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1	� Introduction

Exposure to ionizing radiation generates reactive 
oxygen species (ROS) and free radicals, which, 
in turn, can cause oxidative stress in the irradi-
ated cells. ROS attack, either directly or indi-
rectly, virtually all cellular components, including 
DNA, proteins, and lipids. ROS can also impair 
cellular functions and enhance inflammatory 
responses (Li et al. 2018). Free radicals can cause 
double-stranded breaks (DSBs) and single-
stranded breaks (SSBs) in DNA, promote apop-
tosis and modulate inflammatory processes 
(Duan et al. 2017; Smith et al. 2017). Radiation-
induced injuries can easily induce DSBs and 
SSBs in organs such as the intestines, bone mar-
row, and skin. Radioprotective agents provide 
protection by removing free radicals and have 
been studied for a long time for their ability to 
reduce cell damage caused by free radicals in 
normal tissues (Weiss and Landauer 2009; Poggi 
et al. 2001).

Research on the radioprotective effect of 
taurine has been carried out since the 1960s 
(Sugahara et  al. 1969), and the physiological 
roles of taurine include antioxidant activity and 
protection against ROS and free radical forma-
tion (Johnson et al. 2012). Thus, taurine appears 
to be an attractive candidate for use as a radiopro-
tector and radiation mitigator. We previously 
reported that taurine can promote recovery from 
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radiation-induced injuries (Yamashita et  al. 
2017). However, at present, the effect of taurine 
on radiation-induced injuries remains poorly 
understood.

Taurine is taken up by cells via the taurine 
transporter (TauT) (Kwon and Handler 1995). In 
TauT KO mice that lack the TauT gene, taurine 
levels are markedly decreased in several tissues. 
Compared to wild-type mice, taurine levels in 
TauT KO mice are decreased by 96–98%, in skel-
etal and cardiac muscle, and by 70–90% in the 
brain, kidney, and liver (Ito et  al. 2010; Heller-
Stilb et  al. 2002). Taurine depletion is likely 
harmful because it blocks the recovery of physi-
ological functions that depend on cellular growth, 
the immune system, and intestinal mucosa 
function.

Exposure to ionizing radiation causes injury 
to organs containing rapidly proliferating cells, 
resulting in acute radiation syndromes, such as 
hematopoietic syndrome and gastrointestinal 
syndrome (Suman et al. 2012). Gastrointestinal 
syndrome leads to death within 10–12 days after 
ionizing radiation exposure (Rosen et al. 2015). 
A loss of villus epithelial cells or crypt stem 
cells has been suggested as the potential cause 
of gastrointestinal syndrome (Qiu et  al. 2008). 
Taurine has been reported to be essential for 
optimal proliferation, development, and matura-
tion of brain cells. Furthermore, taurine 
increases neural stem/progenitor cell prolifera-
tion in the developing brain (Shivaraj et  al. 
2012). Thus, taurine might be involved in the 
proliferation of stem cells. Tissue depletion of 
taurine might be associated with the impairment 
of the proliferating ability of intestinal stem 
cells after X-irradiation. Therefore, it is of inter-
est to investigate whether knockout of the tau-
rine transporter in mice aggravates 
radiation-induced gastrointestinal syndrome. In 
this study, we evaluated the role of taurine on 
survival, the crypt-villus structure in the small 
intestine, and the proliferation of proliferating 
cell nuclear antigen (PCNA)+ cells in the small 
intestine using a taurine-deficient mouse model 
generated by knocking out the taurine trans-
porter (Ito et al. 2008).

2	� Methods

2.1	� Animals

TauTKO (TauT−/−) mice and their wild-type 
(TauT+/+) littermates were obtained by breeding 
heterozygous (Tau+/−) males and females. 
Female, 6-week-old TauTKO mice and WT lit-
termates were handled according to the 
Guidelines for the Regulation of Animals, from 
the Animal Ethics Committee of Suzuka 
University of Medical Science (Suzuka, Mie-ken, 
Japan). The animals were maintained under con-
trolled conditions at 22 ± 3 °C with 65 ± 5% rela-
tive humidity and a 12 h light/dark cycle (light 
from 08:00 to 20:00).

