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Background: Gut microflora contributes to the nutritional metabolism of the host and to 
strengthen its immune system. However, if the intestinal barrier function of the living body is 
destroyed by radiation exposure, the intestinal bacteria harm the health of the host and cause 
sepsis. Therefore, this study aims to trace short-term radiation-induced changes in the mouse 
gut microflora-dominant bacterial genus, and analyze the degree of intestinal epithelial damage.

Materials and Methods: Mice were irradiated with 0, 2, 4, 8 Gy X-rays, and the gut microflo-
ra and intestinal epithelial changes were analyzed 72 hours later. Five representative genera of 
Actinobacteria, Firmicutes, and Bacteroidetes were analyzed in fecal samples, and the intestine 
was pathologically analyzed by Hematoxylin-Eosin and Alcian blue staining. In addition, DNA 
fragmentation was evaluated by the TdT-mediated dUTP nick-end labeling (TUNEL) assay.

Results and Discussion: The small intestine showed shortened villi and reduced number of 
goblet cells upon 8 Gy irradiation. The large intestine epithelium showed no significant mor-
phological changes, but the number of goblet cells were reduced in a radiation dose-dependent 
manner. Moreover, the small intestinal epithelium of 8 Gy-irradiated mice showed significant 
DNA damaged, whereas the large intestine epithelium was damaged in a dose-dependent man-
ner. Overall, the large intestine epithelium showed less recovery potential upon radiation expo-
sure than the small intestinal epithelium. Analysis of the intestinal flora revealed fluctuations in 
lactic acid bacteria excretion after irradiation regardless of the morphological changes of intesti-
nal epithelium. Altogether, it became clear that radiation exposure could cause an immediate 
change of their excretion. 

Conclusion: This study revealed changes in the intestinal epithelium and intestinal microbiota 
that may pave the way for the identification of novel biomarkers of radiation-induced gastroin-
testinal disorders and develop new therapeutic strategies to treat patients with acute radiation 
syndrome.

Keywords: Acute Radiation Syndrome, Gastrointestinal Disorder, Gut Microflora, Lactic Acid 
Bacteria, Sepsis
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Introduction

The human intestinal tract has an ecosystem composed of 100 trillion bacteria, col-

lectively called intestinal flora [1]. Intestinal flora has an important role on the host nu-

tritional metabolism and the development of the immune system. However, it can also 

contribute for the progression of diabetes and obesity, with several reports recently 

published describing the close relationship between flora intestinal and health [2–4]. 

The symbiosis between humans and enterobacteria is maintained by physical and 

chemical barriers in the intestinal mucosa [5, 6]. The physical intestinal barrier consists 
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of tight and adherence junctions, which are maintained by 

the close association of multiple molecules. The chemical 

intestinal barrier consists of a mucous layer based on mucins 

secreted by goblet cells. This mucus layer serves as a habitat 

for intestinal bacteria and it contains digestive enzymes and 

immunoglobulins, such as immunoglobulin A (IgA), that 

have key roles in the defense against pathogens that enter 

the intestinal tract [7, 8]. These intestinal barriers are the rea-

son why the living body maintains a symbiotic relationship 

with bacteria and still ensures a healthy status.

When the intestinal barrier function is impaired, the sym-

biotic relationship between the host and bacteria is disrupt-

ed, and the intestinal bacteria may endanger the health of 

the host. For example, tissues and organs with high differen-

tiation potential, such as hematopoietic tissues and digestive 

organs, can become instable upon exposure to high doses of 

radiation [9, 10]. In fact, patients with acute radiation syn-

drome (ARS) due to 4 Gy or more radiation exposure have 

died due to sepsis caused by gastrointestinal disorders [11, 

12]. It was also reported in clinical cases that the intestinal 

flora became populated by Bacteroides spp. after radiothera-

py for pelvic tumors [13]. Therefore, radiation exposure seems 

to have a significant effect on the intestinal flora balance.

A better understanding of intestinal flora changes in radia-

tion-exposed individuals, as well as identification of bacterial 

genus exhibiting characteristic changes, may contribute to 

the development of radiation emergency medicine for ex-

treme situations of nuclear terrorism and nuclear disasters. 

Specifically, it may lead to the discovery of new early expo-

sure dose biomarkers and the design of treatment methods 

for radiation-induced gastrointestinal disorders [14].

In this study, to obtain data that may contribute to ARS 

treatment strategies, mice were irradiated with a dose of X-

rays, which is the turning point of ARS severity advocated by 

the International Atomic Energy Agency [15], and the conse-

quent changes in their intestinal flora and damage to the in-

testinal epithelium were analyzed.

