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Abstract

Radiation-induced intestinal injury is the most common side effect during radiotherapy of abdominal or pelvic
solid tumors, significantly impacting patients’ quality of life and even resulting in poor prognosis. Until now, oral
application of conventional formulations for intestinal radioprotection remains challenging with no preferred
method available to mitigate radiation toxicity in small intestine. Our previous study revealed that nanomaterials
derived from spore coat of probiotics exhibit superior anti-inflammatory effect and even prevent the progression
of cancer. The aim of this work is to determine the radioprotective effect of spore coat (denoted as spore ghosts,
SGs) from three clinically approved probiotics (B.coagulans, B.subtilis and B.licheniformis). All the three SGs exhibit
outstanding reactive oxygen species (ROS) scavenging ability and excellent anti-inflammatory effect. Moreover,
these SGs can reverse the balance of intestinal flora by inhibiting harmful bacteria and increasing the abundance
of Lactobacillus. Consequently, administration of SGs significantly reduce radiation-induced intestinal injury

by alleviating diarrhea, preventing X-ray induced apoptosis of small intestinal epithelial cells and promoting
restoration of barrier integrity in a prophylactic study. Notably, SGs markedly improve weight gain and survival of
mice received total abdominal X-ray radiation. This work may provide promising radioprotectants for efficiently
attenuating radiation-induced gastrointestinal syndrome and promote the development of new intestinal

predilection.
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Introduction

Radiotherapy, a common feasible therapy approach,
has been extensively used for about 50-60% of can-
cer patients in clinical settings [1, 2]. However, ioniz-
ing radiation inevitably causes damage to surrounding
healthy tissues and induces a series of side effects which
affect life quality of patients and even reduce efficacy of
radiotherapy [3, 4]. Small intestine is one of the most
radiation-sensitive organs with large organ volume and is
a major injury tissue during abdominal and pelvic radia-
tion therapy [5, 6]. Exposure of small intestine to ionizing
radiation can lead to serious gastrointestinal dysfunction,
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such as vomiting, abdominal pain, diarrhea, infection,
perforation, and even death [7]. To date, there are few
effective countermeasures for intestinal radioprotection
in clinical.

Radiation induced intestinal injury is mainly the results
of epithelial cell apoptosis, gut barrier impairment,
inflammatory response and intestinal flora imbalance
caused by DNA damage and overproduction of reactive
oxygen species (ROS) [8, 9]. Amifostine and palifermin
are two selective normal tissue radioprotective agents
which have been approved by the US Food and Drug
Administrator (FDA) [10, 11]. However, amifostine is
aimed at reducing side effects of radiotherapy for head/
neck cancer and it is contraindicated in patients with
liver and kidney dysfunction [12]. Palifermin is mainly
used to alleviate radiation induced oral mucositis in
patients received radiotherapy [13]. Moreover, both of
amifostine and palifermin are small molecular drugs with
short half-life and instability in gastrointestinal environ-
ment, and they need to be intravenously administered
which is not an ideal delivery route for digestive tract
disease [14]. Recently, it has reported that some antioxi-
dants, thiols compounds, protein-based pharmaceuti-
cals and bone marrow cell-derived extracellular vesicles
exhibit radiation protection potential by eliminating
ROS, inhibiting apoptosis and accelerating the restitution
of intestinal stem cells [15-18]. However, there are still
some challenges to be addressed in their use for intesti-
nal radioprotection, such as intravenous administration
and bodywide distribution with varying predilection for
tissues [19, 20]. Therefore, it is urgent to develop novel
radioprotectants for the prevention of radiation-induced
intestinal injury.

