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ABSTRACT
Radiation-induced gastrointestinal (GI) toxicity can be a major cause of morbidity in 
patients undergoing abdominal radiotherapy. There is an unmet need for treatments to 
ameliorate GI toxicity. Estrogen-related receptor alpha (ESRRA), a protein involved in the 
regulation of inflammation and autophagy, is widely expressed across human tissues. 
Our recent findings on ESRRA’s significant contribution to intestinal homeostasis and 
inflammation control in inflammatory bowel disease inspired us to investigate its poten
tial role in radiation-induced gastrointestinal injury. esrra-/- mice showed distinct gut 
microbiota composition and increased susceptibility to abdominal irradiation with sig
nificant alteration of microbiota and increased intestinal inflammation. B. vulgatus 
reversed gut pathology in esrra-/- mice by improving intestinal barrier function, reducing 
inflammation, and restoring the expression of Tfeb and its downstream genes. 
Additionally, in patients treated with abdominal radiotherapy, decreased ESRRA expres
sion in rectal tissues correlated with increased IL-6 expression and radiation induced 
diarrhea. Our findings indicate that ESRRA contributes to intestinal homeostasis through 
gut enrichment of B. vulgatus.
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Introduction

The gastrointestinal (GI) system has rapidly proliferating cells, which make it one of the most radiosensitive 
organs in the body.1,2 As a result, cancer patients receiving abdominal radiotherapy and individuals exposed 
to accidental irradiation experienced gastrointestinal toxicity during and after the event.1,2 The most 
common toxicity symptoms observed in patients were nausea, vomiting, diarrhea, and abdominal pain, 
all of which significantly reduce quality of life.2–5 Moreover, this condition can limit the ability to deliver the 
tumoricidal dose necessary for sterilizing abdominal and pelvic tumors.6 Therefore, Consequently, GI 
toxicity remains a significant concern after radiation exposure, with growing evidence emphasizing its 
implications for healthcare systems and patient outcomes.7,8

Although the advent in radiation therapy treatment planning and delivery technologies such as intensity- 
modulated radiotherapy (IMRT) and image-guided radiotherapy (IGRT) has significantly reduced adverse 
effects, radiation-induced GI toxicity remains substantial clinical challenges.9 During radiotherapy, expo
sure to ionizing radiation can injure adjacent normal intestinal tissues, resulting in generation of reactive
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oxygen species, production of pro-inflammatory cytokines and activated macrophages, and role of bone 
marrow-derived progenitor and stem cells.10 Better understanding the molecular mechanisms mediating 
oxidative stress and inflammation may provide novel insight on the pathophysiology of radiation-induced 
injury of intestinal tissues. This knowledge will facilitate the identification of molecular targets, paving the 
way for novel therapeutic strategies to improve treatment outcomes.

Estrogen-related receptor alpha (ESRRA), a member of orphan nuclear receptor transcription factors, 
has been initially discovered due to its structural similarity to estrogen receptors.11 Instead of regulating 
estrogen pathway, ESRRA primary controls energy metabolism through ligand independent transcriptional 
action driven by coactivator interactions.11 ESRRA is widely expressed in various human tissues and 
associated with metabolic disorders, liver disease, and breast cancer.11,12 .13–15 Beyond its conventional 
roles in metabolism, ESRRA plays a negative regulator of TLR-induced inflammatory responses through 
inducing Tnfaip3 transcription and controlling the metabolic reprogramming.16 Additionally, ESRRA 
enhanced the transcriptional activation of numerous autophagy-related genes (Atg5, Becn1, Atg16l1) at 
both transcriptional and post-translational levels, which is essential for regulation of excessive inflammation 
during mycobacterial infection.17 Collectively, these findings highlight ESRRA may play a key function in 
the regulation of immune homeostasis by maintaining a balanced pro-inflammatory and anti-inflammatory 
response.

Besides its systemic immune modulation property, there is growing interest in ESRRA’s role in regulating 
organ-specific immune modulation. Because of abundant expression in intestinal tissues, additional study 
may reveal previously unappreciated mechanisms regulating intestinal function.18 According to recent 
studies, ESRRA contributes to intestinal homeostasis through autophagy activation and gut microbiota 
control, dysfunctional mitochondria, preservation of epithelial integrity.18,19 Building on these findings, the 
current research investigated the role of ESRRA in radiation-induced GI injury.

The microbiome, which is composed of the collective genomes of trillions of living microorganisms, 
forms a complex and essential ecosystem within the human body. Recent research has highlighted the 
dynamic crosstalk between the microbiota and immune system, which is vital for maintaining health and is 
implicated in various diseases, including cardiovascular disease, cancer, respiratory disease, and IBD.20 

There is intense interest in understanding the interactions between hosts and microbiota, with novel 
microbiota-targeted therapies being explored as potential treatments for various conditions, including 
colitis.21 However, the relationships among the gut microbiota, radiotherapy, and inflammation, as well 
as their impact on intestinal homeostasis, remain largely unexplored.

In this study, we used whole-abdominal irradiation (WAI) and rectal irradiation mouse models to 
evaluate the effectiveness of ESRRA in reducing radiation-induced GI toxicity. By monitoring survival 
rates and analyzing mRNA and protein expression, we investigated the impact of ESRRA on inflammation 
and mucosal integrity postirradiation. To explore the role of the microbiome, we evaluated the protective 
effect of Bacteroides vulgatus, which is depleted in esrra-/- mice, using a WAI mouse model.18 We also 
examined the expression of ESRRA and IL-6 in the rectal tissues of patients by comparing nonirradiated and 
irradiated samples through IHC to confirm the clinical relevance of the findings. By integrating animal 
models and patient sample analyses, we comprehensively assessed the therapeutic potential of ESRRA. Our 
results could lead to improved treatment strategies for patients suffering from radiation-induced GI 
complications.

Results

ESRRA is crucial for controlling host susceptibility to radiation-induced gastrointestinal toxicity

ESRRA protein expression is significantly downregulated in colon tissues following dextran sodium sulfate 
(DSS) challenge.18 To investigate the role of ESRRA in radiation-induced GI toxicity, we first examined 
whether its expression pattern changed in a WAI mouse model. Consistent with previous findings, its levels 
were significantly decreased in irradiated tissues of the small intestine, as shown in Figure 1A,B.

To explore the role of ESRRA in providing protection against irradiation, we exposed esrra+/+ and esrra-/- 

mice to 17 Gy of WAI. The survival rate of esrra-/- mice decreased dramatically after WAI, as shown in 
Figures 1C and S1A. Age- and sex-matched esrra+/+ mice regained their initial body weight by day 8,
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Figure 1. ESRRA expression is critical for protecting against radiation-induced gastrointestinal toxicity. (A) representative 
immunohistochemistry images showing ESRRA expression in the small intestine of esrra+/+ mice subjected to whole- 
abdominal irradiation (WAI). Scale bar = 100 µm. (B) ESRRA expression in the small intestine of esrra+/+ mice by western 
blotting. (C) survival rates of esrra+/+ and esrra-/- male mice postirradiation with 17 Gy WAI. The data are presented as 
Kaplan‒Meier survival curves (n > 5 per group). (D) body weight changes in esrra+/+ and esrra-/- male mice following 17 Gy 
WAI (n > 5 per group). (E) representative histological images (H&E staining) of small intestine tissues from esrra+/+ and 
esrra-/- male mice following 17 Gy WAI. Scale bar = 100 µm. *p < 0.05, ***p < 0.001. log-rank (mantel‒Cox) test (C) and two- 
way ANOVA (D). Tissue samples for immunohistochemistry and H&E staining were prepared using the Swiss roll method. 
The data are representative of three independent experiments, and the error bars indicate the means ± SEMs. Un, 
untreated. IR, irradiated.
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whereas esrra-/- mice did not (Figure 1D and S1B). As depicted in Figure 1D and S1B, the body weight of the 
esrra-/- mice was significantly reduced to less than 50% of the initial weight by day 8 post-WAI. 
Furthermore, the survival rate of esrra-/- mice dramatically decreased after WAI, as shown in Figure 1C 
and S1A. Histological evaluation revealed severe intestinal injury in WAI-exposed esrra-/- mice, character
ized by extensive mucosal inflammation and edematous submucosal tissues, compared to the relatively mild 
damage observed in esrra+/+ mice (Figure 1E). Collectively, these data suggest that the absence of ESRRA 
increases susceptibility to radiation-induced GI toxicity.

Esrra deletion upregulates inflammatory responses in irradiated tissues of the small intestine

ESRRA plays a critical role in inflammatory responses, the maintenance of mitochondrial function and 
intestinal permeability.18 Therefore, we examined whether esrra ablation influences genes involved in the 
innate immune response, mitochondrial dynamics and mucosal permeability in small intestine tissues. 
There were no significant differences in the mRNA expression levels of Il1β, Tnf, or Cxcl2; however, those of 
Il6 and Ccl2 significantly increased in esrra-/- mice following WAI (Figures 2A and S2A). Among the 
numerous genes involved in mitochondrial function and the tight junction complex, WAI significantly 
decreased Chchd10, Cldn3, Cldn4, and Cldn15 in esrra-/- mice compared to littermate controls (Figure S2A). 
Western blotting analysis revealed that the protein levels of COX-2 and phosphorylated ERK (p-ERK) were 
significantly elevated in irradiated esrra-/- mice (Figure 2B). Immunofluorescence analyses further demon
strated increased IL-6 protein expression and macrophage infiltration following WAI (Figures 2C and S2B). 
Specifically, the IL-6 and F4/80 protein expression levels were significantly elevated in the intestines of the 
esrra-/- mice (Figure 2C). Consistently, IHC analysis further confirmed increased expression of IL-6 and 
CD68 in the intestines of the esrra-/- mice (Figure S2B). These data suggest that esrra deficiency leads to 
increased inflammation in the small intestine, elevated IL-6 expression and enhanced macrophage 
infiltration.