Materials and Methods

1. Animal Experimentation
Seven-week-old C57BL/6Njcl male mice (CLEA Japan, To-

kyo, Japan) were used as the experimental model. After an 

acclimatization period of one week, the 8-week-old mice 

were whole body irradiated with 2, 4, and 8 Gy X-rays using 

an MBR-1520 R-3 X-ray irradiation apparatus (Hitachi, Tokyo, 

Japan). Irradiation conditions were 1 Gy per minute, with a 

tube voltage of 150 kV, current of 20 mA, and a 0.5 mm Al+ 

0.3 mm Cu filter. Four mice were used in each experimental 

group. Before (0 hour) and after (2, 6, 12, 24, 48, and 72 hours) 

X-ray irradiation, 4–5 grains of feces excreted by the mice were 

collected, frozen, and stored at −80°C. After 72 hours of ob-

servation, the mice were immediately euthanized by cervical 

dislocation, and the small and large intestines were collected 

for pathological analysis. Additionally, a preliminary experi-

ment was conducted before starting this experiment. We con-

firmed that only 8 Gy of 0, 2, 4, 8 Gy irradiation group had 0% 

30-day survival rate and 0–4 Gy irradiation group had 100% 

survival rate. Mice non-exposed to radiation were used as 

controls. The animal experiments were conducted in com-

pliance with the guidelines of laboratory animal use of the 

Hirosaki University (approval number: G17003). 

2. Pathological Analysis of the Intestinal Tract
The small intestine and the large intestine were fixed with 

10% buffered formalin solution, embedded in paraffin, and 

used to prepare a block for thin sectioning. The tissue sec-

tions were stained with Hematoxylin-Eosin (H&E), Alcian 

blue, and TUNEL (TdT-mediated dUTP nick-end labeling). 

H&E staining was used to measure the length from the crypt 

of the small intestine to the tip of the villi. The thickness of 

the large intestine epithelium was measured using an eye-

piece micrometer. Cells stained with Alcian blue were mea-

sured for 10 villi per slide and averaged (n= 4) to determine 

the number of goblet cells. The data is presented as mean±  

standard deviation.

TUNEL staining was performed using the DeadEnd Fluo-

rometric TUNEL System (Promega, Madison, WI, USA). Im-

ages were captured using LSM710 confocal microscope 

(Zeiss, Oberkochen, Germany) and analyzed by ImageJ soft-

ware (https://imagej.nih.gov/). In the image analysis, the ra-

tio between the area stained with Fluorescein-12-dUTP 

showing the fragmented DNA and the area stained with 

DAPI (4́ ,6-diamidino-2-phenylindole) was calculated per 

each irradiation group and compared.

3.  Fecal DNA Extraction and Relative Quantification of  
 Intestinal Flora

Fecal DNA was extracted from mouse stool samples by the 

NucleoSpin DNA Stool kit (Takara Bio, Kusatsu, Japan) as per 

the manufacturer’s instructions. Six primer sets (Table 1) were 

prepared to analyze the changes in the abundance of intesti-
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nal flora by real-time polymerase chain reaction (PCR) [16, 17] 

with the Power SYBR Green Master Mix (Thermo Fisher Sci-

entific, Waltham, MA, USA) and the Step One Plus instrument 

(Applied Biosystems, Waltham, MA, USA). Each cycle thresh-

old (CT) value of the targeted bacteria was corrected by the 

CT value for the “all bacteria” PCR product, and compared 

with the respective CT value before irradiation to determine 

the relative abundance (ΔΔCT method). The PCR conditions 

were 40 cycles of thermal denaturation at 95°C for 15 seconds, 

annealing for 30 seconds, and elongation at 80°C for 30 sec-

onds. The annealing temperature was set for each primer as 

indicated in Table 1. CT values of all fecal DNA samples were 

measured thrice with triplicates. Relative bacteria frequency 

is indicated as mean± standard deviation.

Table 1. List of Primers Used in This Study

Target Primer (5´–3´)
Product 
length 
(bp)

Annealing 
temperature 

(°C)

All bacteria GCCTAACACATGCAAGTCGA 472 60
GTATTACCGCGGCTGCTGG

Lactobacillus 
spp.

TGGAAACAGRTGCTAATACCG 232 62
GTCCATTGTGGAAGATTCCC

Bifidobacterium 
spp.

AGGGTTCGATTCTGGCTCAG 156 62
CATCCGGCATTACCACCC

Enterococcus 
spp.

CCCTTATTGTTAGTTGCCATCATT 144 61
ACTCGTTGTACTTCCCATTGT

Clostridium 
coccoides 
group 

AAATGACGGTACCTGACTAA 440 60
CTTTGAGTTTCATTCTTGCGAA

Bacteroides 
spp.