Recently, radioprotection based on gut microbiota,
such as probiotic therapy and fecal microbiota transplan-
tation, has emerged prevalent as the gut microbiota is
closely associated with potential diseases and even to the
clear onset of clinical symptoms [14, 21, 22]. It has been
reported that restoring the balance of gut microbiota can
alleviate radiation-induced intestinal injury in the irradi-
ated animals or patients to some extent [23]. For instance,
Guo and co-workers demonstrated that Lachnospiraceae
and Enterococcaceae play a protective role in promoting
hematopoiesis and attenuating gastrointestinal damage
[24]. Riehl’s group also proved that Lactobacillus rham-
nosus GG can protect the small intestinal epithelium
from radiation injury [25]. Nevertheless, the viability
of probiotics and fecal microbiota is affected by gastric
acid and ionizing radiation [26-28]. Spores, the dormant
life form of probiotics, have been used for drug delivery
due to their strong resistance in harsh environment [29,
30]. It is widely known that the high resistance of probi-
otic spore is from the spore coat which protects nutrient
cells from external damage [31, 32]. In previous work, we
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have provided direct evidence that nanomaterial from
spore coat with high tolerance and excellent biocompat-
ibility exhibit a superior anti-inflammatory effect [33]. In
addition, this nanomaterial can prevent the occurrence
and progression of cancer. These characteristics offer a
boundless source of inspiration for radioprotection.

To confirm our speculation, we separated spore coats
(denoted as spore ghosts, SGs) from the spore of three
clinically approved probiotics (B.coagulans, B.subtilis and
B.licheniformis) for the investigation of intestinal radio-
protection (Schem 1). These SGs can scavenge ROS and
restore activities of antioxidative enzymes, which effec-
tively restrain X-ray induced apoptosis of small intesti-
nal epithelial cells. Moreover, these probiotic SGs exhibit
outstanding anti-inflammatory effect by inhibiting the
typical proinflammatory factors such as interleukin 6 (IL
6), tumor-necrosis factor-a (TNF-a) and interleukin-1p
(IL-1p) so as to alleviate the inflammatory injury of small
intestine. In addition, the three SGs help keep balance
of intestinal flora by inhibiting harmful bacteria and
boosting proliferation of Lactobacillus, so as to promote
restoration of barrier integrity. In brief, our findings dem-
onstrate excellent radioprotective effects of SGs by less-
ening the symptoms of the radiation-induced intestinal
injury and improving survival in mice after total abdomi-
nal radiation. We envision that the bioinspired material
can provide a promising method for the prevention and
treatment of radiation-induced intestinal injury.

Results

The preparation and characterization of SGs

The probiotic spores were separated from B.coagulans,
B.subtilis and B.licheniformis when these probiotics were
cultured in sporulation medium for 48 h. From the trans-
mission electron microscope (TEM) images (Fig. la~c),
the spores of 1~2 pum with plump and integrity shape
were separated successfully. Then, SGs of B.coagulans
(BCSQ), B.subtilis (BSSG) and B.licheniformis (BLSG)
were prepared following our previous literature pro-
cedure with a minor modification [34]. As shown in
Fig. la~c, main contents were released from spores
through the clear breaches pointed by red arrows under
mechanical force, indicating that SGs were isolated suc-
cessfully. Of note, the hydrodynamic size and zeta poten-
tial of SGs were slightly smaller than their parent spores
(Fig. 1e and S1), which was mainly due to the morphol-
ogy shrinkage after the contents release. After freeze-
drying, BLSG had the highest productivity of ~33.28%,
which was slightly higher than that of BCSG (~27.44%)
and significantly higher than that of BSSG (~14.73%).
Next, we analyzed the distribution of different ele-
ments on these SGs by elemental mapping. As shown in
Fig. 1d, Fig. S2 and Table S1, the three SGs contained C,
N, O, Ca, Mn, P, S elements. BCSG and BSSG contained



Zheng et al. Journal of Nanobiotechnology (2024) 22:303

; Extrusion
00 >
W ¥ W

Probiotic spores

Radiation Intestinal recovery

—» Body weight recovery
Prolong the survival

3

s y Reduce apoptosis of

<.
| o.g. intestinal epithelial cells
; oﬁ, Intestinal barrier integrity
| /e

.