ESRRA expression contributes to the radioprotective effects observed in the small intestine of mice

We evaluated the effect of resveratrol, a known ESRRA agonist, on radiation-induced GI toxicity.22 Mice 
received resveratrol (40 mg/kg) via intraperitoneal (IP) injection on days 3 and 5 following WAI. By day 5 
postirradiation with 17.5 Gy WAI, survival rates and body weights were notably lower in the WAI-only 
group than in the resveratrol-treated group (Figures 3A,B). More than half of the mice in the WAI-only 
group died by day 5 postirradiation, whereas none of the resveratrol-treated mice died (Figure 3A). In 
addition, quantitative polymerase chain reaction (qPCR) analysis revealed that the mRNA expression levels 
of Il1β, Il6, and Tnf were significantly lower in the tissues of resveratrol-treated mice than in those of esrra+/ 

+ mice (Figure 3C). Immunofluorescence analyses revealed decreased IL-6 protein expression and macro
phage infiltration in the tissues of resveratrol-treated mice compared to esrra+/+ mice (Figures 3D and S3A). 
These results indicate that ESRRA agonists may alleviate radiation-induced inflammation and mortality.

To further investigate the influence of resveratrol on esrra-/- mice and their littermate controls, 
a subsequent experiment was conducted. Mirroring the previous experiment, compared with those in the 
other groups, the body weight and survival rates of the resveratrol-treated essra+/+ mice were significantly 
greater on day 7 post-17 Gy WAI (Figures 3E,F). In contrast, esrra-/- mice did not exhibit improved survival 
rates (Figures 3E,F), indicating that ESRRA activation is essential for resveratrol-mediated radioprotection. 
These findings suggest that ESRRA is both required and sufficient to mediate the intestinal radioprotection 
elicited by resveratrol treatment.

Bacteroides vulgatus mitigates radiation-induced gut toxicity in esrra-/- mice

Previously, we reported that the gut microbiota was significantly different between esrra+/+ mice and esrra-/- 

mice before and after DSS treatment. Notably, esrra+/+ mice have more abundant populations of Bacteroides 
than esrra-/- mice.18 All sequences belonging to the genus Bacteroides were annotated using the EZbiocloud 
database.23 Among these, the operational taxonomic units (OTUs) identified as B. vulgatus, exhibiting over 
99% sequence similarity, accounted for the largest proportion of Bacteroides species. B. vulgatus has been
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Figure 2. ESRRA deficiency enhances inflammatory responses in irradiated small intestine tissues. (A) quantitative PCR 
analysis of inflammatory cytokine mRNA levels (Il1β, Il6, and Tnf) in mice treated with WAI (0 and 5 days after WAI; n > 5 per 
group). (B and C) Western blot analysis of IL-6, COX-2, phosphorylated ERK, ERK and ESRRA expression in jejunal tissue from 
unirradiated and irradiated esrra+/+ and esrra-/- mice. β-actin served as a loading control. (D) representative immunofluor
escence images and quantitative analysis of the staining showing IL-6 (red) and ADGRE1/F4/80 (green) protein levels in 
small intestine tissues following 17 Gy WAI. Scale bar = 50 µm. **p < 0.01, ***p < 0.001, n.s.: not significant. Two-way 
ANOVA (A and C). The experiments were performed at least three times, and the values are presented as the means ±  
SEMs. Un, untreated. IR, irradiated.
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Figure 3. The ESRRA agonist resveratrol mitigated radiation-induced gastrointestinal toxicity. (A) survival rates of esrra+/+ 

mice treated with resveratrol (40 mg/kg) or PBS via intraperitoneal (IP) injection on days 3 and 5 following WAI. The data are 
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shown to play a protective role against Escherichia coli-induced colitis in gnotobiotic il2 KO mice.24 We 
aimed to confirm whether the gut microbiota differed between esrra+/+ mice and esrra-/- mice, as observed 
in prior study, and to examine the abundance of Bacteroides. Additionally, we also evaluated the effect of 
WAI on the gut microbial composition. Alpha diversity metrics such as observed ASVs, Faith’s phylogenetic 
diversity, Shannon index, and Pielou’s evenness showed no significant differences between esrra+/+ mice 
and esrra-/- mice both before and after WAI (Figure 4A). Beta diversity was analyzed using principal 
coordinate analysis (PCoA) based on both unweighted and weighted UniFrac distance matrices. Significant 
separation between all experimental groups was observed in PCoA based on unweighted UniFrac distances 
(PERMANOVA, p = 0.0001) (Figure 4B). Pairwise comparison results showed significant differences in gut 
microbiota were observed between esrra+/+ mice and esrra-/- mice both before and after WAI (p < 0.05). 
However, while no significant changes in gut microbiota in esrra+/+ mice were identified before and after 
WAI (p > 0.05), significant alterations were detected in esrra-/- mice post-WAI (p < 0.05). Similar results 
were observed in PCoA based on weighted UniFrac distances, considering bacterial abundance 
(PERMANOVA, p = 0.0001) (Figure S4A). These pairwise comparisons across all pairs further confirmed 
the significant microbiota changes (p < 0.05). These results suggest that WAI induces significant changes in 
the gut microbiota and the absence of ESRRA alters the gut microbiota, increasing susceptibility to 
microbial changes induced by WAI.

Consistent with previous findings, B. vulgatus was detected only in esrra+/+ mice in this data 
(Figure S4B). To investigate whether B. vulgatus can alleviate radiation-induced GI toxicity in mice, 
we assessed the gut microbiota composition and severity of colitis by monitoring weight, survival, 
and mRNA expression during the induction period and by measuring intestinal permeability 
on day 5 post-WAI exposure. Figure 4C shows a schematic of the B. vulgatus oral gavage 
experiment. Briefly, we administered B. vulgatus for 4 weeks prior to the WAI. The irradiation 
experiment was performed 1 week after the administration of B. vulgatus or phosphate-buffered 
saline (PBS). The gut microbial compositions of the experimental groups were visualized using 
relative abundance bar chart at the genus level for each sample (Figure S5A). Additionally, we 
quantified the abundance of B. vulgatus across all experimental groups using real-time qPCR with 
B. vulgatus specific primer.25 The esrra+/+ mice showed a significantly higher B. vulgatus abundance 
compared to esrra-/- mice. Following B. vulgatus treatment, esrra-/- mice exhibited an increasing 
trend in B. vulgatus abundance compared to the PBS-treated group (Figure S5B). Also, the survival 
rates and weight loss in the B. vulgatus-treated group were significantly greater than PBS-treated 
group (p < 0.05; Figure 4D,E).

In addition, an in vivo intestinal permeability assay was performed using fluorescein isothiocyanate 
(FITC)-dextran on day 5 after WAI. As shown in Figure 4F, serum levels of FITC-dextran were significantly 
greater in PBS-treated esrra-/- mice after WAI, indicating decreased intestinal barrier function compared to 
that in B. vulgatus-treated esrra-/- mice. Similarly, the mRNA levels of proinflammatory cytokines were 
lower in the small intestines of the B. vulgatus-treated group than in those of the PBS-treated group on day 5 
of WAI exposure (Figure 5A). Compared with those in the PBS-treated group, the mRNA levels of tight 
junction complex proteins in the B. vulgatus-treated group were significantly restored (Figure 5B). These 
results suggest that pretreatment with B. vulgatus can significantly reduce radiation-induced GI toxicity by

presented as Kaplan‒Meier survival curves (n = 9 per group). (B) body weight changes in esrra+/+ mice treated with 
resveratrol (40 mg/kg) or PBS via IP injection on days 3 and 5 following WAI (n = 9 per group). (C) quantitative PCR analysis 
of inflammatory cytokine mRNA levels (Il1β, Il6, and Tnf) in mice treated with resveratrol (40 mg/kg) or PBS via IP injection 
on days 3 and 5 following WAI (n > 5 per group). (D) representative immunofluorescence images and quantitative analysis 
showing IL-6 (red) protein levels in small intestine tissues from resveratrol- or PBS-treated esrra+/+ mice following 17 Gy 
WAI. Scale bar = 50 µm. (E) body weight changes in esrra+/+ and esrra-/- mice treated with resveratrol (40 mg/kg) or PBS via 
IP. injection on days 3 and 5 following WAI. The data are presented as Kaplan‒Meier survival curves (n = 5 per group). (F) 
survival rates of esrra+/+ and esrra-/- mice treated with resveratrol (40 mg/kg) or PBS via intraperitoneal (IP) injection on days 
3 and 5 following WAI (n = 5 per group). *p < 0.05, **p < 0.01, ***p < 0.001, n.s.: not significant. Log-rank (mantel‒Cox) test 
(A and F), two-way ANOVA (B and E), and one-way ANOVA (C and D). The data are representative of three independent 
experiments, and the error bars indicate the means ± SEMs. Un, untreated. IR, irradiated; RSV, resveratrol.
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improving survival rates, reducing weight loss and inflammation, and enhancing the integrity of the 
intestinal barrier.