GTCAGTTGTGAAAGTTTGC 127 60
CAATCGGAGTTCTTCGTG

Fig. 1. Analysis of small intestinal villi length and large intestine epithelial thickness using H&E (Hematoxylin-Eosin) staining. (A) Representative 
image of each radiation-exposed group. (B) The length of small intestinal villi in the 8 Gy irradiation group was significantly decreased com-
pared with non-irradiated mice (**p<0.01). (C) No significant difference was observed between the non-irradiated group and the irradiated 
groups concerning the thickness of the large intestine epithelium. The data is presented as mean±standard deviation.
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4. Statistical Analysis
Intestinal flora changes were evaluated by the Student t-test 

and one-way analysis of variance (ANOVA) test compare rel-

ative values before and after irradiation with the Origin 8.1 

statistical analysis software (OriginLab, Northampton, MA, 

USA). Results of p-value < 0.05 were considered statistically 

significant.

Results and Discussion

1. Pathological Analysis of the Intestine
H&E staining results of intestine samples collected 72 hours 

after irradiation are shown in Fig. 1A. The villi length of the 

small intestine in the 2 and 4 Gy-irradiated groups was about 

400 µm, which was similar to the non-irradiation control 

group. However, in 8 Gy-irradiated mice, the villi length was 

significantly shorter (227.0 ± 39.7 µm) than in control mice, 

by ~180 µm or more (Fig. 1B). No significant difference in the 

thickness of colonic epithelium was observed between the 

non-irradiated and the 2–8 Gy irradiated groups (Fig. 1C).

A previous pilot study confirmed that under the irradiation 

conditions used in these experiments, the 30-day survival 

rate of 2–4 Gy-irradiated mice was 100%, whereas for those 

exposed to 8 Gy irradiation group was 0% (data not shown). 

The small intestinal epithelium did not show morphological 

changes upon non-lethal 2–4 Gy irradiation, whereas signifi-

cant damage was caused by 8 Gy irradiation. In contrast, the 

colonic epithelium showed no morphological changes when 

Fig. 2. Analysis of goblet cells by Alcian blue staining. (A) Representative image of each radiation-exposed group. (B) The number of goblet 
cells in the small intestine of the 8 Gy-irradiated mice was significantly decreased compared with non-irradiated mice (**p<0.01). (C) The 
number of goblet cells in the large intestine of the 8 Gy irradiation group was significantly reduced compared with the control group 
(**p<0.01). The data is presented as mean±standard deviation.
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exposed to lethal X-ray doses.

Alcian blue staining result are shown in Fig. 2A. In the small 

intestinal epithelium, the number of goblet cells stained was 

approximately 15 in the non-irradiated, 2 and 4 Gy-irradiat-

ed groups, respectively, whereas it was 6.7± 1.4 in 8 Gy-irra-

diated mice. A significant decrease in the 8 Gy irradiation 

group suggested that the mucin secretory function was im-

paired (Fig. 2B). The number of goblet cells in the large intes-

tine epithelium tended also to decrease with increasing irra-

diation dose, with 17.0± 7.8 cells in the 8 Gy irradiation group 

that was significantly lower than the 0–4 Gy irradiation mice. 

In addition, goblet cells contracted in all irradiation groups, 

resulting in an empty space between cells (Fig. 2C).

TUNEL staining results are shown in Fig. 3A. Analysis of 

the small intestine confirmed that the 8 Gy-irradiated group 

had more cells with fragmented DNA as compared with the 

non-irradiated and the 2–4 Gy-irradiated groups (Fig. 3B). 

The TUNEL-positive cells were concentrated in the basal 

portion of the intestinal epithelium. Moreover, fragmented 

DNA was found to increase in a dose dependent manner in 

the large intestine (Fig. 3C). In particular, the 8 Gy irradiation 

group showed significantly more TUNEL-positive cells at the 

base of the colon epithelium. Since the intestinal epithelial 

stem cells, which hold differentiation potential, are enriched 

at the base of the small intestine and colon epithelium, it is 

possible that intestine was also strongly damaged in this study, 

as shown in previous reports [18, 19]. The difference in DNA 

damage tendency seen between the small intestine and the 

Fig. 3. DNA fragmentation analysis in the small and large intestine by TUNEL (TdT-mediated dUTP nick-end labeling) staining. (A) Represen-
tative image of each radiation-exposed group. (B) Percentage of cells showing fragmented DNA in the small intestinal epithelium increased 
significantly in 8 Gy-irradiated mice (*p<0.05). (C) Percentage of cells showing fragmented DNA in the colon epithelium was significantly in-
creased in 8 and 4 Gy-irradiated mice (*p<0.05, **p<0.01). The data is presented as mean±standard deviation.
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large intestine, which is in agreement with a study of Otsuka 

et al. [20], is presumed to depend on their different DNA re-

pair efficiency.

