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Radiotherapy is a cornerstone of comprehensive cancer treatment, yet its efficacy
and toxicity exhibit considerable interindividual variation. Recent evidence highlights
the microbiome—the collective genomes and metabolic products of symbiotic
microorganisms in a specific environment—as a key bidirectional regulator of
radiosensitivity. Radiotherapy can disrupt microbial community structure, while the
microbiome and its metabolites profoundly influence tumor cell radiosensitivity
and normal tissue radiotolerance by modulating DNA damage repair, immune
responses, metabolic reprogramming, and tumor microenvironment (TME)
remodeling. This review systematically examines the mechanisms and recent
advances in understanding how oral and gut microbiota, their key metabolites
(e.g., short-chain fatty acids, SCFAs), and probiotics modulate radiosensitivity. By
establishing a framework centered on "mechanism axis—evidence stratification—
clinical translation,” this paper aims to provide a theoretical foundation and identify
potential targets for microbiome-based strategies to enhance radiosensitivity and
protect normal tissues during radiotherapy.

KEYWORDS

microbiota, radiosensitivity, short-chain fatty acids (SCFAs), probiotics, radiotherapy,
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1 Introduction

Radiotherapy (RT) is a critical modality in cancer treatment, administered to
approximately 70% of patients during their course (Luo et al., 2005). It utilizes ionizing
radiation to induce DNA damage directly or indirectly (via free radicals generated from water
radiolysis), thereby suppressing or eliminating tumors to alleviate symptoms, prolong survival,
and improve quality of life. However, its clinical application faces two major challenges: first,
treatment efficacy varies significantly due to factors such as genetic background, age, and
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comorbidities (Manem and Taghizadeh-Hesary, 2024), hindering the
implementation of precision radiotherapy; second, radiation-induced
damage to adjacent normal tissues (e.g., oral mucositis, enteritis) often
limits dose escalation, reducing patient tolerance and compromising
treatment outcomes (Voshart et al., 2021).

Recent advances in human microbiome research offer novel
insights into these challenges. The human body hosts a vast
community of symbiotic microorganisms, whose collective genetic
material (the microbiome) is intricately linked to host health (Liu et
al., 2022; Kerr, 2015). These microbes participate in immune
activation, metabolic regulation, and barrier defense (Khan et al.,
2024), and are increasingly recognized for their roles in cancer
therapy. Studies indicate that radiotherapy can induce dysbiosis in the
oral and gut microbiota, such as a decline in beneficial bacteria and an
increase in potentially pathogenic bacteria, which correlates with both
side effects and variations in treatment efficacy (Yi et al., 2019).
Notably, the microbiome actively modulates tumor radiosensitivity
through metabolites such as SCFAs and interactions with the host
immune system (Li et al., 2022).

This review centers on the theme “Mechanistic axes of microbiome
regulation of radiosensitivity — evidence stratification — clinical
translation” We systematically summarize the mechanisms and
research progress regarding the role of the microbiome (focusing on
oral and gut microbiota), key metabolites (such as SCFAs), and
probiotics in regulating radiosensitivity, aiming to provide a
foundation for microbiome-based

strategies to improve

radiotherapy outcomes.

2 Mechanistic axis of microbiome
regulation of radiosensitivity

From the oral cavity to the rectum, the human body harbors a
complex microbial ecosystem that coevolves with the host to maintain
metabolic, immune, and endocrine homeostasis (Liu et al., 2022).
Dietary components such as fiber are fermented by gut microbiota to
produce various metabolites, including SCFAs (acetate, propionate,
and butyrate) (Then et al., 2024; Gately, 2019). These microbial
components and metabolites bidirectionally regulate tumor
radiosensitivity and the radiotoxicity of normal tissues through four
core pathways: DNA damage repair, immune activation, metabolic
reprogramming, and TME remodeling, forming a multidimensional
regulatory network.

2.1 DNA damage repair and replication fork
protection pathways

Radiotherapy primarily acts by inducing DNA double-strand
breaks (DSBs). Cellular efficiency in DSB repair and replication fork
stability are key determinants of radiosensitivity (Mladenov et al.,
2013). The microbiome influences tumor cell response by modulating
repair pathways such as non-homologous end-joining (NHE]) and
homologous recombination (HR).

2.1.1 Regulation of NHEJ
Oral Fusobacterium nucleatum can induce DNA damage via
virulence proteins (e.g., FadA), which activate E-cadherin/f-catenin
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signaling, upregulate Chk2, and promote genomic instability (Guo et al.,
2020). Additionally, Clostridium difficile infection downregulates Ku70, a
key NHEJ protein, and wild-type p53, impairing DNA repair and
potentially leading to radiation resistance through accumulated genomic
instability (Geng et al.,, 2020; Jiadi and Songqing, 2014) (Figure 1A).

2.1.2 Regulation of HR

HR is a high-fidelity DSB repair pathway active in S/G2 phase, reliant
on protein complexes such as BRCA1, BRCA2, and RAD51 (Prakash et
al., 2015)—defects in HR increase radiosensitivityy (Jiabei et al., 2018).
Gut microbiota-derived lactate can promote DHX9-BRCAL interaction,
facilitating HR initiation and conferring radioresistance (Xiao et al., 2025).
DHX9 knockdown enhances radiosensitivity in hepatocellular carcinoma
(Chen et al., 2022) (Figure 1B).

2.1.3 Regulation fork protection

Radiation can stall or collapse replication forks, leading to cell death
if not stabilized (Nickoloff, 2022; Nickoloff et al, 2023). Oral
Fusobacterium nucleatum exacerbates TME hypoxia via hydrogen sulfide
production (Zhao et al., 2024), inducing fork collapse. Tumor cells may
counteract this by activating the ATM/ATR pathways to restart forks,
potentially inducing resistance (Zhao et al., 2024) (Figure 1C).

2.2 Immune activation and immune
checkpoint regulation pathways

Radiotherapy induces immunogenic cell death (ICD) (Kaur and
Asea, 2012), releasing damage-associated molecular patterns (DAMPs,
e.g., ATP and HMGBI1) and tumor antigens that activate dendritic
cells (DCs), promote antigen presentation, and initiate T-cell
responses (Herrera et al., 2017; Hernandez et al., 2016)

2.2.1 Innate immunity and adaptive immunity
Beneficial oral microbes bind pattern recognition receptors on the
epithelial cells, triggering antimicrobial peptides and cytokines
secretion, and recruiting macrophages and neutrophils to tumor sites
(Chung et al,, 2010; Lamont et al., 2023). These cells release cytotoxic
substances, such as reactive oxygen species (ROS), nitric oxide (NO),
and matrix metalloproteinase-9 (MMP-9), which directly kill tumor
cells and enhance the radiation response. Specifically, neutrophils
release ROS and MMP-9 to disrupt the tumor extracellular matrix
(ECM) and induce DNA damage (Huang et al., 2024; Gibellini et al.,
2023); macrophages produce NO via inducible nitric oxide synthase
(iNOS) to directly kill tumor cells (Szabo, 2016). Oral microbes also
enhance DC antigen presentation, activating cytotoxic T lymphocytes
(CTLs) and Th1 cells (Ebersole et al., 2000) which release perforin and
granzyme to amplify radiation-induced DNA damage (Yin et al., 2024;
Park et al., 2020). Specific oral microbes upregulate OX40L on DCs,
promoting Thl differentiation and IFN-y secretion (Ito et al., 2005).
SCFAs modulate chemokine/cytokine expression, attracting and
activating T cells and NK cells (Adelinik et al., 2023; Campbell and
Decker, 2017). Gut microbiota stimulate gut-associated lymphoid
tissue (GALT), activating DCs and T cells (Yu et al., 2024). Probiotics
(e.g., Bifidobacterium and Lactobacillus) bind immune cell receptors
to promote cytokine secretion (e.g., IL-2, IFN-y) (Bermudez-Brito et
al., 2012; Hamada et al., 2018) enhancing antitumor cytotoxicity and
radiosensitivity (Kaur and Asea, 2012). Akkermansia muciniphila
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enhances DC function via Amuc-1100, thereby boosting CD8 + T cell
infiltration and improving melanoma radiotherapy outcomes (Chang
etal,, 2019) (Figure 1D).

2.2.2 Immune checkpoint regulation

Tumor cells often evade immunity via PD-L1 upregulation. Gut
microbiota and SCFAs can reduce PD-L1 expression by activating
DCs and CD8+ T cells (Ding et al., 2018; Routy et al., 2024), thereby
2019). Conversely,
Fusobacterium nucleatum activates TLR4/NF-xB pathway, promotes

alleviating immunosuppression (Dyer et al.,

M2 macrophage polarization, upregulates PD-L1, and induces
immunosuppression, reducing radiosensitivity (Zhang et al., 2024;
Wanyi et al., 2023) (Figure 2A).

2.3 Metabolic reprogramming pathways

Tumor cells sustain proliferation through metabolic

reprogramming, such as enhanced glycolysis. Microbiome
metabolites, particularly SCFAs, can regulate tumor cell energy

metabolism and influence radiosensitivity.

2.3.1 Glycolysis-OXPHOS balance
SCFAs, especially butyrate, shift tumor metabolism from
glycolysis to oxidative phosphorylation (OXPHOS) by downregulating
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GLUT]1 and activating mitochondrial respiration (Geng et al., 2021;
Vander Heiden et al., 2009). Enhanced OXPHOS increases electron
leakage in the mitochondrial electron transport chain (ETC), resulting
in the generation of superoxide anion (O,”) and reactive oxygen
species (ROS) (Liskova et al., 2021). ROS accumulation synergizes
with radiation-induced free radicals, inhibits DNA repair proteins
(e.g., BRCAI, Rad51), and disrupts redox homeostasis, increasing
oxidative damage and radiosensitivity (Bhattacharya and Asaithamby,
2017; Laurini et al., 2020; Kobylinska et al., 2019) (Figure 2B).

2.3.2 Epigenetics and cell cycle regulation

SCFAs induce cell arrest at radiation-sensitive phases (e.g., G2/M)
by modulating cyclin expression and activity. Butyrate upregulates
p21, inhibiting CDK activity by binding to the cyclin-CDK complex
and causing GO/G1 or G2/M arrest (Foglietta et al., 2014; Bose and
Sarma, 1975; Sandor et al., 2000). G2/M arrest enhances radiation-
induced apoptosis and suppresses DNA repair (e.g., Rad5l
downregulation) (Sahin et al, 2019). Butyrate also potentiates
FOXO3A (Forkhead box class O3A) function, regulating p21, p57,
and GADD45 (Growth Arrest and DNA Damage-Induced Protein 45)
2024). SCFAs inhibit DNA
methyltransferases (e.g., DNMT1), leading to demethylation and

to induce arrest (Lu et al,
re-expression of tumor suppressor genes (e.g., SFRP2, WIF1), which

in turn inhibit Wnt signaling and tumor growth (Feitelson et al.,
2023). As HDAC inhibitors, SCFAs increase histone acetylation,
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loosening chromatin and activating pro-apoptotic (e.g., Bax) and cell
cycle arrest genes (e.g., p21) (Han et al., 2018; Sun et al., 2018; Gong
et al., 2023). Propionate inhibits PI3K/Akt, reduces cyclin D1, and
induces G1 arrest, also sensitizing cells to radiation (Feitelson et al.,
2023; Ye et al., 2022; Gong et al., 2024) (Figure 2C).

2.3.3 Bidirectional effects of metabolites

Radiotherapy alters microbial metabolism, leading to the
production of ROS, hydrogen sulfide, and lactic acid, among others.
At low concentrations, hydrogen sulfide activates the MAPK
signaling pathway, thereby promoting the proliferation and survival
of tumor cells. For example, studies have shown that hydrogen
sulfide can enhance the proliferative capacity of tumor cells by
activating signaling pathways, such as ERK1/2 and p38 MAPK (Gao
et al., 2024). However, in tumor cells, high concentrations of
hydrogen sulfide can induce apoptosis. It can trigger tumor cell
apoptosis through multiple mechanisms, including the activation of
the unfolded protein response (UPR), promotion of cell cycle arrest,
and suppression of anti-apoptotic protein expression (Ma et
al, 2023).

Radiation therapy-induced alterations in the oral environment
(such as inflammation and hypoxia) can promote the production of
harmful metabolites (e.g., candidalysin, acetaldehyde) by certain
oral microorganisms (e.g., Candida albicans). These changes may
also influence radiosensitivity by inducing chronic inflammation or
DNA damage, thereby modifying the oral tumor microenvironment
(Li et al., 2024).

Frontiers in Microbiology

Gut microbiota-derived 3-hydroxybutyrate (3-HB) can suppress
radiation therapy-induced rectal mucosal inflammation and improve
radiation proctopathy by blocking GPR43-mediated IL-6 signaling
pathways (Ge et al., 2024). Meanwhile, the tryptophan metabolite
indole-3-acetic acid (I3A) protects the gut from radiation damage by
activating the AhR/IL-10/Wnt signaling pathway. In gastric cancer, it
also suppresses PD-L1 expression, thereby enhancing radiosensitivity
(Xie et al., 2024) (Figure 2D).

2.4 Tumor microenvironment (TME)
remodeling pathways

The TME, comprising stroma, vasculature, and immune cells,
critically influences radiotherapy response through angiogenesis,
extracellular matrix (ECM) structure, and hypoxia.

2.4.1 Angiogenesis regulation

Gut microbes can secrete factors affecting VEGF (Fakruddin et
al., 2024), inhibiting angiogenesis and inducing hypoxia (Yu and
Cui, 2018). Porphyromonas gingivalis promotes angiogenesis via
VEGE, exacerbating hypoxia, and reducing radiosensitivity (ChenXi
et al., 2024; Yibo et al., 2025). Butyrate downregulates VEGF by
inhibiting the activity of the hypoxia-inducible factor HIF-1a,
reducing angiogenesis and inducing hypoxia (Hou et al., 2024).

Chronic hypoxia downregulates DNA repair proteins (e.g.,
BRCA1, Rad51), inhibiting HR and NHE], increasing radiosensitivity
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(Berge et al., 2001; Li and Greenberg, 2012; van de Kamp et al., 2021;
Gutschner and Diederichs, 2012; Gorodetska et al., 2019). SCFAs also
directly inhibit endothelial cell proliferation and migration via AMPK
activation and suppression of FAK phosphorylation (Mathew et al.,
2019; Yoo et al., 2021) (Figure 3A).

2.4.2 ECM remodeling

Gut microbiota influence ECM stiffness by regulating macrophage
TIMP1 secretion, reducing degradation (Peng et al., 2024). Altered ECM
affects tumor cell adhesion, migration, and proliferation, thereby increasing
radiation susceptibility (Shiao and Coussens, 2010). SCFAs inhibit matrix
metalloproteinase (MMP) activity, maintaining ECM stability and
synergizing with radiotherapy (Gomes et al., 2023) (Figure 3B).

2.4.3 Hypoxia and acidification

Oral Fusobacterium nucleatum exacerbates TME hypoxia via H,S
(Hsieh et al., 2022), activating HIF-1a, promoting glycolysis and lactic
acid accumulation (Gomes et al., 2023). Lactate acidifies the TME,
suppressing the cytotoxicity of immune cells (T cells, NK cells, and
DCs) and creating an immunosuppressive cycle (Pérez-Tomas and
Pérez-Guillén, 2020). Lactate also stabilizes HIF-1a, promoting VEGF
expression and angiogenesis (Missiaen et al., 2023). SCFAs reduce
lactate production by inhibiting tumor glycolysis, alleviating

acidification, restoring immune function, and enhancing
radiosensitivity (Rah et al., 2025) (Figure 3C).
Frontiers in Microbiology

05

2.4.4 Epithelial-mesenchymal transition (EMT)

Oral pathogens like P. gingivalis and F. nucleatum can disseminate,
promoting tumor invasiveness and EMT via NF-xB and TGF-§
pathways (Palkovsky et al., 2025; Kerr, 2015). EMT upregulates anti-
apoptotic proteins (Bcl-2, Bcl-xL), downregulates Bax, inhibits caspase
activity, and upregulates ABC transporters, effluxing drugs and ROS,
leading to radioresistance and increased invasiveness (Zhang and
Weinberg, 2018; Peyre et al., 2021; Yarahmadi and Afkhami, 2023; Lee
et al., 2017; Yarahmadi and Afkhami, 2023). Clostridium difficile
increases the metastatic burden and impairs the efficacy of
radiotherapy, while its targeted elimination enhances radiosensitivity
(Kerr, 2015; Yarahmadi and Afkhami, 2023) (Figure 3D).

3 Evidence stratification for
microbiome-related factors and
interventions

The roles of oral and gut microbiota, their key metabolites, and
probiotics in modulating radiosensitivity are context-dependent,
influenced by factors such as tumor type, radiotherapy regimen, and
host immune status, with varying levels of supporting evidence. This
section stratifies the evidence and analyzes the effects of core entities—
including probiotics, short-chain fatty acids (SCFAs), Akkermansia
muciniphila, and lactic acid bacteria/bifidobacteria—under different
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conditions to inform future precision interventions (see

Supplementary Table S1 for details).

3.1 Effects of probiotics on radiosensitivity

Probiotics are live, non-pathogenic microorganisms that
confer health benefits when administered in sufficient amounts
(Gong and Li, 2025). Traditional probiotics include Lactobacillus
and Bifidobacterium, while Next-Generation Probiotics (NGPs)
are specific symbiotic bacteria identified from the human gut
microbiome through high-throughput sequencing, often with
(Al-Fakhrany  and

broader  physiological  functions

Elekhnawy, 2024).

3.1.1 Examples of new-generation probiotic
candidate

Akkermansia muciniphila is a Gram-negative bacterium
colonizing the intestinal mucosal layer. It utilizes mucin as a source of
carbon and nitrogen, contributing to the maintenance of mucus layer
thickness and intestinal barrier integrity. Akkermansia muciniphila or
its outer membrane protein Amuc-1100 can alleviate colitis symptoms,
modulate immune responses, reduce intestinal inflammation levels,
and prevent colitis-associated colorectal cancer. Notably, Akkermansia
muciniphila is significantly enriched in cancer patients responsive to
PD-1 immunotherapy, suggesting it may enhance the efficacy of anti-
PD-1 and other immunotherapies.

