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Effects of methotrexate exposure on medaka (Oryzias latipes) testes
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Abstract: For the purpose of clarifying the histopathological effects of methotrexate (MTX) on medaka testes, wild-type and homo-
genic p53-deficient male medaka at 4 to 6 months post-hatching were exposed to 0.25 mg/ml of MTX for 96 h with histopathological 
examination of testes at 24, 48, 72 and 96 h. At 72 and 96 h after the start of MTX exposure, numerous apoptotic cells were observed 
in the spermatogonia and spermatocytes, and the pyknotic cell rate and the TUNEL-positive and cleaved caspase-3-positive rates in 
the spermatogonia and spermatocytes of MTX-treated wild type medaka were higher compared with those in the control wild-type 
medaka. Starting at 48 h, the phospho-histone H3-positive rate in the spermatogonia and spermatocytes of was significantly lower in 
MTX-treated wild-type medaka than in control wild-type medaka. In homogenic p53-deficient medaka, apoptosis was not induced in 
the spermatogonia and spermatocytes by exposure to MTX. Starting at 48 h, the phospho-histone H3-positive rate in spermatogonia 
and spermatocytes of MTX-treated homogenic p53-deficient medaka was lower than in control homogenic p53-deficient medaka. 
Throughout the entire experimental period, there were no significant differences in phospho-histone H3-positive rates in the spermato-
gonia and spermatocytes between the MTX-treated homogenic p53-deficient medaka group and the MTX-treated wild-type medaka 
group. In the present study, spermatogonia and spermatocytes of medaka testes were sensitive to MTX at 0.25 mg/ml in the culture 
water, and MTX-induced apoptosis in the testes was dependent on p53 expression; however, inhibition of MTX-induced cell prolifera-
tion was independent of p53 expression. (DOI: 10.1293/tox.2017-0029; J Toxicol Pathol 2017; 30: 283–289)
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Introduction

Methotrexate (MTX), a methyl derivative of aminop-
terin, is a folate antagonist that inhibits dihydrofolate re-
ductase, resulting in a block in the conversion of dihydro-
folate to tetrahydrofolate1, 2. Because folates play a role in 
the transfer of one-carbon units, they are essential to the 
synthesis of pyrimidine, purine and thymidine required for 
DNA and RNA synthesis1. Therefore, MTX inhibits DNA 
and RNA synthesis and cell proliferation by preventing syn-
thesis of pyrimidine, purine and thymidine1, 3. Additionally, 
MTX induces apoptosis via the upregulation of p53 and p21 
expression by c-Jun N-terminal kinase (JNK) 1- and JNK2-
dependent mechanisms4. MTX is used clinically in the treat-
ment of neoplastic diseases, such as leukemias and lympho-

mas, and autoimmune and inflammatory diseases, including 
rheumatoid arthritis, systemic lupus and Crohn’s disease5, 6. 
However, testicular toxicity has been observed after admin-
istration of MTX, and it may cause subsequent infertility7. 
Administration of MTX caused a decreased sperm number, 
an increase in numbers of abnormally shaped sperm, sperm 
DNA damage, damage to testicular germ cells and atrophy 
of the seminiferous tubules8, 9. MTX inhibited cell prolifera-
tion and induced apoptosis in the germ cells of the testes in 
rodents10–12, and rodent testes exposed to MTX showed a 
significant increase in mRNA expression of p5310.

Previous studies demonstrated that MTX was detect-
ed in the effluents from a hospital or wastewater treatment 
plant13–15. Therefore there is a possibility that MTX contam-
inates the aquatic environment and exerts adverse effects 
on the testes of aquatic vertebrates. Nevertheless, there are 
no reports examining the histopathologic effects of MTX 
on the testes of aquatic vertebrates, and the pathogenesis 
of MTX-induced testicular disorder in aquatic vertebrates 
remains unclear.

The medaka (Oryzias latipes) serves as a model verte-
brate organism in various fields of biology including toxi-
cology, development, genetics and evolution16. Completion 
of the medaka genome sequencing project has promoted 
the use of medaka as a comparative and complementary 
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material for research on other vertebrates such as zebraf-
ish, sticklebacks, mice and humans16. Within the Organiza-
tion for Economic Cooperation and Development (OECD) 
guidelines, the medaka is recognized as a suitable model 
fish for chemical toxicity tests. On the other hand, in the 
testes of the medaka, germ cells are distributed separately 
into the cell differentiation stages, such as spermatogonia, 
spermatocytes, spermatids and spermatozoa17. Therefore, 
it is easy to distinguish the germ cell differentiation stage 
showing high sensitivity for chemicals by histomorphologi-
cal examinations.

