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The previous data regarding the effect of irradiation on thyroid autoimmunity are controversial. We 

have recently reported the exacerbation of autoimmune thyroiditis by a single low dose (0.5 Gy) of whole 
body irradiation in thyroiditis-prone non-obese diabetic (NOD)-H2h4 mice treated with iodine for 8 weeks. 
However, it is uncertain in that report whether the results obtained by the provision of iodine in a 
relatively short period of time (8 weeks) accurately reflects the long-term consequences of low-dose 
irradiation on thyroid autoimmunity. Therefore, we repeated these experiments with mice that were mon-
itored after irradiation without iodine treatment for up to 15 months. We found that a single low-dose 
(0.5 Gy) irradiation increased the incidence and severity of thyroiditis and the incidence and titers of anti-
thyroglobulin autoantibodies at 15 months of age. The numbers of splenocytes and percentages of various 
lymphocyte subsets were not affected by irradiation. Thus, we conclude that low-dose irradiation also 
exacerbates late-onset spontaneous thyroiditis in NOD-H2h4 mice; one plausible explanation for this may 
be the acceleration of immunological aging by irradiation.

INTRODUCTION

It is well known that irradiation exhibits various effects on 
the immune system. Although it is clear that high-dose irra-
diation suppresses immune responses by killing immune 
cells, the effects of low-dose irradiation on the immune 
system are controversial. For example, numerous in vitro
studies and some in vivo experiments, particularly those on 
tumor immunity, have reported its enhanced effects on 
immune responses, while other in vivo experiments, espe-
cially those on autoimmunity, have demonstrated immune 
suppression by low-dose irradiation.1)

Focusing on the thyroid gland, which we believe is one of 
the most vulnerable organs to irradiation insult, the data 
regarding the effect of low-dose irradiation on thyroid 
autoimmunity are also inconsistent. Some, but not all, of the 

studies conducted in Chernobyl, the Marshall Islands, and 
the Nevada test site2–9) have demonstrated significant corre-
lations between irradiation and thyroid autoimmunity. More 
importantly, one survey10) of atomic bomb survivors in 
Nagasaki and Hiroshima has also revealed a significant rela-
tionship between irradiation and thyroid autoimmunity, 
although this relationship was not found in other studies.11–13)

Thus, it is presently unclear whether late effects of low-dose 
irradiation on the immune system exist.

We have recently reported that a single low-dose (0.5 Gy) 
irradiation of the entire body exacerbated autoimmune thy-
roiditis in thyroiditis-prone non-obese diabetic (NOD)-H2h4

mice.1) In that study, however, the incidence and severity of 
thyroiditis were determined in mice fed with iodine in their 
drinking water for 8 weeks. Thus, there is a concern that these 
results obtained by the provision of iodine in a relatively short 
period of time (8 weeks) may not necessarily accurately 
reflect the long-term consequences of low-dose irradiation on 
thyroid autoimmunity. Therefore, we repeated these experi-
ments with mice that were monitored after irradiation without 
the provision of iodine for up to 15 months. We found, as in 
our previous study,1) that a single low-dose (0.5 Gy) irradia-
tion increased the incidence and severity of thyroiditis and the 
incidence and titers of anti-thyroglobulin (Tg) autoantibodies 
at 15 months of age, indicating enhancement of the develop-
ment of late-onset spontaneous thyroiditis in NOD-H2h4 mice.
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MATERIALS AND METHODS

Mice
NOD-H2h4 mice were obtained from Jackson Laboratory 

Inc. (Bar Harbor, ME, USA) and bred with a regular diet 
(iodine contents of ~0.21 mg/100 g chow; CE2, Clea Japan, 
Tokyo, Japan) in the animal facility at Nagasaki University. 
Both male and female mice were used for the current study. 
Animal care and all experimental procedures were 
performed in accordance with the Guidelines for Animal 
Experimentation of Nagasaki University with the approval 
of the Institutional Animal Care and Use Committee. All of 
the mice were kept in a specific pathogen-free condition.