2.2	� X-Irradiation of Mice

Mice were placed in well-ventilated boxes (five 
mice in each box) and irradiated with 5  Gy of 
whole-body irradiation at a dose rate of 0.331 Gy/
min at 200  kV and 9  mA (Phillips MG226, 
Tokyo, Japan). The beam was filtered through a 
0.2 mm copper and 1 mm aluminum board. After 
irradiation, the mice were returned to their cages 
and maintained on food and water ad libitum.

2.3	� Survival Studies

Two groups of 10 mice each were used in the sur-
vival experiments. Mice were exposed to whole-
body X-irradiation (5  Gy/mouse) and then 
monitored continuously for a period of 30 days 
for survival and apparent behavioral deficits.

2.4	� Immunohistochemical Studies

TauTKO (TauT−/−) mice and wild-type 
(TauT+/+) mice exposed to 5  Gy of radiation 
were killed on day 3 (n = 3 per group) for immu-
nochemical analysis of the small intestine. After 
sacrifice, the small intestines were removed, 
fixed with 3.7% paraformaldehyde overnight, 
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and then embedded in paraffin. Then, 7 μm thick 
paraffin sections were stained with hematoxylin 
and eosin (H&E). Rabbit taurine-specific anti-
bodies were prepared as described previously 
(Ma et al. 1994). A PCNA antibody (bs-2007R) 
was obtained from Bioss Inc. (Woburn, MA, 
USA). PCNA antibody immunoreactivity in 
intestinal sections from the mice was observed 
using the peroxidase anti-peroxidase (PAP) 
method. Briefly, paraffin sections (6  μm thick) 
were incubated with rabbit anti-PCNA poly-
clonal antibody (2 μg/ml) overnight at room tem-
perature. Then, the sections were incubated with 
a goat antibody against rabbit IgG (1:200) for 
2 h, followed by peroxidase anti-peroxidase com-
plex (1:200) for 2 h. The sections were incubated 
for 10 min at RT with 3, 3′-diaminobenzidine tet-
rahydrochloride as a chromogen that had been 
freshly prepared as a 20 mg solution in 100 ml of 
PBS containing 0.01% H2O2. Images of the 
developed tissue sections were captured using an 
optical microscope (Olympus, Tokyo, Japan).

2.5	� Statistical Analysis

Means were compared using the t-test for two-
group comparisons. Survival was assessed by the 
Kaplan Meier method. Data are expressed as the 
means ± SEM. For all tests, significance was set 
at P < 0.05.

3	� Results

3.1	� Tissue Depletion of Taurine 
Decreased the Survival Rate 
of Mice After X-Irradiation

Exposure to high-dose radiation affects the gas-
trointestinal system. To investigate whether tis-
sue depletion of taurine aggravates 
radiation-induced gastrointestinal syndrome, the 
30-day survival of TauT+/+ and TauT−/− mice 
following 5 Gy of whole-body X-ray irradiation 
was analyzed (Fig. 1). The survival rate of mice 
in the TauT−/− group was significantly lower 
than that of the TauT+/+ group. Moreover, the 

bodyweight of mice in the TauT−/− group was 
reduced rapidly. These results suggested that the 
intestinal epithelium of TauT−/− mice was more 
sensitive to radiation, causing lethal gastrointesti-
nal syndrome.

3.2	� Tissue Depletion of Taurine 
Aggravates Radiation-
Induced Gastrointestinal 
Syndrome

Radiation-induced gastrointestinal syndrome is 
primarily caused by the death of epithelial stem 
cells in the crypts of the small intestine (Ghosh 
et al. 2012). In this study, the blood feces of mice in 
the TauT−/− group was observed. Therefore, H&E 
staining was performed to assess the damage in the 
small intestine after X-irradiation (Fig.  2a). The 
villi in the small intestines of both TauT+/+ and 
TauT−/− mice 3 days after irradiation were shorter 
than those in normal nonirradiated mice. Moreover, 
the villi in the small intestine of TauT−/− mice 
were significantly shorter than those of TauT+/+ 
mice. Mice in the TauT−/− group exhibited signifi-
cant, severe villous epithelial atrophy and a loss of 
normal crypt architecture (Fig. 2b).

