dosing based on TPMT and NUDT15 genotypes: 2018 update. 
Clin Pharmacol Ther. 2019;105:1095–105.

	14.	 Kakuta Y, Kawai Y, Okamoto D, et al. NUDT15 codon 139 is 
the best pharmacogenetic marker for predicting thiopurine-
induced severe adverse events in Japanese patients with inflam-
matory bowel disease: a multicenter study. J Gastroenterol. 
2018;53:1065–78.

	15.	 Yang JJ, Landier W, Yang W, et al. Inherited NUDT15 vari-
ant is a genetic determinant of mercaptopurine intolerance 
in children with acute lymphoblastic leukemia. J Clin Oncol. 
2015;33:1235–42.

	16.	 Chang JY, Park SJ, Jung ES, et al. Genotype-based treatment with 
thiopurine reduces incidence of myelosuppression in patients 
with inflammatory bowel diseases. Clin Gastroenterol Hepatol. 
2020;18(2010–8): e2.

	17.	 Asada A, Nishida A, Shioya M, et al. NUDT15 R139C-related thi-
opurine leukocytopenia is mediated by 6-thioguanine nucleotide-
independent mechanism in Japanese patients with inflammatory 
bowel disease. J Gastroenterol. 2016;51:22–9.

	18.	 Kakuta Y, Naito T, Onodera M, et al. NUDT15 R139C causes 
thiopurine-induced early severe hair loss and leukopenia in Japa-
nese patients with IBD. Pharmacogenomics J. 2016;16:280–5.

	19.	 Warner B, Johnston E, Arenas-Hernandez M, et al. A practical 
guide to thiopurine prescribing and monitoring in IBD. Frontline 
Gastroenterol. 2018;9:10–5.

	20.	 Nakase H, Uchino M, Shinzaki S, et al. Evidence-based clinical 
practice guidelines for inflammatory bowel disease 2020. J Gas-
troenterol. 2021;56:489–526.

	21.	 Imai T, Kawahara M, Tatsumi G, et al. Thiopurine use during 
pregnancy has deleterious effects on offspring in Nudt 15(R138C) 
knock-in mice. Cell Mol Gastroenterol Hepatol. 2021;12:335–7.

	22.	 Tatsumi G, Kawahara M, Imai T, et al. Thiopurine-mediated 
impairment of hematopoietic stem and leukemia cells in Nudt 
15(R138C) knock-in mice. Leukemia. 2020;34:882–94.

	23.	 Yang L, Boyd K, Kaste SC, et al. A mouse model for glucocorti-
coid-induced osteonecrosis: effect of a steroid holiday. J Orthop 
Res. 2009;27:169–75.

	24.	 Shin SC, Kang YM, Jin YW, et al. Relative morphological abnor-
malities of sperm in the caudal epididymis of high- and low-dose-
rate gamma-irradiated ICR mice. J Radiat Res. 2009;50:261–6.

	25.	 Takeda N, Yoshinaga K, Furushima K, et  al. Viable off-
spring obtained from Prm1-deficient sperm in mice. Sci Rep. 
2016;6:27409. https://​doi.​org/​10.​1038/​srep2​7409.

	26.	 Yoshida S. From cyst to tubule: innovations in vertebrate sper-
matogenesis. Wiley Interdiscip Rev Dev Biol. 2016;5:119–31.

	27.	 Weinbauer GF, Nieschlag E. Gonadotrophin control of testicular 
germ cell development. Adv Exp Med Biol. 1995;377:55–65.

	28.	 Migrenne S, Moreau E, Pakarinen P, et al. Mouse testis develop-
ment and function are differently regulated by follicle-stimulating 
hormone receptors signaling during fetal and prepubertal life. 
PLoS ONE. 2012;7: e53257. https://​doi.​org/​10.​1371/​journ​al.​pone.​
00532​57.

