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a b s t r a c t

Radiation-induced gastrointestinal toxicity during abdominal/pelvic radiotherapy for solid malignancies

remains a global clinical challenge, with current radioprotective agents demonstrating suboptimal efficacy

and systemic toxicity. This study systematically investigates the radioprotective efficacy and mechanisms

of purified spores derived from three clinically approved Bacillus species (B. coagulans, B. subtilis, and

B. licheniformis). All the three spores exhibit significantly superior X-ray resistance and colonization

efficiency to their parent probiotics. Based on this, it is found that these spores significantly reduce X-ray

induced injury in intestine and colon tissues by rescuing radiation-induced crypts/villi damage, prevent-

ing apoptosis of intestinal epithelial cells, alleviating inflammation level and enhancing the intestinal

barrier functions. Moreover, 16S ribosomal DNA (rDNA) sequencing results demonstrate that Bacillus

spores can inhibit harmful bacteria while increase relative abundance of probiotics, especially Lactobacil-

lus. Consequently, oral administration of these spores obviously alleviates bodyweight loss and promotes

weight gain of mice received total abdominal X-ray radiation, among which mice in the BCS (spores of

B. coagulans) group achieves full bodyweight recovery. This work may provide promising radioprotectants

for efficiently attenuating radiation-induced gastrointestinal syndrome.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Radiotherapy has long been an essential cancer treatment

in clinical practice [1]. Although therapy planning and delivery

methods have been improved, radiation still causes considerable

damage to healthy tissue, particularly gastrointestinal tract and

hematopoietic systems with a large number of rapidly proliferating

cells, significantly limiting the clinical application of radiotherapy

[2]. During radiotherapy of abdominal or pelvic solid tumors, ion-

izing radiation can lead serious gastrointestinal dysfunction char-

acterized by symptoms such as vomiting, diarrhea, bleeding, infec-

tion and perforation [3,4]. Furthermore, a subset of patients may

suffer these symptoms from months to years after radiotherapy

and even become permanently, seriously affecting patients’ qual-

ity of life [5]. Therefore, it is necessary to induce effective counter-

measures to reduce radiation-induced gastrointestinal toxicity.
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Radiation-induced intestinal injury is mainly caused by

radiation-induced DNA damage, reactive oxygen species (ROS)

storms and dysbiosis of gut microbiota [6,7]. At present, an-

tioxidants [8], polyphenols [9], sulfur compounds [10], trace

element-based compounds [11], protein-based pharmaceuticals

[12], hormone analogues [13] and bone marrow cell-derived ex-

tracellular vesicles [14] have been developed as radioprotectants

to mitigate radiation induced intestinal injury. Alongside investiga-

tional radioprotective candidates, amifostine and palifermin remain

the clinically selective normal tissue radioprotectants approved

by the U.S. Food and Drug Administration (FDA) [15]. However,

the use of radioprotective agents faces numerous challenges. First,

majority of radioprotectants cannot meet the requirements for

oral administration, because drugs administered orally must pass

through stomach and small intestine, leading to their degradation

by digestive enzymes and stomach acid [16,17], although it is

the most ideal delivery route to achieve intestinal distribution.

Moreover, these radioprotectants cannot be explicitly enriched

in target organs with high radiosensitivity [18]. High doses of

drugs may improve their accumulation in gastrointestinal tract,
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which inevitably exert off-target pharmacological effects [15,19].

Therefore, radioprotection agents for oral administration must ex-

hibit resistance to destructive effects of gastric acid and digestive

enzymes, while simultaneously targeting intestinal tissue.

Substantial evidences have shown correlations of gut microbiota

with radiation induced intestinal injury following pelvic irradiation

[20]. Ionizing radiation could cause imbalance or dysbiosis of gut

microbial community and induce the release of microbe-derived

metabolites such as tumor necrosis factor-α (TNF-α), interleukin-6

(IL-6) and IL-1β , which are vital mediators of radiation-induced in-

testinal damage [21]. The microbiota has been extensively studied

for its influence in maintaining gut homeostasis, leading to inves-

tigations into its beneficial roles in radioprotection [22,23]. The ef-

fectiveness of fecal microbiota transplantation (FMT) demonstrates

positive role in patients with radiation-induced injury [24]. In a

recent pilot study, Ding et al. confirmed that FMT can alleviate

diarrhea, rectal bleeding, abdominal/rectal discomfort, and fecal

incontinence in patients with chronic radiation enteritis [25,26].