In the present study, we examined temporal changes 
in histopathologic characteristics in the testes of adult male 
medaka following exposure to MTX. Additionally, the in-
volvement of p53 gene expression in the pathogenesis of 
MTX-induced testicular disorders has not been clarified, so 
a histopathological analysis was also performed to clarify 
the significance of p53 gene expression in the pathogenesis 
of MTX-induced testicular disorders in medaka. The pur-
pose of the present study was to clarify the histopathologi-
cal characteristics and pathogenesis of testicular disorder 
induced by MTX in medaka.

Material and Methods

Animals
Adult male wild-type and homogenic p53-deficient 

medaka (Oryzias latipes; Cab strain) obtained from the Na-
tional Institute for Basic Biology (Aichi, Japan) were used 
at 4 to 6 months post-hatching. The p53-deficient medaka 
were originally produced by TILLING. In this study, these 
medaka were backcrossed ten times with inbred Cab strain 
medaka to establish a p53-deficient strain with a Cab ge-
nomic background. The fish were maintained at 25 to 26°C 
with a 14:10 h (light:dark) cycle in a recirculating aquacul-
ture system equipped with carbon filtration and biofiltra-
tion. The present experiments were performed according to 
the guidelines of the Animal Research Committee of Tottori 
University.

Experimental design
For the exposure experiments, 160 male medaka (body 

length: 19.11 ± 0.18 mm) were divided into four groups as 
follows: (1) control wild-type medaka group (n=40), (2) 
MTX-treated wild-type medaka group (n=40), (3) control 
homogenic p53-deficient (p53 (−/−)) medaka group (n=40), 
and (4) MTX-treated homogenic p53-deficient (p53 (−/−)) 
medaka group (n=40).

MTX (Pfizer Japan Inc., Tokyo, Japan) was dissolved 
in dechlorinated tap water to a concentration of 0.25 mg/ml, 
and fish were kept in the MTX-containing water for up to 
96 h. The water was exchanged daily with MTX-containing 
water of the same concentration. Fish from all treatment 
groups were removed (10 fish per group per time point) and 
examined histopathologically at 24, 48, 72 and 96 h. A pre-
liminary study using wild-type medaka with exposure for 
96 h showed that 0.025 mg/ml and 0.0025 mg/ml induced 

few histopathologic changes in the testes, whereas exposure 
to 0.25 mg/ml caused stable pyknotic changes in the testes 
with no individual differences in the rate of pyknotic cells.

Histopathological examination
Fish were euthanized by prolonged immersion in 100 

mg/l tricaine methanesulfonate (Tokyo Chemical Industry, 
Tokyo, Japan) and fixed in toto in Bouin’s fluid overnight 
before being fixed again in neutral buffered formalin, em-
bedded in paraffin, cut into sagittal sections, and routinely 
stained with hematoxylin-eosin. Histopathological exami-
nation of whole organs was carried out.

TUNEL method
Cells with DNA fragmentation in testicular tissue were 

detected by terminal deoxynucleotidyl-transferase (TdT)-
mediated deoxyuridine triphosphate-digoxigenin (dUTP) 
nick-end labeling (TUNEL) assay using a TACS® 2 TdT-
DAB In Situ Apoptosis Detection Kit (Trevigen, Inc., Gaith-
ersburg, MD, USA). The TUNEL-positive rate was calcu-
lated as the percentage of TUNEL-positive cells among the 
total number of the spermatogonia and spermatocytes with 
histomorphometric analysis software (Olympus Corpora-
tion, Tokyo, Japan).