In previous research, we observed decreased expression of Tfeb under stress conditions in esrra-/- 

mice.18 Therefore, we investigated changes in Tfeb expression 5 days after WAI. We found that Tfeb

Figure 4. Bacteroides vulgatus ameliorates radiation-induced gastrointestinal toxicity in esrra-/- mice. (A) alpha diversity 
results in both esrra+/+ and esrra-/- mice following WAI (0 and 2–3 days after WAI; n > 5 per group). (B) the PCoA results 
based on unweighted UniFrac distances of 16S rRNA amplicon sequencing of the feces from esrra+/+ and esrra-/- mice before 
and after WAI, respectively. (C) schematic illustration of the B. vulgatus oral gavage experimental timeline. (D) survival rates 
of esrra-/- mice treated with B. vulgatus or PBS for 4 weeks before 17 Gy WAI. The data are presented as Kaplan‒Meier 
survival curves (n > 5 per group). (E) body weight changes in esrra-/- mice treated with B. vulgatus or PBS for 4 weeks before 
17 Gy WAI (n > 5 per group). (F) serum FITC-dextran levels as a measure of intestinal permeability in esrra-/- mice treated 
with B. vulgatus or PBS for 4 weeks before 17 Gy WAI (n > 4 per group.) *p < 0.05, ****p < 0.0001. Multiple Mann-Whitney 
test with Holm-Šídák multiple comparison test (A), PERMANOVA with 1000 permutations with pairwise comparison (B), log- 
rank (mantel‒Cox) test (D) and two-way ANOVA (E and F). The experiments were performed at least three times, and the 
values are presented as the means ± SEMs. Un, untreated. IR, irradiated.
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mRNA expression was decreased in esrra-/- mice compared to that in esrra+/+ mice after WAI and 
was restored when B. vulgatus was administered (Figure 5C). Furthermore, we assessed the 
expression of several Tfeb downstream genes, including Vps11, Uvrag, Becn1, Gabarap, Lamp1, 
and Rab7, after WAI. Notably, the expression of Becn1 and Gabarap was restored to levels similar 
to those of the wild type when B. vulgatus was administered (Figure 5C).

Figure 5. Bacteroides vulgatus restored the expression of inflammatory cytokine, tight junction protein, tfeb pathway genes 
in esrra-/- mice postirradiation. (A) quantitative PCR analysis of the mRNA levels of proinflammatory cytokines (Il1β, Il6, and 
Tnf) in jejunal tissues from esrra-/- mice treated with B. vulgatus or PBS for 4 weeks before 17 Gy WAI (n > 4 per group). (B) 
quantitative PCR analysis of tight junction complex protein mRNA levels (Cldn3, Cldn4, and Cldn15) in jejunal tissues from 
esrra-/- mice given B. vulgatus or PBS for 4 weeks before 17 Gy WAI (n > 4 per group). (C) quantitative PCR analysis of the 
mRNA levels of Tfeb and its downstream genes (Vps11, Uvrag, Becn1, Gabarap, Lamp1, and Rab7) in jejunal tissues from 
esrra-/- mice treated with B. vulgatus or PBS for 4 weeks before 17 Gy WAI (n > 4 per group). *p < 0.05, **p < 0.01, ***p <  
0.001, ****p < 0.0001, n.s.: not significant. one-way ANOVA (A,B and C). The data are shown as the means ± SEMs from two 
independent experiments conducted in triplicate. Un, untreated. IR, irradiated.

GUT MICROBES 9



Association of ESRRA expression with increased severity of radiation-induced proctitis: clinical 
insights from the rectal tissues of patients

To investigate the potential role of ESRRA in alleviating radiation-induced proctitis, we assessed the mRNA 
expression levels of inflammatory cytokines and chemokines. The mRNA expression levels of inflammatory 
cytokines and chemokines, including S100a9, Il12a, Lcn2, Cxcl1, Cxcl2, Ccl2, and Ccl3, were significantly 
increased in esrra-/- mice in a rectal proctitis model (Figure 6A). Furthermore, IL-6 expression and 
macrophage infiltration were increased after rectal irradiation (Figure 6B). Notably, IL-6 and F4/80 protein 
levels were significantly increased in esrra-/- mice (Figures 6B and S6A). These data suggest that esrra 
deficiency leads to increased severity of rectal inflammation, including increased IL-6 expression and 
macrophage infiltration.

Based on previous findings related to the pathogenesis of radiation-induced proctitis, we investigated the 
expression of ESRRA protein in the rectal tissues of patients to determine its clinical significance. IHC 
analysis of nonirradiated and irradiated rectal tissue samples revealed that compared with nonirradiated 
epithelial cells, irradiated epithelial cells exhibited weaker nuclear staining for ESRRA (Figure 6C). The 
protein expression of IL-6 was also increased in irradiated colonic mucosa, suggesting an inflammatory 
response associated with radiotherapy (Figure 6C). To assess the potential impact of ESRRA expression, we 
examined the rectal tissues using IHC in a cohort of 36 irradiated cancer patients, Notably, patients with 
reduced ESRRA expression experienced a higher incidence of moderate to severe diarrhea during radio
therapy, underscoring ESRRA’s potential role in mitigating radiation-induced gut damage (Table 1). 
Together, these results suggest that ESRRA may play a protective role in radiation-induced proctitis, 
potentially serving as a biomarker for predicting radiation induced gastrointestinal toxicity.

Discussion

Radiation-induced GI toxicity is a significant obstacle in cancer therapy involving abdominal radiotherapy 
and in the context of nuclear accidents.3 The main symptoms of this condition, i.e., nausea, vomiting, 
diarrhea, and abdominal pain, degrade quality of life and limit the potential therapeutic dosage of radiation 
that can be safely administered.26 Although high-precision radiation therapies such as IMRT and IGRT 
deliver a localized distribution of ionizing energy to cure cancers in patients, inevitable radiation exposure 
to neighboring normal tissue leads to GI toxicity in patients treated with abdominal or pelvic radiation 
therapy. Furthermore, the current incidence of patients who have long-term radiation-induced GI toxicity 
exceeds that of patients with IBD, indicating that more studies on radiation biology are needed.3,27

Extensive research has been conducted on the function of ESRRA, due to its transcriptional activation of 
gene sets involved in mitochondrial metabolism and oxidative phosphorylation.11,28,29 Additionally, pre
vious studies have shown that ESRRA may be involved in cellular homeostasis which may regulate 
inflammation, autophagy, and other biological responses, highlighting its potential as a novel therapeutic 
target in various inflammatory diseases.17,18,30–32 Our data reveals ESRRA is crucially involved in mediating 
the effects of radiation-induced GI inflammation, demonstrating that deficiency of ESRRA may exacerbate 
intestinal injury, inflammatory cytokine production, and gut microbiota dysbiosis. Conversely, resveratrol, 
a known ESRRA agonist, demonstrates a potent ability to improve survival rates and attenuate radiation- 
induced inflammation. Consistent with other studies that emphasize the importance of ESRRA in various 
stress and damage response contexts, the present study revealed that ESRRA expression is crucial for the 
intestinal response to radiation stress.17,33 Taken together, these results strongly suggest that ESRRA is 
essential for the innate immune response to a variety of stresses and contributes to maintaining GI integrity 
following radiation exposure, further highlighting the potential of enhancing this pathway as a strategy for 
mitigating radiation-induced intestinal injury.

In this study, we used the WAI irradiation mouse model that mimics human disease phenotypes to 
systematically assess the role of ESRRA in ameliorating radiation damage. In this mouse models, we 
observed that ESRRA ablation significantly worsened radiation-induced GI toxicity. Following WAI, the 
expression levels of Il6 and Ccl2 were significantly higher in esrra-/- mice compared to WT mice, indicating 
enhanced inflammatory responses. However, other cytokines, such as Il1β, Tnf, and Cxcl2, did not show 
significant differences, in contrast to our previous findings in DSS-induced colitis. This inconsistency
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Figure 6. ESRRA expression and inflammation in radiation-induced proctitis in mice and patients. (A) quantitative PCR 
analysis of inflammatory cytokine and chemokine mRNA levels (S100a9, Il12a, Lcn2, Cxcl1, Cxcl2, Ccl2, and Ccl3) in rectal 
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suggests that the differential inflammatory response may arise under different experimental conditions. DSS 
induces intestinal inflammation through damaging to the epithelial monolayer lining the large intestine 
allowing the dissemination of bacteria and their products into underlying tissue.34 In contrast, radiation- 
induced toxicity primarily arises from DNA damage, vascular damage and oxidative stress, which results in 
a more concentrated and tissue-repair-driven inflammatory response.10 Further studies are required to 
elucidate the potential mechanisms in which ESRRA acts to regulate inflammatory responses under various 
stress conditions.

Our previous research confirmed that ESRRA is involved in regulating DSS-induced colitis and infec
tions through autophagy activation and TFEB nuclear translocation.18,33 Recent study demonstrated 
a reciprocal regulatory relationship between TFEB and ESRRA, where TFEB directly binds to the ESRRA 
promoter to enhance its transcription, while ESRRA promotes TFEB expression by regulating upstream 
signaling pathways involved in autophagy and lysosomal biogenesis.35 This bidirectional regulation forms 
a feedback loop that coordinates stress responses, highlighting the functional interplay between these two 
genes in maintaining cellular homeostasis.35 Consistent with this, we observed significant downregulation 
of TFEB and downstream gene expressions in ESRRA-null intestinal epithelial cells, which led to impaired 
autophagy and disrupted autophagy flux and defective cellular clearance.18 In agreement with our previous 
study, we showed that WAI further reduced the Tfeb expression in esrra-/- mice. However, administration of 
B. vulgatus restored Tfeb expression in esrra-/- mice to levels comparable to esrra+/+ mice. This restoration 
was accompanied by the upregulation of key Tfeb-regulated autophagy genes, including Becn1 and Gabarap, 
which are critical for autophagosome formation and elongation. These results imply that ESRRA-mediated 
regulation of Tfeb is involved in DSS-induced colitis and radiation-induced intestinal injury, further 
supporting its role in maintaining intestinal homeostasis in response to diverse stress state.