Faecalibacterium prausnitzii constitutes approximately 5% of
the gastrointestinal microbiome and is one of the primary butyrate
producers. It promotes the synthesis of mucins and tight junction
proteins, repairs damaged intestinal mucosa, and regulates mucus
secretion, playing a crucial role in maintaining gut health. Research
further indicates that its abundance in the gut correlates with long-
term survival in cancer patients. During melanoma metastasis,
blood levels of regulatory T cells and specific pro-inflammatory
with  the
Faecalibacterium prausnitzii in the gut, positioning it as a potential

cytokines negatively correlate abundance of
key therapeutic target and prognostic biomarker for melanoma

patients (Chang et al., 2019).

3.1.2 Mechanism by which probiotics enhance
radiation sensitivity

3.1.2.1 Restoring gut microbiota imbalance after radiation
therapy

3.1.2.1.1 Competitive colonization.

Probiotics inhibit the growth of pathogens (such as Escherichia
coli and Clostridium species) through displacement effects and
nutrient competition, reducing the production of harmful metabolites
(such as lipopolysaccharides and hydrogen sulfide). Simultaneously,
they promote the proliferation of beneficial bacteria (such as butyrate-
producing bacteria), thereby optimizing the intestinal metabolic
environment (Anee et al., 2021; Patel and DuPont, 2015).

3.1.2.1.2 Barrier repair. Probiotics promote the secretion of mucin

MUC-2 and antimicrobial peptides (such as defensins) by the
intestinal mucosa, repairing radiation-damaged intestinal barriers
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and reducing inflammatory responses triggered by endotoxin
translocation (Wu et al., 2022).

3.1.2.1.3 Clinical evidence supports. A study on colorectal
cancer patients demonstrated that probiotic supplementation
significantly reduces chemotherapy-induced gastrointestinal
complications, particularly diarrhea. Furthermore, probiotics
restore gut bacterial diversity post-chemotherapy, alter the
composition of the microbiota, and increase short-chain fatty acid
(SCFA) production (Huang et al., 2023).

3.1.2.2 Enhancing radiation therapy-induced immune
activation

Against the backdrop of
immunosuppression, probiotics can amplify the immunogenic cell

radiation  therapy-induced
death (ICD) effect of radiotherapy through innate immune
modulation, such as activating dendritic cells and promoting Th1-type
immune responses.

3.1.2.2.1 Reactivation of immune cells. Activation of natural
killer (NK) cells and cytotoxic T lymphocytes (CTLs) enhances
the ability to eliminate residual tumor cells following radiotherapy
(Laurent et al., 2023).

3.1.2.2.2 Cytokine rebalancing. Downregulates pro-inflammatory
factors (such as IL-6 and TNF-q, which are often excessively induced
by radiotherapy) and upregulates anti-tumor factors (such as IFN-y
and IL-12), thereby
microenvironment (Ni et al., 2023; Zhao et al., 2021).

reversing the immunosuppressive

3.1.2.3 Synergistic effects of probiotic metabolic products

Probiotics ferment dietary fibers that the hosts cannot digest (such
as pectin and inulin), producing SCFAs. This process relies on key
bacterial enzymes including glycosidase and phosphotransferase
(Sunkata et al., 2014).

3.1.2.3.1 Key roles of SCFAs. Butyrate and propionate produced
by probiotic metabolism enhance immune cell function. Butyrate
promotes CD8+ T cell proliferation and memory T cell formation
by activating the free fatty acid receptor 3 (FFAR3). Propionate
alleviates intestinal mucosal cell apoptosis and mitigates
radiation enteritis by inhibiting histone deacetylase (HDAC)
(Hsieh et al., 2022).

3.1.2.3.2 Improving radiotherapy tolerance. SCFAs enhance
intestinal barrier function, reduce bacterial translocation and
endotoxin release following radiotherapy, thereby stabilizing the
body’s condition and increasing tumor cells’ sensitivity to radiotherapy
(Ye etal,, 2022). Additionally, SCFAs provide energy to intestinal cells,
maintaining their normal function, and influence tumor cell gene
expression by regulating HDAC activity, making them more sensitive
to radiotherapy (Kim et al., 2016).

3.1.2.4 Directly regulate tumor cell biological behavior
3.1.2.4.1 Inducing tumor cell apoptosis.

For example, cell wall components of Bifidobacteria (such as
peptidoglycan and lipopolysaccharide) activate TLR2 and NLRs,
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triggering NF-kB and MAPK signaling pathways to regulate
Bcl-2/Bax expression (Chapot-Chartier and Kulakauskas, 2014);
Certain bifidobacteria (such as Bifidobacterium longum and
Bifidobacterium breve) can produce butyrate through the
fermentation of dietary fiber and other substrates (Duda-Chodak
et al., 2015). Research indicates that butyrate promotes apoptosis
by enhancing the activity of isocitrate dehydrogenase 1 (IDH1)
and the pyruvate dehydrogenase complex (PDH), thereby
increasing a-ketoglutarate production and upregulating the Bax/
Bcl-2 ratio (Zhang et al, 2024). By downregulating Bcl-2
expression and upregulating the pro-apoptotic protein Bax, the
mitochondrial apoptosis pathway is activated. When combined
with radiotherapy, caspase-3/9 activity (cysteine proteases closely
associated with apoptosis) increases significantly, leading to
enhanced apoptosis rates (Dehghani et al., 2021). Probiotics
synergistically enhance apoptosis signaling with radiotherapy,
thereby improving therapeutic efficacy.

3.1.2.4.2 Induction of cell cycle arrest. Probiotics induce tumor cell
arrest at the G2/M phase—a stage sensitive to radiotherapy—by
regulating p21 and Cyclin B1/CDK1 (Yu et al., 2017). This arrest
prolongs the exposure time to DNA damage induced by radiotherapy.
Concurrently, probiotics inhibit proliferation signals through the
AMPK/mTOR or Wnt pathways, thereby reducing tumor cell divisio
(Palkovsky et al., 2025) and rendering them more susceptible to
radiation-induced cell death (Figure 4).
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3.2 Short-chain fatty acids (SCFAs)—taking
butyrate as an example

Butyrate significantly enhances radiation-induced cell death in

three-dimensional organoids derived from colorectal cancer patients,
primarily by activating FOXO3A, which in turn inhibits S-phase cell
proliferation. However, in normal colon organoids, butyrate did not
enhance radiation lethality; instead, it protected mucosal regeneration,
indicating that its radiosensitizing effect is tissue-specific. In vitro
experiments revealed radiosensitization occurred in only 3 out of 8
organoids examined and depended on FOXO3A expression levels,
suggesting molecular profiling of tumors should precede its
application (Park et al., 2020). On the other hand, butyrate activates
GPR43 (FFAR?2) to promote the proliferation of colonic mucosal T
regulatory cells (Tregs), thereby helping to suppress experimental
colitis. However, during specific windows of radiotherapy, excessive
butyrate may lead to Treg over-expansion, suppressing antitumor
immunity and altering PD-L1 dynamics, thereby diminishing the
efficacy of radiotherapy combined with immune checkpoint inhibitors
(Cook and Sellin, 1998). Animal models and in vitro cell experiments
suggest that dosage and timing have a significant influence on
outcomes. Excessive doses or improper administration timing may
shift butyrate’s effects toward
immunosuppression. Therefore, precise calibration of dosage and
temporal windows is crucial for achieving sensitization while avoiding
adverse immunomodulation.

immunomodulatory
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3.3 Akkermansia muciniphila—a
double-edged sword effect

In models of radiation-induced intestinal injury, Akkermansia
muciniphila exhibits a dual-edged effect. When administered orally to
mice with intact, healthy mucosal layers following whole-body
abdominal irradiation (single or fractionated doses at relatively low
levels) using the laboratory standard strain ATCC 8483 (or equivalent
low-dose strains), it significantly reduces intestinal injury scores and
improves survival rates. Its metabolite, propionic acid, enhances
histone acetylation via the GPR43 receptor, promoting the expression
of tight junction proteins, including occludin, ZO-1, and mucin
MUC2, to reinforce the intestinal barrier. Concurrently, it suppresses
the TLR2/MyD88/NF-xB inflammatory pathway, leading to reduced
inflammatory mediators and mitigated radiation injury (He et al,,
2023). However, another study revealed that when A. muciniphila
increased in the intestines of mice after radiation exposure,
supplementation with this bacterium actually exacerbated mucosal
thinning and inflammatory macrophage infiltration, leading to higher
mortality rates. Mechanistically, A. muciniphila compromises the
mucus barrier by upregulating genes involved in mucin metabolism
and directly utilizing mucins as an energy source. Concurrently, it
activates inflammatory macrophages and promotes the secretion of
inflammatory cytokines (such as TNF-a and IL-6), thereby
suppressing intestinal stem cell density and goblet cell differentiation,
further impairing mucosal repair capacity (Wang et al., 2025). The
experimental settings differed between the two studies: the former
employed whole-body abdominal irradiation with a low-dose strain.
At the same time, the latter employed localized small-intestinal
irradiation with a high-dose strain, yielding opposing conclusions.
Strains from different sources (e.g., ATCC 8483 versus clinical isolates)
exhibit differences in genotype and metabolite profiles. This leads to
protective effects in healthy hosts with intact mucus, but may shift to
pathogenicity in environments with compromised mucus or rapid
mucus degradation following radiation exposure.

3.4 Ketone bodies—using 3-hydroxybutyric
acid (3-HB) as an example

The protective effect of 3-hydroxybutyrate (3-HB) in radiation-
induced proctitis primarily occurs through inhibiting GPR43-
mediated IL-6 signaling. Radiation induces gut microbiota dysbiosis,
particularly a decline in the abundance Akkermansia muciniphila,
which reduces intestinal 3-HB production. Consequently, the
antagonistic effect on GPR43 is lost, leading to IL-6 overexpression
and exacerbated inflammation. Supplementing with 3-HB (or
restoring A. muciniphila) can re-inhibit GPR43, decrease STAT3
phosphorylation levels, significantly reduce the inflammatory
cytokine IL-6, and thereby improve IL-6 levels.-6 signaling mediated
by GPR43. Radiation induces gut dysbiosis, notably by reducing the
abundance of Akkermansia muciniphila, which in turn diminishes
intestinal 3-hydroxybutyrate (3-HB) production. The loss of 3-HB
antagonism against GPR43 results in excessive IL-6 expression and
exacerbated inflammation. Supplementing with 3-HB (or restoring
A. muciniphila) reinstates GPR43 inhibition, reduces STAT3
phosphorylation, and significantly lowers the inflammatory cytokine
IL-6, thereby improving histological damage and clinical symptoms
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in radiation-induced proctitis. Relevant experiments, including mouse
models of radiation-induced proctitis, in vitro studies with intestinal
epithelial cells, and serum/fecal 3-HB measurements, consistently
demonstrate the significant therapeutic effect of this metabolite on the
disease.-HB concentrations in serum/feces demonstrated a significant
disease-alleviating impact of this metabolite (Ge et al., 2024).

3.5 Tryptophan-derived metabolites—
taking indole-3-carboxylic acid (13A) as an
example

Indole-3-carboxylic acid (I3A) protects the intestine from
radiation damage by activating the AhR-carboxylic acid (I3A)
protects the intestine from radiation damage by activating the AhR/
IL-10/Wnt signaling pathway. As an endogenous ligand for AhR, I3A
binds to AhR and upregulates IL-10 to create an anti-inflammatory
microenvironment. Simultaneously, it activates the Wnt/f-catenin
pathway to promote the proliferation and differentiation of intestinal
stem cells, thereby enhancing the mucosal regeneration capacity.
More importantly, I3A also increases the abundance of probiotics
(such as Lactobacillus, Bifidobacterium, etc.), further strengthening
the intestinal barrier function. Both mouse models of radiation-
induced intestinal injury and intestinal organoid experiments
demonstrated that I3A administration significantly improved
histological scores, barrier integrity, and animal survival rates, while
showing no radioprotective effects on tumor cells, indicating good
selective safety (Xie et al., 2024).

3.6 Dietary fiber/antibiotics/phage therapy

Dietary fiber (such as inulin and pectin) significantly
enhances short-chain fatty acid (SCFA) production by regulating
the gut microbiota, thereby rapidly altering human gut bacterial
diversity and increasing SCFA levels in feces (Then et al., 2024).
In a mouse model of single-dose 10 Gy abdominal irradiation,
drinking water containing 4% apple pectin reduced intestinal wall
thickening, collagen deposition, and EMT marker expression,
accompanied by elevated fecal SCFA levels. This suggests that
fiber protects the intestine after radiation therapy through the gut
microbiota-SCFA axis (Yang et al., 2017). The corresponding
randomized controlled clinical trial in humans divided subjects
into three groups: low fiber (<10 g NSP/d), conventional fiber
(control), and high fiber (>18 g NSP/d). Results demonstrated
significantly reduced gastrointestinal toxicity scores in the high-
fiber group during and after radiotherapy (p =0.011), with
sustained improvement in gastrointestinal symptoms at the 1-year
follow-up. This directly confirms that high-dose soluble dietary
fiber can reduce the incidence of radiation-induced diarrhea
(Wedlake et al, 2017). As demonstrated by the preceding
discussion and experimental evidence, dietary fiber exerts
multiple effects in slowing tumor growth and enhancing the
efficacy of anticancer treatments by optimizing microbial
metabolism, strengthening the intestinal barrier, and regulating
the immune microenvironment. In patients with advanced
pancreatic or colorectal cancer complicated by intestinal
strictures, high-fiber foods (such as celery and coarse grains) may
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accumulate in the intestinal lumen due to inadequate digestion,
potentially leading to intestinal obstruction or even perforation
(Hassranah et al., 2022).

Vancomycin enhances the antitumor activity of radiotherapy by
selectively eliminating Gram-positive bacteria in the gut, thereby
improving the presentation of tumor-associated antigens to CD8+ T
cells (Al-Qadami et al,, 2023). Pre-treatment administration of
antibiotics targeting Porphyromonas gingivalis (e.g., metronidazole)
before oral radiotherapy reduces the incidence of bacteria-mediated
oral mucositis and decreases the risk of radiotherapy interruption due
to inflammation (Alterio et al., 2007). In contrast, broad-spectrum
antibiotics such as cephalosporins and quinolones lack selectivity
toward beneficial gut bacteria (e.g., bifidobacteria and SCFA-
producing lactobacilli), leading to a significant decline in microbial
diversity and reduced SCFA production. This subsequently weakens
the intestinal barrier function and exacerbates the occurrence of
radiation enteritis (Modi et al., 2014).

Following the administration of broad-spectrum antibiotics in
patients undergoing stereotactic body radiation therapy (SBRT) for
lung cancer, the abundance of SCFA-producing gut bacteria decreased,
SCFA-mediated ROS accumulation effects weakened, tumor cell DNA
repair capacity increased, and local recurrence rates consequently rose
(Liskova et al., 2021; Xu et al., 2022). Long-term antibiotic use
facilitates the dissemination of resistance genes, such as f-lactamases,
among gut bacteria, thereby forming a reservoir of resistance genes.
Following radiotherapy, patients with dysbiosis are more susceptible
to refractory Clostridioides difficile infections, which further worsen
clinical outcomes (Rochegiie et al., 2021). Overall, the selection and
timing of antibiotics during radiotherapy critically influence tumor
control, normal tissue preservation, and the risk of resistance,
necessitating careful clinical deliberation.

Phage therapy is an anti-infective strategy that utilizes
bacteriophage—bacteria-specific viruses—to lyse pathogenic bacteria
directly. Due to its high specificity, self-replication capability, and
ability to disrupt biofilms, it is regarded as a potential alternative to
address the antibiotic resistance crisis. In recent years, clinical research
has advanced rapidly: Phase I/II trials conducted in Belgium, the
United States, Australia, and other countries have demonstrated
significant safety and efficacy against multidrug-resistant bacteria
such as Staphylococcus aureus, Pseudomonas aeruginosa, and
Acinetobacter baumannii (Sawa et al., 2024); Meanwhile, several
challenges remain: (1) The host specificity of phages necessitates
customization for each patient or rapid screening for effective strains;
(2) Production must comply with GMP standards, yet globally
compliant facilities are scarce; (3) Immunogenicity and the generation
of anti-phage antibodies may diminish efficacy, requiring management
through fractionated dosing or immunosuppressive strategies (Yong,
2024). To address these challenges, national phage libraries have been
established internationally (such as Belgium’s National Phage Library
and the US. IPATH) to promote standardized procedures.
Domestically, consensus guidelines are being developed to define
protocols for phage isolation, identification, preparation, storage, and
clinical application, aiming to achieve scalable and accessible phage
therapy (Rochegtie et al., 2021). Overall, with the accumulation of
clinical data, the development of engineered phages, and the
refinement of regulatory frameworks, phage therapy is transitioning
from the laboratory to the clinic, emerging as a promising innovative
treatment for combating multidrug-resistant bacterial infections.
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4 Clinical translation pathway: from
mechanism to application

4.1 Biomarker development: identifying
beneficiary populations

The primary challenge in translating microbiome-mediated
radiosensitivity into clinical practice lies in developing quantifiable,
reproducible biomarkers to achieve “precision prediction and
precision intervention” Based on their origin and function, these
biomarkers can be categorized into the following three types:

4.1.1 Microbiome biomarkers

Microbial community structure, characterized by 16S rRNA
sequencing or metagenomic sequencing, serves as a potential marker
for predicting radiotherapy efficacy and toxicity (Liang et al., 2025; Liu
et al,, 2021). For instance, patients with higher gut bifidobacteria
abundance often exhibit better response to radiotherapy and lower
incidence of radiation enteritis (Zhang et al., 2019; Hifner and Debus,
2016). Furthermore, the increased abundance of Actinobacteria and
Veillonellaceae 6 months after radiotherapy in patients with
nasopharyngeal carcinoma suggests delayed healing of oral mucositis,
indicating that these microbes may serve as biomarkers for predicting
the recovery speed of oral mucositis (Jiang et al., 2022).