<
(¢)
2

i ROS scavenging

Anti-inflammatory

Keep balance
of intestinal flora

@) (@
= Z0-1
Occludin

Page 3 of 11

N

Schem 1 Schematic diagram of probiotic SGs on prevention of radiation-induced intestinal injury

amount of C, N, O elements and relatively low content
of other elements. Unlikely, BLSG contained Zn ions,
although the Zn content was lower than other elements.
Moreover, the amounts of Ca, Mn, P, S in BLSG were sig-
nificantly higher than that of BCSG and BBSG. Among
these elements, C, N, O came from the domain and bind-
ing proteins of SGs. Ca ions could be related to the repair
of epithelial barrier [35]. Mn ions could promote explo-
sive proliferation of intestinal flora by providing the extra
active substances [31]. Zn ions could lead to a superior
inhibition of proliferation of harmful bacteria by compet-
itive colonization [36].

Free radical scavenging has always been regarded as
one of the most efficient methods towards radiopro-
tection [37]. Therefore, we detected radical scavenging
ability of the three SGs by using classical model radi-
cal 2,2'-azinobis  (3-ethylbenzthiazoline-6-sulfonate)
(ABTS), and preliminarily evaluated their radioprotec-
tion potential. As shown in Fig. S3, lower characteristic
absorbance of ABTS was observed after treatment with
these SGs. Although all the three SGs could scavenge
ABTS free radical in a concentration-dependent man-
ner, the scavenging ability of BSSG for ABTS was higher

than those of BCSG and BLSG under the same condition
(Fig. 1f). Consequently, the results demonstrated that the
three SGs of probiotics with free radical scavenging abil-
ity had good potential as radioprotective agents.

In vitro radioprotective effect

Inspired by the free radical scavenging ability of SGs,
the radioprotective ability of these SGs was estimated
in vitro by using the rat small intestinal crypt epithelial
cells (IEC-6 cells). In order to explore biomedical applica-
tion potential of probiotic SGs, we first employed CCK8
assay to investigate toxicity of the three SGs on IEC-6
cells. As shown in Fig. 2a, no cytotoxicity of IEC-6 cells
was observed after incubation with all the three SGs
for 24 h. Notably, the viability of IEC-6 cells was signifi-
cantly increased after treatment with 100 ug/mL BSSG
and BLSG. Moreover, the viability BLSG group increased
in a concentration-dependent manner, which might be
attribute to abundant elements in BLSG than BCSG and
BSSG. Next, the in vitro ROS scavenging experiment
was conducted in culture medium containing H,O, to
simulate irradiation induced oxidative microenviron-
ment. When the IEC-6 cells were co-incubated with SGs,
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Fig. 1 Characterization of BCSG, BSSG and BLSG. (a-c) TEM images of (a) BC spores and BCSG, (b) BS spores and BSSG, (c) BL spores and BLSG. (d) HAADF
images of BCSG, BSSG and BLSG. (e) Size distribution and zeta potential of spores and SG (n=3). (f) ABTS radical scavenging ability of BCSG, BSSG and

BLSG.

intracellular ROS level was significantly decreased, as
demonstrated in Fig. 2b.

Next, a series of experiments were conducted to esti-
mate the radioprotective ability of these probiotic SGs
for IEC-6 cells. As shown in Fig. 2¢, intracellular ROS
level was obviously increased after treatment with 4.5 Gy
X-ray radiation. However, pre-incubation with all the
three SGs could significantly inhibit intracellular ROS
production induced by X-ray radiation. It is common
knowledge that antioxidant enzymes form the first line of
defense against free radical damage to organisms [38, 39].
Therefore, we investigated the activities of antioxidative
enzymes, including antioxidase catalase (CAT), glutathi-
one peroxidase (GPX) and superoxide dismutase (SOD).
As illustrated in Fig. 2d, BCSG, BSSG and BLSG could
reverse X-ray radiation induced activity loss of the main
antioxidative enzymes, which was an important contri-
bution to the radioprotection effects of probiotic SGs.