 

2. Relative Quantification of Intestinal Bacteria
Relative quantification of intestinal bacteria revealed sig-

nificant changes on various intestinal bacteria in irradiated 

mice (Fig. 4). The intestinal bacterial flora showed large fluc-

tuations in lactic acid bacteria groups, including Lactobacil-

lus, Bifidobacterium, and Enterococcus, caused by X-ray irra-

diation. No dose-dependent change was observed in any of 

these bacteria; however, it was confirmed that Lactobacillus 

markedly decreased after 6 to 12 hours of 2–4 Gy irradiation 

compared with before irradiation (Fig. 4A). In 8 Gy-irradiat-

ed mice, the lactic acid bacteria group (Lactobacillus, Bifido-

bacterium, and Enterococcus) showed a marked frequency 

increase 2 hours immediately after irradiation (Fig. 4A–4C). 

In addition, a significant increase in the amount of Bifido-

bacterium present in the feces was confirmed in the 4 Gy ir-

radiation group (Fig. 4B). Next, Bacteroides, which is the 

dominant bacterium of the intestinal microbiota, was not 

significantly changed in the non-irradiated and the 2–4 Gy-

irradiated groups, whereas the 8 Gy irradiation group showed 

increased amount of Bacteroides excreted immediately after 

irradiation (Fig. 4D); however, individual differences were 

noted within mice. In contrast, Clostridium showed a large 

diurnal variation in the non-irradiated group and smaller vari-

ation in the 2–8 Gy-irradiated groups (Fig. 4E).

It is generally considered that bacterial groups are resistant 

to radiation and are not so affected by irradiation [21, 22]. 

However, in this study, it was possible to confirm irradiation-

induced changes in the intestinal flora, such as decrease or 

increase in excretion of lactic acid bacteria, and decrease in 

diurnal fluctuation of Clostridium. These changes can possi-

Fig. 4. Changes in the intestinal flora after X-ray irradiation. Displayed from the top in the following order: non-irradiated, 2, 4, and 8 Gy-irradi-
ated groups. The X-axis of each graph shows the time after irradiation and the Y-axis shows the relative bacterial comparison value (target X 
hours ΔΔCT value/target 0 hour ΔΔCT value). Comparison of (A) Lactobacillus, (B) Bifidobacterium, (C) Enterococcus, (D) Bacteroides, and  
(E) Clostridium expression in fecal samples from mice before and after X-ray irradiation (*p<0.05, **p<0.01). The data is presented as mean± 
standard deviation.
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bly be explained by the fact that bacteria may also suffer DNA 

damaged due to radiation, which would cause them to lose 

differentiation potential. However, we believe that the main 

reason behind these changes may be the alterations in the 

intestinal epithelium and environment of the host triggered 

by radiation. For example, the mucin layer secreted by goblet 

cells is an important nutrient source and habitat layer for 

lactic acid bacteria in the large intestine, where sugar is defi-

cient [23–26]. Therefore, it is possible that Lactobacillus lost 

their habitat due to the deteriorated activity of goblet cells by 

radiation exposure, and their excretion temporarily decreased. 

The increased excretion of the lactic acid bacteria and Bacte-

roides in the 8 Gy irradiation group may be caused by the loss 

of intestinal epithelium, which is defective in regeneration. 

In the future, we plan to further explore the interaction be-

tween intestinal bacteria and intestinal epithelial function.

Conclusion

In this study, a short-term follow-up of morphological 

changes in the intestinal epithelium and changes in the in-

testinal microbiota of mice exposed to radiation was per-

formed. It was revealed that lactic acid bacteria excretion, in-

cluding Bifidobacterium and Lactobacillus, fluctuated in ra-

diation-exposed mice even when morphological changes of 

the intestinal epithelium were not observed. Lactic acid bac-

teria are known contribute for strengthening the barrier 

function of the intestinal tract and preventing the transfer of 

pathogenic bacteria into the bloodstream; therefore, in-

creased excretion of lactic acid bacteria may result in a dete-

riorated intestinal environment. Nevertheless, the changes 

observed in this study represent only relative comparisons of 

the intestinal microflora before and after irradiation. Further 

studies are necessary to carry out numerical comparisons 

and viability of the intestinal microbiome by absolute quan-

tification. Such analytical approach may be useful for the 

identification of novel biomarkers of radiation-induced gas-

trointestinal disorders and develop new therapeutic strate-

gies to treat patients with ARS.
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