Consequently, researchers’ attention has been attracted on modify-

ing or preserving microorganisms to mitigate irradiation-induced

intestinal injury, including the use of probiotics, FMT and other

methods [27,28]. Guo et al. examined the protective role of

Lachnospiraceae and Enterococcaceae on gastrointestinal damage

following irradiation [29,30]. In Riehl’s research, they found that

Lactobacillus rhamnosus GG can activate Toll-like receptor 2 (TLR2)

pathway and promote migration of cyclooxygenase 2-expressing

mesenchymal stem cells, thus protecting small intestinal epithe-

lium from radiation injury [31]. Nevertheless, the colonization and

Scheme 1. Schematic diagram of probiotic spores on prevention of radiation-induce

intestinal injury.

viability of probiotics as well as fecal microbiota are influenced

quite-extent by ionizing radiation in fractionated radiotherapy

[32,33]. Therefore, probiotic spores may provide a way out of

these dilemmas due to their strong resistance to high temperature,

ultraviolet radiation, ionizing radiation, and various chemical

substances.

The present study aimed to evaluate the protective effect

of spores, separated from three clinically approved probiotics

(Bacillus coagulans (BC), Bacillus licheniformis (BL), and Bacillus sub-

tilis (BS)), on acute radiation-induced intestinal injury (Scheme 1).

We found that these spores showed higher resistance to X-ray

radiation and superior proliferation efficiency than their parent

probiotics. In whole abdominal irradiation (WAI) mouse models,

these spores exhibited outstanding anti-inflammatory effect by

Fig. 1. (a, b) Equal amounts of bacillus and spores were exposed at 37 °C to (a) SGF for 2h and (b) bile salts for 6 h. Bacterial quantities were determined using plate counting

at the indicated time intervals, CFU, colony forming units. (c) Enumeration of bacillus and spores in the stomach, intestine and colon at 48h following oral administration,

respectively. (d, e) Gram staining of (d) small intestine and (e) colon of bacillus and their spores. (f) The bacteria count of different groups after X-ray radiation. Data are

presented as mean ± SD (n=3). P values were calculated by one-way or two-way ANOVA with a Tukey post-hoc test. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001. ns, not significant.
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inhibiting the typical proinflammatory factors such as IL-6, IL-1β
and TNF-α, so as to alleviate the inflammatory injury of small

intestine and colon. In addition, the three spores maintained

intestinal flora homeostasis and promoted restoration of barrier

integrity. Thus, this study demonstrated the protective and ther-

apeutic potential of probiotic spores in preventing and treating

radiation-induced intestinal injury in a preclinical setting.

The probiotic strains BC, BL, and BS, which are approved by the

National Medical Products Administration (NMPA), were subjected

to sporulation culture to obtain their respective spores (designated

as BCS, BLS, and BSS, respectively). Scanning electron microscopy

(SEM) images clearly demonstrated that all the three probiotics

were rod-shaped of ∼2.5 μm, as shown in Fig. S1a (Supporting in-

formation). Unlike these probiotics, their spores were short rod-

shaped (∼1.5 μm) with rough surface observed by both SEM and

transmission electron microscopy (TEM) (Fig. S1b in Supporting in-

formation).

Oral probiotics often encounter harsh conditions in the gas-

trointestinal tract, which can compromise their activity [36]. We

subsequently investigated the viability of probiotics and spore after

exposure to simulated gastric fluid (SGF) and bile salts. As demon-

strated in Fig. 1a, the survival rate of BCS, BSS and BLS in SGF were

about 65, 35 and 14 times higher than that of BC, BS and BL, re-

spectively. The same trend was observed after bile salt treatment

(Fig. 1b), with all the three spores showing >40-fold higher sur-

vival rate than their parent probiotics after 6 h of treatment. These

results confirmed that thick hydrophobic coat of spores could ef-

fectively enhance probiotics bacillus resistance to harsh gastroin-

testinal environment, thereby providing foundation for probiotics

successful colonization in the intestine.