Subsequently, we evaluated the injury of IEC-6 cells
exposed to 4.5 Gy X-ray with the culture medium con-
taining different probiotic SGs. Calcein-AM/PI double
staining (Fig. 2e) assay showed that pre-incubation with
all the three SGs could significantly improve viability of
irradiated cells. The same result was also obtained from
the experimental study on apoptosis of IEC-6 cells. As

illustrated in Fig. 2f and g, after radiation with 4.5 Gy
of X-ray, the apoptosis rate was around 31%. However,
apoptosis rate of cells pre-treated with BCSG, BSSG
and BLSG were around 17%, 18% and 18% respectively,
which was significantly lower than that of X-ray radia-
tion group. The above results indicated that the three
probiotic SGs could not only scavenge intracellular ROS,
but also increase the activities of antioxidative enzymes,
thus enhancing the cell tolerability of radiation under the
same dosage of X-ray exposure.

The disruption of tight junction is the main character-
istic in radiation-induced intestinal injury [40]. Intrigued
by above results, we examined the impact of probiotic
SGs on intestinal barrier functions using human colon
epithelial cancer cells (Caco-2). As reflected in Fig. 2h,
the transepithelial electrical resistance (TEER) value of
Caco-2 cell monolayer was decreased obviously after
treatment with 4.5 Gy X-ray. By contrast, all the three
probiotic SGs could prevent the early dysfunction of
transepithelial electrical resistance value. Moreover, the
three SGs could also prevent the loss of tight junction-
associated proteins (E-cadherin and ZO-1), which play
pivotal roles in gut homeostasis. The above results dem-
onstrated that BCSG, BSSG and BLSG could suppress
the damage of X-ray on intestinal epithelial cells and
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Fig. 2 Radioprotection effects of BCSG, BSSG and BLSG in IEC-6 cell model. (a) Cytotoxicity assays on IEC-6 cells after treatment with different concentra-
tions of BCSG, BSSG and BLSG. (b) Effect of SGs on H,0,-induced intracellular level of total ROS. (c) Corresponding fluorescence images of intracellular
ROS. (d) Activities of CAT. GPX and SOD. (e) Calcein-AM/PI fluorescence images of the IEC-6 cells irradiated by 4.5 Gy X-ray. (f, g) Apoptosis level of [EC-6
cells. (h) TEER values of Caco-2 cell monolayers after different treatment. (i) Expression of occluding and ZO-1. Data are presented as mean+5SD (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 and ***p <0.001)

enhance the intestinal barrier functions, exhibiting excel-  for the intestine at all-time points. The main reason for

lent radioprotective potential. this phenomenon was speculated to be that free Cy5 was
trapped and quickly cleared by mucus. While the SGs

In vivo biodistribution and radioprotective effect could hardly penetrate the intestinal barrier functions

To visualize the biodistribution of these SGs, fluorophore  due to their micro scale.

(Cy5) was attached to SGs by chemical conjugation to Next, we evaluated in vivo radioprotective effects of