4.1.2 Metabolic biomarkers

The levels of beneficial metabolites in serum or feces directly
reflect the functional state of the microbiota, making them more
clinically useful markers (Bar et al., 2020; Zierer et al., 2018). For
example, colorectal cancer patients with fecal butyrate concentrations
>5 mmol/L may exhibit higher tumor regression rates during clinical
radiotherapy, with statistically significant results (p = 0.01) (Park et
al., 2020); In a prospective cohort study of cancer patients undergoing
pelvic radiotherapy, researchers measured serum indole-3-propionic
acid (IPA) concentrations before treatment. Serum IPA levels
exceeding 2 pmol/L were significantly associated with reduced
intestinal toxicity during radiotherapy, suggesting IPA may serve as
a biomarker for radiotherapy toxicity risk or a potential therapeutic
target. Propionate (IPA) levels before radiotherapy. Serum IPA
concentrations exceeding 2 pmol/L were associated with a significant
reduction in intestinal toxicity during radiotherapy, suggesting that
IPA may serve as a biomarker for radiotherapy toxicity risk or a
potential target for protective interventions (Xiao et al., 2020).

4.1.3 Host response biomarkers

The microbiota influences radiosensitivity by regulating host
immune and metabolic states. Therefore, host immune markers (e.g.,
peripheral blood Treg cell proportion, IL-10 concentration) or oxidative
stress markers (e.g., serum MDA concentration, Nrf2 expression levels)
can serve as co-markers. For instance, following whole-body 5 Gy y-ray
irradiation in mice, the survival rate of CD4*CD25"Foxp3* Tregs in
blood, lymph nodes, spleen, and thymus was significantly higher than
that of CD4"CD25" effector T cells. Radiation exposure significantly
increased the survival rate of CD4*CD25*Foxp3* Tregs in blood, lymph
nodes, spleen, and thymus compared to CD4"CD25 effector T cells.
Tregs exhibited lower rates of apoptosis and higher Bcl-2 expression,
indicating greater resistance to y radiation (Elson and Cong, 2012; Gawel
et al,, 2004; Zhou et al., 2020; Qu et al., 2010).
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The primary challenges in current biomarker development include:
(1) lack of standardized detection methods (e.g., variations in sequencing
platforms and metabolite detection technologies); (2) interference from
individual dietary habits, lifestyle factors, and underlying diseases; (3)
most biomarkers remain based on small-sample studies, requiring large-
scale prospective cohort validation. Future efforts should focus on
establishing multi-center, standardized clinical studies to develop
integrated biomarker panels linking “microbiota-metabolites-host
responses,” thereby enhancing predictive accuracy.

4.2 Patient stratification: enabling precision
radiotherapy

Based on the biomarkers above, cancer patients can be stratified
according to radiation sensitivity and potential benefit from
intervention, providing a basis for developing personalized
radiotherapy plans. Taking colorectal cancer as an example, patients
can be categorized into the following three groups:

4.2.1 High-benefit cohort

Biomarker characteristics include “high abundance of beneficial
bacteria, elevated short-chain fatty acids (SCFA)/indolepropionic acid
(IPA) levels, and reduced proportion of regulatory T cells (Treg)”
These patients exhibit high radiosensitivity and good tolerance to
normal tissue. Probiotic intervention may be considered in
combination with standard radiotherapy to enhance efficacy further
(Zhang et al., 2019; Sanchez-Alcoholado et al., 2021; Kusumo et al.,
2019). Concurrently, radiotherapy doses may be appropriately
increased (e.g., a local boost to 60 Gy) to reduce the risk of local
recurrence (Law, 2017).

4.2.2 Low-benefit cohort

Biomarker characteristics include “low abundance of beneficial
bacteria, reduced short-chain fatty acids (SCFA)/indolepropionic acid
(IPA) levels, and elevated proportion of regulatory T cells (Tregs)”
These patients exhibit low radiosensitivity and a high risk of normal
tissue toxicity (Schaue and McBride, 2012; Wang et al., 2025).
Prioritize microbiome remodeling interventions (e.g., fecal microbiota
transplantation combined with antibiotic decontamination) before
reassessing the feasibility of radiotherapy. Concurrently, consider
combining immune checkpoint inhibitors (e.g., PD-1 antibodies) to
reverse tumor immunosuppressive microenvironments and enhance
the efficacy of radiotherapy. The key to patient stratification lies in
dynamic monitoring: During radiotherapy (e.g., every 2 weeks),
biomarkers must be repeatedly tested to detect dysbiosis or decreased
metabolite levels promptly. Intervention strategies should then be
adjusted (e.g., switching probiotic strains, increasing prebiotic doses)
to prevent reduced efficacy or increased toxicity caused by dynamic
changes in the microbiota.

4.3 Intervention window: timing for
maximum efficacy

The timing window for targeted microbiome interventions

directly influences their efficacy in modulating radiosensitivity and
requires optimization based on radiotherapy protocols and the
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dynamic patterns of microbiome changes (Crawford and Gordon,
2005). Integrating preclinical research and early clinical evidence, the
recommended intervention time windows are as follows:

4.3.1 Intervention window before radiotherapy
(pretreatment period)

It is recommended to initiate interventions (such as oral probiotics
and prebiotics) 2-4 weeks before the commencement of radiotherapy.
The goal is to establish a gut microbiota structure enriched with
beneficial bacteria and elevate levels of beneficial metabolites. The core
significance of this window lies in: (1) Allowing sufficient time for the
microbiota to colonize and adapt metabolically, preventing radiation
damage before the microbial community stabilizes after radiotherapy
initiation; (2) Preemptively enhancing intestinal barrier function and
host antioxidant capacity to reduce the risk of normal tissue injury
during the early stages of radiotherapy. For example, a prospective
study of cervical cancer patients demonstrated that daily oral
administration of 1 x 10" CFU of L. acidophilus and B. bifidum during
radiotherapy significantly reduced the incidence of radiation-induced
diarrhea (>Grade 2) (control group, 45% vs. probiotic group, 9%)
(Chitapanarux et al., 2010).

4.3.2 Intervention window during radiotherapy
(maintenance phase)

Continuous intervention is required throughout radiotherapy to
maintain stable microbiota structure and beneficial metabolite levels.
During this phase, dosage should be adjusted based on patient
tolerance (e.g., temporarily reducing probiotic dosage to 5 x 10° CFU/
day if abdominal distension or diarrhea occurs) and combined with
symptomatic treatment (e.g., using montmorillonite powder to protect
the intestinal mucosa) (Penet et al., 2021) 0.85% of research studies
demonstrated that probiotics significantly reduced the incidence of
radiation/chemotherapy-associated diarrhea. Most trials showed that
the Shannon index decreased less in the probiotic group than in the
control group (statistically significant), suggesting that probiotics have
a protective effect on maintaining microbial diversity (Rodriguez-
Arrastia et al., 2021).

4.3.3 Post-radiotherapy intervention window
(recovery phase)

Continued intervention is necessary after radiotherapy concludes
to facilitate gut microbiota restoration and promote normal tissue
repair. During this phase, prebiotic doses may be gradually increased
to stimulate the proliferation of intestinal anaerobic bacteria and
accelerate the recovery of the microbial community structure (Moraitis
et al., 2023). In a randomized controlled trial, 74 cervical cancer
patients were divided into an observation group (n = 40) and a control
group (n = 34). The observation group received oral probiotics (420 mg
per dose, three times daily) starting 7 days before radiotherapy and
continuing for 8 weeks after treatment completion; the control group
received only conventional three-dimensional conformal radiotherapy.
Results showed that the incidence of acute radiation enteritis in the
observation group was 47.5%, significantly lower than the 70.6% in the
control group (p<0.05). This study suggests that a probiotic
intervention during and after radiotherapy can effectively reduce the
risk of acute radiation enteritis (Chen et al., 2014).

It should be noted that radiotherapy regimens (such as fractionated
doses and total course duration) vary across tumor types, necessitating

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1689735
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Wu et al.

corresponding adjustments to the intervention time window. For
instance, SBRT (stereotactic body radiation therapy), with its short
course (typically 1-5 fractions), requires initiating high-intensity
intervention 1 week before treatment to rapidly modulate the microbial
state (Feigenberg et al., 2025). In contrast, conventional fractionated
radiotherapy (e.g., 25-30 fractions) may adopt a three-phase
intervention strategy: “pretreatment — maintenance — recovery.’

5 Combined therapy strategy:
synergistically enhancing radiotherapy

5.1 Combination with advanced
radiotherapy techniques

5.1.1 SBRT

SBRT rapidly kills tumor cells through a single or a few high-dose
radiation treatments (e.g., 3 x 18 Gy). However, high-dose radiation
may lead to the accumulation of immunosuppressive cells (e.g., M2
macrophages) in the tumor microenvironment, potentially affecting
long-term efficacy (Swamy, 2023). At the same time, SBRT still carries
a relatively high risk of radiation damage to adjacent normal tissues,
such as the lungs and intestines (Heijmen, 2007). Microbiome
interventions (such as probiotics combined with prebiotics) may
synergize with SBRT through the following mechanisms: (1) Enhancing
radiation-induced immunogenic cell death (ICD), promoting dendritic
cell (DC) maturation and CTL infiltration, while reducing the
proportion of immunosuppressive cells (Kolahi Sadeghi et al., 2024);
(2) Activating the Nrf2 pathway via short-chain fatty acids (SCFAs),
thereby enhancing antioxidant capacity in normal tissues and reducing
the risk of SBRT-associated pulmonary fibrosis and intestinal
perforation (Yarahmadi and Afkhami, 2023). For example, this
multicenter randomized controlled trial targeted patients with early-
stage inoperable non-small cell lung cancer. The intervention protocol
involved initiating Bifidobacterium lactis (approximately 1 x 10" CFU/
day) 1 week before radiotherapy, continuing administration throughout
the entire SBRT course, and extending treatment for an additional
2 weeks post-radiotherapy. Results demonstrated significantly
enhanced activation of CD8" T cells and dendritic cells (DCs) in the
probiotic group, with approximately 30-40% reduction in grade 3 or
higher pulmonary and intestinal radiotoxicity to 40%. Furthermore,
the 1-year local control rate increased from 78% in the control group
to 92%, indicating that probiotics enhance the effects of immunogenic
cell death, protect normal tissues, and significantly improve local
control rates (Lu et al., 2024).

5.1.1.1 Clinical application recommendations

For patients with early-stage non-small cell lung cancer, liver
cancer, and other conditions suitable for SBRT, initiate probiotic
intervention (e.g., Bifidobacterium lactis 1 x 10" CFU/day) 1 week
before radiotherapy. Continue intervention throughout radiotherapy
and for 2 weeks post-treatment. Simultaneously, monitor fecal short-
chain fatty acid (SCFA) levels to ensure that the butyrate concentration
remains above 5 mmol/L, thereby maximizing the synergistic effects.

5.1.2 Proton therapy

Proton therapy precisely deposits radiation energy within tumor
tissue through the Bragg peak effect, significantly reducing doses to

Frontiers in Microbiology

11

10.3389/fmicb.2025.1689735

normal tissues (e.g., reducing parotid gland doses by 30-50% in head
and neck tumor proton therapy). However, it still cannot completely
prevent radiation damage to areas such as the intestines and oral
cavity (Gordon et al, 2021). The core objective of combining
microbiome intervention with proton radiotherapy is to protect
normal tissues further and enhance patient tolerance: (1) For head
and neck cancer patients, oral probiotics (e.g., Lactobacillus salivarius)
can reduce the incidence and severity of oral mucositis while
maintaining oral microbiota balance (Peng et al., 2024); (2) For
patients with pelvic tumors (e.g., cervical cancer, prostate cancer),
probiotic intervention can reduce the risk of proton radiotherapy-
associated gut microbiota translocation and urogenital infections
(Wedlake, 2018).

5.1.2.1 Clinical application recommendations

Patients with head and neck tumors should begin oral
administration of Lactobacillus salivarius 2 weeks before initiating
proton radiotherapy, supplemented with oral care (such as rinsing
with probiotic solutions) (Peng et al., 2024); Pelvic tumor patients
should take a combination of live strains Lactobacillus acidophilus and
Bifidobacterium bifidum, approximately 5 x 10° CFU daily, starting
2 weeks before radiotherapy and continuing throughout treatment
until 2 weeks after radiotherapy completion (Chitapanarux et
al,, 2010).

5.2 Combination with immunotherapy/
targeted therapy

5.2.1 Immune checkpoint inhibitors (ICl)

ICI (such as PD-1/PD-L1 antibodies) enhance antitumor
immune responses by releasing immune suppression of tumor
cells against CTLs (Wu et al., 2022). However, their monotherapy
efficacy is limited by the immunogenicity of the tumor
microenvironment (Yazdani et al., 2021). Microbiome intervention
can form a “triple synergy” with ICI and radiotherapy through the
following mechanisms:

5.2.1.1 Enhancing ICl efficacy

Probiotics (such as Bifidobacterium and Akkermansia bacteria)
the of the
microenvironment by increasing SCFA levels in the gut, promoting

can reverse immunosuppressive  state tumor
DC cell maturation and Th1 cell differentiation, and reducing Treg cell
and M2 macrophage infiltration, thereby enhancing ICI response rates
(Velikova et al, 2021). For example, in animal models, oral
administration of Bifidobacterium alone enhances tumor control,
while combination with anti-PD-L1 nearly completely suppresses
tumor growth. Following high-dose local radiotherapy, PD-L1
expression is upregulated in the tumor microenvironment; concurrent
use of anti-PD-L1 significantly enhances the antitumor effects of
radiotherapy. In practical clinical or research settings, the following
two experimental approaches may be referenced: (1) Oral or topical
administration of probiotics (e.g., Bifidobacterium longum or
2
administration of radiotherapy (SBRT or high-dose fractionation)
with PD-1/PD-L1 antibodies, followed by assessment of tumor

volume, immune cell infiltration, and fecal SCFA levels to validate the

Akkermansia  muciniphila); Concurrent or sequential

synergistic effects of the triple combination.
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5.2.1.2 Reducing radiotherapy-related immune toxicity

Radiotherapy may induce gut microbiota translocation, activate
systemic inflammatory responses, and increase the risk of
IClI-associated colitis and pneumonia (Dubin et al., 2016); Probiotics
can mitigate these effects by maintaining intestinal barrier integrity,
reducing endotoxin entry into the bloodstream, and lowering levels of
inflammatory cytokines such as IL-6 and TNF-a (Wu et al., 2022).
Experimental data indicate that oral administration of Lactobacillus
rhamnosus (LR) significantly reduces the severity of ICI-induced
colitis (Li et al., 2021).

5.2.1.3 Clinical application recommendations

For patients with advanced solid tumors (e.g., lung cancer,
melanoma) scheduled to undergo “radiotherapy + ICI” therapy,
initiate oral administration of a probiotic combination (e.g.,
Bifidobacterium + Akkermansia bacteria, total dose 1 x 10'° CFU/day)
2 weeks before treatment initiation. Continue intervention throughout
therapy until 4 weeks after completion of the ICI course.
Simultaneously monitor fecal microbiota composition and serum
levels of inflammatory cytokines. If dysbiosis occurs (e.g.,
Proteobacteria phylum abundance >30%), promptly adjust the
probiotic strains (Yang et al., 2017; Yoshimoto et al., 2020; Tassopoulos
etal., 2017).

5.2.2 Targeted therapies

Targeted therapies (such as anti-angiogenic drugs and
EGFR inhibitors) inhibit tumor progression by specifically
blocking tumor growth signals or angiogenesis, but they are
prone to developing resistance and may not sufficiently sensitize
tumors to radiotherapy (Chen et al, 2015). Microbiome
interventions can enhance the combined effects of targeted
therapies and radiotherapy through metabolic regulation and
immune synergy:

Anti-angiogenic agents, such as bevacizumab, can improve
hypoxia in the tumor microenvironment and enhance radiosensitivity;
however, they may cause intestinal mucosal ischemia and exacerbate
bacterial translocation (Yoshimoto et al., 2020; Tassopoulos et al.,
2017). Probiotics (e.g., Lactobacillus acidophilus) promote intestinal
mucosal vascular repair by secreting vascular endothelial growth
factor (VEGF)-like substances (EICI et al., 2022), while simultaneously
inhibiting abnormal tumor vascular proliferation through short-chain
fatty acids (SCFAs), thereby enhancing the efficacy of anti-angiogenic
drugs (Gong et al., 2024).

EGFR inhibitors such as cetuximab are commonly used in the
treatment of head and neck tumors and colorectal cancer. Still,
their skin toxicity (e.g., rash) and intestinal toxicity may affect
patient tolerance (Adams et al., 2009). Probiotics can enhance
intestinal barrier function, mitigate drug-induced intestinal
inflammation, and facilitate the smooth progression of
radiotherapy (Wu et al., 2022).

6 Recommendations for trials design:
standardization and biomarker
Integration

Rigorous trial design is essential for clinical translation, integrating
microbiome biomarkers throughout.
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6.1 Endpoint setting: a multi-level
evaluation system

6.1.1 Primary endpoint

6.1.1.1 Therapeutic
Selected based on tumor type, such as objective response
rate (ORR) for solid tumors, pathological complete

response rate (pCR) after neoadjuvant therapy for rectal
cancer, or progression-free survival (PES) (Wong et al., 2012;
Hua et al., 2022).

6.1.1.2 Toxicity

For studies targeting the reduction of adverse effects, the incidence
of >Grade 2 specific radiotherapy-related toxicities (e.g., radiation
enteritis, oral mucositis) may be set as the primary endpoint
(Vinogradskiy et al., 2018).

6.1.1.3 Microbiome regulation endpoints

To ensure the intervention itself is effective, biological endpoints
should be established, such as achieving a predetermined threshold in
the abundance of specific beneficial bacteria (e.g., Bifidobacterium)
post-intervention, or a significant increase in key metabolite levels
(e.g., fecal butyrate).

6.1.2 Secondary endpoints

6.1.2.1 Immune microenvironment indicators

Dynamic changes in the ratio of cytotoxic T cells
(CTL) to regulatory T cells (Treg) in peripheral blood,
and alterations in serum cytokine levels (e.g., IFN-y, IL-10)
(Mahnke et al., 2007).