Numerous studies have shown that diet, nutrients, pharmacologic factors, and other stimuli play 
dominant roles in modulating the composition of the gut microbiome.36 In addition, there is 
growing interest in the impact of host factors on shaping the gut microbiota37 The gut microbiota 
of esrra-/- mice is significantly more diverse than that of esrra+/+ mice, and ESRRA ameliorates 
DSS-induced colitis by remodeling the gut.18 Notably, a series of studies of twins reported that host 
factors such as specific genes, innate immune sensors, antimicrobial peptides, the mucus barrier, 
and secretory IgAs (sIgA) directly affect the gut microbiota. Key pathway molecules in innate 
immune sensors include Toll-like receptors (TLRs) and NOD-like receptors. TLR2 impacts 
Helicobacter abundance, while TLR4 influences Fusobacteria, Proteobacteria, and Bacteroidetes 
populations.38–41 Antimicrobial peptides such as defensin alpha 5 (DEFA5) and resistin-like

tissues from esrra+/+ and esrra-/- mice following 5.5 Gy, 4 times rectal irradiation (n > 2 per group). (B) representative 
immunofluorescence images and quantitative analysis showing IL-6 (red) and ADGRE1/F4/80 (green) protein levels in rectal 
tissues from esrra+/+ and esrra-/- mice postirradiation. Scale bar = 50 µm. (C) representative immunohistochemistry images 
of ESRRA and IL-6 protein levels in nonirradiated and irradiated rectal tissues from patients. Scale bar = 50 µm. *p < 0.05, 
**p < 0.01, ***p < 0.001. two-way ANOVA (A and B). The data are shown as the means ± SEMs from two independent 
experiments conducted in triplicate. Un, untreated. IR, irradiated.

Table 1. Association between ESRRA protein expression and acute diarrhea in 36 patients with 
locally advanced rectal cancer treated with preoperative chemoradiotherapy.This table pre
sents the association between ESRRA protein expression and diarrhea in a cohort of 36 patients 
with locally advanced rectal cancer who underwent preoperative chemoradiotherapy. Patients 
were classified into low ESRRA expression and high ESRRA expression groups, and radiation 
induced diarrhea grades (grade 0–1 vs. Grade 2–4) were compared between these two groups. 
Pearson’s chi-square test was used to evaluate the statistical significance of the association 
between ESRRA expression and diarrhea grade.

Toxicity and Grade
ESRRA low expression 

n (%)
ESRRA high expression 

n (%) P value*

Diarrhea 0.0113
Grade 2–4 8 (50.0%) 2 (10%)
Grade 0–1 8 (50.07%) 18 (90%) *

*Pearson’s chi-square test.

12 S. G. SHIN ET AL.



molecule β (RELMβ) affect microbial composition by targeting bacterial structures.42,43 Secretory 
Immunoglobulin A binds bacteria, enhancing beneficial microbial colonization while limiting 
pathogens.44 Claudin-3, a tight junction protein, plays a critical role in maintaining normal gut 
microbiota and inflammatory responses in IBD patients.45 Although the precise mechanisms by 
which B. vulgatus reverses gut pathologies in esrra-/- mice are currently unknown, our data strongly 
suggest that this species can be useful for potential therapeutics against radiation-induced colitis.

Gut dysbiosis is a critical factor in the pathogenesis of radiation-induced intestinal injury.46 

A decrease in the abundance of Firmicutes and Bacteroidetes after radiotherapy suggests that 
repopulation of these microorganisms may play protective roles in reconstituting the structure of 
the gut microbiota, thereby alleviating radiation-induced intestinal injury.47,48 The probiotic 
Bacteroides fragilis promotes epithelial cell proliferation in the small intestine, stem cell regenera
tion, goblet cell secretion, and tight junction repair through the STAT3 signaling pathway in mouse 
models of radiation-induced intestinal injury.49 Our study focused on elucidating the interactions 
among ESRRA, the gut microbiota, and radiation-induced GI toxicity. We found that WAI induced 
significant alterations in the gut microbiota of both esrra+/+ and esrra-/- mice; however, these 
changes were more pronounced in esrra-/- mice, which exhibited greater susceptibility to radiation- 
induced colitis than that esrra+/+ mice. Given that B. vulgatus is abundant in the intestines of 
esrra+/+ mice, we treated esrra-/- mice with B. vulgatus and found that the intestinal pathologies 
were reversed.18 Interestingly, esrra-/- mice administered B. vulgatus exhibited a greater reduction in 
Tnf expression than esrra+/+ mice, suggesting additional mechanisms beyond ESRRA. The protec
tive role of B. vulgatus in intestinal inflammation has been reported in earlier studies, which have 
identified its role in immune balance through the modulation of gut microbiota composition, 
short-chain fatty acid (SCFA) production, and inflammasome activity.50,51 Furthermore, Tfeb and 
its downstream autophagy-related genes (Becn1 and Gabarap), which exhibited lower expression in 
esrra-/- mice post-WAI, were recovered after B. vulgatus administration suggesting that its protec
tive effects were mediated by microbiota modulation. These findings indicate that the loss of 
ESRRA expression markedly increases susceptibility to radiation induced GI toxicity by both 
reshaping the microbiota and directly modulating innate immune responses.

To strengthen our findings, we conducted rectal proctitis mouse model experiment, which is similar with the 
irradiation field applied in rectal cancer patients. In this experiment setting, esrra-/- mice exhibited an exacerbated 
inflammatory response, which resembled the that of the WAI model. Consistently, IHC analysis of rectal tissues 
from irradiated patients revealed reduced ESRRA nuclear staining and increased IL-6 levels, further supporting 
for an inverse relationship between ESRRA expression and radiation-induced inflammation. Clinical data further 
support our hypothesis regarding the importance of ESRRA in mitigating radiation-induced gastrointestinal 
toxicity. Taken together, both mouse and human data revealed the translational potential of ESRRA as 
a biomarker and therapeutic target for radiation-induced gut injury.

In summary, our study demonstrates that ESRRA plays a crucial role in protecting against 
radiation-induced gastrointestinal toxicity via regulation inflammatory responses, maintenance 
intestinal homeostasis, and modulation gut microbiota composition. Notably, we identified 
B. vulgatus was critical in restoring Tfeb expression, enhancing autophagy-related pathways, and 
alleviating radiation-induced intestinal injury. These findings suggest that gut enrichment of 
B. vulgatus could offer a new option to combat the radiation induced gastrointestinal complica
tions. Furthermore, human tissue and clinical data revealed that reduced ESRRA expression was 
associated with increased IL-6 levels and a higher incidence of moderate to severe radiation- 
induced diarrhea. Given the strong link between ESRRA and radiation-induced GI toxicity, our 
data suggests that enhancing its expression may be an effective approach to diminish pathological 
inflammatory responses, thereby limiting radiation-induced intestinal toxicity. Future studies are 
needed to develop pharmacological agents to upregulate ESRRA and to design patient-centric 
microbiome studies that could improve therapeutic protocols for managing radiation-induced 
side effects.
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Materials and methods

Ethics approval and consent to participate

Mice were treated in accordance with the guidelines of the Institutional Animal Care and Use 
Committee, Chungnam National University School of Medicine, Daejeon, Korea (2019012A-CNU 
-197).Nonirradiated and irradiated rectal tissues for this study were collected from the institutional 
review board (IRB) of Chungnam National University Hospital (IRB no. 2020–03–105) and analyzed 
following the study protocol. Informed consent was exempted from the IRB due to the retrospective 
design. All patients had provided prior general consent at the time of biopsy or surgery, allowing their 
specimens to be used for future research purposes. As this study was retrospective in nature and used 
anonymized data and archived specimens, the IRB approved the study with a waiver of specific 
informed consent.

The human studies used formalin-fixed, paraffin-embedded (FFPE) rectal tissue samples obtained from 
36 patients with locally advanced rectal cancer who underwent preoperative chemoradiotherapy. In addi
tion to tissue samples, anonymized clinical data were collected, including patient sex, ESRRA expression 
status, and the severity of radiation-induced diarrhea (graded using CTCAE v5.0). These data were used to 
evaluate the clinical correlation between ESRRA expression and gastrointestinal toxicity.

Animals

Eight- to 12-week-old esrra+/+ and esrra-/- mice, matched for sex, were used in this study. All mice were 
housed under specific pathogen-free conditions. Experiments were conducted using littermates from 
heterozygous mice separated by sex and genotype (single cage).

For treatment of Bacteroides vulgatus, the type strain of B. vulgatus (JCM 5826) was cultured under 
anaerobic conditions using Gifu Anaerobic Medium (GAM) broth or agar supplemented with 1.5% Bacto 
agar (214010; BD Difco) at 37°C. The bacteria were harvested during the logarithmic growth phase and 
resuspended in PBS to a concentration of 108 CFU/ml for gavage. Briefly, all mice were gavaged twice a week 
and allowed to feed freely with common food and water under the same environmental conditions. Control 
mice received 200 μL of PBS by oral gavage twice a week for 4 weeks. The irradiation experiment was 
performed 1 week after B. vulgatus or treatment with PBS.