obtain Cy5-BCSG, Cy5-BSSG and Cy5-BLSG, which the three SGs according to the experimental schedule
were employed to estimate the residence time of these shown in Fig. 3a. Female BALB/c mice (8—10 weeks old)
SGs in intestine. As shown in Fig. S4, most of free Cy5 were randomly divided into five groups (n=15): Nor-
dye entered the cecum 2 h post intragastric administra-  mal, Radiation, Radiation+BCSG, Radiation+BSSG and
tion. Most free Cy5 was cleaned out of body within 8 h.  Radiation+BLSG. To perform total abdominal radia-
While, much longer retention time was observed in Cy5-  tion, anesthetized mice were placed in a lead plate in the
BCSG, Cy5-BSSG and Cy5-BLSG groups. Interestingly, supine position and exposed to X-ray radiation (Fig. S5).
no fluorescent signal was detected in blood and other The mice treated with a sublethal dose of total abdomi-
main organs (heart, liver, spleen, lung, and kidney) except  nal X-ray radiation (TAR) were accompanied by cachexia
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Fig. 3 Radioprotective effects of BCSG, BSSG and BLSG in BLAB/C mouse model. (a) Therapeutic schedule. (b) The body weight changes in mice, (n=15).
(c) The images of diarrhea in mice at 4th day. (d) H&E staining images of intestine with different treatments after irradiation at 1st, 4th, and 10th day,
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mean £ SD. p values were calculated by two-way ANOVA with a Tukey post-hoc test (*p <0.05, **p <0.01 and ***p <0.001)

and anorexia. Mice body weight successively decreased in
the first couple of days, as displayed in Fig. 3b. The body
weight of the mice was recorded every day. On the 1st,
4th, and 10th day after X-ray irradiation, five mice were
sacrificed from each group to collect intestine for patho-
logical analysis. Compared with radiation alone group,
the three SGs could not only prevent the bodyweight
loss in different degrees, but also promote bodyweight
recovery. The three SGs treated mice started to recover
bodyweight on day 7, while X-ray treated mice returned
to a recovered state on day 8. On the 14th day, the aver-
age body weight showed a remarkable difference between

different groups. The body weight of mice in Radia-
tion+BLSG group almost returned to the degree of Nor-
mal group, and body weights of Radiation+BCSG and
Radiation+BSSG groups were slightly lower than that
of Normal group. However, the mice in Radiation alone
group still weighed around 4 g less than healthy mice.
Consistently, food and water intake showed the same
trend as body weight change, as depicted in Fig. S6 and
S7. Meanwhile, the three probiotic SGs could also allevi-
ate X-ray induced serious diarrhea (Fig. 3c).
Subsequently, to directly verify the intestinal radiopro-
tective effect of these SGs, intestinal tissues of mice were
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Fig. 4 Evaluation of radioprotective effect in vivo. (@) Apoptosis detection of intestine sections by immunofluorescence. (b) The apoptosis rate of intes-
tine cells. (c) Detection of MPO activity in intestine at different time points. (d) Detection of pro-inflammatory cytokines IL 6, IL.-13 and TNF-a. (e) Score
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mean+SD (n=5). p values were calculated by two-way ANOVA with a Tukey post-hoc test (*p <0.05, **p <0.01 and ***p <0.001)

collected for pathological analysis at different time point.
As illustrated in Fig. 3d, the intestinal tissue in Radia-
tion alone group began to show slight impairment on the
first day after X-ray radiation. While on the 4th day after
radiation, intestinal tissue presented severe damage with
necrosis of a large amount of epithelial cells, severe dam-
age of goblet cell and loss of the crypt structure. Although
the severe injury showed little recovery on the 10th day,
the crypt—villus architecture of small intestine in mice
of Radiation group still displayed incomplete structure.
In contrast, the three SGs could greatly alleviated X-ray
induced intestinal injury from the 1th day to the 10th day.
The crypts of mice remained closely attached to the mus-
cularis mucosa and intestinal villi presented relatively
normal appearance with occasional goblet cells. Consis-
tent with above pathological analysis, villi height, crypt
depth and crypt count exhibited no significant differ-
ence among Normal, Radiation and SGs-treated groups
on the 1th day after radiation. X-ray radiation signifi-
cantly reduced regenerating crypts and shortened intes-
tinal villi on the 4th day (Fig. 3e and g). Although these
parameters of mice treated with probiotic SGs were still
slightly decreased compared with Normal group, they

obviously higher that of radiation alone group on the
4th day. Encouragingly, the villi height in SGs treated
groups became comparable to Normal group, but crypts
were not fully recovered on the 10th day after radiation.
All these results demonstrated that the three SGs could
effectively alleviate intestinal damage and exhibited pow-
erful radioprotection ability.