Immunohistochemical examination
Immunohistochemical staining was carried out using a 

labeled polymer method with Histofine Simple Stain MAX-
PO (R) (Nichirei, Tokyo, Japan). To retrieve the antigen, 
tissue sections for the detection of cleaved caspase-3 were 
immersed in citrate buffer at pH 6.0 (Dako, Glostrup, Den-
mark) and autoclaved for 15 min at 121°C. Tissue sections 
for the detection of phospho-histone H3 were immersed in 
citrate buffer (pH 6.0; Dako) and microwaved for 15 min. 
Histone H3, a protein involved in chromatin structure, is 
phosphorylated at serine 10 during chromatin condensation 
in mitosis18; therefore, phospho-histone H3 is recognized as 
a mitosis-specific marker19, 20. Endogenous peroxidase activ-
ity in the sections was quenched by immersing the sections 
in 3% hydrogen peroxide in methanol for 15 min. The sec-
tions were incubated with a cleaved caspase-3 rabbit poly-
clonal antibody (1:50 dilution; Cell Signaling Technology, 
Inc., Danvers, MA, USA) for 30 min at room temperature. 
The sections were incubated with a phospho-histone H3 
rabbit monoclonal antibody (1:1,500 dilution; Abcam, To-
kyo, Japan) for 30 min at room temperature. They were then 
treated with Histofine Simple Stain MAX-PO (R) (Nichirei, 
Tokyo, Japan) for 30 min at room temperature. After expo-
sure to a 3,3′-diaminobenzidine solution containing hydro-
gen peroxide (Nichirei, Tokyo, Japan) to facilitate a peroxi-
dase color reaction, the sections were counterstained with 
Mayer’s hematoxylin. The cleaved caspase-3-positive rate 
and the phospho-histone H3-positive rate were calculated 
as the percentages of cleaved caspase-3-positive cells and 
phospho-histone H3-positive cells among the total number 
of spermatogonia and spermatocytes with the above-men-
tioned histomorphometric analysis software.
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Statistical analysis
All data were expressed as means ± SE in each group. 

The results in each group were compared by Tukey’s mul-
tiple comparison test with the Excel Toukei statistical soft-
ware (SSRI Co., Ltd., Tokyo, Japan). Comparisons with 
P<0.05 or P<0.01 were considered to be statistically signifi-
cant.

Results

In all four test groups (wild-type medaka groups and 
homogenic p53-deficient medaka groups with and without 
MTX exposure), all fish survived, and none showed behav-
ior disorders or abnormal appearance throughout the entire 
experimental period.

In the MTX-treated wild-type medaka group, there 
were few pyknotic cells in the spermatogonia and spermato-
cytes at 24 and 48 h after MTX treatment, which is simi-
lar to the results in the control wild-type group (Table 1). 
At 72 and 96 h after the start of MTX exposure, numer-
ous pyknotic cells were observed in the spermatogonia and 

spermatocytes of MTX-treated wild-type medaka (Fig. 1). 
These pyknotic cells in MTX-treated wild-type medaka 
were positive for TUNEL staining and anti-cleaved caspase 
3 antibody (Fig. 2 and 3). At 72 and 96 h after the start of 
MTX treatment, pyknotic cell rates and TUNEL-positive 
and cleaved caspase-3 rates in the spermatogonia and sper-
matocytes in the MTX-treated wild-type medaka group 
were significantly higher than those in the control wild-type 
medaka group (Table 1). Throughout the entire experimen-
tal period, the homogenic p53-deficient medaka exposed to 
MTX showed few pyknotic cells, TUNEL-positive cells or 
cleaved caspase-3-positive cells in the spermatogonia and 
spermatocytes, which is similar to observations in the con-
trol homogenic p53-deficient medaka group and the control 
wild-type medaka group (Fig. 1, 2 and 3, Table 1). Through-
out the entire experimental period, a comparison of pyknot-
ic cells rates, TUNEL-positive rates and cleaved caspase-
3-positive rates in the spermatogonia and spermatocytes 
showed no significant differences between the MTX-treated 
homogenic p53-deficient medaka group, the control homo-
genic p53-deficient medaka group and the control wild-type 

Table 1. Time Course Changes in Pyknotic Index, TUNEL-positive Rate, and Cleaved Caspase 3-positive Rate in Spermato-
gonia and Spermatocytes

Pyknotic index (%)

Group n 24 h 48 h 72 h 96 h

Wild-type control 40 Mean 0.1 0.12 0.1 0.07
SE 0.05 0.05 0.06 0.05

Wild-type MTX 40 Mean 0.19 0.24 1.82**, ††, ‡‡ 8.50**, ††, ‡‡

SE 0.06 0.07 0.23 0.87
p53 (−/−) control 40 Mean 0.05 0.05 0.06 0.07

SE 0.04 0.02 0.05 0.03
p53 (−/−) MTX 40 Mean 0.07 0.13 0.13 0.1

SE 0.04 0.06 0.06 0.05

TUNEL-positive rate (%)