Irradiation

External beam radiotherapy was delivered at Chungnam National University Hospital in the Radiation 
Oncology Department using an Elekta Synergy Platform linear accelerator (Elekta, Crawley, UK). The 
dose rate was 3 Gy/min. Male mice were exposed to a single dose of 17 or 17.5 Gy. IR was delivered 
using lead shielding so that the whole abdomen was irradiated, and the other parts of the mouse were 
shielded.

The radiation-induced proctitis model was adapted from a previous study and involved the use of 
a high-dose-rate brachytherapy system with an Ir-192 source.52 Two mice at a time were anesthetized 
and placed with lead shielding between them to reduce scatter radiation, and a cylindrical polystyrene 
applicator was inserted into the rectum up to 2 cm. The radiation dose was focused on a cylinder- 
shaped target 3 mm from the applicator’s surface and calculated using Varian BrachyVision software. 
A 24-hour interval was maintained between treatment fractions to allow for the repair of sublethal 
damage. The control mice received a sham treatment involving the same procedure without actual 
radiation exposure.

Histology

The small and large intestines were dissected, flushed with phosphate-buffered saline (PBS), and linearized 
longitudinally. The tissue was Swiss-rolled, and fixed in 10% neutral buffered formalin, dehydrated in 
ethanol, and then embedded in paraffin. Embedded tissues were sectioned at 6 mm and stained with 
hematoxylin and eosin (H&E) under a light microscope.
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Immunohistochemistry

For immunostaining, we utilized a 3,3′-diaminobenzidine peroxidase substrate kit (DAKO Cytomation, 
Inc., Carpinteria, CA, USA). Briefly, sections from paraffin blocks with a thickness of 3 µm were depar
affinized in xylene and rehydrated in graded alcohol. After antigen retrieval by heating in a pressure cooker 
in 10 mM sodium citrate buffer (pH 6.0) for 4 min, endogenous peroxidase blocking (0.03% H2O2) was 
performed for 10 min at room temperature. The tissue sections were incubated at room temperature for 
30 min with a monoclonal rabbit antibody directed against ESRRA (1:800, Cell Signaling Technology [CST], 
13826S), a monoclonal rabbit antibody directed against IL-6 (1:400, Santa Cruz Biotechnology [SCBT], sc 
-57315), and a monoclonal mouse CD68 (clone PG-M1, Thermo Fisher Scientific). After washing, the 
sections were treated with 100 µl of secondary antibody [EnVision + Single Reagents horseradish peroxidase 
(HRP); cat. no. K4003; Dako; Agilent Technologies, Inc.] for an additional 20 min at room temperature and 
developed for 15 min using 3,3’-diaminobenzidine (DAB) as the substrate chromogen. Slides were counter
stained with Meyer’s hematoxylin for 30 sec and mounted. All slides were thoroughly rinsed several times 
with TBS-T between each step. The results were examined separately by 2 pathologists who were blinded to 
the patients’ clinicopathological details.

Immunofluorescence

Immunofluorescence staining was performed on 3-µm thin sections of mouse small intestine and rectal 
tissues. The tissue sections were incubated at room temperature for 30 min with a mouse monoclonal 
antibody against IL-6 (1:50; Santa Cruz Biotechnology [SCBT], sc -57315) and a rat monoclonal antibody 
against ADGRE1/F4/80 (1:50; SCBT, sc -52664). Then, the sections were treated with 100 µl of the following 
secondary antibodies: Alexa Fluor 488-conjugated goat anti-rat IgG (H + L) (1:100; A-11006) and Alexa 
Fluor 594-conjugated goat anti-rat IgG (H + L) (1:100; A-11005). The nuclei were stained using 4′,6-dia
midino-2-phenylindole (DAPI, Sigma‒Aldrich, D9542) for 1 min. A confocal laser-scanning microscope 
(Zeiss, Germany) was used to capture immunofluorescence images.

RNA extraction and quantitative real-time PCR (qPCR) analysis

Total RNA from murine jejunal and rectal tissues was isolated using TRIzol reagent (Invitrogen 15596026), 
and cDNA was synthesized using Superscript II Reverse Transcriptase (Elpisbio, EBT-1515C). qPCRs were 
carried out using QuantiNova SYBR Green PCR Kits (Qiagen 208056) in the Real-time PCR Cycler Rotor- 
Gene Q 2plex system (Qiagen 9001620). The amplification process involved 40 cycles, each consisting of 
a denaturation step at 95°C for 10 seconds and an annealing step at 60°C for 30 seconds. To analyze the 
qPCR data, we utilized the 2ΔΔCt method for relative quantification, employing mouse β-actin as an 
internal control gene. The results are presented as relative fold changes. The specific primer sequences 
utilized are listed in Table 1.

Western blot

Jejunal tissues were homogenized in radioimmunoprecipitation assay (RIPA) buffer composed of 50 mM 
Tris-HCl (pH 7.5), 2 mM EDTA, 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS; Sigma‒Aldrich, R0278), 
1% sodium deoxycholate [Life Technologies, 89904], and 1% Triton X-100 (Sigma, T8787). RIPA buffer 
supplemented with protease inhibitor cocktail (Roche, 11836153001) and phosphatase inhibitor cocktail 
(Sigma‒Aldrich, P5726) was used. Protein extracts were boiled in 1× SDS sample buffer and processed for 
immunoblotting analysis. These extracts were then separated by SDS‒polyacrylamide gel electrophoresis 
and subsequently transferred to polyvinylidene difluoride membranes (Millipore).

The membranes were blocked in 5% nonfat milk in PBST (3.2 mM Na2HPO4, 0.5 mM KH2PO4, 
1.3 mM KCl, 135 mM NaCl, 0.05% Tween 20 [Sigma‒Aldrich, P1379], pH 7.4) for 1 h and incubated 
with the following primary antibodies: anti-ESRRA (13826S), anti-phospho-MAPK/ERK (9101 s), 
anti-MAPK/ERK (9102s) and anti-PTGS2/COX-2 (12282S) from CST; and anti-ACTB/β-actin (sc 
-47778) and anti-IL-6 (sc -57315) from SCBT. Following incubation with the appropriate secondary
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antibodies, immunoreactive protein bands were visualized using an enhanced chemiluminescence 
(ECL) reagent (Millipore, WBKLS0500) in a UVitec Alliance mini-chemiluminescence device 
(UVitec, UK).

Measurement of intestinal permeability

Mice were irradiated with a single dose of 17 Gy to the whole abdomen. Five days later, all the mice were 
starved overnight the day before sacrifice. Mice were fed FITC-dextran (Sigma‒Aldrich 46944) dissolved in 
PBS (40 mg/100 g body weight) via oral gavage 1 h before sacrifice. Whole blood was collected by cardiac 
puncture under full anesthesia (Avertin, 200 mg/kg, i.p.), immediately before euthanasia via CO₂ inhalation. 
This procedure was performed during terminal sample harvesting and followed humane endpoints as 
defined in the approved protocol. Sera were isolated from a yellow blood tube and centrifuged at 2500 rpm 
for 7 min. Diluted FITC-dextran was used for a standard curve. The harvested supernatant was diluted with 
the appropriate factor and measured by a fluorometer at an excitation wavelength of 485 nm and emission 
wavelength of 528 nm.

Fecal DNA extraction and 16S rRNA gene sequencing

Fecal samples were collected from the mice, and DNA for metagenomic analysis was extracted using 
a QIAamp DNA Stool Mini Kit (51504; Qiagen) according to the manufacturer’s instructions. The 
hypervariable regions of the 16S rRNA gene (V3–V4) were amplified by PCR using bacterial universal 
primers: 341F (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′) 
and 805 R (5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 
-3′). PCR was performed using C1000 thermal cyclers (Bio-Rad) according to the Illumina 16S 
Metagenomic Sequencing Library Preparation manual (Part # 15044223 Rev. B) using the following 
conditions: an initial denaturation step at 95°C for 3 min followed by 24 cycles of 95°C for 30 s, 55°C for 
30 s, and 72°C for 30 s, with a final step at 72°C for 5 min. Triplicate PCR reactions with the same DNA 
template were pooled and purified using a QIAquick PCR Purification kit (28106; Qiagen). Purified 
amplicons were sequenced on an Illumina MiSeq platform using a 2 × 300 bp reagent kit for paired-end 
sequencing by Macrogen Inc. (Seoul, South Korea).