Furthermore, all the three probiotic SGs treatment
markedly reduced X-ray induced apoptosis of intestinal
epithelial cells, as shown by the terminal deoxynucleoti-
dyl transferase dUTP nick end labelling (TUNEL) result
in Fig. 4a and b. It is well known that radiation-induced
intestinal injury is always accompanied with inflamma-
tory response [41]. Therefore, we evaluated the activity
of myeloperoxidase (MPO) and the level of pro-inflam-
matory cytokines in intestinal tissue after different treat-
ments. As depicted in Fig. 4c, the increased intestinal
MPO activity was significantly suppressed and down-
regulated by these probiotic SGs. Meanwhile, BCSG,
BSSG and BLSG treatment also significantly decreased
the local levels of pro-inflammatory cytokines, including
IL 6, TNF-a and IL-1p (Fig. 4d). Moreover, the decreased
intestinal damage score (Fig. 4e and f), as a consequence
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of mucosal inflammation, further confirmed excellent
anti-inflammatory potential of these SGs. In addition, we
assessed the impact of X-ray radiation and probiotic SGs
on intestinal barrier functions by detecting tight junc-
tion-associated protein ZO-1 and occluding on 10th day
after radiation. As shown in Fig. S8 and S9, the expres-
sion of ZO-1 and occludin in Radiation group decreased
obviously and significantly lower than that in BCSG,
BSSG and BLSG groups, which might be attributed to Ca
ions contained in these SGs. Moreover, the three probi-
otic SGs significantly improved weight gain (Fig. S10b)
and survival (Fig. S10c) in mice after a lethal dose of TAR.
The above results indicated that the three probiotic SGs
had excellent ability in anti-inflammatory and enhancing
of intestinal barrier functions.
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Apart from barrier damage and inflammation response,
intestinal flora imbalance has been regarded as a main
reason for radiation induced intestinal injury [42, 43].
Thus, we examined the composition and abundance of
gut microbiota by 16 S ribosomal DNA (16 S rDNA) iden-
tification amplicon sequencing after different treatments.
Operational taxonomic units (OTUs) were clustered at
97% similarity (Fig. S11). Curiously, X-ray radiation and
the three probiotic SGs had almost no impact on bacterial
richness (observed OTUs richness in Fig. 5a) and diver-
sity (Chao and Shannon in Fig. 5b). However, the non-
metric multidimensional scaling (NMDS) plots revealed
that mice treated with X-ray alone had distinct gut
microbiota profile, compared with probiotic SGs treated
groups which was the nearest to that in Normal group
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Fig. 6 The biosafety of BCSG, BSSG and BLSG in vivo. (a) The body weight changes in mice. (b) Detection of MPO activity in intestine. (c) The histopathol-
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(e) liver function and (f) kidney function. Data are presented as mean +SD (n=3). p values were calculated by two-way ANOVA with a Tukey post-hoc test

(Fig. 4c). Further analysis at the genus level (Fig. 4d ~ 4f)
showed that X-ray treatment significantly decreased the
relative abundance of Lactobacillus (known for beneficial
roles in radioprotection) [24, 25], which was dramatically
reversed by pretreatment of BCSG, BSSG and BLSG. On
the contrary, the abundance of the pathogenic bacteria of
Anaerostipes showed a great increase after X-ray radia-
tion, which was considerably higher than that in Normal
group and the probiotic SGs treated groups. Further-
more, the LEfSe analysis demonstrated that the probiotic
SGs, especially BSSG, exhibited an efficient protective
ability for Lactobacillus, so as to promote its large pro-
liferation to become the dominating flora. Above results
indicated that the three SGs took orally by mice could
maintain the balance of intestinal flora, which was ben-
eficial for alleviation radiation enteritis.