Group n 24 h 48 h 72 h 96 h

Wild-type control 40 Mean 0.06 0.07 0.04 0.1
SE 0.03 0.03 0.03 0.05

Wild-type MTX 40 Mean 0.13 0.16 1.09**, ††, ‡‡ 6.13**, ††, ‡‡

SE 0.05 0.04 0.17 0.54
p53 (−/−) control 40 Mean 0.04 0.05 0.04 0.06

SE 0.02 0.03 0.02 0.03
p53 (−/−) MTX 40 Mean 0.05 0.07 0.03 0.17

SE 0.03 0.03 0.02 0.05

Cleaved caspase 3-positive rate (%)

Group n 24 h 48 h 72 h 96 h

Wild-type control 40 Mean 0.08 0.07 0.09 0.06
SE 0.03 0.04 0.04 0.04

Wild-type MTX 40 Mean 0.07 0.12 1.19**, ††, ‡‡ 4.81**, ††, ‡‡

SE 0.04 0.04 0.22 0.34
p53 (−/−) control 40 Mean 0.02 0.04 0.05 0.04

SE 0.02 0.03 0.03 0.03
p53 (−/−) MTX 40 Mean 0.03 0.05 0.04 0.08

SE 0.02 0.03 0.02 0.04

**Vs the wild-type control group at P<0.01 in Tukey's multiple comparison test. ††Vs the p53 (−/−) control group at P<0.01 in 
Tukey's multiple comparison test. ‡‡Vs the p53 (−/−) MTX group at P<0.01 in Tukey's multiple comparison test. 
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Fig. 1. Pyknotic changes in spermatogonia and spermatocytes after 96 h MTX treatment. A. Control wild-type medaka group. B. MTX-treated 
wild-type medaka group. C. Control homogenic p53-deficient (p53 (−/−)) medaka group. D. MTX-treated homogenic p53-deficient (p53 
(−/−)) medaka group. Arrows indicate pyknosis. Bar = 30 μm.

Fig. 2. TUNEL-positive cells in spermatogonia and spermatocytes after 96 h MTX treatment. A. Control wild-type medaka group. B. MTX-
treated wild-type medaka group. C. Control homogenic p53-deficient (p53 (−/−)) medaka group. D. MTX-treated homogenic p53-defi-
cient (p53 (−/−)) medaka group. Bar = 30 μm.
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Fig. 3. Cleaved caspase-3-positive cells in spermatogonia and spermatocytes after 96 h MTX treatment. A. Control wild-type medaka group. 
B. MTX-treated wild-type medaka group. C. Control homogenic p53-deficient (p53 (−/−)) medaka group. D. MTX-treated homogenic 
p53-deficient (p53 (−/−)) medaka group. Bar = 30 μm.

Fig. 4. Phospho-histone H3-positive cells in spermatogonia and spermatocytes after 96 h MTX treatment. A. Control wild-type medaka group. 
B. MTX-treated wild-type medaka group. C. Control homogenic p53-deficient (p53 (−/−)) medaka group. D. MTX-treated homogenic 
p53-deficient (p53 (−/−)) medaka group. Bar = 30 μm.
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medaka group (Table 1).
Fewer phospho-histone H3-positive cells were ob-

served in the spermatogonia and spermatocytes in the 
MTX-treated wild-type and MTX-treated homogenic p53-
deficient medaka groups than in the control wild-type and 
control homogenic p53-deficient medaka groups (Fig. 4). 
Starting at 48 h after MTX exposure, the phospho-histone 
H3-positive rates in the spermatogonia and spermatocytes 
in the MTX-treated wild-type and homogenic p53-deficient 
medaka groups were significantly lower than those in the 
control wild-type and homogenic p53-deficient medaka 
groups (Table 2). Throughout the entire experimental pe-
riod, the phospho-histone H3-positive rates in the spermato-
gonia and spermatocytes showed no significant differences 
between the MTX-treated homogenic p53-deficient medaka 
and the MTX-treated wild-type medaka groups.