Evaluation of thyroiditis
Thyroid tissues were removed and fixed in 10% formalin 

in phosphate-buffered saline. Tissues were then embedded in 
paraffin and 5-μm-thick sections were prepared and stained 
with hematoxylin-eosin. The severity of thyroiditis was 
expressed as one of five thyroiditis scores from 0 to 4, deter-
mined by the extent of lymphocyte infiltration as previously 
described.1)

Enzyme-linked immunosorbent assay for anti-
thyroglobulin autoantibody measurements

Enzyme-linked immunosorbent assays for serum thyro-
globulin (Tg) autoantibodies were performed as previously 
described.1) Briefly, assay wells were coated overnight with 
100 μl Tg protein (10 μg/ml) and incubated with mouse sera 
(1:100 dilution). After incubation with horseradish peroxi-
dase-conjugated anti-mouse IgG (Sigma-Aldrich Corp., 
Tokyo, Japan), color was developed using orthophenylene 
diamine and H2O2 as substrate and the optical density was 
read at 492 nm (OD492).

Thyroxine measurements
Serum-free thyroxine (T4) concentrations were measured 

with a radioimmunoassay kit (DPC free T4 kit; Diagnostic 
Products, Los Angeles, CA, USA).

Irradiation protocol
Anesthetized mice were exposed to a single 0.5- or 3-Gy 

dose of γ-irradiation with an EXS-300 γ-irradiator (200 kV; 
15 mA; filter, 0.5 mm aluminum and 0.5 mm copper; 0.47 
Gy/min; Toshiba, Tokyo, Japan).

Flow cytometry
The splenocytes were stained with fluorescein isothiocy-

anate (FITC) or phycoerythrin (PE)-conjugated anti-CD4 
(H129.19; BD Biosciences, San Diego, CA, USA), anti-CD8 
(53-6.7; BD Biosciences), anti-CD19 (1D3; eBioscience, 
San Diego, CA, USA), or anti-CD25 (7D4; eBioscience) 
antibodies according to the manufacturers’ instructions and 
analyzed on a FACSCant II fluorescence activated cell sorter 
system (BD Biosciences).

Statistical analysis
Thyroiditis scores were analyzed by t-test and incidences 

of hyperthyroidism by the chi-square test. A p value of less 
than 0.05 was considered statistically significant.

RESULTS AND DISCUSSION

To evaluate the long-term effect of radiation on thyroid 
autoimmunity in NOD-H2h4 mice, naïve mice and those irra-
diated with 0.5 or 3 Gy at 6 weeks of age were maintained 
on a regular diet for up to 15 months. Each group contained 
the same numbers (n = 12) of female and male mice. The 
data on thyroiditis, anti-Tg autoantibodies, and T4 levels are 
summarized in Table 1, where the composite results from 

Table 1. Thyroiditis, anti-thyroglobulin (Tg) autoantibodies, and free thyroxine (T4) in 
control NOD-H2h4 mice and those exposed to irradiation.

thyroiditis anti-Tg autoantibodies  free T4 (ng/dl)