Colonization and proliferation efficiency were prerequisites for

probiotics or spores to prevent and treat radiation-induced intesti-

nal injury. To quantify the quantity of colonized probiotics in the

gastrointestinal tract, bacterial colony counts and gram staining

were performed at 48h following oral administration. All the work

performed on animals was in accordance with the Guidelines for

Care and Use of Laboratory Animals of Zhengzhou University, and

the experiments were approved by the Animal Ethics Committee

of Zhengzhou University. As shown in Fig. 1c, the survival rate of

spores in the mice’s gastrointestinal tract was significantly higher

than that of Bacillus. Notably, the numbers of BCS, BSS and BLS

in the intestine were approximately 11.2, 9.2 and 5.5 times higher

than that of their parent probiotics. Similar results were obtained

in the colon of BCS and BLS, with BCS and BLS being approximately

20.2 and 4.8 times higher than the BC and BL group, respectively.

Next, the colonization efficiency of the three probiotics and their

spores was observed directly through gram staining of intestine

and colon tissues. As shown in Figs. 1d and e, a large number of BC

and BCS colonized in small intestine, but BL and BLS colonization

were observed in colon. Whereas relatively few BS and BSS col-

onization were detected both in small intestine and colon, which

mainly because that BS was transient flora and regulated intestinal

Fig. 2. Radioprotective effects of BCS, BSS and BLS in BALB/c mouse model. (a) Therapeutic schedule. (b) The body weight changes in mice. (c) Representative colon images

and Colon lengths of mice subjected to indicated treatments. (d) Representative images of H&E staining in intestinal and colonic tissues. (e) Villus height, crypt depth and

crypt count of small intestine. (f) Length and number of colonic glands. Data are presented as mean ± SD (n=5). P values were calculated by one-way or two-way ANOVA

with a Tukey post-hoc test. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001.
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function by producing metabolites. Consistently with the colony

count results, the colonization rate of probiotics was significantly

lower than corresponding spores. These results demonstrated that

spores could effectively pass harsh gastric acid environment, fur-

ther conforming strong stress resistance of spore.

It was reported that ionizing irradiation could inactivate probi-

otics by specific way. While spores can resist ionizing radiation due

to their unique structure. As shown in Fig. 1f, a large number of

probiotics (including BC, BS and BL) lost proliferation activity after

irradiation with 4.5Gy X-ray. On the contrary, the colony number

of probiotic spores showed no significant difference before and af-

ter X-ray irradiation, suggesting good germination activity of these

spores. In this sense, probiotic spores could serve as an advanta-

geous bioactive carrier for oral drug delivery system.

Subsequently, comprehensive evaluation, including complete

blood count, blood biochemical indices, and hematoxylin-eosin

(H&E), was conducted to evaluate in vivo biocompatibility of these

three spores. As indicated in Fig. S2 (Supporting information), H&E

staining revealed no changes in the major organs after oral ad-

ministration of these three bacillus spores compared to the con-

trol group. Similarly, liver and kidney function biomarkers, as well

as representative hematological parameters of the spores-treated

groups were within the normal range relative to healthy mice in

the control group as shown in Fig. S3 (Supporting information).

In the settings of clinical radiotherapy, ionizing irradiation could

induce various abnormalities of intestinal tissue. Next, we evalu-

ated the radioprotective effect of probiotic spores in vivo by visu-

ally monitoring various representative indicators in small intestine

and colon in an abdominal irradiation BALB/c mice model (Fig. 2a).

Following X-ray radiation, the mice were housed in sterile auto-

claved cages and provided standard chow and water ad libitum.

Body weight of mice was monitored through 8 days after radia-

tion. As indicated in Fig. 2b, the mice’s weights in the X-ray treated

group decreased successively in the first 5 days after irradiation

and mice started to recover bodyweight on day 6. Furthermore,

the body weight of mice maintained a slowly increasing trend.