3.3	� Tissue Depletion of Taurine 
Decrease the Number 
of Proliferating Cells in Crypts 
After X-Irradiation

Intestinal stem cells are indispensable for intesti-
nal regeneration following radiation exposure. 
Staining for PCNA was performed to assess the 
proliferation ability of intestinal stem cells after 
X-irradiation (Fig.  3a). The results showed that 
the numbers of PCNA+ cells in TauT+/+ mice 
and TauT−/− mice were lower than the numbers 
in normal nonirradiated mice. Moreover, the 
numbers of PCNA+ cells in the TauT−/− group 
were significantly lower than those in the 
TauT+/+ group. These data show that the loss of 
TauT and taurine in TauT−/− mouse resulted in 
reducing the number of epithelial proliferating 
cells in the villi.

Taurine Deficiency in Tissues Aggravates Radiation-Induced Gastrointestinal Syndrome
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Fig. 1  Effect of TauT knockout on the survival rates of 
mice after exposure to whole-body X-ray irradiation 
(5 Gy/mouse). Kaplan Meier survival curve of TauT+/+ 
and TauT−/− mice after X-ray irradiation. Female mice 
(n = 10 mice per group) were treated with 5 Gy of whole-

body X-ray irradiation and monitored continuously for 
30 days to determine the survival rates. Data are expressed 
as the percentage of surviving mice. The survival rate of 
the TauT−/− group was significantly lower than that of 
the TauT+/+ group

4	� Discussion

The mechanisms underlying radiation-induced 
cell damage are complex and varied and mainly 
include ROS, DNA damage, inflammation, and 
oxidative stress. ROS destroy large molecules in 
cells, such as DNA, proteins, and lipids, leading 
to cell necrosis and apoptosis (Chen et al. 2012). 
Radiation exposure can injure hematopoietic and 
gastrointestinal systems, depending on the dose 
of radiation received (Suman et  al. 2012). The 
morphological changes that occur in the intesti-
nal mucosa after high-dose radiation exposure 
have been well documented (Driák et  al. 2008; 
Labéjof et  al. 2002). However, the molecular 
events that regulate the radiosensitivity of the 
intestinal epithelial cells and radiation-induced 
gastrointestinal syndrome are not fully under-
stood (Li et al. 2015).

Taurine (2-aminoethanesulfonic acid) is a 
major intracellular amino acid with several 
important functions, including antioxidant and 
anti-inflammatory activities (Oliveira et al. 2010; 
Ma et  al. 2010; Kato et  al. 2015). Taurine is 
taken up by cells via taurine transporter. 

Therefore, loss of the taurine transporter can 
aggravate radiation-induced gastrointestinal 
syndrome. We previously reported the critical 
role of taurine by showing that increasing the 
expression of taurine transporter had a mitigat-
ing effect on radiation exposure (Yamashita et al. 
2019). Here, we explored the effect of taurine on 
radiation-induced intestinal injury to determine 
whether tissue depletion of taurine aggravates 
radiation-induced gastrointestinal syndrome. To 
this end, we established mouse models of 
radiation-induced gastrointestinal syndrome in 
TauT+/+ and TauT−/− mice by exposure to 
whole-body X-irradiation. The survival rate of 
the TauT−/− mice was significantly lower than 
that of the TauT+/+ mice. These results sug-
gested that the intestinal epithelium in TauT−/− 
mice was more sensitive to radiation, causing 
lethal gastrointestinal syndrome. This result is 
most likely due to incomplete recovery from 
intestinal injury and the death of epithelial stem 
cells in the crypts. Therefore, we examined the 
crypt-villus structure of the small intestine and 
the proliferation of PCNA+ cells in the small 
intestine.
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Fig. 2  Histological analysis of intestinal injury in mice 
after 5  Gy of whole-body X-ray irradiation. (a) 
Representative intestinal sections (top panel) stained with 
H&E (200×) at 3 days postirradiation. Scale bar = 100 μm. 
The villi in the small intestine of mice in the TauT+/+ and 