The amplicon sequencing data were imported into and analyzed on the QIIME2 (version 2023.07),53 and 
imported paired reads were trimmed using cutadapt.54 After trimming, sequences were denoised using the 
DADA2 algorithm55 in the QIIME2 package and trimmed based on the sequencing quality plot (median 
quality score > 30) using the parameters (–p-trim-left-f [0] –p-trim-left-r [0] –p-trunc-len-f [267] –p-trunc- 
len-r [200]). Low frequency and low prevalent amplicon sequence variants (ASVs) were removed (–p-min- 
frequency [20] –p-min-samples [2]), and data were rarefied to the lowest read count using the parameter (– 
p-sampling-depth [12000]). ASVs were taxonomically classified by classify-sklearn plugin with a pre- 
trained Naïve Bayes classifier against the SILVA database v138.156 (99% similarity clustered V3-V4 region 
16S rRNA reference sequence). The sequences of the ASVs belonging to the species B. vulgatus were 
identified through EZbiocloud database.23 Alpha diversity (within-sample) was estimated using number of 
observed ASVs, Shannon diversity index, Pielou’s evenness index, and Faith’s phylogenetic diversity whole 
tree. Beta diversity was calculated based on unweighted and weighted UniFrac distance by principal 
coordinates analysis (PCoA). PCoA results and relative abundance table were imported to R (version 
4.2.3) using qiime2R package (version 0.99.6; https://github.com/jbisanz/qiime2R) and read.table function, 
respectively. PCoA plots and relative abundance bar plots were generated using ggplot2 package (version 
3.4.2).57

Quantification of B. vulgatus abundance using qPCR

Extracted fecal DNA was used for B. vulgatus quantification analysis. qPCR was performed using Dyne 
qPCR 2X PreMIX (DYRT1202; DYNE BIO) following the manufacturer’s instruction. Specific primers for 
B. vulgatus and total bacteria were used as previously reported.25 The specific primer sequences are listed in 
Table 2.
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Statistical analysis

GraphPad Prism, v8.0 or v10.2.3 (GraphPad Software, Inc.) were used to analyze the data. The data are 
presented as the mean ± standard deviation. For all the statistical tests, a probability value (p value) of 0.05 
or less was indicated with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Data with a p value less than 
0.05 were considered significant. Normality tests (D’Agostino and Pearson omnibus normality test) were 
carried out, and the results were found to conform to normality. The data were analyzed using two-tailed 
Student’s t tests or nonparametric tests, as appropriate. For nonparametric tests, the Mann‒Whitney U test 
was used for comparing two conditions, and one-way ANOVA with Dunn’s multiple comparison test was 
applied for three or more conditions. The results of alpha diversity were compared using multiple Mann- 
Whitney U test with multiple comparison tests using Holm-Šídák method. The statistical significance of 
PCoA was calculated by pairwise PERMANOVA test with 10,000 permutations and pairwise results were 
shown as p value in the plot. For comparisons across multiple groups under different conditions, two-way 
ANOVA with Bonferroni correction was used to compare the data from each esrra-/- condition with the 
corresponding esrra+/+. For patient samples, the relationship between ESRRA protein expression and 
diarrhea grade (Grade 0–1 vs. Grade 2–4) was evaluated using Pearson’s chi-square test.

Table 2. Primers used in this study.
Genes Primer Sequences

Actin Forward 
Reverse

5′- TGG CAA AGT GGA GAT TGT TGC C −3′ 
5′- AAG ATG GTG ATG GGC TTC CCG −3′

Tnf Forward 
Reverse

5′- AGC CGA TGG GTT GTA CCT TG −3′ 
5′- ATA GCA AAT CGG CTG ACG GT −3′

Il6 Forward 
Reverse

5′- ACA AAG CCA GAG TCC TTC AGA −3′ 
5′- TGG TCC TTA GCC ACT CCT TC −3′

Il1b Forward 
Reverse

5′- TGG ACC TTC CAG GAT GAG GAC A −3′ 
5′- GTT CAT CTC GGA GCC TGT AGT G −3′

S100a9 Forward 
Reverse

5′- ACC ACC ATC ATC GAC ACC TTC −3′ 
5′- AAA GGT TGC CAA CTG TGC TTC −3′

Lcn2 Forward 
Reverse

5′- TGA GTG TCA TGT GTC TGG GC −3′ 
5′- AAC TGA TCG CTC CGG AAG TC −3′

Ccl2 Forward 
Reverse

5′- ACT CAA GCC AGC TCT CTC TT −3′ 
5′- TTC CTT CTT GGG GTC AGC AC −3′

Ccl3 Forward 
Reverse

5′- CAT ATG GAG CTG ACA CCC CG −3′ 
5′- GAG CAA AGG CTG CTG GTT TC −3′

Cxcl1 Forward 
Reverse

5′- GAC CAT GGC TGG GAT TCA CC −3′ 
5′- CGC GAC CAT TCT TGA GTG TG −3′

Cxcl2 Forward 
Reverse

5′- CCC TGC CAA GGG TTG ACT TC −3′ 
5′- GCA AAC TTT TTG ACC GCC CT −3′

Il12a Forward 
Reverse

5′- CAC AAG AAC GAG AGT TGC CTG GCT ACT A −3′ 
5′- TAA GGG TCT GCT TCT CCC ACA GGA GGT T −3′

Tfeb Forward 
Reverse

5′- ACA TAT CAG CTC CAA CCC CG −3′ 
5′- CGT TCA GGT GGC TGC TAG AC −3′

Vps11 Forward 
Reverse

5′- ATC GGC AGT CTC TGG CTA ATG C −3′ 
5′- GGA CCT TGA TGG CTG TCT CTA C −3′

Uvrag Forward 
Reverse

5′- GAC TTT GGA ATA ATG CCG GAT CG −3′ 
5′- CAG CCC ATC CAG GTA GAC TTT-3′

Becn1 Forward 
Reverse

5′- CAG CCT CTG AAA CTG GAC ACG A −3′ 
5′- CTC TCC TGA GTT AGC CTC TTC C −3′

Gabarap Forward 
Reverse

5′- GGT CCC GGT GAT AGT GGA AAA A −3′ 
5′- AAC AAG GCA TCT TCA GCA CG −3′

Rab7 Forward 
Reverse

5′- GAG CGG ACT TTC TGA CCA AGG A −3′ 
5′- CAA TCT GCA CCT CTG TAG AAG GC −3′

Lamp1 Forward 
Reverse

5′- CAG CAC TCT TTG AGG TGA AAA AC −3′ 
5′- CCA TTC GCA GTC TCG TAG GTG −3′

Cldn3 Forward 
Reverse

5′- GTA CAA GAC GAG ACG GCC AA −3′ 
5′- CGT ACA ACC CAG CTC CCA TC −3′

Cldn4 Forward 
Reverse

5′- ACA ACC CTA TGG TGG CTT CC −3′ 
5′- TAC ACA TAG TTG CTG GCG GG −3′

Cldn15 Forward 
Reverse

5′- CGT GGG CAA CAT GGA TCT CT −3′ 
5′- CCA CGA GAT AGC CAC CAT CC −3′

Chchd10 Forward 
Reverse

5′- CAC TCA GAG CGA CCT AAC CC −3′ 
5′- GGA GCT CAG ACC GTG ATT GT −3′

B. vulgatus Forward 
Reverse

5’ – CGA TTG GTC TGG CAC GTA TG − 3’ 
5’ – ACT TCA TTG TCA CGC ACA TTC AT − 3’

All bacteria Forward 
Reverse

5’ – TGS TGC AYG GYT GTC GTC A − 3’ 
5’ – ACG TCR TCC MCA CCT TCC TC − 3’
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Availability of data and materials

The 16S rRNA gene amplicon sequencing data have been deposited in the NCBI SRA database under 
accession number PRJNA1139376.
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Abbreviations

GI Gastrointestinal
IMRT Intensity-modulated radiotherapy
IGRT Image-guided radiotherapy
ESRRA Estrogen-related receptor alpha
IBD Inflammatory bowel disease
DSS Dextran sulfate sodium
IHC Immunohistochemistry
WAI Whole-abdominal irradiation
RSV Resveratrol
I.P Intraperitoneal injection
qPCR Quantitative polymerase chain reaction
PBS Phosphate-buffered saline
OTU Operational taxonomic unit
ASV Amplicon sequence variant
PCoA principal coordinates analysis
FITC Fluorescein isothiocyanate
HRP Horseradish peroxidase
DAB 3,3′-diaminobenzidine
DAPI 4′,6-diamidino-2-phenylindole
ECL Enhanced chemiluminescence
TLR Toll-like receptor
NOD Nucleotide-binding oligomerization domain
DEFA5 Defensin alpha 5
RELMβ Resistin-like molecule β
IRB Institutional review board
H&E Hematoxylin and eosin

References

1. Keefe DM Gibson RJ, Hauer-Jensen M. Gastrointestinal mucositis. Semin Oncol Nurs. 2004;20(1):38–47. doi:10. 
1053/j.soncn.2003.10.007  .

2. Baverstock KF, Ash PJ. A review of radiation accidents involving whole body exposure and the relevance to the 
LD50/60 for man. The Br J Radiol. 1983;56(671):837–849. doi:10.1259/0007-1285-56-671-837  .

3. Hauer-Jensen M, Denham JW, Andreyev HJ. Radiation enteropathy—pathogenesis, treatment and prevention. 
Nat Rev Gastroenterol Hepatol. 2014;11(8):470–479. doi:10.1038/nrgastro.2014.46  .

4. Stacey R, Green JT. Radiation-induced small bowel disease: latest developments and clinical guidance. Ther Adv 
Chronic Dis. 2014;5(1):15–29. doi:10.1177/2040622313510730  .

5. Lu L, Li W, Chen L, Su Q, Wang Y, Guo Z, Lu Y, Liu B, Qin S. Radiation-induced intestinal damage: latest 
molecular and clinical developments. Future Oncol. 2019;15(35):4105–4118. doi:10.2217/fon-2019-0416  .

6. Lalla RV, Bowen J, Barasch A, Elting L, Epstein J, Keefe DM, McGuire DB, Migliorati C, Nicolatou‐Galitis O, 
Peterson DE, et al. MASCC/ISOO clinical practice guidelines for the management of mucositis secondary to 
cancer therapy. Cancer. 2014;120(10):1453–1461. doi:10.1002/cncr.28592  .

7. Lu Q, Liang Y, Tian S, Jin J, Zhao Y, Fan H. Radiation-induced intestinal injury: injury mechanism and potential 
treatment strategies. Toxics. 2023;11(12):11. doi:10.3390/toxics11121011  .

8. Prasanna PG, Narayanan D, Hallett K, Bernhard EJ, Ahmed MM, Evans G, Vikram B, Weingarten M, 
Coleman CN. Radioprotectors and radiomitigators for improving radiation therapy: the small business innova
tion research (SBIR) gateway for accelerating clinical translation. Radiat Res. 2015;184(3):235–248. doi:10.1667/ 
RR14186.1  .