The three probiotic spores could prevent the bodyweight loss in

different degrees and significantly improve weight gain. Notably,

the average body weight almost returned to the degree of healthy

mice in normal group on the 8th day (Fig. S4 in Supporting in-

formation). According to Fig. 2c. mice treated with X-ray radiation

exhibited average reductions in colon length of 24.2 %, compared

Fig. 3. Evaluation of radioprotective effect in vivo. (a) H&E staining images of intestine and colon. (b) Detection of MPO activity in intestine and colon. (c–e) Detection of

pro-inflammatory cytokines (c) IL-6, (d) TNF-α and (e) IL-1β . (f) Representative images of ROS immunofluorescence in intestinal and colonic tissues. (g) Representative IHC

images of γ -H2AX staining in intestinal and colonic tissues. Data are presented as mean ± SD (n=3). P values were calculated by one-way ANOVA with a Tukey post-hoc

test. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001.
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with the normal group. The colon length in the three spore groups

were similar to that of healthy mice in normal group and signifi-

cant longer than that in X-ray treated group. This result confirmed

the protective role of probiotics bacillus spores against radiation-

induced damage.

Next, pathological analysis of small intestine and colon was ex-

ecuted to directly verify the radioprotective ability of these spores.

Some typical abnormalities of radiation-induced intestinal injury

were observed in radiation group, such as reduced crypt (including

crypt depth and count) and shortened intestinal villi (Figs. 2d and

e), common epithelial responses to injury. Moreover, X-ray treated

mice showed more colonic gland distortion and atrophy, with gaps

between colonic gland bases and muscularis mucosa, as shown in

Figs. 2d and f. By contrast, the flattened intestinal villi and dam-

aged intestinal crypts were rescued by administration of the three

probiotic spores. In addition, colonic gland of mice in BCS, BSS and

BLS groups remained closely attached to the muscularis mucosa.

Similarly, negligible apoptotic fluorescence was detected in radi-

ation+BCS, radiation+BSS and radiation+BLS groups, whereas

radiation group showed a large number of necrotic cells, both

in small intestine and colon (Fig. S5 in Supporting information),

demonstrating that the three bacillus spores could obviously in-

hibit the development of radiation-induced intestinal injury.

Additionally, more details of histopathology were analyzed. As

shown in Fig. 3a, the representative H&E images indicated that X-

ray radiation induced intestinal crypts atrophy and vanish (black

arrow), ulcer lesions appearance (green arrow), glands hyperplasia

(blue arrow) and inflammatory infiltration (yellow arrow). While

slight glands damage and inflammatory infiltration were also

observed in radiation+BCS, radiation+BSS and radiation+BLS

groups. In addition, few ulcers suggested significant reduction in

the inflammation/mucosal damage in the three groups. Moreover,

the increased myeloperoxidase (MPO) activity was dramatically

suppressed after treatment with BCS, BSS and BLS (Fig. 3b). Mean-

while, the typical proinflammatory factors such as IL-6, TNF-α and

IL-1β were decreased in radiation+BCS, radiation+BSS and radi-

ation+BLS groups (Figs. 3c–e), highlighting decreased tissue in-

flammation in the three groups. One of the main intestinal dam-

ages caused by radiation is ROS-induced DNA double-strand break

[15,37]. As shown in Fig. 3f, all the three spores with a power-

ful ROS scavenging ability and can reduce ROS level in intestinal

microenvironment after X-ray radiation. According to Fig. 3g, re-

markable γ -H2AX was observed in the X-ray radiation group. By

contrast, the γ -H2AX level in radiation+BCS, radiation+BSS and

radiation+BLS groups was significantly decreased, indicating that

bacillus spores could effectively reduce DNA damage. The anti-

Fig. 4. 16S rDNA gene sequencing analysis. (a) Venn chart to count the number of common and unique species in multiple groups. (b) Beta diversity. (c) Relative abundance of

gut microbiome. Genus-level taxonomy was presented as a percentage of total sequences. (d) Relative abundance of intestinal probiotics Lactobacillus. (e) Relative abundance

of Staphylococcus and Ruminococcus in the intestine. (f) Heatmap of the relative abundance of family-level taxa for each mouse. (g) Relative abundance of different treatments.