TauT−/− groups were shorter than those in the normal, 
nonirradiated small intestine of control mice. (b) 
Compared to Tau+/+ mice, TauT−/− mice showed signifi-
cant villous epithelial atrophy (p < 0.001). Data are shown 
as means ± SE

Radiation exposure inflicted severe damage to 
the villi in the small intestine. This evidence 
proved that failure to absorb nutrients can affect 
the metabolic function after X-irradiation. 
Depletion of taurine transporter in the small 
intestine, and the resulting taurine depletion, 
reduced the number of proliferating cells in the 
crypts. Taurine deficiency can aggravate the dam-
age in intestinal epithelium in TauT−/− mouse, 
and taurine deficiency can also enhance the irra-
diation damage in intestinal epithelium. The 
severe pathological damage was observed in 
TauT−/− mouse intestine after X-irradiation, 
while PCNA+ cells were reduced, which proves 
taurine can also affect regeneration after irradia-

tion damage. Exposure to ionizing radiation 
induces apoptotic cells, which are associated 
with a loss of villus epithelial cells and crypt 
stem cells. Yang (2017) reported that taurine 
reduced the percentage of apoptotic spermatocyte-
derived GC-2 cells after exposure to ionizing 
radiation. Taurine also significantly suppressed 
UVB-induced apoptosis in lens epithelial cells 
(Dayang and Dongbo 2017). Thus, the protective 
effect of taurine against organ damage may stem 
from its ability to suppress oxidative stress and 
apoptotic responses (Nagai et al. 2016).

Taurine prevents arsenic-induced oxidative 
stress and apoptotic damage by inhibiting JNK 
signaling pathways (Ghosh et  al. 2009; Das 
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Fig. 3  Histological analysis of the proliferation ability of 
intestinal stem cells in mice after 5  Gy of whole-body 
X-ray irradiation. (a) Representative immunohistochemi-
cal images of PCNA stained sections of the small intestine 

(200×). (b) At 3  days postirradiation, the numbers of 
PCNA+ cells in TauT−/− mice were significantly lower 
than those in TauT+/+ mice (p < 0.001). Data are shown as 
means ± SE

et al. 2010). Jun N-terminal kinase (JNK) is one 
of the three main members of the mitogen-acti-
vated protein kinase (MAPK) superfamily 
(Gururajan et  al. 2005). JNK is activated in 
response to certain stresses, such as γ radiation, 
UV-C, and arsenic, and stress-induced activa-
tion of JNK leads to cell death through activa-
tion of the mitochondrial apoptotic pathway 
(Chen et al. 1996).

It was reported that taurine deficiency reduces 
life span by promoting mitochondrial-dependent 
and ER stress-mediated apoptosis (Jong et  al. 
2017). Taurine depletion causes cardiomyocyte 
atrophy, mitochondrial and myofiber damage, 

and cardiac dysfunction (Ito et al. 2008). Schaffer 
et al. (2009) reported that taurine may inhibit the 
production of ROS by regulating mitochondrial 
function. Thus, taurine might contribute to the 
recovery from radiation-induced gastrointestinal 
syndrome by regulating mitochondria, and JNK 
signaling pathways.

The results observed in the TauT−/− mice 
suggest that taurine plays a role in protecting 
against radiation-induced gastrointestinal syn-
drome. Taurine modulates the kinetics of crypt 
cell proliferation, reduces radiation-induced 
DNA damage, and promotes crypt 
regeneration.

T. Yamashita et al.
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Our data demonstrate that taurine transporter 
and taurine are important factors in the radiation 
response of normal tissue.

5	� Conclusion

This study showed that tissue depletion of taurine 
aggravates radiation-induced gastrointestinal 
syndrome in mice. The results observed in the 
radiation-exposed TauT−/− mice indicate that 
taurine and taurine transporter are important fac-
tors in the radiation response of normal tissue. 
Taurine modulates crypt cell proliferation kinet-
ics, reduces radiation-induced villus structural 
damage, and promotes crypt regeneration. Our 
data demonstrate that taurine is a key regulator of 
crypt stem cells that has important roles in intes-
tinal cell proliferation and survival.
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