9. Greenberger JS. Radioprotection. Vivo. 2009;23:323–336.
10. Kim JH, Jenrow KA, Brown SL. Mechanisms of radiation-induced normal tissue toxicity and implications for 

future clinical trials. Radiat Oncol J. 2014;32(3):103–115. doi:10.3857/roj.2014.32.3.103  .
11. Giguére V. Transcriptional control of energy homeostasis by the estrogen-related receptors. Endocr Rev. 2008;29 

(6):677–696. doi:10.1210/er.2008-0017  .
12. Bardet PL, Laudet V, Vanacker JM. Studying non-mammalian models? Not a fool’s ERRand! Trends In 

Endocrinol Metab. 2006;17(4):166–171. doi:10.1016/j.tem.2006.03.005  .
13. Horard B, Vanacker JM. Estrogen receptor-related receptors: orphan receptors desperately seeking a ligand. 

J Mol Endocrinol. 2003;31(3):349–357. doi:10.1677/jme.0.0310349  .
14. Xia H, Dufour CR, Giguere V. ERRα as a bridge between transcription and function: role in liver metabolism and 

disease. Front Endocrinol. 2019;10:206. doi:10.3389/fendo.2019.00206  .

GUT MICROBES 19

https://doi.org/10.1053/j.soncn.2003.10.007
https://doi.org/10.1053/j.soncn.2003.10.007
https://doi.org/10.1259/0007-1285-56-671-837
https://doi.org/10.1038/nrgastro.2014.46
https://doi.org/10.1177/2040622313510730
https://doi.org/10.2217/fon-2019-0416
https://doi.org/10.1002/cncr.28592
https://doi.org/10.3390/toxics11121011
https://doi.org/10.1667/RR14186.1
https://doi.org/10.1667/RR14186.1
https://doi.org/10.3857/roj.2014.32.3.103
https://doi.org/10.1210/er.2008-0017
https://doi.org/10.1016/j.tem.2006.03.005
https://doi.org/10.1677/jme.0.0310349
https://doi.org/10.3389/fendo.2019.00206


15. Huss JM, Garbacz WG, Xie W. Constitutive activities of estrogen-related receptors: transcriptional regulation of 
metabolism by the ERR pathways in health and disease. Biochim Et Biophys Acta (BBA) - Molecular Basis 
Disease. 2015;1852(9):1912–1927. doi:10.1016/j.bbadis.2015.06.016  .

16. Yuk JM, Kim TS, Kim SY, Lee HM, Han J, Dufour CR, Kim J, Jin H, Yang C-S, Park K-S, et al. Orphan nuclear 
receptor ERRα controls macrophage metabolic signaling and A20 expression to negatively regulate TLR-Induced 
inflammation. Immunity. 2015;43(1):80–91. doi:10.1016/j.immuni.2015.07.003  .

17. Kim SY, Yang CS, Lee HM, Kim JK, Kim YS, Kim YR, Kim J-S, Kim TS, Yuk J-M, Dufour CR, et al. ESRRA 
(estrogen-related receptor α) is a key coordinator of transcriptional and post-translational activation of autop
hagy to promote innate host defense. Autophagy. 2018;14(1):152–168. doi:10.1080/15548627.2017.1339001  .

18. Kim S, Lee JY, Shin SG, Kim JK, Silwal P, Kim YJ, Shin N-R, Kim PS, Won M, Lee S-H, et al. ESRRA (estrogen 
related receptor alpha) is a critical regulator of intestinal homeostasis through activation of autophagic flux via 
gut microbiota. Autophagy. 2021;17(10):2856–2875. doi:10.1080/15548627.2020.1847460  .

19. Tran A, Scholtes C, Songane M, Champagne C, Galarneau L, Levasseur MP, Fodil N, Dufour CR, Giguère V, 
Saleh M, et al. Estrogen-related receptor alpha (ERRα) is a key regulator of intestinal homeostasis and protects 
against colitis. Sci Rep. 2021;11(1):15073. doi:10.1038/s41598-021-94499-5  .

20. Hou K, Wu ZX, Chen XY, Wang JQ, Zhang D, Xiao C, Zhu D, Koya JB, Wei L, Li J, et al. Microbiota in health 
and diseases. Signal Transduct Targeted Ther. 2022;7(1):135. doi:10.1038/s41392-022-00974-4  .

21. Strati F, Lattanzi G, Amoroso C, Facciotti F. Microbiota-targeted therapies in inflammation resolution. Semin 
Immunol. 2022;59:101599. doi:10.1016/j.smim.2022.101599  .

22. Lu Y, Lu X, Wang L, Yang W. Resveratrol attenuates high fat diet-induced mouse cardiomyopathy through 
upregulation of estrogen related receptor-α. Eur J Pharmacol. 2019;843:88–95. doi:10.1016/j.ejphar.2018.10.018  .

23. Yoon SH, Ha SM, Kwon S, Lim J, Kim Y, Seo H, Chun J. Introducing EzBioCloud: a taxonomically united 
database of 16S rRNA gene sequences and whole-genome assemblies. Int J Syst Evol Microbiol. 2017;67 
(5):1613–1617. doi:10.1099/ijsem.0.001755  .

24. Waidmann M, Bechtold O, Frick JS, Lehr HA, Schubert S, Dobrindt U, Loeffler J, Bohn E, Autenrieth IB. 
Bacteroides vulgatus protects against Escherichia coli-induced colitis in gnotobiotic interleukin-2-deficient mice. 
Gastroenterology. 2003;125(1):162–177. doi:10.1016/S0016-5085(03)00672-3  .

25. Si Z-L, Wang H-Y, Wang T, Cao Y-Z, Li Q-Z, Liu K, Huang Z, Liu H-L, Tan Y-J, Wang Y-Y, et al. Gut 
bacteroides ovatus ameliorates renal fibrosis by promoting the production of HDCA through upregulation of 
clostridium scindens. Cell Reports. 2024;43(10):114830. doi:10.1016/j.celrep.2024.114830  .

26. Shadad AK. Gastrointestinal radiation injury: symptoms, risk factors and mechanisms. World J Gastroenterol. 
2013;19(2):185–198. doi:10.3748/wjg.v19.i2.185  .

27. Ferreira MR, Muls A, Dearnaley DP, Andreyev HJ. Microbiota and radiation-induced bowel toxicity: lessons 
from inflammatory bowel disease for the radiation oncologist. The Lancet Oncol. 2014;15(3):e139–47. doi:10. 
1016/S1470-2045(13)70504-7  .

28. Schreiber SN, Emter R, Hock MB, Knutti D, Cardenas J, Podvinec M, Oakeley EJ, Kralli A. The estrogen-related 
receptor α (ERRα) functions in PPARγ coactivator 1α (PGC-1α)-induced mitochondrial biogenesis. Proc Natl 
Acad Sci USA. 2004;101(17):6472–6477. doi:10.1073/pnas.0308686101  .

29. Carrier JC, Deblois G, Champigny C, Levy E, Giguère V. Estrogen-related receptor α (ERRα) is a transcriptional 
regulator of apolipoprotein A-IV and controls lipid handling in the intestine. J Biol Chem. 2004;279 
(50):52052–52058. doi:10.1074/jbc.M410337200  .

30. Kim DS, Kwon JE, Lee SH, Kim EK, Ryu JG, Jung KA, Choi J-W, Park M-J, Moon Y-M, Park S-H, et al. 
Attenuation of rheumatoid inflammation by sodium butyrate through reciprocal targeting of HDAC2 in 
osteoclasts and HDAC8 in T cells. Front Immunol. 2018;9:1525. doi:10.3389/fimmu.2018.01525  .

31. He X, Ma S, Tian Y, Wei C, Zhu Y, Li F, Zhang P, Wang P, Zhang Y, Zhong H, et al. ERRα negatively regulates 
type I interferon induction by inhibiting TBK1-IRF3 interaction. PLOS Pathogens. 2017;13(6):e1006347. doi:10. 
1371/journal.ppat.1006347  .

32. Sonoda J, Laganiere J, Mehl IR, Barish GD, Chong LW, Li X, Scheffler IE, Mock DC, Bataille AR, Robert F, et al. 
Nuclear receptor ERRα and coactivator PGC-1β are effectors of IFN-γ-induced host defense. Genes Dev. 2007;21 
(15):1909–1920. doi:10.1101/gad.1553007  .

33. Tripathi M, Yen PM, Singh BK. Estrogen-related receptor alpha: an under-appreciated potential target for the 
treatment of metabolic diseases. Int J Mol Sci. 2020;21(5):21. doi:10.3390/ijms21051645  .

34. Chassaing B, Aitken JD, Malleshappa M, Vijay-Kumar M. Dextran sulfate sodium (DSS)-induced colitis in mice. 
Curr Protoc Immunol. 2014;104(1):.15.25.1–.15.25.14. doi:10.1002/0471142735.im1525s104  .

35. Mao X, Lei H, Yi T, Su P, Tang S, Tong Y, Dong B, Ruan G, Mustea A, Sehouli J, et al. Lipid reprogramming 
induced by the TFEB-ERRα axis enhanced membrane fluidity to promote EC progression. J Exp Clin Cancer Res. 
2022;41(1):28. doi:10.1186/s13046-021-02211-2  .

36. Hasan N, Yang H. Factors affecting the composition of the gut microbiota, and its modulation. PeerJ. 2019;7: 
e7502. doi:10.7717/peerj.7502  .