6.1.2.2 Quiality of life
Assessed using standardized scales such as the EORTC QLQ-C30
(Gundy et al., 2012).

6.1.2.3 Long-term outcomes
Overall survival (OS),
metastasis rate.

local control rate, and distant

6.1.3 Safety endpoints
Closely monitor the incidence of probiotic-related adverse events
(e.g., bloating, allergies) and serious adverse events (SAEs).
Example: A Phase II trial of “probiotics combined with
neoadjuvant radiotherapy for rectal cancer” may set “pCR rate” and
“incidence of >Grade 2 radiation enteropathy” as co-primary
endpoints, with “doubling of gut Bifidobacterium abundance” and
blood CTL/Treg

“increased  peripheral ratic’ as key

secondary endpoints.

6.2 Time management: dynamic
monitoring throughout the entire
treatment process

The microbiome is a dynamic system, and experimental design
must account for its temporal nature.
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6.2.1 Baseline period (2—4 weeks before
radiotherapy)

Collect patient stool, blood, and oral saliva samples for
metagenomic sequencing of the microbiome, metabolite detection
(SCFAs, IPA), and immune cell typing. Detailed records of dietary
habits and medication history (particularly antibiotics) will be
maintained to exclude confounding factors.

6.2.2 Intervention period (initiated 1-2 weeks
before radiotherapy and maintained throughout
treatment)

Administer probiotics/prebiotics according to protocol. Collect
stool samples biweekly to dynamically track changes in microbial
community structure and metabolites, allowing for a timely
assessment of the intervention’s biological effects. Evaluate toxicity
weekly per CTCAE criteria and assess tumor response every
4-6 weeks via imaging (CT/MRI).

6.2.3 Follow-up period (6 months to 2 years after
radiotherapy completion)

Biological samples collected every 3 months to assess long-term
stability of microbiota and metabolites; regular imaging and clinical
follow-ups conducted to record survival and recurrence data.

Important notes: For short-course radiotherapy such as SBRT, the
baseline period should be shortened to an highly brief cycle
immediately preceding treatment. Increase the frequency of sample
collection during the intervention period (e.g., once weekly) to
capture rapid changes in the microbiome.

6.3 Dose exploration: from empirical to
precision

The dose-response relationship of microbiome interventions
remains unclear (Lee et al., 2015) and requires exploration through
early-stage trials.

6.3.1 Probiotic dosage

Employ a classic dose-escalation design (e.g., 3 + 3 model),
starting with a lower dose (e.g., 5% 10A9 CFU/day). Gradually
increase the dose based on tolerability and the modulation of
microbial community effects (e.g., colonization rate of target bacteria)
to determine the recommended phase II dose (RP2D).

6.3.2 Prebiotic dosage

When combined with prebiotics, the optimal dosage must be
individually determined to avoid gastrointestinal discomfort (such as
bloating or diarrhea) caused by high doses. Start with a low dose and
gradually increase it.

6.3.3 Dose adjustment strategy

Preset dose adjustment criteria. If certain prognostic target
biomarkers fail to meet standards, the dose may be increased; if
>Grade 2 gastrointestinal adverse reactions occur, the dose should be
temporarily reduced or suspended.

Example: A Phase I trial of “Probiotics Combined with Lung
Cancer SBRT” may be designed with three dose groups (low dose,
medium dose, higher dose) to evaluate the microbial colonization rate
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and adverse reaction incidence in each group, thereby determining the
recommended Phase II dose (RP2D).

6.4 Biomarker integration: enabling
dynamic personalized treatment

The core to the trial’s success lies in deeply integrating biomarkers
to form a closed-loop management system encompassing prediction,
monitoring, and adjustment.

6.4.1 Inclusion screening biomarkers (predictive)

Only patients likely to benefit should be enrolled, such as those with
beneficial bacterial abundance above the median at baseline, low
harmful bacterial abundance, and no recent antibiotic use. This
enhances the homogeneity of the trial population and improves
response rates.

6.4.2 Mid-term adjustment markers (monitoring)
At the midpoint of intervention (e.g., week 2 of radiotherapy),
if fecal SCFA levels decrease rather than increase, or if target
microbiota fail to colonize successfully, this indicates the current
intervention protocol may be ineffective and should be promptly
adjusted (e.g., by changing bacterial strains or increasing prebiotics).

6.4.3 Therapeutic response predictors
(evaluation)

Following radiotherapy, patients who exhibit sustained favorable
immune changes—such as increased CTL ratios and decreased Treg
ratios—demonstrate predictive indicators of a favorable long-
term prognosis.

6.4.4 Technical implementation

To meet the timeliness requirements of dynamic monitoring,
rapid quantitative analysis of key microbial communities via qPCR is
recommended, with targeted detection of metabolite levels using high-
performance liquid chromatography-mass spectrometry (HPLC/MS).

7 Critical evaluation and discussion:
confronting limitations and charting
new paths

Despite the promising prospects of the microbiome in regulating
radiosensitivity, it is essential to maintain a clear-eyed awareness of the
significant challenges and controversies present in current research—
this is crucial for advancing the field toward maturity.

7.1 Translational gap: challenges in bridging
animal models to clinical practice

The primary reasons for the poor success rate in translating
preclinical research findings into clinical applications are:

7.1.1 Species differences

The gut microbiota composition of commonly used animal
models (e.g., SPF-grade mice) differs significantly from that of
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humans [e.g., Bacteroidetes phylum abundance is approximately 10%
in mice (Ley et al., 2005) versus 30-40% in humans (Turnbaugh et al.,
2006)], and lacks human-specific bacterial groups (e.g., Akkermansia
species) (Routy et al., 2018). Consequently, probiotic strains effective
in animal studies (e.g., Lactobacillus rhamnosus GG) exhibit
inconsistent efficacy in human trials (some studies report a 20%
improvement in ORR, while others show no significant difference)
(Anhé et al., 2015).

7.1.2 Mismatch in radiotherapy protocols
Animal studies often employ high-dose single-fraction
(e.g., 20Gy),

predominantly use conventional fractionated radiotherapy (e.g., 2 Gy

radiotherapy whereas human clinical trials
per fraction, 25 fractions total). The extent of radiation damage to the
microbiota and its recovery patterns differ between species (animal
microbiota recovers within 1 week, while human microbiota requires
4-8 weeks), leading to discrepancies in recommended intervention

time windows (Zhao et al., 2021; Nam et al., 2013).

7.1.3 Host heterogeneity

Mice are inbred strains with uniform genetic backgrounds,
whereas humans exhibit individual genetic variations (e.g., TLR4 gene
polymorphisms), leading to differing responses to microbiota
metabolites (e.g., patients carrying the TLR4 rs4986790 allele exhibit
reduced cellular responses to inflammatory stimuli) (Ferwerda et al.,
2008; Barrodia et al., 2024).

Solution pathway: Employ the “Humanized Microbiome Animal
Model (HMA)” by transplanting human fecal microbiota into germ-
free mice to mimic human microbiome characteristics. Concurrently,
conduct “preclinical-clinical” bridging studies using radiation therapy
regimens and intervention time windows consistent with human
protocols in animal experiments to enhance translational efficiency.

7.2 Research heterogeneity: the root cause
of inconsistent findings

The association between the microbiome and radiosensitivity
varies significantly across different studies [e.g., some studies show a
positive correlation between Bifidobacterium and ORR, while others
find no association (Wu et al., 2022; Sivan et al., 2015)]. This variability
primarily stems from the following factors:

7.2.1 Population and sample size

Most studies are single-center and small-sample (n < 50), with
patients exhibiting diverse tumor types, stages, and underlying
conditions (e.g., diabetes, inflammatory bowel disease), leading to
significant variations in microbial profiles. For instance, the abundance
of butyrate-producing bacteria in the intestines of diabetic patients is
markedly reduced (Qin et al., 2012), potentially masking the effects of
probiotic interventions.

Strong confounding factors—diet (e.g., high-fiber diets may
increase SCFA levels) (Then et al., 2024), antibiotic use (within the
past month can reduce a diversity by 50%) (Abeles et al., 2016),
and proton pump inhibitor (PPI) use (affecting gastric acid
secretion and altering gut microbiota) (Imhann et al.,, 2016) all
interfere with the association between the microbiome
and radiosensitivity.

Frontiers in Microbiology

14

10.3389/fmicb.2025.1689735

7.2.2 Technical batch effects

Differences in microbial classification accuracy across
sequencing platforms (e.g., lllumina MiSeq vs. Ion Torrent)—such
as a 20% disparity in detection rates for low-abundance taxa
(<1%) (Salipante et al., 2014) and variations in statistical methods
(e.g., using Shannon index vs. Chaol index for a-diversity
calculations) introduce interpretive biases in results. For example,
the Shannon index showed significantly higher values in the
probiotic group compared to the placebo group (p =0.036),
whereas the Chaol index revealed no significant difference
(Labenz et al., 2023).

7.2.3 Radiotherapy dose error

Calibration discrepancies in radiotherapy dose delivery across
different centers (e.g., +5%) result in variations in the actual radiation
doses received by tumors and normal tissues, thereby affecting the
assessment of radiosensitivity (Cai et al., 2025). For example, when
the same patient receives “50 Gy/25 fractions” radiotherapy at
different centers, the actual tumor dose may differ by 2.5 Gy—
sufficient to alter the microbiome’s response to radiotherapy (e.g., a
30-50% reduction in butyrate-producing bacteria abundance) (Li et
al., 2021).

Resolution path: Conduct multicenter, large-sample studies
(n>200) employing uniform inclusion/exclusion criteria (e.g.,
dietary control, antibiotic use); utilize standardized sequencing
platforms (e.g., llumina NovaSeq) and statistical methods (e.g.,
QIIME?2 for microbiota analysis); precisely control radiation doses via
(IMRT) to minimize

intensity-modulated  radiotherapy

dose variability.

7.3 Intervention risk: safety is never a given

Microbiome-targeted interventions (such as probiotics and fecal
microbiota transplantation) are generally safe, but potential risks still
exist and require attention:

7.3.1 Opportunistic infections

Probiotic use in immunocompromised patients (e.g., those with
post-radiotherapy neutrophil counts <1 x 10°/L) may trigger adverse
reactions (Khorashadizadeh et al., 2024). For instance, a survey of 499
that
approximately 28% had used probiotics; concurrently, the study

cancer patients undergoing chemotherapy revealed
documented several cases of probiotic-associated lactobacillosis and
fungemia (Ciernikova et al., 2017). These findings suggest that
caution is warranted when using probiotics in patients with

hematologic immunosuppression.

7.3.2 Microbiome imbalance

Improper use of probiotics (such as long-term single-strain
interventions) may lead to microbiome imbalance and inhibit the
growth of beneficial bacteria (Nabavi-Rad et al., 2022).

7.3.3 Metabolic side effects

Prebiotics (such as fructooligosaccharides) ferment in the gut,
producing large amounts of gas that may trigger symptoms of bloating
and abdominal pain in patients with irritable bowel syndrome (IBS)
(Lian et al, 2022). Additionally, excessive short-chain fatty acids
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(SCFAs)—such as butyrate concentrations exceeding 8 mmol/L—may
inhibit intestinal epithelial cell proliferation and impair mucosal repair
(Zhi et al., 2021).

7.3.4 Risks of fecal microbiota transplantation
(FMT)

FMT may transmit pathogens carried by the donor (e.g.,
Clostridium difficile, viruses) or result in transplant failure due to
donor-recipient microbiota mismatch (success rate approximately
60-70%) (Porcari et al., 2023).

Resolution pathway: For immunocompromised patients,
administer low-dose probiotics (<5 x 10° CFU/day) while
monitoring complete blood counts; avoid long-term monostrain
interventions and recommend multi-strain probiotics (>3 strains)
(Babot et al.,, 2018); conduct rigorous donor screening before FMT
(e.g., viral testing, fecal pathogen culture) and employ “autologous
fecal microbiota transplantation”
(Fa-Ming et al., 2017).

to reduce rejection risks

7.4 Technical bottlenecks: barriers limiting
cognitive depth

Current technical approaches in microbiome research still have
that
clinical application:

limitations constrain  mechanism  elucidation and

7.4.1 Insufficient identification depth

16S rRNA sequencing can only identify species at the genus level,
failing to distinguish between species or strains (Johnson et al., 2019)
[e.g., Bifidobacterium longum and Bifidobacterium breve within the
Bifidobacterium genus exhibit different regulatory effects on radiation
sensitivity (Yifan et al., 2001)], thereby preventing precise localization
of functional strains. While metagenomic sequencing can achieve
species-level identification, its high cost limits its applicability in large-
scale studies.

7.4.2 Incomplete metabolite coverage

Existing studies predominantly focus on a limited number of
metabolites, such as SCFAs and IPAs (Tian et al., 2020), while
insufficient detection of other key metabolites (e.g., polyamines,
indole sulfates) (Shi and Liu, 2022; Al-Dajani et al., 2024) may
overlook important regulatory mechanisms [e.g., polyamines
promote DNA repair in tumor cells and reduce radiosensitivity
(Wu et al., 2025)].

7.4.3 Establishing causality is challenging

Most studies employ correlation analyses (e.g., linking microbiota
abundance to ORR), and observational research cannot establish a
causal chain from “microbiota — metabolites — radiosensitivity.”
While germ-free mouse models can validate findings, a translation gap
persists, as previously noted.

7.4.4 Lack of dynamic monitoring technology
Current microbiota detection methods require collecting fecal
samples, making real-time dynamic monitoring impossible (e.g., daily
monitoring of microbiota changes during radiotherapy). Meanwhile,
microbial metabolites in blood (such as serum butyrate) have a short
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half-life (approximately 2 h), making it challenging to reflect the long-
term functional status of the microbiota.

Solution path: Develop “low-cost metagenomic sequencing
technology” to achieve species-level identification; employ
“non-targeted metabolomics” (e.g., LC-MS/MS) to cover a broader
range of metabolites; establish causal relationships by integrating

“fecal microbiota transplantation with gene knockout mouse models.”

8 Conclusion

The microbiome has emerged as a key determinant of
radiosensitivity by regulating core mechanisms including DNA
damage repair, immune responses, metabolic reprogramming, and
tumor microenvironment remodeling. Extensive preclinical evidence
demonstrates its immense potential as a radiosensitizer and radiation
protector for normal tissues, opening entirely new dimensions in
cancer therapy. However, individual heterogeneity, unclear causality,
the translational gap between animal models and clinical settings, and
questions regarding the optimal strains, dosages, timing, and safety of
intervention strategies remain major obstacles to achieving
clinical translation.

To overcome these bottlenecks, future research should focus on:

8.1 Deepening mechanism research and
biomarker discovery

Systematically elucidate the molecular pathways of key bacterial
strains and their metabolites (such as butyrate) in specific tumor and
radiotherapy contexts, constructing a microbiome fingerprint capable
of predicting treatment efficacy and toxicity.

8.2 Exploring synergistic effects with
advanced radiotherapy technologies

Investigating the response patterns of the microbiome to emerging
techniques such as stereotactic radiotherapy and proton therapy, and
developing optimal “technology-microbiome” combination strategies.

8.3 Developing precision-engineered
intervention strategies

Moving beyond traditional probiotics, we are pioneering
innovative approaches such as phage-mediated clearance, synthetic
microbial communities, and engineered probiotics to achieve targeted
modulation of the tumor microenvironment.

8.4 Expanding the frontiers of combination
therapies

Conducting systematic evaluations of synergistic effects between
the microbiome and immune checkpoint inhibitors, targeted
therapies, and other agents to clarify their role in reshaping the tumor
immune microenvironment.
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In summary, microbiome research is propelling radiotherapy
from a purely physical technique into a new era of precision
medicine deeply integrated with host biology. Although the path
ahead is fraught with challenges, through interdisciplinary
collaboration, targeting the microbiome will undoubtedly yield
breakthroughs in enhancing radiotherapy efficacy and improving
patient quality of life.

Author contributions

BW: Writing - original draft. AZ: Writing - original draft. WC:
Writing - original draft. YuZ: Writing - original draft. WZ: Writing -
original draft. YiZ: Writing - original draft. QH: Writing - original
draft. NY: Funding acquisition, Writing - original draft. SZ: Writing -
review & editing. JD: Writing - review & editing. NL: Writing - review
& editing. JC: Funding acquisition, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was funded
by the Science and Technology Department Basic Research Project of
Shanxi [No. 202303021221239], the Research Project Supported by
Shanxi Scholarship Council of China No. [2022]210, the Four
“Batches” Innovation Project of Invigorating Medical through Science
and Technology of Shanxi Province No. [2022XM32], the Research
Project of Shanxi Administration of Traditional Chinese Medicine No.
[2024ZYY2B052] and The Science and Education Cultivation Fund of
the National Cancer and Regional Medical Center of Shanxi Provincial
Cancer Hospital (TD2023002, SD2023017, and SD2023022).

References

Abeles, S. R., Jones, M. B., Santiago-Rodriguez, T. M., Ly, M, Klitgord, N., Yooseph, S.,
et al. (2016). Microbial diversity in individuals and their household contacts following
typical antibiotic courses. Microbiome 4:39. doi: 10.1186/540168-016-0187-9

Adams, R. A., Meade, A. M., Madi, A,, Fisher, D., Kay, E., Kenny, S., et al. (2009).
Toxicity associated with combination oxaliplatin plus fluoropyrimidine with or without
cetuximab in the MRC COIN trial experience. Br. J. Cancer 100, 251-258. doi: 10.1038/
5j.bjc.6604877

Adelinik, A., Ali, T,, Seyed Milad, H. H., Mehdji, T., Amir, H. K., and Jafar, A. (2023).
The role of microbial metabolites in cancer and inflammatory diseases: interaction with
the immune system. J. Appl. Biotechnol. Rep. 10, 958-975. doi: 10.30491/
jabr.2022.329366.1497

Al-Dajani, A. A. R,, Hou, Q. K., and Kiang, T. K. L. (2024). Liquid chromatography-
mass spectrometry analytical methods for the quantitation of p-cresol sulfate and
Indoxyl sulfate in human matrices: biological applications and diagnostic potentials.
Pharmaceutics 16:71. doi: 10.3390/pharmaceutics16060743

Al-Fakhrany, O. M., and Elekhnawy, E. (2024). Next-generation probiotics: the
upcoming biotherapeutics. Mol. Biol. Rep. 51:505. doi: 10.1007/5s11033-024-09398-5

Al-Qadami, G., Joanne, B., Ysabella Van, S., Kate, S., Mohsen, D., Johan, V., et al.
(2023). Baseline gut microbiota composition is associated with oral mucositis and

tumour recurrence in patients with head and neck cancer: a pilot study. Support Care
Cancer 31:98. doi: 10.1007/s00520-022-07559-5

Alterio, D., Jereczek-Fossa, B. A., Fiore, M. R., Piperno, G., Ansarin, M., and
Orecchia, R. (2007). Cancer treatment-induced oral mucositis. Anticancer Res. 27,
1105-1125.