In addition to radiation enteritis, radiation can also
cause damage to other tissue, such as hematopoietic
system and immune system [44, 45]. Next, we primar-
ily evaluated whether probiotic SGs treatment showed
protective effect on other radiation related injuries. As
indicated in Fig. S12, X-ray radiation caused sharp weight
loss of spleen (The largest blood storage and immune tis-
sue). However, pretreatment of BCSG, BSSG and BLSG
could not reverse X-ray induced spleen damage. Simi-
larly, these probiotic SGs were powerless in prevent-
ing X-ray induced decrease of white blood cells (WBC)
and platelet (PLT), as reflected in Fig. S13. These results
demonstrated that the three probiotic SGs exhibited no
radioprotective effect on radiation induced damage to
hematopoietic system and immune system.
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Investigation of biosafety

Biosafety is the top priority for biomedical application
and clinical transformation of radioprotectants [46].
B.coagulans, B.subtilis and B.licheniformis are CFDA-
approved probiotics for the treatment of gastrointes-
tinal disorder, so the biosafety of their spore had been
proved in our previous research [33]. In this study, the
three probiotic SGs were also verified to show no dis-
tribution and retention in other vital organs except for
intestine via oral administration (Fig. S4), preliminarily
indicating their good biosafety. Herein, the biosafety and
biocompatibility of the three probiotic SGs were further
evaluated by body weight, intestinal MPO, histopathol-
ogy examination, blood routine, and blood biochemis-
try. As shown in Fig. 6a, there was no body weight loss
in mice treated with BCSG, BSSG and BLSG during the
test time. After oral administration, intestinal MPO in
all mice treated with the three probiotic SGs showed no
significant difference with healthy mice (Fig. 6b). In addi-
tion, no noticeable damages of the main organs (heart,
liver, spleen, lung, and kidney) were detected, according
to the images of hematoxylin and eosin (H&E) staining
(Fig. 6¢). Moreover, the blood hematology (Fig. 6d), liver
function (Fig. 6e) and renal function (Fig. 6f) exhibited
no significant changes after oral administration with the
three probiotic SGs. Consequently, these results further
demonstrated the biosafety of BCSG, BSSG and BLSG.

Conclusion

In conclusion, three different probiotic SGs sepa-
rated from the spores of B.coagulans, B.subtilis and
B.licheniformis were explored for their radioprotective
effect in vitro and in vivo. We found that all the three
SGs could scavenge ABTS free radical in a concentration-
dependent manner, especially BSSG, which was further
confirmed by in vitro ROS scavenging experiment. More-
over, the regulation of the three SGs on main antioxida-
tive enzymes and ROS scavenge synergistically prevented
the X-ray induced damage on IEC-6 cells. Furthermore,
we performed total abdominal X-ray radiation on mice
using a sublethal dose of the therapeutic effects and a
lethal dose for survival analysis. These probiotic SGs
demonstrated excellent therapeutic effects on radiation-
induced intestinal injury by relieving diarrhea, prevent-
ing crypt and villus destruction, inhibiting inflammation,
enhancing intestinal barrier function and maintaining
the stability of gut microbiota. Therefore, all the three
SGs obviously prevented bodyweight loss and promoted
bodyweight gain after X-ray radiation, among which mice
in BLSG group even achieved full bodyweight recovery.
Importantly, all the three SGs improved the survival rate
of mice after lethal dose of total abdominal radiation.
Consequently, the BCSG, BSSG and BLSG exhibited
well potential as intestinal radioprotectants for radiation
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induced intestinal injury. Moreover, in-depth examina-
tions that combine metabolomics are required in future
studies. Accordingly, based on excellent radioprotective
effect and good biosafety in vivo, we are looking for-
ward to their further clinical translation for intestinal
radioprotection.
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