	29.	 Patel H, Bhartiya D. Direct action of FSH on testicular stem cells. 
Stem Cell Res Ther. 2019;10:261.

	30.	 Kaplan GG. The global burden of IBD: from 2015 to 2025. Nat 
Rev Gastroenterol Hepatol. 2015;12:720–7.

	31.	 van den Heuvel TR, Wintjens DS, Jeuring SF, et al. Inflammatory 
bowel disease, cancer and medication: cancer risk in the Dutch 
population-based IBDSL cohort. Int J Cancer. 2016;139:1270–80.

	32.	 Oatley JM, Reeves JJ, McLean DJ. Biological activity of cryopre-
served bovine spermatogonial stem cells during in vitro culture. 
Biol Reprod. 2004;71:942–7.

	33.	 Habas K, Brinkworth MH, Anderson D. In vitro responses to 
known in vivo genotoxic agents in mouse germ cells. Environ 
Mol Mutagen. 2017;58:99–107.

	34.	 Kotaja N, De Cesare D, Macho B, et al. Abnormal sperm in mice 
with targeted deletion of the act (activator of cAMP-responsive 
element modulator in testis) gene. Proc Natl Acad Sci U S A. 
2004;101:10620–5.

	35.	 Simsek M, Lambalk CB, Wilschut JA, et al. The associations of 
thiopurines with male fertility and paternally exposed offspring: 
a systematic review and meta-analysis. Hum Reprod Update. 
2018;24:192–206.

	36.	 Ligumsky M, Badaan S, Lewis H, et al. Effects of 6-mercaptopu-
rine treatment on sperm production and reproductive performance: 
a study in male mice. Scand J Gastroenterol. 2005;40:444–9.

	37.	 Karl PI, Katz R, Daum F, et al. 6-Mercaptopurine and spermato-
genesis in the young rat. Dig Dis Sci. 1991;36:1569–73.

	38.	 de Boer NK, de Meij T, van Bodegraven AA. Thiopurines dur-
ing pregnancy in inflammatory bowel disease: is there a risk 
for the (unborn) child? Expert Rev Gastroenterol Hepatol. 
2013;7:669–71.

	39.	 Coelho J, Beaugerie L, Colombel JF, et al. Pregnancy outcome in 
patients with inflammatory bowel disease treated with thiopurines: 
cohort from the CESAME Study. Gut. 2011;60:198–203.

	40.	 Andoh A, Kawahara M, Imai T, et al. Thiopurine pharmacog-
enomics and pregnancy in inflammatory bowel disease. J Gastro-
enterol. 2021;56:881–90.

	41.	 Akbari M, Shah S, Velayos FS, et al. Systematic review and 
meta-analysis on the effects of thiopurines on birth outcomes 
from female and male patients with inflammatory bowel disease. 
Inflamm Bowel Dis. 2013;19:15–22.

	42.	 Gubatan J, Barber GE, Nielsen OH, et al. Paternal medications in 
inflammatory bowel disease and male fertility and reproductive 
outcomes: a systematic review and meta-analysis. Clin Gastroen-
terol Hepatol. 2023;21:2222–38.

	43.	 Friedman S, Larsen MD, Magnussen B, et al. Paternal use of 
azathioprine/6-mercaptopurine or methotrexate within 3 months 
before conception and long-term health outcomes in the offspring-
A nationwide cohort study. Reprod Toxicol. 2017;73:196–200.

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1038/srep27409
https://doi.org/10.1371/journal.pone.0053257
https://doi.org/10.1371/journal.pone.0053257

	Thiopurines exert harmful effects on spermatogenesis in Nudt15R138C knock-in mice
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Animal experiments
	Mercaptopurine (MP) administration
	MP treatment and histological analysis
	Evaluation of male fertility
	Sperm analysis
	Serum hormone levels
	TUNEL (terminal deoxynucleotidyl transferase dUTP-biotin nick end labeling) assay
	Statistical analysis

	Results
	Short-term (4 weeks) effects of MP on testicular function in Nudt15R138C knock-in mice
	Long-term (12 weeks) effects of MP on testicular function of NUDT15+R138C mice

	Discussion
	Acknowledgements 
	References