Anee, 1. ], Alam, S., Begum, R. A, Shahjahan, R. M., and Khandaker, A. M. (2021).
The role of probiotics on animal health and nutrition. J. Basic Appl Zool. 82:52. doi:
10.1186/541936-021-00250-x

Anhé, E E, Roy, D, Pilon, G., Dudonné, S., Matamoros, S., Varin, T. V,, et al. (2015). A
polyphenol-rich cranberry extract protects from diet-induced obesity, insulin resistance

Frontiers in Microbiology

16

10.3389/fmicb.2025.1689735

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1689735/
full#supplementary-material

and intestinal inflammation in association with increased Akkermansia spp. population in
the gut microbiota of mice. Gut 64, 872-883. doi: 10.1136/gutjnl-2014-307142

Babot, J. D., Arganaraz-Martinez, E., Saavedra, L., Apella, M. C., and Chaia, A. P.
(2018). Compatibility and safety of five lectin-binding putative probiotic strains for the
development of a multi-strain protective culture for poultry. Benef Microbes 9, 927-935.
doi: 10.3920/BM2017.0199

Bar, N., Korem, T., Weissbrod, O., Zeevi, D., Rothschild, D., Leviatan, S., et al. (2020).
A reference map of potential determinants for the human serum metabolome. Nature
588, 135-140. doi: 10.1038/541586-020-2896-2

Barrodia, P, Arslan, E., Jeter-Jones, S. L., Jenq, R. R., Rai, K., and Piwnica-Worms, H.
(2024). Abstract 6031: Fasting associated microbiota contributes to small intestinal
radioprotection by modulating the epigenome. Cancer Res. 84, 6031-6031. doi:
10.1158/1538-7445.am2024-6031

Berge, D. L., De Ridder, M., Verovski, V. N., Janssens, M. Y., Monsaert, C., and
Storme, G. A. (2001). Chronic hypoxia modulates tumour cell radioresponse through
cytokine-inducible nitric oxide synthase. Br. J. Cancer 84, 1122-1125. doi: 10.1054/
bjoc.2000.1719

Bermudez-Brito, M., Plaza-Diaz, J., Munoz-Quezada, S., Gomez-Llorente, C., and
Gil, A. (2012). Probiotic mechanisms of action. Ann. Nutr. Metab. 61, 160-174. doi:
10.1159/000342079

Bhattacharya, S., and Asaithamby, A. (2017). Repurposing DNA repair factors to
eradicate tumor cells upon radiotherapy. Transl. Cancer Res. 6, $822-s839. doi: 10.21037/
tcr.2017.05.22

Bose, K. S., and Sarma, R. H. (1975). Delineation of the intimate details of the
backbone conformation of pyridine nucleotide coenzymes in aqueous solution. Biochem.
Biophys. Res. Commun. 66, 1173-1179. doi: 10.1016/0006-291X(75)90482-9

Cai, J. H,, Peng, X., and Lu, J. Y. (2025). Dosimetric and radiobiological impact of
patient setup errors in intensity-modulated radiotherapy for esophageal cancer. Technol.
Cancer Res. Treat. 24:15330338241311136. doi: 10.1177/15330338241311136

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1689735
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1689735/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1689735/full#supplementary-material
https://doi.org/10.1186/s40168-016-0187-9
https://doi.org/10.1038/sj.bjc.6604877
https://doi.org/10.1038/sj.bjc.6604877
https://doi.org/10.30491/jabr.2022.329366.1497
https://doi.org/10.30491/jabr.2022.329366.1497
https://doi.org/10.3390/pharmaceutics16060743
https://doi.org/10.1007/s11033-024-09398-5
https://doi.org/10.1007/s00520-022-07559-5
https://doi.org/10.1186/s41936-021-00250-x
https://doi.org/10.1136/gutjnl-2014-307142
https://doi.org/10.3920/BM2017.0199
https://doi.org/10.1038/s41586-020-2896-2
https://doi.org/10.1158/1538‑7445.am2024‑6031
https://doi.org/10.1054/bjoc.2000.1719
https://doi.org/10.1054/bjoc.2000.1719
https://doi.org/10.1159/000342079
https://doi.org/10.21037/tcr.2017.05.22
https://doi.org/10.21037/tcr.2017.05.22
https://doi.org/10.1016/0006-291X(75)90482-9
https://doi.org/10.1177/15330338241311136

Wu et al.

Campbell, A. M., and Decker, R. H. (2017). Mini-review of conventional and
hypofractionated radiation therapy combined with immunotherapy for non-small cell
lung cancer. Transl Lung Cancer Res 6, 220-229. doi: 10.21037/tlcr.2017.03.02

Chang, C.J, Lin, T. L., Tsai, Y. L., Wu, T. R,, Lai, W. E, Lu, C. C,, et al. (2019). Next
generation probiotics in disease amelioration. J. Food Drug Anal. 27, 615-622. doi:
10.1016/j.jfda.2018.12.011

Chapot-Chartier, M. P, and Kulakauskas, S. (2014). Cell wall structure and function
in lactic acid bacteria. Microb. Cell Factories 13:S9. doi: 10.1186/1475-2859-13-S1-S9

Chen, X,, Lin, L., Chen, G., Yan, H,, Li, Z., Xiao, M., et al. (2022). High levels of
DEAH-box helicases relate to poor prognosis and reduction of DHX9 improves
radiosensitivity of hepatocellular carcinoma. Front. Oncol. 12:12. doi: 10.3389/
fonc.2022.900671

Chen, L. I, et al. (2014). Effect of probiotics on the prevention of acute radiation
enteritis. J. Chin. Pract. Diagn. Ther. 28, 926-927. doi: 10.13507/j.
issn.1674-3474.2014.07.039

Chen, Y, Yang, C., Lujun, Z., and Ping, W. (2015). Research on the progress of EGFR
inhibitors in tumor inhibition and radio-sensitization. Chin. J. Clin. Oncol.. 42, 580-584.
doi: 10.3969/j.issn.1000-8179.20150390

ChenXi, L., Wei, W,, Mu-Qiu, L., Xiao-Rong, T., Meng, Z., and Zhong-Cheng, G.
(2024). Reconsideration concerning the role of Porphyromonas gingivalis in oral
squamous cell carcinoma: a narrative review. Chin. Bull. Life Sci. 36, 741-748. doi:
10.13376/j.cbls/2024076

Chitapanarux, I., Chitapanarux, T., Traisathit, P, Kudumpee, S., Tharavichitkul, E.,
and Lorvidhaya, V. (2010). Randomized controlled trial of live Lactobacillus acidophilus
plus Bifidobacterium bifidum in prophylaxis of diarrhea during radiotherapy in cervical
cancer patients. Radiat. Oncol. 5:31. doi: 10.1186/1748-717X-5-31

Chung, W. O,, An, ]. Y, Yin, L., Hacker, B. M., Rohani, M. G., Dommisch, H., et al.
(2010). Interplay of protease-activated receptors and NOD pattern recognition receptors
in epithelial innate immune responses to bacteria. Immunol. Lett. 131, 113-119. doi:
10.1016/j.imlet.2010.02.006

Ciernikova, S., Mego, M., Semanova, M., Wachsmannova, L., Adamcikova, Z.,
Stevurkova, V., et al. (2017). Probiotic survey in cancer patients treated in the outpatient
Department in a Comprehensive Cancer Center. Integr. Cancer Ther. 16, 188-195. doi:
10.1177/1534735416643828

Cook, S. I, and Sellin, J. H. (1998). Review article: short chain fatty acids in health and
disease. Aliment. Pharmacol. Ther. 12, 499-507. doi: 10.1046/j.1365-2036.1998.00337.x

Crawford, P. A., and Gordon, J. I. (2005). Microbial regulation of intestinal
radiosensitivity. Proc. Natl. Acad. Sci. USA 102, 13254-13259. doi: 10.1073/
pnas.0504830102

Dehghani, N., Tafvizi, F, and Jafari, P. (2021). Cell cycle arrest and anti-cancer
potential of probiotic Lactobacillus rhamnosus against HT-29 cancer cells. Bioimpacts
11, 245-252. doi: 10.34172/bi.2021.32

Ding, C., Tang, W, Fan, X,, and Wu, G. (2018). Intestinal microbiota: a novel
perspective in colorectal cancer biotherapeutics. Onco. Targets. Ther. 11, 4797-4810. doi:
10.2147/OTT.S170626

Dubin, K., Callahan, M. K., Ren, B., Khanin, R, Viale, A., Ling, L., et al. (2016).
Intestinal microbiome analyses identify melanoma patients at risk for checkpoint-
blockade-induced colitis. Nat. Commun. 7:10391. doi: 10.1038/ncomms10391

Duda-Chodak, A., Tarko, T., Satora, P,, and Sroka, P. (2015). Interaction of dietary
compounds, especially polyphenols, with the intestinal microbiota: a review. Eur. J. Nutr.
54, 325-341. doi: 10.1007/s00394-015-0852-y

Dyer, B. A., Zamarin, D., Eskandar, R. N., and Mayadev, J. M. (2019). Role of
immunotherapy in the management of locally advanced and recurrent/metastatic
cervical cancer. J. Natl. Compr. Cancer Netw. 17, 91-97. doi: 10.6004/jnccn.2018.7108

Ebersole, J. L., Dawson, D. R. III, Morford, L. A., Peyyala, R., Miller, C. S., and
Gonzaléz, O. A. (2000). Periodontal disease immunology: 'double indemnity" in
protecting the host. Periodontol. 62, 163-202. doi: 10.1111/prd.12005

EIGI, M. P, Tugba, E, Sinem, K., Nesli, E., Merve, A., and Taner, O. (2022). Overview
of the angiogenic effect of probiotics (Lactobacillus acidophilus and Lactobacillus
rhamnosus) at human umbilical vein endothelial cells. J. Health Sci. Med. 5, 765-770.
doi: 10.32322/jhsm.1025896

Elson, C. O., and Cong, Y. (2012). Host-microbiota interactions in inflammatory
bowel disease. Gut Microbes 3, 332-344. doi: 10.4161/gmic.20228

Fakruddin, M., Chowdhury, Z., Shibly, S. U, Ul Islam, S. M., Jime, J. S., Bulbul, N.,
et al. (2024). Microbial avengers: how microorganisms drive angiogenesis for good and
bad? J. Angiother 8, 1-12. doi: 10.25163/angiotherapy.859650

Fa-Ming, Z., Chu-Yan, L., and Pan, L. I. (2017). The holistic integrative view on the
system of fecal microbiota transplantation. Chin. Bull. Life Sci. 29, 651-659. doi:
10.13376/j.cbls/2017089

Feigenberg, S. J., Costabile, E, Tanes, C., Bittinger, K., OConnor, R., Agarwal, D., et al.
(2025). Enhancing outcomes in medically inoperable early-stage NSCLC with gut-
targeted antibiotics and stereotactic body radiotherapy: results from a randomized pilot
study. Journal for immunotherapy of cancer, 13:¢011356. doi: 10.1136/jitc-2024-011356

Feitelson, M. A., Arzumanyan, A., Medhat, A., and Spector, I. (2023). Short-chain fatty
acids in cancer pathogenesis. Cancer Metastasis Rev. 42, 677-698. doi: 10.1007/
§10555-023-10117-y

Frontiers in Microbiology

17

10.3389/fmicb.2025.1689735

Ferwerda, B., McCall, M. B. B,, Verheijen, K., Kullberg, B. ]., van der Ven, A. J. A.
M., van der Meer, J. W. M., et al. (2008). Functional consequences of toll-like receptor
4 polymorphisms. Mol. Med. 14, 346-352. doi: 10.2119/2007-00135.Ferwerda

Foglietta, E, Serpe, L., Canaparo, R., Vivenza, N., Riccio, G., Imbalzano, E., et al.
(2014). Modulation of butyrate anticancer activity by solid lipid nanoparticle delivery:
an in vitro investigation on human breast cancer and leukemia cell lines. J. Pharm.
Pharm. Sci. 17, 231-247. doi: 10.18433/J3XP4R

Gao, W, Liu, Y. E, Zhang, Y. X., Wang, Y,, Jin, Y. Q,, Yuan, H., et al. (2024). The
potential role of hydrogen sulfide in cancer cell apoptosis. Cell Death Discov 10:114. doi:
10.1038/s41420-024-01868-w

Gately, S. (2019). Human microbiota and personalized cancer treatments: role of
commensal microbes in treatment outcomes for cancer patients. Cancer Treat. Res. 178,
253-264. doi: 10.1007/978-3-030-16391-4_10

Gawel, S., Wardas, M., Niedworok, E., and Wardas, P. (2004). Malondialdehyde
(MDA) as a lipid peroxidation marker. Wiad. Lek. 57, 453-455

Ge, Z., Chen, C,, Chen, ], Jiang, Z., Chen, L., Wei, Y, et al. (2024). Gut microbiota-
derived 3-hydroxybutyrate blocks GPR43-mediated IL6 signaling to ameliorate
radiation proctopathy. Adv Sci (Weinh) 11:¢2306217. doi: 10.1002/advs.202306217

Geng, H. W,, Yin, FE Y,, Zhang, Z. E, Gong, X., and Yang, Y. (2021). Butyrate
suppresses glucose metabolism of colorectal cancer cells via GPR109a-AKT signaling
pathway and enhances chemotherapy. Front. Mol. Biosci. 8:634874. doi: 10.3389/
fmolb.2021.634874

Geng, F, Zhang, Y., Lu, Z., Zhang, S., and Pan, Y. (2020). Fusobacterium nucleatum
caused DNA damage and promoted cell proliferation by the Ku70/p53 pathway in oral
cancer cells. DNA Cell Biol. 39, 144-151. doi: 10.1089/dna.2019.5064

Gibellini, L., Borella, R., Santacroce, E., Serattini, E., Boraldi, F,, Quaglino, D., et al.
(2023). Circulating and tumor-associated neutrophils in the era of immune checkpoint
inhibitors: dynamics, phenotypes, metabolism, and functions. Cancers (Basel) 15:3327.
doi: 10.3390/cancers15133327

Gomes, S., Rodrigues, A. C., Pazienza, V., and Preto, A. (2023). Modulation of the
tumor microenvironment by microbiota-derived short-chain fatty acids: impact in
colorectal cancer therapy. Int. J. Mol. Sci. 24:5069. doi: 10.3390/ijms24065069

Gong, R., and Li, H. (2025). The role of 418 gut microbiota in small cell lung cancer
progression: a Mendelian randomisation study. J. Coll. Physicians Surg. Pak. 35, 60-65.
doi: 10.29271/jcpsp.2025.01.60

Gong, C,, Li, W, Wu, ], Li, Y. Y,, Ma, Y., and Tang, L. W. (2023). AKBA inhibits
radiotherapy resistance in lung cancer by inhibiting maspin methylation and regulating
the AKT/FOXO1/p21 axis. J. Radiat. Res. 64, 33-43. doi: 10.1093/jrr/rrac064

Gong, L., Yang, S., Huang, J., and Li, Y. (2024). Modulation of gut microbiota in
targeted cancer therapy: insights on the EGFR/VEGF/KRAS pathways. Cancer Biol.
Med. 21, 1141-1155. doi: 10.20892/j.issn.2095-3941.2024.0320

Gordon, K. B., Smyk, D. I, and Gulidov, I. A. (2021). Proton therapy in head and neck
Cancer treatment: state of the problem and development prospects (review). Sovrem
Tekhnologii Med 13, 70-80. doi: 10.17691/stm2021.13.4.08

Gorodetska, I., Kozeretska, I., and Dubrovska, A. (2019). BRCA genes: the role in
genome stability, cancer stemness and therapy resistance. J. Cancer 10, 2109-2127. doi:
10.7150/jca.30410

Gundy, C. M., Fayers, P. M., Groenvold, M., Petersen, M. A., Scott, N. W,
Sprangers, M. A. G., et al. (2012). Comparing higher order models for the EORTC
QLQ-C30. Qual. Life Res. 21, 1607-1617. doi: 10.1007/s11136-011-0082-6

Guo, P, Tian, Z.,, Kong, X,, Yang, L., Shan, X., Dong, B, et al. (2020). FadA promotes DNA

damage and progression of Fusobacterium nucleatum-induced colorectal cancer through
up-regulation of chk2. J. Exp. Clin. Cancer Res. 39:202. doi: 10.1186/s13046-020-01677-w

Gutschner, T, and Diederichs, S. (2012). The hallmarks of cancer: a long non-coding
RNA point of view. RNA Biol. 9, 703-719. doi: 10.4161/rna.20481

Hifner, M. E, and Debus, J. (2016). Radiotherapy for colorectal cancer: current
standards and future perspectives. Visc Med 32, 172-177. doi: 10.1159/000446486

Hamada, A., Cédric, T., Michel, D., and Eric, G. (2018). Trained immunity carried by
non-immune cells. Front. Microbiol. 9:3225. doi: 10.3389/fmicb.2018.03225

Han, A, Bennett, N., Ahmed, B., Whelan, J., and Donohoe, D. R. (2018). Butyrate
decreases its own oxidation in colorectal cancer cells through inhibition of histone
deacetylases. Oncotarget 9, 27280-27292. doi: 10.18632/oncotarget.25546

Hassranah, S. C., Ramnarine, A., Parbhu, S., and Naraynsingh, V. (2022). Small bowel
obstruction caused by an aggressive weight loss diet in a patient with no predisposing
factors. Cureus 14:€32594. doi: 10.7759/cureus.32594

He, K. Y., Lei, X. Y., Wu, D. H,, Zhang, L., Li, J. Q, Li, Q. T, et al. (2023). Akkermansia
muciniphila protects the intestine from irradiation-induced injury by secretion of
propionic acid. Gut Microbes 15:2293312. doi: 10.1080/19490976.2023.2293312

Heijmen, B. Stereotactic body radiation therapy (SBRT). In 9th Biennial Meeting on
Physics and Radiation Technology for Clinical (2007).