incidence scores incidence titers

9 months

0 Gy  2/24 (8%) 0.06 ± 0.20*  4/24 (17%) 0.27 ± 0.17 n.d.**

0.5 Gy  7/24 (33) 0.60 ± 1.05  6/24 (25) 0.33 ± 0.24 n.d.

3 Gy  3/24 (13) 0.19 ± 0.65  4/24 (17) 0.26 ± 0.16 n.d.

15 months

0 Gy  4/24 (17%) 0.39 ± 0.93  7/24 (29%) 0.30 ± 0.24 0.56 ± 0.16

0.5 Gy 18/24 (75) # 2.03 ± 1.55# 16/24 (67) # 0.54 ± 0.39$ 0.47 ± 0.22

3 Gy  6/20 (30) 0.64 ± 1.46  7/20 (35) 0.30 ± 0.18 0.51 ± 0.30

*, mean ± S.D. (n = 20 – 24) ; **, not determined; #, p < 0.01 and $, p < 0.05 vs. the control 
(0 Gy-irradiated) group.
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female and male mice are shown because female and male 
mice demonstrated essentially the same results. In 9-month-
old mice, intrathyroidal lymphocyte infiltration was barely 
detectable in only 2 (8%) of 24 mice in the control group 
compared with 7 (33%, p > 0.05 by the chi-square test) of 
24 mice in the 0.5-Gy irradiated group and 3 (12.5%, p > 
0.05) of 24 mice in the 3-Gy irradiated group. There was 
also no significant difference in the degrees of thyroiditis 
among the three groups. Thus, thyroiditis scores were 0.06 
± 0.20 (mean ± S.D.) in the control group compared with 
0.60 ± 1.05 (p > 0.05 by t-test) in the 0.05-Gy irradiated 
group and 0.19 ± 0.65 (p > 0.05) in the 3-Gy irradiated 
group. Likewise, the incidences and the titers of anti-Tg 
autoantibodies were insignificantly different among the 
three groups. Thus, the incidences were 17% (4/24) in the 
control group, 25% (6/24; p > 0.05) in the 0.5-Gy irradiated 
group, and 17% (4/24) in the 3-Gy irradiated group. The 
titers of anti-Tg autoantibodies were 0.27 ± 0.17 OD492 in 
the control group, 0.33 ± 0.24 in the 0.5-Gy irradiated group, 
and 0.26 ± 0.16 in the 3-Gy irradiated group. 

In contrast, analyses of 15-month-old mice demonstrated 
significant exacerbation of thyroid autoimmunity in the 0.5-
Gy irradiated group. In this set of experiments, 4 of 24 mice 
in the 3-Gy irradiated groups died between 10 and 14 
months and were omitted from this study. In two of these 
mice, thymoma-like tumors were found upon necropsy. 
Thus, the incidence of thyroiditis remained low (4/24, 17%) 
in the control group, but increased to 75% (18/24; p < 0.01) 
in the 0.5-Gy irradiated group and 30% (6/20; p > 0.05) in 
the 3-Gy irradiated group. Degrees of thyroiditis were 0.39 
± 0.93 in the control group compared with 2.03 ± 1.55 (p < 
0.01) in the 0.5-Gy irradiated group and 0.64 ± 1.46 (p > 
0.05) in the 3-Gy irradiated group. The incidences of anti-
Tg autoantibodies were 29% (7/24) in the control group, 
67% (16/24; p < 0.01) in the 0.5-Gy irradiated group, and 
35% (7/20) in the 3-Gy irradiated group, and their titers 

were 0.30 ± 0.24 OD492 in the control group, 0.54 ± 0.39 (p 
< 0.05) in the 0.5-Gy irradiated group, and 0.30 ± 0.18 in 
the 3-Gy irradiated group. Despite these differences, no dif-
ference was found in serum T4 levels among the three 
groups.

Based on our previous study1) demonstrating the exacer-
bation of iodine-induced autoimmune thyroiditis in NOD-
H2h4 mice by low-dose irradiation in a short time of period 
(8 weeks), the present study shows increases in the incidence 
and severity of thyroiditis and in the incidence and titers of 
anti-Tg autoantibodies in low-dose-irradiated 15-month-old 
mice. Our data indicate a causal relationship between low-
dose irradiation and late-onset spontaneous autoimmune 
thyroiditis. These results are consistent with a previous 
report on atomic bomb survivors10) and a recent study of 
Chernobyl residents,6) both of which showed a significant 
relationship between radiation exposure and the prevalence 
of thyroid autoimmunity. However, the former study shows 
a bell-shaped, convexed dose-response curve with the max-
imum prevalence at 0.7 Sv,10) which fits well with our 
present data; the latter study shows a linear dose-response up 
to 10 Gy.6) There are also numerous reports that are incon-
sistent with our data as mentioned in the Introduction, 
including more recently published data on atomic bomb sur-
vivors.13) The reasons for these discrepant data are unclear, 
but may include differences in cohort populations, diagnos-
tic techniques, dose distribution of the cohort members, and 
the definition of thyroid disease. Our results are also not rec-
onciled with previous reports showing suppression by low-
dose irradiation of other autoimmune diseases in animal 
models.1)