Discussion

The results of the present study revealed that sper-
matogonia and spermatocytes in wild-type medaka were 
sensitive to 96 h exposure to 0.25 mg/ml MTX, and MTX 
exposure induced pyknotic changes in the spermatogonia 
and spermatocytes of wild-type medaka testes. The pyk-
notic cells in spermatogonia and spermatocytes were posi-
tive for TUNEL staining and cleaved caspase-3. Cleavage 
of caspase-3 is associated with apoptosis and thus serves as 
an apoptosis marker21. These results demonstrate that the 
pyknotic changes induced by 0.25 mg/ml MTX in the sper-
matogonia and spermatocytes of the wild-type medaka tes-
tes occurred through the mechanism of apoptosis. A single 
intraperitoneal injection of MTX at 20 mg/kg induced apop-
tosis of germinal epithelial cells in rat testes10, 11. Spermato-
gonia and spermatocytes in rodents were sensitive to MTX 
in vivo and in vitro22–24. These findings suggest that the tes-
ticular disorders induced by MTX in medaka are similar to 
those in rodents. A previous study suggested that testicular 
germinal epithelial cells in rodents are especially suscepti-
ble to cytotoxic drugs because testicular germinal epithelial 
cells have high mitotic activity23. Spermatogonia and sper-
matocytes in medaka testes also show high cell proliferative 
activity25, and this finding may be related to the induction of 

apoptosis in spermatogonia and spermatocytes in medaka 
testes exposed to MTX in the present study.

The p53 protein induces apoptosis in response to DNA 
damage via intrinsic (mitochondrial) and extrinsic (death 
receptor-mediated) pathways26. MTX-induced apoptosis in 
mouse testes was involved in upregulation of the p53 gene10. 
In the present study, MTX exposure induced apoptosis in 
spermatogonia and spermatocytes in the testes of the wild-
type medaka but not in those of the homogenic p53-deficient 
medaka. Consistent with the results of the previous study in 
mice10, the results of the present study revealed that MTX-
induced apoptosis in wild-type medaka testes was depen-
dent on p53 gene expression.

MTX inhibited cell proliferation by preventing syn-
thesis of thymidylate and purine nucleotides required for 
DNA and RNA synthesis, and this action mechanism is in-
dependent of p53 expression1, 3, 27. Additionally, MTX also 
induced inhibition of cell proliferation via cell cycle arrest 
arising from upregulation of p21 expression, and this action 
mechanism is dependent of p53 expression4, 28. In the pres-
ent study, inhibition of cell proliferation was observed in 
the testes of MTX-treated homogenic p53-deficient medaka, 
and it was similar to that in MTX-treated wild-type medaka. 
This result demonstrates that under the exposure conditions 
used in the present study (exposure concentration, 0.25 mg/
ml; exposure time, 96 h), MTX mainly inhibits cell prolifer-
ation via a p53-independent mechanism, namely, preventing 
synthesis of thymidylate and purine nucleotides in medaka 
testes.

In conclusion, 96 h exposure to 0.25 mg/ml MTX in-
duced apoptosis of spermatogonia and spermatocytes and 
inhibited their cell proliferation. MTX-induced apoptosis 
in spermatogonia and spermatocytes was dependent on p53 
expression. These findings were similar to those for rodent 
testes exposed to MTX. To the best of our knowledge, this 
is the first report demonstrating histopathological findings 
of testicular disorders induced by MTX exposure in aquatic 
vertebrates.

Disclosure of Potential Conflicts of Interest: We have no 
conflicts of interest to declare.

Table 2. Time Course Changes in Phospho-histone H3-positive Rate (%) in Spermatogonia and Spermatocytes

n 24 h 48 h 72 h 96 h

Wild-type control 40 Mean 17.25 17.48 17.53 17.11
SE 0.81 1.17 0.81 0.75

Wild-type MTX 40 Mean 14.13 13.04*, †† 7.69**, †† 4.50**, ††

SE 1.24 1.22 1.19 0.45
p53 (−/−) control 40 Mean 15.25 16.14 15.98 15.45

SE 0.83 0.94 0.95 1.1
p53 (−/−) MTX 40 Mean 14.02 13.18*, † 9.45**, †† 6.13**, ††

SE 0.74 0.68 0.61 0.4

*Vs the wild-type control group at P<0.05 in Tukey's multiple comparison test. **Vs the wild-type control group 
at P<0.01 in Tukey's multiple comparison test. †Vs the p53 (−/−) control group at P<0.05 in Tukey's multiple com-
parison test. ††Vs the p53 (−/−) control group at P<0.01 in Tukey's multiple comparison test.
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