Data are presented as mean ± SD (n=5). P values were calculated by one-way ANOVA with a Tukey post-hoc test. ∗P<0.05, ∗∗P<0.01.
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inflammatory effect and ROS-scavenging activity of bacillus spores

played key role in preventing DNA damages.

We further assessed the impact of spores on intestinal barrier

functions, since any breaking or even slightly perturbing of ep-

ithelial barriers might lead to serious pathological consequences.

As shown in Figs. S6 and S7 (Supporting information), expressions

of tight junction-associated protein zona occludens 1 (ZO-1) and

occludin dramatically decreased after X-ray irradiation. Encourag-

ingly, destruction of intestinal epithelial barrier was rescued by ad-

ministration of these probiotic spores, which might be related to

regulation of tight junction by probiotics and calcium ions released

during spore germination [34,35].

In addition to anti-inflammatory and regulation of intestinal

epithelial barrier, the crosstalk between intestinal flora and spores

(probiotics, actually) plays a crucial role in protection of radiation

induced intestinal injury. Subsequently, 16S ribosomal DNA (rDNA)

sequencing technology was conducted to investigate the impact of

ionizing radiation on intestinal microbiota. X-ray radiation and the

three probiotic spores had almost no impact on bacterial richness,

as observed coverage diversity indexes in Fig. S8 and operational

taxonomic units (OTUs) richness in Fig. S9 (Supporting informa-

tion). Although alpha diversity (Fig. S10 in Supporting information)

presented that there was no obvious distinction in community

richness (the index Chao) and community diversity (the index

Shannon) between different groups. The Venn diagram (Fig. 4a)

illustrated that BCS, BSS and BLS treatment increased species rich-

ness up to 468, 462 and 449 respectively compared to radiation

group (418). Moreover, based on beta diversity, NonMetric Multi-

Dimensional Scaling (NMDS) analysis in Fig. 4b demonstrated that

the radiation group exhibited a distinct gut microbiota profile,

while radiation+BCS, radiation+BSS and radiation+BLS groups

clustered more closely to the healthy mice in normal group,

suggesting that bacillus spores treatment reestablished a healthier

microbiota.

Next, species composition and relative abundance of gut micro-

biota were analyzed based on the annotation degree of all sample

sequences. X-ray exposure resulted in changes in the compositions

of bacterial communities at genus level across different groups

(Figs. 4c and f). Notably, the relative abundance of Lactobacillus,

a kind of typical probiotics in the intestine, displayed drastic

decrease after X-ray irradiation (Fig. 4d). While the abundance of

the pathogenic bacteria, such as Staphylococcus and Ruminococcus,

showed a significant increase after irradiation (Fig. 4e). By con-

trast, the abundance of probiotics showed positive regulation and

pathogenic bacteria was considerably lower in radiation+BCS, ra-

diation+BSS and radiation+BLS groups. In particular, the relative

abundance of Lactobacillus exhibited an upward trend compared

to that of healthy mice in the control group (Fig. 4g and Fig. S11

in Supporting information). These results demonstrated that all of

the three spores upregulated gut microbiota homeostasis, among

which BLS exhibited a more forceful regulatory effect.

In this study, considering the vulnerability of probiotics in harsh

gastric acid and ionizing irradiation environment, we employed

spores of three clinically approved probiotics to conduct a series

of studies on the protection of acute radiation-induced intestinal

injury. We discovered that spores showed stronger resistance to X-

ray radiation and higher colonization efficiency than their parent

probiotics. These spores showed outstanding performance in gas-

trointestinal radioprotection though inhibiting inflammation, main-

taining intestinal flora homeostasis and improving intestinal bar-

rier function. Moreover, our studies showed that relative abun-

dance of Lactobacillus upregulated after oral administration of the

three spores, which might be associated with intestinal repair af-

ter X-ray radiation. In summary, spores of bacillus might have great

potential in clinical application for intestinal radioprotection.
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