Hernandez, C., Huebener, P, and Schwabe, R. E (2016). Damage-associated molecular
patterns in cancer: a double-edged sword. Oncogene 35, 5931-5941. doi: 10.1038/0nc¢.2016.104

Herrera, E G., Bourhis, J., and Coukos, G. (2017). Radiotherapy combination
opportunities leveraging immunity for the next oncology practice. CA Cancer J. Clin.
67, 65-85. doi: 10.3322/caac.21358

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1689735
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.21037/tlcr.2017.03.02
https://doi.org/10.1016/j.jfda.2018.12.011
https://doi.org/10.1186/1475-2859-13-S1-S9
https://doi.org/10.3389/fonc.2022.900671
https://doi.org/10.3389/fonc.2022.900671
https://doi.org/10.13507/j.issn.1674-3474.2014.07.039
https://doi.org/10.13507/j.issn.1674-3474.2014.07.039
https://doi.org/10.3969/j.issn.1000-8179.20150390
https://doi.org/10.13376/j.cbls/2024076
https://doi.org/10.1186/1748-717X-5-31
https://doi.org/10.1016/j.imlet.2010.02.006
https://doi.org/10.1177/1534735416643828
https://doi.org/10.1046/j.1365-2036.1998.00337.x
https://doi.org/10.1073/pnas.0504830102
https://doi.org/10.1073/pnas.0504830102
https://doi.org/10.34172/bi.2021.32
https://doi.org/10.2147/OTT.S170626
https://doi.org/10.1038/ncomms10391
https://doi.org/10.1007/s00394-015-0852-y
https://doi.org/10.6004/jnccn.2018.7108
https://doi.org/10.1111/prd.12005
https://doi.org/10.32322/jhsm.1025896
https://doi.org/10.4161/gmic.20228
https://doi.org/10.25163/angiotherapy.859650
https://doi.org/10.13376/j.cbls/2017089
https://doi.org/10.1136/jitc-2024-011356
https://doi.org/10.1007/s10555-023-10117-y
https://doi.org/10.1007/s10555-023-10117-y
https://doi.org/10.2119/2007-00135.Ferwerda
https://doi.org/10.18433/J3XP4R
https://doi.org/10.1038/s41420-024-01868-w
https://doi.org/10.1007/978-3-030-16391-4_10
https://doi.org/10.1002/advs.202306217
https://doi.org/10.3389/fmolb.2021.634874
https://doi.org/10.3389/fmolb.2021.634874
https://doi.org/10.1089/dna.2019.5064
https://doi.org/10.3390/cancers15133327
https://doi.org/10.3390/ijms24065069
https://doi.org/10.29271/jcpsp.2025.01.60
https://doi.org/10.1093/jrr/rrac064
https://doi.org/10.20892/j.issn.2095-3941.2024.0320
https://doi.org/10.17691/stm2021.13.4.08
https://doi.org/10.7150/jca.30410
https://doi.org/10.1007/s11136-011-0082-6
https://doi.org/10.1186/s13046-020-01677-w
https://doi.org/10.4161/rna.20481
https://doi.org/10.1159/000446486
https://doi.org/10.3389/fmicb.2018.03225
https://doi.org/10.18632/oncotarget.25546
https://doi.org/10.7759/cureus.32594
https://doi.org/10.1080/19490976.2023.2293312
https://doi.org/10.1038/onc.2016.104
https://doi.org/10.3322/caac.21358

Wu et al.

Hou, M., Yu, Q. Q, Yang, L., Zhao, H., Jiang, P, Qin, L., et al. (2024). The role of short-
chain fatty acid metabolism in the pathogenesis, diagnosis and treatment of cancer.
Front. Oncol. 14:1451045. doi: 10.3389/fonc.2024.1451045

Hsieh, Y. Y., Kuo, W. L., Hsu, W. T., Tung, S. Y., and Li, C. (2022). Fusobacterium
nucleatum-induced tumor mutation burden predicts poor survival of gastric Cancer
patients. Cancers (Basel) 15:269. doi: 10.3390/cancers15010269

Hua, T, Gao, Y., Zhang, R., Wei, Y., and Chen, F. (2022). Validating ORR and PFS as
surrogate endpoints in phase II and III clinical trials for NSCLC patients: difference
exists in the strength of surrogacy in various trial settings. BMC Cancer 22:1022. doi:
10.1186/512885-022-10046-z

Huang, F, Li, S., Chen, W, Han, Y, Yao, Y,, Yang, L., et al. (2023). Postoperative
probiotics administration attenuates gastrointestinal complications and gut microbiota
dysbiosis caused by chemotherapy in colorectal cancer patients. Nutrients 15:356. doi:
10.3390/nu15020356

Huang, X., Nepovimova, E., Adam, V,, Sivak, L., Heger, Z., Valko, M., et al. (2024).
Neutrophils in cancer immunotherapy: friends or foes? Mol. Cancer 23:107. doi:
10.1186/512943-024-02004-z

Imhann, E, Bonder, M. J., Vich Vila, A, Fu, J., Mujagic, Z., Vork, L., et al. (2016).
Proton pump inhibitors affect the gut microbiome. Gut 65, 740-748. doi: 10.1136/
gutjnl-2015-310376

Ito, T., Wang, Y. H., Duramad, O., Hori, T,, Delespesse, G. J., Watanabe, N., et al. (2005).
TSLP-activated dendritic cells induce an inflammatory T helper type 2 cell response through
OX40 ligand. J. Exp. Med. 202, 1213-1223. doi: 10.1084/jem.20051135

Jiabei, Z., Nan, H., Zhonggi, C., Qingyuan, Y., and Qiuhui, P. (2018). Targeting
inhibition on the overexpressed HRR proteins in cancer cells to enhance chemoradio-
sensitivity. Lab. Med. 33, 657-662.

Jiadi, L., and Songging, F. (2014). Research progress in molecular targets of triple-
negative breast cancer. J. Clin. Pathol. Res. 34, 849-853. doi: 10.3978/j.
issn.2095-6959.2014.06.039

Jiang, R., Liu, Y., Zhang, H., Chen, Y,, Liu, T,, Zeng, J., et al. (2022). Distinctive microbiota
of delayed healing of oral mucositis after radiotherapy of nasopharyngeal carcinoma. Front.
Cell. Infect. Microbiol. 12:1070322. doi: 10.3389/fcimb.2022.1070322

Johnson, J. S., Spakowicz, D. J., Hong, B. Y., Petersen, L. M., Demkowicz, P,, Chen, L.,
et al. (2019). Evaluation of 16S rRNA gene sequencing for species and strain-level
microbiome analysis. Nat. Commun. 10:5029. doi: 10.1038/s41467-019-13036-1

Kaur, P, and Asea, A. (2012). Radiation-induced effects and the immune system in
cancer. Front. Oncol. 2:191. doi: 10.3389/fonc.2012.00191

Kerr, A. R. (2015). The oral microbiome and cancer. J. Dent. Hyg. 89:20-23.

Khan, I. M., Nassar, N., Chang, H., Khan, S., Cheng, M., Wang, Z., et al. (2024). The
microbiota: a key regulator of health, productivity, and reproductive success in
mammals. Front. Microbiol. 15:1480811. doi: 10.3389/fmicb.2024.1480811

Khorashadizadeh, S., Abbasifar, S., Yousefi, M., Fayedeh, E, and Moodi Ghalibaf, A. (2024).
'The role of microbiome and probiotics in chemo-radiotherapy-induced diarrhea: a narrative
review of the current evidence. Cancer Rep (Hoboken) 7:¢70029. doi: 10.1002/cnr2.70029

Kim, E., Bisson, H. W,, Lohr, V. C., Williams, E. D., Ho, E., Dashwood, H. R,, et al.
(2016). Histone and non-histone targets of dietary deacetylase inhibitors. other 16,
714-731. doi: 10.2174/1568026615666150825125857

Kobylinska, L., Klyuchivska, O., Lesyk, R., and Stoika, R. (2019). Targeting of the pro-
oxidant-antioxidant balance in vitro and in vivo by 4-thiazolidinone-based chemotherapeutics
with anticancer potential. Ukrainian Biochem. J. 91, 7-17. doi: 10.15407/ubj91.02.007

Kolahi Sadeghi, L., Vahidian, E, Eterafi, M., and Safarzadeh, E. (2024). Gastrointestinal
cancer resistance to treatment: the role of microbiota. Infect Agent Cancer 19:50. doi:
10.1186/s13027-024-00605-3

Kusumo, P. D., Maulahela, H., Utari, A. P, Surono, I. S., Soebandrio, A., and
Abdullah, M. (2019). Probiotic Lactobacillus plantarum IS 10506 supplementation
increase SCFA of women with functional constipation. Iran ] Microbiol 11, 389-396. doi:
10.18502/ijm.v11i5.1957

Labenz, J., Borkenstein, D. P, Heil, E. J., Madisch, A., Tappe, U., Schmidt, H., et al. (2023).
Application of a multispecies probiotic reduces gastro-intestinal discomfort and induces
microbial changes after colonoscopy. Front. Oncol. 12:12. doi: 10.3389/fonc.2022.1078315

Lamont, R. J., Miller, D. P, and Bagaitkar, J. (2023). Illuminating the oral microbiome:
cellular microbiology. FEMS Microbiol. Rev. 47:fuad045. doi: 10.1093/femsre/fuad045

Laurent, P. A., Morel, D., Meziani, L., Depil, S., and Deutsch, E. (2023). Radiotherapy
as a means to increase the efficacy of T-cell therapy in solid tumors. Onco Targets Ther
12:2158013. doi: 10.1080/2162402X.2022.2158013

Laurini, E., Marson, D., Fermeglia, A., Aulic, S., Fermeglia, M., and Pricl, S. (2020).
Role of Rad51 and DNA repair in cancer: a molecular perspective. Pharmacol. Ther.
208:107492. doi: 10.1016/j.pharmthera.2020.107492

Law, C. C. (2017). Watch-and-wait approach for clinical complete responders after
neoadjuvant Chemoradiotherapy for rectal Cancer. Hong Kong J. Radiol. 20, 282-290.
doi: 10.12809/hkjr1716915

Lee, S. Y., Jeong, E. K., Ju, M. K,, Jeon, H. M., Kim, M. Y., Kim, C. H., et al. (2017).
Induction of metastasis, cancer stem cell phenotype, and oncogenic metabolism in
cancer cells by ionizing radiation. Mol. Cancer 16:10. doi: 10.1186/s12943-016-0577-4

Frontiers in Microbiology

10.3389/fmicb.2025.1689735

Lee, J. R., Muthukumar, T., Dadhania, D., Taur, Y., Jenq, R. R., Toussaint, N. C., et al.
(2015). Gut microbiota and tacrolimus dosing in kidney transplantation. PLoS One
10:€0122399. doi: 10.1371/journal.pone.0122399

Ley, R. E., Bickhed, F, Turnbaugh, P, Lozupone, C. A., Knight, R. D., and Gordon, J. I.
(2005). Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci. USA 102,
11070-11075. doi: 10.1073/pnas.0504978102

Li, H,, Fu, Z. Y, Arslan, M. E,, Cho, D., and Lee, H. (2021). Differential diagnosis and
management of immune checkpoint inhibitor-induced colitis: a comprehensive review.
World ] Exp Med 11, 79-92. doi: 10.5493/wjem.v11.i6.79

Li, M. L., and Greenberg, R. A. (2012). Links between genome integrity and BRCA1
tumor suppression. Trends Biochem. Sci. 37, 418-424. doi: 10.1016/j.tibs.2012.06.007

Li, L., Huang, X., and Chen, H. (2024). Unveiling the hidden players: exploring the
role of gut mycobiome in cancer development and treatment dynamics. Gut Microbes
16:2328868. doi: 10.1080/19490976.2024.2328868

Li, Z., Ke, X., Zuo, D., Wang, Z., Fang, E, and Li, B. (2022). New insights into the
relationship between gut microbiota and radiotherapy for Cancer. Nutrients 15:48. doi:
10.3390/nu15010048

Li, Y, Zhang, Y., Wei, K., He, J., Ding, N., Hua, ], et al. (2021). Review: effect of gut
microbiota and its metabolite SCFAs on radiation-induced intestinal injury. Front. Cell.
Infect. Microbiol. 11:11. doi: 10.3389/fcimb.2021.577236

Lian, G., Xiaoming, H., and Qingming, W. (2022). Research progress in the treatment
and prevention of irritable bowel syndrome. Chin. Gen. Pract. 25, 1148-1154. doi:
10.12114/j.issn.1007-9572.2021.02.138

Liang, F, Sun, Y, Yang, J., Shen, Z., Wang, G., Zhu, J., et al. (2025). Gut microbiome is
associated with radiotherapy response in lung cancer patients with brain metastases.
Front. Cell. Infect. Microbiol. 15:1562831. doi: 10.3389/fcimb.2025.1562831

Liskova, A., Samec, M., Koklesova, L., Kudela, E., Kubatka, P., and Golubnitschaja, O.
(2021). Mitochondriopathies as a clue to systemic disorders-analytical tools and
mitigating measures in context of predictive, preventive, and personalized (3P)
medicine. Int. J. Mol. Sci. 22:7. doi: 10.3390/ijms22042007

Liu, Y., Baba, Y., Ishimoto, T., Gu, X., Zhang, J., Nomoto, D., et al. (2022). Gut
microbiome in gastrointestinal cancer: a friend or foe? Int. J. Biol. Sci. 18, 4101-4117.
doi: 10.7150/ijbs.69331

Liu, J,, Liu, C,, and Yue, J. (2021). Radiotherapy and the gut microbiome: facts and
fiction. Radiat. Oncol. 16:9. doi: 10.1186/s13014-020-01735-9

Lu, L, Li, E, Gao, Y., Kang, S., Li, J., and Guo, J. (2024). Microbiome in radiotherapy:
an emerging approach to enhance treatment efficacy and reduce tissue injury. Mol. Med.
30:105. doi: 10.1186/s10020-024-00873-0

Luo, J. W,, Xu, G. Z., and Tu, G. Y. (2005). Role of radiotherapy in the treatment
of head and neck carcinoma. Zhonghua Er Bi Yan Hou Tou Jing Wai Ke Za Zhi 40,
877-879.

Ma, W,, Zhang, X., and Zhuang, L. (2023). Exogenous hydrogen sulfide induces A375
melanoma cell apoptosis through Overactivation of the unfolded protein response. Clin.
Cosmet. Investig. Dermatol. 16, 1641-1651. doi: 10.2147/CCID.S412588

Mahnke, K., Schonfeld, K., Fondel, S., Ring, S., Karakhanova, S., Wiedemeyer, K., et al.
(2007). Depletion of CD4+CD25+ human regulatory T cells in vivo: kinetics of Treg
depletion and alterations in immune functions in vivo and in vitro. Int. J. Cancer 120,
2723-2733. doi: 10.1002/ijc.22617

Manem, V. S., and Taghizadeh-Hesary, F. (2024). Advances in personalized
radiotherapy. BMC Cancer 24:556. doi: 10.1186/512885-024-12317-3

Mathew, O. P, Ranganna, K., Mathew, J., Zhu, M., Yousefipour, Z., Selvam, C., et al.
(2019). Cellular effects of butyrate on vascular smooth muscle cells are mediated
through disparate actions on dual targets, histone deacetylase (HDAC) activity and
PI3K/Akt signaling network. Int. J. Mol. Sci. 20:2902. doi: 10.3390/ijms20122902

Missiaen, R., Lesner, N. P,, and Simon, M. C. (2023). HIF: a master regulator of
nutrient availability and metabolic cross-talk in the tumor microenvironment. EMBO
J. 42:€112067. doi: 10.15252/emb;j.2022112067

Mladenov, E., Magin, S., Soni, A., and Iliakis, G. (2013). DNA double-strand break
repair as determinant of cellular radiosensitivity to killing and target in radiation
therapy. Front. Oncol. 3:113. doi: 10.3389/fonc.2013.00113

Modi, S. R, Collins, J. ], and Relman, D. A. (2014). Antibiotics and the gut microbiota.
J. Clin. Invest. 124, 4212-4218. doi: 10.1172/JC172333

Moraitis, I., Guiu, J., and Rubert, J. (2023). Gut microbiota controlling radiation-
induced enteritis and intestinal regeneration. Trends Endocrinol. Metab. 34, 489-501.
doi: 10.1016/j.tem.2023.05.006

Nabavi-Rad, A., Sadeghi, A., Asadzadeh Aghdaei, H., Yadegar, A., Smith, S. M., and
Zali, M. R. (2022). The double-edged sword of probiotic supplementation on gut
microbiota structure in Helicobacter pylori management. Gut Microbes 14:2108655. doi:
10.1080/19490976.2022.2108655

Nam, Y. D, Kim, H. ], Seo, J. G., Kang, S. W,, and Bae, J. W. (2013). Impact of pelvic
radiotherapy on gut microbiota of gynecological cancer patients revealed by massive
pyrosequencing. PLoS One 8:e82659. doi: 10.1371/journal.pone.0082659

Ni, J.J., Zhang, Z. Z., Ge, M. ], Chen, ]. Y., and Zhuo, W. (2023). Inmune-based combination
therapy to convert immunologically cold tumors into hot tumors: an update and new insights.
Acta Pharmacol. Sin. 44, 288-307. doi: 10.1038/s41401-022-00953-z

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1689735
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fonc.2024.1451045
https://doi.org/10.3390/cancers15010269
https://doi.org/10.1186/s12885-022-10046-z
https://doi.org/10.3390/nu15020356
https://doi.org/10.1186/s12943-024-02004-z
https://doi.org/10.1136/gutjnl-2015-310376
https://doi.org/10.1136/gutjnl-2015-310376
https://doi.org/10.1084/jem.20051135
https://doi.org/10.3978/j.issn.2095-6959.2014.06.039
https://doi.org/10.3978/j.issn.2095-6959.2014.06.039
https://doi.org/10.3389/fcimb.2022.1070322
https://doi.org/10.1038/s41467-019-13036-1
https://doi.org/10.3389/fonc.2012.00191
https://doi.org/10.3389/fmicb.2024.1480811
https://doi.org/10.1002/cnr2.70029
https://doi.org/10.2174/1568026615666150825125857
https://doi.org/10.15407/ubj91.02.007
https://doi.org/10.1186/s13027-024-00605-3
https://doi.org/10.18502/ijm.v11i5.1957
https://doi.org/10.3389/fonc.2022.1078315
https://doi.org/10.1093/femsre/fuad045
https://doi.org/10.1080/2162402X.2022.2158013
https://doi.org/10.1016/j.pharmthera.2020.107492
https://doi.org/10.12809/hkjr1716915
https://doi.org/10.1186/s12943-016-0577-4
https://doi.org/10.1371/journal.pone.0122399
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.5493/wjem.v11.i6.79
https://doi.org/10.1016/j.tibs.2012.06.007
https://doi.org/10.1080/19490976.2024.2328868
https://doi.org/10.3390/nu15010048
https://doi.org/10.3389/fcimb.2021.577236
https://doi.org/10.12114/j.issn.1007-9572.2021.02.138
https://doi.org/10.3389/fcimb.2025.1562831
https://doi.org/10.3390/ijms22042007
https://doi.org/10.7150/ijbs.69331
https://doi.org/10.1186/s13014-020-01735-9
https://doi.org/10.1186/s10020-024-00873-0
https://doi.org/10.2147/CCID.S412588
https://doi.org/10.1002/ijc.22617
https://doi.org/10.1186/s12885-024-12317-3
https://doi.org/10.3390/ijms20122902
https://doi.org/10.15252/embj.2022112067
https://doi.org/10.3389/fonc.2013.00113
https://doi.org/10.1172/JCI72333
https://doi.org/10.1016/j.tem.2023.05.006
https://doi.org/10.1080/19490976.2022.2108655
https://doi.org/10.1371/journal.pone.0082659
https://doi.org/10.1038/s41401-022-00953-z

Wu et al.