In an attempt to seek the mechanisms of this enhancing 
effect, the numbers of splenocytes and percentages of 
CD4+CD25+ regulatory T (Treg) cells, CD4+ T cells, CD8+

T cells, and CD19+ B cells were evaluated at the same time 
points (Table 2). However, no significant differences were 

Table 2. Numbers of splenocytes and percentages of CD4+CD25+ Treg cells, CD4+ T cells, CD8+ T cells, and 
CD19+ B cells in splenocytes from control NOD-H2h4 mice and those exposed to irradiation.

splenocytes (x107) CD4+CD25+ T (%) CD4+ T (%) CD8+ T (%) CD19+ B (%)

CD4+ T

9 months

0 Gy 3.50 ± 0.72* 8.83 ± 0.73 50.11 ± 2.92** 14.62 ± 3.80 25.61 ± 3.83

0.5 Gy 3.70 ± 0.95 8.58 ± 2.45 45.93 ± 8.71 19.69 ± 2.97 21.46 ± 10.86

3 Gy 4.17 ± 0.85 8.06 ± 0.36 38.87 ± 0.31 17.27 ± 4.58 26.57 ± 5.79

15 months

0 Gy 4.00 ± 0.10 5.78 ± 0.75 42.68 ± 4.34 17.22 ± 3.37 37.38 ± 2.91

0.5 Gy 4.41 ± 0.45 5.72 ± 0.79 38.63 ± 1.22 21.54 ± 6.47 33.56 ± 3.46

3 Gy 5.64 ± 1.77 6.46 ± 0.51 41.28 ± 2.61 14.57 ± 5.69 37.63 ± 13.88

*, mean ± S.D., n = 3; **, p < 0.05 vs. the other two groups.
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observed in these immune cell subsets among the three 
groups. It should be noted here that CD4+CD25+ T cells may 
contain activated effector T cells because CD25 can also be 
expressed after T cell activation.14) These data do not agree 
with previous reports. It has been demonstrated that chronic 
low-dose rate irradiation induced increases in CD4+ T cells 
and CD8+ T cells and a decrease in B cells.15) A single dose 
of 0.2 Gy is also reported to increase the number and per-
centage of CD8+ T cells.16) Although the reasons for these 
discrepant data are unclear, we could not observe any signif-
icant alterations in immune cell subpopulations in the acute1)

and chronic phases (the present study) following radiation 
exposure.

Recent studies indicate that irradiation causes chronic 
low-grade inflammation in atomic bomb survivors more than
50 years after radiation exposure.17–19) Because some of the 
markers used for evaluating inflammatory responses (for 
example, tumor necrosis factor α and immunoglobulins) are 
also elevated with aging, it is now thought that radiation 
exposure accelerates aging. Because a previous study report-
ed an increased prevalence of anti-thyroid autoantibodies 
with age,20) one plausible explanation for our results may be 
accelerated immunological aging by irradiation, although it 
is uncertain from our present study whether low-dose irradi-
ation accelerates the onset of autoimmune thyroiditis or 
increases the incidence of the development of thyroiditis. 
Future studies are needed to clarify this issue.

Furthermore, one should be cautious in terms of applying 
our data to humans. Because the mice used in this study 
were thyroiditis-prone, our data may suggest that low-dose 
irradiation can manifest latent autoimmune thyroiditis, but 
not induce de novo disease. In this regard, it has been report-
ed that individuals with higher titers of autoantibodies to 
thyroid peroxidase, another thyroid-specific autoantigen, 
had a higher risk of hypothyroidism compared with those 
with lower titers of the antibodies.6)

In conclusion, we have shown using thyroiditis-prone 
NOD-H2h4 mice that a single low-dose (0.5 Gy) irradiation 
at 6 weeks of age increased the incidence and severity of 
thyroiditis and the incidence and titers of anti-Tg autoanti-
bodies in 15-month-old mice, indicating the enhancement by 
low-dose irradiation of the development of late-onset spon-
taneous thyroiditis.
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