37. Chang CS, Kao CY. Current understanding of the gut microbiota shaping mechanisms. J Biomed Sci. 2019;26 
(1):59. doi:10.1186/s12929-019-0554-5  .

20 S. G. SHIN ET AL.

https://doi.org/10.1016/j.bbadis.2015.06.016
https://doi.org/10.1016/j.immuni.2015.07.003
https://doi.org/10.1080/15548627.2017.1339001
https://doi.org/10.1080/15548627.2020.1847460
https://doi.org/10.1038/s41598-021-94499-5
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.1016/j.smim.2022.101599
https://doi.org/10.1016/j.ejphar.2018.10.018
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1016/S0016-5085(03)00672-3
https://doi.org/10.1016/j.celrep.2024.114830
https://doi.org/10.3748/wjg.v19.i2.185
https://doi.org/10.1016/S1470-2045(13)70504-7
https://doi.org/10.1016/S1470-2045(13)70504-7
https://doi.org/10.1073/pnas.0308686101
https://doi.org/10.1074/jbc.M410337200
https://doi.org/10.3389/fimmu.2018.01525
https://doi.org/10.1371/journal.ppat.1006347
https://doi.org/10.1371/journal.ppat.1006347
https://doi.org/10.1101/gad.1553007
https://doi.org/10.3390/ijms21051645
https://doi.org/10.1002/0471142735.im1525s104
https://doi.org/10.1186/s13046-021-02211-2
https://doi.org/10.7717/peerj.7502
https://doi.org/10.1186/s12929-019-0554-5


38. Albert EJ, Sommerfeld K, Gophna S, Marshall JS, Gophna U. The gut microbiota of toll-like receptor 2-deficient 
mice exhibits lineage-specific modifications. Environ Microbiol Rep. 2009;1(1):65–70. doi:10.1111/j.1758-2229. 
2008.00006.x  .

39. Round JL, Lee SM, Li J, Tran G, Jabri B, Chatila TA, Mazmanian SK. The Toll-like receptor 2 pathway establishes 
colonization by a commensal of the human microbiota. Science. 2011;332(6032):974–977. doi:10.1126/science. 
1206095  .

40. Dheer R, Santaolalla R, Davies JM, Lang JK, Phillips MC, Pastorini C, Vazquez-Pertejo MT, Abreu MT. Intestinal 
epithelial toll-like receptor 4 signaling affects epithelial function and colonic microbiota and promotes a risk for 
transmissible colitis. Infect Immun. 2016;84(3):798–810. doi:10.1128/IAI.01374-15  .

41. Xiao L, Chen B, Feng D, Yang T, Li T, Chen J. TLR4 May Be involved in the regulation of colonic mucosal 
microbiota by Vitamin A. Front Microbiol. 2019;10:268. doi:10.3389/fmicb.2019.00268  .

42. Cash HL, Whitham CV, Behrendt CL, Hooper LV. Symbiotic bacteria direct expression of an intestinal 
bactericidal lectin. Science. 2006;313(5790):1126–1130. doi:10.1126/science.1127119  .

43. Hildebrandt MA, Hoffmann C, Sherrill–Mix SA, Keilbaugh SA, Hamady M, Chen YY, Knight R, Ahima RS, 
Bushman F, Wu GD, et al. High-fat diet determines the composition of the murine gut microbiome indepen
dently of obesity. Gastroenterology. 2009;137(5):1716–1724.e2. doi:10.1053/j.gastro.2009.08.042  .

44. Kruglov AA, Grivennikov SI, Kuprash DV, Winsauer C, Prepens S, Seleznik GM, Eberl G, Littman DR, 
Heikenwalder M, Tumanov AV, et al. Nonredundant function of soluble LTα 3 produced by innate lymphoid 
cells in intestinal homeostasis. Science. 2013;342(6163):1243–1246. doi:10.1126/science.1243364  .

45. Ahmad R, Kumar B, Thapa I, Talmon GA, Salomon J, Ramer-Tait AE, Bastola DK, Dhawan P, Singh AB. Loss of 
claudin-3 expression increases colitis risk by promoting Gut Dysbiosis. Gut Microbes. 2023;15(2):2282789. 
doi:10.1080/19490976.2023.2282789  .

46. Gerassy-Vainberg S, Blatt A, Danin-Poleg Y, Gershovich K, Sabo E, Nevelsky A, Daniel S, Dahan A, Ziv O, 
Dheer R, et al. Radiation induces proinflammatory dysbiosis: transmission of inflammatory susceptibility by host 
cytokine induction. Gut. 2018;67(1):97–107. doi:10.1136/gutjnl-2017-313789  .

47. Wang Z, Wang Q, Wang X, Zhu L, Chen J, Zhang B, Chen Y, Yuan Z. Gut microbial dysbiosis is associated with 
development and progression of radiation enteritis during pelvic radiotherapy. J Cell Mol Med. 2019;23 
(5):3747–3756. doi:10.1111/jcmm.14289  .

48. Jian Y, Zhang D, Liu M, Wang Y, Xu ZX. The impact of gut microbiota on radiation-induced enteritis. Front Cell 
Infect Microbiol. 2021;11:586392. doi:10.3389/fcimb.2021.586392  .

49. Zhou Q, Shen B, Huang R, Liu H, Zhang W, Song M, Liu K, Lin X, Chen S, Liu Y, et al. Bacteroides fragilis strain 
ZY-312 promotes intestinal barrier integrity via upregulating the STAT3 pathway in a radiation-induced 
intestinal injury mouse model. Front Nutr. 2022;9:1063699. doi:10.3389/fnut.2022.1063699  .

50. Liu L, Xu M, Lan R, Hu D, Li X, Qiao L, Zhang S, Lin X, Yang J, Ren Z, et al. Bacteroides vulgatus attenuates 
experimental mice colitis through modulating gut microbiota and immune responses. Front Immunol. 
2022;13:1036196. doi:10.3389/fimmu.2022.1036196  .

51. Kim JS, Kim HK, Lee J, Jang S, Cho E, Mun SJ, Yoon S, Yang C-S. Inhibition of CD82 improves colitis by 
increasing NLRP3 deubiquitination by BRCC3. Cell Mol Immunol. 2023;20(2):189–200. doi:10.1038/s41423- 
022-00971-1  .

52. Symon Z, Goldshmidt Y, Picard O, Yavzori M, Ben-Horin S, Alezra D, Barshack I, Chowers Y. A murine model 
for the study of molecular pathogenesis of radiation proctitis. Int J Radiat Oncol Biol Phys. 2010;76(1):242–250. 
doi:10.1016/j.ijrobp.2009.07.1736  .

53. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, Alexander H, Alm EJ, Arumugam M, 
Asnicar F, et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat 
Biotechnol. 2019;37(8):852–857. doi:10.1038/s41587-019-0209-9  .

54. Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 2011;17 
(1):3. doi:10.14806/ej.17.1.200  .

55. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADA2: high-resolution sample 
inference from Illumina amplicon data. Nat Methods. 2016;13(7):581–583. doi:10.1038/nmeth.3869  .

56. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glöckner FO. The SILVA ribosomal RNA 
gene database project: improved data processing and web-based tools. Nucleic Acids Res. 2012;41(D1):D590– 
D596. doi:10.1093/nar/gks1219  .

57. Wickham H, Wickham H. ggplot2: elegant graphics for data analysis. (NY): Springer-Verlag; 2016.

GUT MICROBES 21

https://doi.org/10.1111/j.1758-2229.2008.00006.x
https://doi.org/10.1111/j.1758-2229.2008.00006.x
https://doi.org/10.1126/science.1206095
https://doi.org/10.1126/science.1206095
https://doi.org/10.1128/IAI.01374-15
https://doi.org/10.3389/fmicb.2019.00268
https://doi.org/10.1126/science.1127119
https://doi.org/10.1053/j.gastro.2009.08.042
https://doi.org/10.1126/science.1243364
https://doi.org/10.1080/19490976.2023.2282789
https://doi.org/10.1136/gutjnl-2017-313789
https://doi.org/10.1111/jcmm.14289
https://doi.org/10.3389/fcimb.2021.586392
https://doi.org/10.3389/fnut.2022.1063699
https://doi.org/10.3389/fimmu.2022.1036196
https://doi.org/10.1038/s41423-022-00971-1
https://doi.org/10.1038/s41423-022-00971-1
https://doi.org/10.1016/j.ijrobp.2009.07.1736
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219

	Abstract
	Introduction
	Results
	ESRRA is crucial for controlling host susceptibility to radiation-induced gastrointestinal toxicity
	<italic>Esrra</italic> deletion upregulates inflammatory responses in irradiated tissues of the small intestine
	ESRRA expression contributes to the radioprotective effects observed in the small intestine of mice
	<italic>Bacteroides vulgatus</italic> mitigates radiation-induced gut toxicity in <italic>esrra</italic><sup>-/-</sup> mice
	Association of ESRRA expression with increased severity of radiation-induced proctitis: clinical insights from the rectal tissues of patients

	Discussion
	Materials and methods
	Ethics approval and consent to participate
	Animals
	Irradiation
	Histology
	Immunohistochemistry
	Immunofluorescence
	RNA extraction and quantitative real-time PCR (qPCR) analysis
	Western blot
	Measurement of intestinal permeability
	Fecal DNA extraction and 16S rRNA gene sequencing
	Quantification of <italic>B</italic>. <italic>vulgatus</italic> abundance using qPCR

	Statistical analysis
	Availability of data and materials
	Acknowledgments
	Author contributions
	Disclosure statement
	Funding
	ORCID
	Abbreviations
	References