Nickoloff, J. A. (2022). Targeting replication stress response pathways to enhance
genotoxic chemo- and radiotherapy. Molecules 27:27. doi: 10.3390/molecules27154736

Nickoloff, J. A., Sharma, N., Allen, C. P, Taylor, L., Allen, S. J., Jaiswal, A. S.,
et al. (2023). Roles of homologous recombination in response to ionizing
radiation-induced DNA damage. Int. J. Radiat. Biol. 99, 903-914. doi:
10.1080/09553002.2021.1956001

Palkovsky, M., Nikol, M., Vera, N.-B., Marian, L., and Renata, S. (2025). The
bidirectional impact of cancer radiotherapy and human microbiome: microbiome as
potential anti-tumor treatment efficacy and toxicity modulator. In Vivo 39, 37-54. doi:
10.21873/invivo.13803

Park, O. J., Kwon, Y., Park, C,, So, Y. ]., Park, T. H,, Jeong, S., et al. (2020). Streptococcus
gordonii: pathogenesis and host response to its cell wall components. Microorganisms
8:1852. doi: 10.3390/microorganisms8121852

Park, M., Kwon, J., Shin, H.-. J., Moon, S., Kim, S., Shin, U, et al. (2020). Butyrate
enhances the efficacy of radiotherapy via FOXO3A in colorectal cancer patient-derived
organoids. Int. J. Oncol. 57, 1307-1318. doi: 10.3892/ij0.2020.5132

Patel, R., and DuPont, H. L. (2015). New approaches for bacteriotherapy: prebiotics,
new-generation probiotics, and synbiotics. Clin. Infect. Dis. 60, S108-S121. doi: 10.1093/
cid/civl77

Penet, C., Kramer, R,, Little, R., Spears, J. L., Parker, ., Iyer, J. K., et al. (2021). A
randomized, double-blind, placebo-controlled, parallel study evaluating the efficacy of
Bacillus subtilis MB40 to reduce abdominal discomfort, gas, and bloating. Altern. Ther.
Health Med. 27, 146-157.

Peng, X., Li, Z., Pei, Y., Zheng, S., Liu, J., Wang, J., et al. (2024). Streptococcus salivarius
K12 alleviates Oral mucositis in patients undergoing radiotherapy for malignant head
and neck tumors: a randomized controlled trial. J. Clin. Oncol. 42, 1426-1435. doi:
10.1200/JC0O.23.00837

Peng, Z., Zhuang, J., and Shen, B. (2024). The role of microbiota in tumorigenesis,
progression and treatment of bladder cancer. Microbiome Res Rep 3:5. doi: 10.20517/
mrr.2023.47

Pérez-Tomas, R., and Pérez-Guillén, 1. (2020). Lactate in the tumor microenvironment:
an essential molecule in cancer progression and treatment. Cancers (Basel) 12:3244. doi:
10.3390/cancers12113244

Peyre, L., Meyer, M., Hofman, P, and Roux, J. (2021). TRAIL receptor-induced
features of epithelial-to-mesenchymal transition increase tumour phenotypic
heterogeneity: potential cell survival mechanisms. Br. J. Cancer 124, 91-101. doi:
10.1038/s41416-020-01177-w

Porcari, S., Benech, N., Valles-Colomer, M., Segata, N., Gasbarrini, A., Cammarota, G.,
et al. (2023). Key determinants of success in fecal microbiota transplantation: from
microbiome to clinic. Cell Host Microbe 31, 712-733. doi: 10.1016/j.chom.2023.03.020

Prakash, R., Zhang, Y., Feng, W., and Jasin, M. (2015). Homologous recombination
and human health: the roles of BRCAI, BRCA2, and associated proteins. Cold Spring
Harb. Perspect. Biol. 7:a016600. doi: 10.1101/cshperspect.a016600

Qin, J., Li, Y, Cai, Z,, Li, S., Zhu, J., Zhang, E, et al. (2012). A metagenome-wide
association study of gut microbiota in type 2 diabetes. Nature 490, 55-60. doi: 10.1038/
naturel1450

Qu, Y, Jin, S., Zhang, A., Zhang, B., Shi, X., Wang, J., et al. (2010). Gamma-ray
resistance of regulatory CD4+CD25+Foxp3+ T cells in mice. Radiat. Res. 173, 148-157.
doi: 10.1667/RR0978.1

Rah, B., Mohamed, M. W,, Janeeh, A. S., Kurabi, T. M., Salam, J. S. A., and
Hamad, M. (2025). Fatty allies: how short-chain fatty acids turn the tumor
microenvironment against cancer. Cancer Immunol. Connect 1:5412. doi: 10.69709/
CIConnect.2025.155412

Rochegiie, T., Haenni, M., Mondot, S., Astruc, C., Cazeau, G., Ferry, T, et al. (2021).
Impact of antibiotic therapies on resistance genes dynamic and composition of the
animal gut microbiota. Animals (Basel) 11:3280. doi: 10.3390/ani11113280

Rodriguez-Arrastia, M., Martinez-Ortigosa, A., Rueda-Ruzafa, L., Folch Ayora, A.,
and Ropero-Padilla, C. (2021). Probiotic supplements on oncology patients' treatment-
related side effects: a systematic review of randomized controlled trials. Int. J. Environ.
Res. Public Health 18:4265. doi: 10.3390/ijerph18084265

Routy, B., Jackson, T., Mahlmann, L., Baumgartner, C. K., Blaser, M., Byrd, A., et al.
(2024). Melanoma and microbiota: current understanding and future directions. Cancer
Cell 42, 16-34. doi: 10.1016/j.ccell.2023.12.003

Routy, B., le Chatelier, E., Derosa, L., Duong, C. P. M., Alou, M. T., Daillére, R., et al.
(2018). Gut microbiome influences efficacy of PD-1-based immunotherapy against
epithelial tumors. Science 359, 91-97. doi: 10.1126/science.aan3706

Sahin, 1. D., Jonsson, J. M., and Hedenfalk, I. (2019). Crizotinib and PARP inhibitors
act synergistically by triggering apoptosis in high-grade serous ovarian cancer.
Oncotarget 10, 6981-6996. doi: 10.18632/oncotarget.27363

Salipante, S. J., Kawashima, T., Rosenthal, C., Hoogestraat, D. R., Cummings, L. A.,
Sengupta, D. J., et al. (2014). Performance comparison of Illumina and ion torrent next-
generation sequencing platforms for 16S rRNA-based bacterial community profiling.
Appl. Environ. Microbiol. 80, 7583-7591. doi: 10.1128/ AEM.02206-14

S4dnchez-Alcoholado, L., Laborda-Illanes, A., Otero, A., Ordénez, R,
Gonzalez-Gonzélez, A., Plaza-Andrades, I, et al. (2021). Relationships of gut microbiota
composition, short-chain fatty acids and polyamines with the pathological response to

Frontiers in Microbiology

19

10.3389/fmicb.2025.1689735

neoadjuvant radiochemotherapy in colorectal cancer patients. Int. J. Mol. Sci. 22:9549.
doi: 10.3390/ijms22179549

Sandor, V., Senderowicz, A., Mertins, S., Sackett, D., Sausville, E., Blagosklonny, M. V.,
et al. (2000). P21-dependent g(1) arrest with downregulation of cyclin D1 and
upregulation of cyclin E by the histone deacetylase inhibitor FR901228. Br. . Cancer 83,
817-825. doi: 10.1054/bjoc.2000.1327

Sawa, T., Moriyama, K., and Kinoshita, M. (2024). Current status of bacteriophage therapy
for severe bacterial infections. J. Intensive Care 12:44. doi: 10.1186/s40560-024-00759-7

Schaue, D., and McBride, W. H. (2012). T lymphocytes and normal tissue responses
to radiation. Front. Oncol. 2:2. doi: 10.3389/fonc.2012.00119

Shi, C., and Liu, S. (2022). Technologies for polyamines detection and their
applications in biological samples analysis. Chemistry of Life 42, 119-127. doi: 10.13488/j.
smhx.20210736

Shiao, S. L., and Coussens, L. M. (2010). The tumor-immune microenvironment and
response to radiation therapy. J. Mammary Gland Biol. Neoplasia 15, 411-421. doi:
10.1007/s10911-010-9194-9

Sivan, A., Corrales, L., Hubert, N., Williams, J. B., Aquino-Michaels, K.,
Earley, Z. M., et al. (2015). Commensal Bifidobacterium promotes antitumor immunity
and facilitates anti-PD-L1 efficacy. Science 350, 1084-1089. doi: 10.1126/
science.aac4255

Sun, W,, Ly, S, Li, H., Cui, W,, and Wang, L. (2018). Enhancing the anticancer efficacy
of immunotherapy through combination with histone modification inhibitors. Genes
(Basel) 9:633. doi: 10.3390/genes9120633

Sunkata, R., Herring, J., Walker, L. T., and Verghese, M. (2014). Chemopreventive
potential of probiotics and prebiotics. Food Nutr. Sci. 5, 1800-1809. doi: 10.4236/
fns.2014.518194

Swamy, K. (2023). Therapeutic in situ Cancer vaccine using pulsed stereotactic body
radiotherapy-a translational model. Vaccines (Basel) 12:7. doi: 10.3390/vaccines12010007

Szabo, C. (2016). Gasotransmitters in cancer: from pathophysiology to experimental
therapy. Nat. Rev. Drug Discov. 15, 185-203. doi: 10.1038/nrd.2015.1

Tassopoulos, A., Chalkias, A., Papalois, A., Tacovidou, N., and Xanthos, T. (2017). The
effect of antioxidant supplementation on bacterial translocation after intestinal ischemia
and reperfusion. Redox Rep. 22, 1-9. doi: 10.1080/13510002.2016.1229893

Then, C. K,, Paillas, S., Moomin, A., Misheva, M. D., Moir, R. A., Hay, S. M., et al. (2024).
Dietary fibre supplementation enhances radiotherapy tumour control and alleviates intestinal
radiation toxicity. Microbiome 12:89. doi: 10.1186/540168-024-01804-1

Tian, T., Zhao, Y., Yang, Y., Wang, T, Jin, S., Guo, J., et al. (2020). The protective role
of short-chain fatty acids acting as signal molecules in chemotherapy- or radiation-
induced intestinal inflammation. Am. J. Cancer Res. 10, 3508-3531

Turnbaugh, P. J,, Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., and
Gordon, J. I. (2006). An obesity-associated gut microbiome with increased capacity for
energy harvest. Nature 444, 1027-1031. doi: 10.1038/nature05414

van de Kamp, G., Heemskerk, T., Kanaar, R., and Essers, J. (2021). DNA double strand
break repair pathways in response to different types of ionizing radiation. Front. Genet.
12:738230. doi: 10.3389/fgene.2021.738230

Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009). Understanding the
Warburg effect: the metabolic requirements of cell proliferation. Science 324, 1029-1033.
doi: 10.1126/science.1160809

Velikova, T., Krastev, B., Lozenov, S., Gencheva, R., Peshevska-Sekulovska, M.,
Nikolaev, G., et al. (2021). Antibiotic-related changes in microbiome: the hidden villain
behind colorectal carcinoma immunotherapy failure. Int. . Mol. Sci. 22:1754. doi:
10.3390/ijms22041754

Vinogradskiy, Y., Rusthoven, C. G., Schubert, L., Jones, B., Faught, A., Castillo, R., et al.
(2018). Interim analysis of a two-institution, prospective clinical trial of 4DCT-
ventilation-based functional avoidance radiation therapy. Int. J. Radiat. Oncol. Biol. Phys.
102, 1357-1365. doi: 10.1016/j.ijrobp.2018.07.186

Voshart, D. C., Wiedemann, J., van Luijk, P,, and Barazzuol, L. (2021). Regional
responses in radiation-induced Normal tissue damage. Cancers (Basel) 13:367. doi:
10.3390/cancers13030367

Wang, Y., Wang, X., Chen, Z., Zheng, J., Liu, X, Zheng, Y., et al. (2025). Akkermansia
muciniphila exacerbates acute radiation-induced intestinal injury by depleting mucin
and enhancing inflammation. ISME J. 19:wraf084. doi: 10.1093/ismejo/wraf084

Wang, S., Shun, L., Mengli, Z., Ruihan, L., Xigang, Y., Siyi, M., et al. (2025). Unraveling

the role of the microbiota in cancer immunotherapy: a new frontier. Research 8:0744.
doi: 10.34133/research.0744

Wanyi, L., Han, J., Zhou, X., Peng, X., and Zheng, X. (2023). Research progress on the
mechanism of Fusobacterium nucleatum promoting the initiation and development of
colorectal cancer. Int. J. Stomatol. 50, 52-60. doi: 10.7518/gjkq.2023011

Wedlake, L. J. (2018). Nutritional strategies to prevent gastrointestinal toxicity during
pelvic radiotherapy. Proc. Nutr. Soc. 77, 357-368. doi: 10.1017/S0029665118000101

Wedlake, L., Shaw, C., McNair, H., Lalji, A., Mohammed, K., Klopper, T, et al. (2017).
Randomized controlled trial of dietary fiber for the prevention of radiation-induced
gastrointestinal toxicity during pelvic radiotherapy. Am. J. Clin. Nutr. 106, 849-857. doi:
10.3945/ajcn.116.150565

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1689735
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3390/molecules27154736
https://doi.org/10.1080/09553002.2021.1956001
https://doi.org/10.21873/invivo.13803
https://doi.org/10.3390/microorganisms8121852
https://doi.org/10.3892/ijo.2020.5132
https://doi.org/10.1093/cid/civ177
https://doi.org/10.1093/cid/civ177
https://doi.org/10.1200/JCO.23.00837
https://doi.org/10.20517/mrr.2023.47
https://doi.org/10.20517/mrr.2023.47
https://doi.org/10.3390/cancers12113244
https://doi.org/10.1038/s41416-020-01177-w
https://doi.org/10.1016/j.chom.2023.03.020
https://doi.org/10.1101/cshperspect.a016600
https://doi.org/10.1038/nature11450
https://doi.org/10.1038/nature11450
https://doi.org/10.1667/RR0978.1
https://doi.org/10.69709/CIConnect.2025.155412
https://doi.org/10.69709/CIConnect.2025.155412
https://doi.org/10.3390/ani11113280
https://doi.org/10.3390/ijerph18084265
https://doi.org/10.1016/j.ccell.2023.12.003
https://doi.org/10.1126/science.aan3706
https://doi.org/10.18632/oncotarget.27363
https://doi.org/10.1128/AEM.02206-14
https://doi.org/10.3390/ijms22179549
https://doi.org/10.1054/bjoc.2000.1327
https://doi.org/10.1186/s40560-024-00759-7
https://doi.org/10.3389/fonc.2012.00119
https://doi.org/10.13488/j.smhx.20210736
https://doi.org/10.13488/j.smhx.20210736
https://doi.org/10.1007/s10911-010-9194-9
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1126/science.aac4255
https://doi.org/10.3390/genes9120633
https://doi.org/10.4236/fns.2014.518194
https://doi.org/10.4236/fns.2014.518194
https://doi.org/10.3390/vaccines12010007
https://doi.org/10.1038/nrd.2015.1
https://doi.org/10.1080/13510002.2016.1229893
https://doi.org/10.1186/s40168-024-01804-1
https://doi.org/10.1038/nature05414
https://doi.org/10.3389/fgene.2021.738230
https://doi.org/10.1126/science.1160809
https://doi.org/10.3390/ijms22041754
https://doi.org/10.1016/j.ijrobp.2018.07.186
https://doi.org/10.3390/cancers13030367
https://doi.org/10.1093/ismejo/wraf084
https://doi.org/10.34133/research.0744
https://doi.org/10.7518/gjkq.2023011
https://doi.org/10.1017/S0029665118000101
https://doi.org/10.3945/ajcn.116.150565

Wu et al.

Wong, S. J., Winter, K., Meropol, N. J., Anne, P. R., Kachnic, L., Rashid, A., et al.
(2012). Radiation therapy oncology group 0247: a randomized phase II study of
neoadjuvant capecitabine and irinotecan or capecitabine and oxaliplatin with concurrent
radiotherapy for patients with locally advanced rectal cancer. Int. J. Radiat. Oncol. Biol.
Phys. 82, 1367-1375. doi: 10.1016/j.ijrobp.2011.05.027

Wu, M., Huang, Q., Xie, Y., Wu, X., Ma, H., Zhang, Y., et al. (2022). Improvement
of the anticancer efficacy of PD-1/PD-L1 blockade via combination therapy and
PD-L1 regulation. J. Hematol. Oncol. 15:24. doi: 10.1186/s13045-022-01242-2

Wu, Y, Jha, R, Li, A, Liu, H,, Zhang, Z., Zhang, C., et al. (2022). Probiotics (Lactobacillus
plantarum HNU082) supplementation relieves ulcerative colitis by affecting intestinal barrier
functions, immunity-related gene expression, gut microbiota, and metabolic pathways in
mice. Microbiol Spectr 10:e0165122. doi: 10.1128/spectrum.01651-22

Wu, J.-Y,, Zeng, Y., You, Y. Y,, and Chen, Q. Y. (2025). Polyamine metabolism and
anti-tumor immunity. Front. Immunol. 16:9337. doi: 10.3389/fimmu.2025.1529337

Wu, C., Xinning, W., Haitao, S., and Hong, W. (2022). Construction of a humanized
PBMC-PDX model to study the efficacy of a bacterial marker in lung cancer
immunotherapy. Dis. Markers 2022:1479246. doi: 10.1155/2022/1479246

Xiao, H. W,, Cui, M., Li, Y., Dong, J. L., Zhang, S. Q., Zhu, C. C,, et al. (2020). Gut
microbiota-derived indole 3-propionic acid protects against radiation toxicity via
retaining acyl-CoA-binding protein. Microbiome 8:69. doi: 10.1186/
540168-020-00845-6

Xiao, S., Zhang, S., Sun, K., Huang, Q, Li, Q.,, and Hu, C. (2025). Lactate and
lactylation: molecular insights into histone and non-histone lactylation in tumor
progression, tumor immune microenvironment, and therapeutic strategies. Biomark.
Res. 13:134. doi: 10.1186/540364-025-00849-0

Xie, L. W, Cai, S., Lu, H. Y., Tang, F. L., Zhu, R. Q, Tian, Y,, et al. (2024). Microbiota-
derived I3A protects the intestine against radiation injury by activating AhR/IL-10/Wnt
signaling and enhancing the abundance of probiotics. Gut Microbes 16:2347722. doi:
10.1080/19490976.2024.2347722

Xu, K., Cai, J., Xing, J., Li, X., Wu, B,, Zhu, Z., et al. (2022). Broad-spectrum antibiotics
associated gut microbiome disturbance impairs T cell immunity and promotes lung
cancer metastasis: a retrospective study. BMC Cancer 22:1182. doi: 10.1186/
512885-022-10307-x

Yang, J., Ding, C., Dai, X,, Ly, T., Xie, T., Zhang, T., et al. (2017). Soluble dietary
fiber ameliorates radiation-induced intestinal epithelial-to-mesenchymal transition
and fibrosis. JPEN ]. Parenter. Enteral Nutr. 41, 1399-1410. doi:
10.1177/0148607116671101

Yarahmadi, A., and Afkhami, H. (2023). The role of microbiomes in gastrointestinal
cancers: new insights. Front. Oncol. 13:1344328. doi: 10.3389/fonc.2023.1344328

Yazdani, M., Gholizadeh, Z., Nikpoor, A. R., Mohamadian Roshan, N., Jaafari, M. R,,
and Badiee, A. (2021). Ex vivo dendritic cell-based (DC) vaccine pulsed with a low dose
of liposomal antigen and CpG-ODN improved PD-1 blockade immunotherapy. Sci. Rep.
11:14661. doi: 10.1038/s41598-021-94250-0

Ye, X., Wang, A., Lin, W,, Xu, Y., Dong, X., Zhou, Y,, et al. (2022). The role of intestinal
Flora in anti-tumor antibiotic therapy. Front Biosci (Landmark Ed) 27:281. doi:
10.31083/.fb12710281

Yi, M, Jiao, D, Qin, S., Chu, Q,, Li, A., and Wu, K. (2019). Manipulating gut
microbiota composition to enhance the therapeutic effect of cancer immunotherapy.
Integr. Cancer Ther. 18:6351. doi: 10.1177/1534735419876351

Yibo, Z., Liming, X., Momin, N., Jiaoyang, L., and Bin, L. (2025). Mechanism of
Porphyromonas gingivalis inducing the formation of a local immunosuppressive
microenvironment in oral squamous cell carcinoma. J Sichuan Univ (Med Sci) 56,
746-753. doi: 10.12182/20250560602

Frontiers in Microbiology

20

10.3389/fmicb.2025.1689735

Yifan, Z., Lu, R., and Xiuzhu, D. (2001). Tentative study on species-specific
oligonucleotide probes for identification of five Bifidobacteria from human being. Chin.
J. Food. Hyg. 13, 3-7.

Yin, Q, Song, S. Y., Bian, Y., Wang, Y., Deng, A., Lv, ], et al. (2024). Unlocking the
potential of pyroptosis in tumor immunotherapy: a new horizon in cancer treatment.
Front. Immunol. 15:1381778. doi: 10.3389/fimmu.2024.1381778

Yong, D. (2024). Essential data for developing bacteriophage therapeutics. Ann. Clin.
Microbiol. 27, 179-183. doi: 10.5145/ACM.2024.27.3.5

Yoo, H. Y, Park, S. Y., Chang, S. Y., and Kim, S. H. (2021). Regulation of butyrate-
induced resistance through AMPK signaling pathway in human colon cancer cells.
Biomedicine 9:1604. doi: 10.3390/biomedicines9111604

Yoshimoto, T., Yoshikawa, K., Higashijima, J., Miyatani, T., Tokunaga, T., Nishi, M., et al.
(2020). Bevacizumab-associated intestinal perforation and perioperative complications in
patients receiving bevacizumab. Ann Gastroenterol Surg 4, 151-155. doi: 10.1002/ags3.12312

Yu, Y., and Cui, J. (2018). Present and future of cancer immunotherapy: a tumor
microenvironmental perspective. Oncol. Lett. 16, 4105-4113. doi: 10.3892/01.2018.9219

Yu, Y. C.,, Kuang, W. B, Huang, R. Z., Fang, Y. L., Zhang, Y., Chen, Z. E, et al. (2017).
Design, synthesis and pharmacological evaluation of new 2-oxo-quinoline derivatives
containing alpha-aminophosphonates as potential antitumor agents. Medchemcomm 8,
1158-1172. doi: 10.1039/C7MD00098G

Yu, X,, Li, W,, Li, Z., Wu, Q., and Sun, S. (2024). Influence of microbiota on tumor
immunotherapy. Int. J. Biol. Sci. 20, 2264-2294. doi: 10.7150/ijbs.91771

Zhang, Y., Cao, T., Wang, Y., Yang, R., Han, Y., Li, S, et al. (2024). Effects of viable and
heat-inactivated Bifidobacterium longum D42 on proliferation and apoptosis of HT-29
human colon cancer cells. Foods 13:958. doi: 10.3390/foods13060958

Zhang, L., Gu, S., Wang, L., Zhao, L., Li, T., Zhao, X,, et al. (2024). M2 macrophages
promote PD-L1I expression in triple-negative breast cancer via secreting CXCL1. Pathol.
Res. Pract. 260:155458. doi: 10.1016/j.prp.2024.155458

Zhang, S., Wang, Q., Zhou, C., Chen, K., Chang, H., Xiao, W,, et al. (2019). Colorectal
cancer, radiotherapy and gut microbiota. Chin. J. Cancer Res. 31, 212-222. doi:
10.21147/.issn.1000-9604.2019.01.16

Zhang, Y., and Weinberg, R. A. (2018). Epithelial-to-mesenchymal transition in cancer:
complexity and opportunities. Front. Med. 12, 361-373. doi: 10.1007/s11684-018-0656-6

Zhao, M., Li, D,, Liu, ], Fang, J., and Liu, C. (2024). Pressure-tolerant survival mechanism
of Schizophyllum commune 20R-7-F01 isolated from deep sediments 2 kilometers below
the seafloor. Frontiers in marine. Science 11:11. doi: 10.3389/fmars.2024.1471465

Zhao, H., Wu, L, Yan, G., Chen, Y., Zhou, M., Wu, Y,, et al. (2021). Inflammation and
tumor progression: signaling pathways and targeted intervention. Signal Transduct.
Target. Ther. 6:263. doi: 10.1038/541392-021-00658-5

Zhao, T.-S., Xie, L. W, Cai, S., Xu, J. Y., Zhou, H., Tang, L. F, et al. (2021). Dysbiosis
of gut microbiota is associated with the progression of radiation-induced intestinal
injury and is alleviated by Oral compound probiotics in mouse model. Front. Cell. Infect.
Microbiol. 11:11. doi: 10.3389/fcimb.2021.717636

Zhi, Z., Yiqi, J., Wenming, H., and Fuyuan, Z. (2021). Research Progress on
mechanism of butyrate in subacute ruminal acidosis and animal health. Chin. J. Anim.
Nutr. 33, 4201-4212.

Zhou, ], Ding, J., Ma, X., Zhang, M., Huo, Z., Yao, Y., et al. (2020). The NRF2/KEAP1
pathway modulates nasopharyngeal carcinoma cell radiosensitivity via ROS elimination.
Onco. Targets. Ther. 13, 9113-9122. doi: 10.2147/OTT.S260169

Zierer, ]., Jackson, M. A., Kastenmiiller, G., Mangino, M., Long, T., Telenti, A., et al.
(2018). The fecal metabolome as a functional readout of the gut microbiome. Nat. Genet.
50, 790-795. doi: 10.1038/s41588-018-0135-7

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1689735
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.ijrobp.2011.05.027
https://doi.org/10.1186/s13045-022-01242-2
https://doi.org/10.1128/spectrum.01651-22
https://doi.org/10.3389/fimmu.2025.1529337
https://doi.org/10.1155/2022/1479246
https://doi.org/10.1186/s40168-020-00845-6
https://doi.org/10.1186/s40168-020-00845-6
https://doi.org/10.1186/s40364-025-00849-0
https://doi.org/10.1080/19490976.2024.2347722
https://doi.org/10.1186/s12885-022-10307-x
https://doi.org/10.1186/s12885-022-10307-x
https://doi.org/10.1177/0148607116671101
https://doi.org/10.3389/fonc.2023.1344328
https://doi.org/10.1038/s41598-021-94250-0
https://doi.org/10.31083/j.fbl2710281
https://doi.org/10.1177/1534735419876351
https://doi.org/10.12182/20250560602
https://doi.org/10.3389/fimmu.2024.1381778
https://doi.org/10.5145/ACM.2024.27.3.5
https://doi.org/10.3390/biomedicines9111604
https://doi.org/10.1002/ags3.12312
https://doi.org/10.3892/ol.2018.9219
https://doi.org/10.1039/C7MD00098G
https://doi.org/10.7150/ijbs.91771
https://doi.org/10.3390/foods13060958
https://doi.org/10.1016/j.prp.2024.155458
https://doi.org/10.21147/j.issn.1000-9604.2019.01.16
https://doi.org/10.1007/s11684-018-0656-6
https://doi.org/10.3389/fmars.2024.1471465
https://doi.org/10.1038/s41392-021-00658-5
https://doi.org/10.3389/fcimb.2021.717636
https://doi.org/10.2147/OTT.S260169
https://doi.org/10.1038/s41588-018-0135-7

	Microbiota-mediated modulation of radiosensitivity: mechanisms and therapeutic prospects of oral and gut microbiota, metabolites, and probiotics
	1 Introduction
	2 Mechanistic axis of microbiome regulation of radiosensitivity
	2.1 DNA damage repair and replication fork protection pathways
	2.1.1 Regulation of NHEJ
	2.1.2 Regulation of HR
	2.1.3 Regulation fork protection
	2.2 Immune activation and immune checkpoint regulation pathways
	2.2.1 Innate immunity and adaptive immunity
	2.2.2 Immune checkpoint regulation
	2.3 Metabolic reprogramming pathways
	2.3.1 Glycolysis-OXPHOS balance
	2.3.2 Epigenetics and cell cycle regulation
	2.3.3 Bidirectional effects of metabolites
	2.4 Tumor microenvironment (TME) remodeling pathways
	2.4.1 Angiogenesis regulation
	2.4.2 ECM remodeling
	2.4.3 Hypoxia and acidification
	2.4.4 Epithelial-mesenchymal transition (EMT)

	3 Evidence stratification for microbiome-related factors and interventions
	3.1 Effects of probiotics on radiosensitivity
	3.1.1 Examples of new-generation probiotic candidate
	3.1.2 Mechanism by which probiotics enhance radiation sensitivity
	3.1.2.1 Restoring gut microbiota imbalance after radiation therapy
	3.1.2.1.1 Competitive colonization
	3.1.2.1.2 Barrier repair
	3.1.2.1.3 Clinical evidence supports
	3.1.2.2 Enhancing radiation therapy-induced immune activation
	3.1.2.2.1 Reactivation of immune cells
	3.1.2.2.2 Cytokine rebalancing
	3.1.2.3 Synergistic effects of probiotic metabolic products
	3.1.2.3.1 Key roles of SCFAs
	3.1.2.3.2 Improving radiotherapy tolerance
	3.1.2.4 Directly regulate tumor cell biological behavior
	3.1.2.4.1 Inducing tumor cell apoptosis
	3.1.2.4.2 Induction of cell cycle arrest
	3.2 Short-chain fatty acids (SCFAs)—taking butyrate as an example
	3.3 Akkermansia muciniphila—a double-edged sword effect
	3.4 Ketone bodies—using 3-hydroxybutyric acid (3-HB) as an example
	3.5 Tryptophan-derived metabolites—taking indole-3-carboxylic acid (I3A) as an example
	3.6 Dietary fiber/antibiotics/phage therapy

	4 Clinical translation pathway: from mechanism to application
	4.1 Biomarker development: identifying beneficiary populations
	4.1.1 Microbiome biomarkers
	4.1.2 Metabolic biomarkers
	4.1.3 Host response biomarkers
	4.2 Patient stratification: enabling precision radiotherapy
	4.2.1 High-benefit cohort
	4.2.2 Low-benefit cohort
	4.3 Intervention window: timing for maximum efficacy
	4.3.1 Intervention window before radiotherapy (pretreatment period)
	4.3.2 Intervention window during radiotherapy (maintenance phase)
	4.3.3 Post-radiotherapy intervention window (recovery phase)

	5 Combined therapy strategy: synergistically enhancing radiotherapy
	5.1 Combination with advanced radiotherapy techniques
	5.1.1 SBRT
	5.1.1.1 Clinical application recommendations
	5.1.2 Proton therapy
	5.1.2.1 Clinical application recommendations
	5.2 Combination with immunotherapy/targeted therapy
	5.2.1 Immune checkpoint inhibitors (ICI)
	5.2.1.1 Enhancing ICI efficacy
	5.2.1.2 Reducing radiotherapy-related immune toxicity
	5.2.1.3 Clinical application recommendations
	5.2.2 Targeted therapies

	6 Recommendations for trials design: standardization and biomarker integration
	6.1 Endpoint setting: a multi-level evaluation system
	6.1.1 Primary endpoint
	6.1.1.1 Therapeutic
	6.1.1.2 Toxicity
	6.1.1.3 Microbiome regulation endpoints
	6.1.2 Secondary endpoints
	6.1.2.1 Immune microenvironment indicators
	6.1.2.2 Quality of life
	6.1.2.3 Long-term outcomes
	6.1.3 Safety endpoints
	6.2 Time management: dynamic monitoring throughout the entire treatment process
	6.2.1 Baseline period (2–4 weeks before radiotherapy)
	6.2.2 Intervention period (initiated 1–2 weeks before radiotherapy and maintained throughout treatment)
	6.2.3 Follow-up period (6 months to 2 years after radiotherapy completion)
	6.3 Dose exploration: from empirical to precision
	6.3.1 Probiotic dosage
	6.3.2 Prebiotic dosage
	6.3.3 Dose adjustment strategy
	6.4 Biomarker integration: enabling dynamic personalized treatment
	6.4.1 Inclusion screening biomarkers (predictive)
	6.4.2 Mid-term adjustment markers (monitoring)
	6.4.3 Therapeutic response predictors (evaluation)
	6.4.4 Technical implementation

	7 Critical evaluation and discussion: confronting limitations and charting new paths
	7.1 Translational gap: challenges in bridging animal models to clinical practice
	7.1.1 Species differences
	7.1.2 Mismatch in radiotherapy protocols
	7.1.3 Host heterogeneity
	7.2 Research heterogeneity: the root cause of inconsistent findings
	7.2.1 Population and sample size
	7.2.2 Technical batch effects
	7.2.3 Radiotherapy dose error
	7.3 Intervention risk: safety is never a given
	7.3.1 Opportunistic infections
	7.3.2 Microbiome imbalance
	7.3.3 Metabolic side effects
	7.3.4 Risks of fecal microbiota transplantation (FMT)
	7.4 Technical bottlenecks: barriers limiting cognitive depth
	7.4.1 Insufficient identification depth
	7.4.2 Incomplete metabolite coverage
	7.4.3 Establishing causality is challenging
	7.4.4 Lack of dynamic monitoring technology

	8 Conclusion
	8.1 Deepening mechanism research and biomarker discovery
	8.2 Exploring synergistic effects with advanced radiotherapy technologies
	8.3 Developing precision-engineered intervention strategies
	8.4 Expanding the frontiers of combination therapies


	References

