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Background: Acute radiation enteritis (ARE) is a common side effect experienced by patients receiving pelvic radiotherapy (RT). Probiotic supplementation is an emerging strategy for preventing ARE.

Methods: This phase II trial recruited patients with gynecologic or rectal cancers who received pelvic RT with curative or adjuvant intent. During RT, one packet of Bifidobacterium longum subsp. longum BL21 (BL21) powder was self-administered daily. ARE was assessed and classified according to the Radiation Therapy Oncology Group (RTOG) and Common Terminology Criteria for Adverse Events (CTCAE) toxicity grading criteria. We assessed the safety and efficacy of BL21 to prevent ARE and investigate the changes in the intestinal microbiota.

Results: This study enrolled 52 patients, 8 participants withdrew, and 44 patients being included in the final analysis. The safety profile of BL21 during RT was favorable, and we did not observe any serious adverse events associated with BL21. Compared with our historical control data, these patients exhibited lower levels of ≥ grade 2 ARE and required fewer antidiarrheal medications (n = 12). Most diarrhea cases were classified as grade 1 (n = 22). Analysis of the gut microbiota revealed that the severity of ARE correlates with the abundance of BL21 and the increase in BL21 was associated with greater alpha diversity, an increase in beneficial bacteria, and a decrease in harmful bacteria.

Conclusions: The favorable safety profile, exploratory clinical observations of reduced ARE severity vs. historical controls, and feasible administration support further investigation of Bifidobacterium longum BL21 as a prophylactic candidate for ARE, warranting validation in Phase III randomized controlled trials.

Clinical Trial Registration: Chinese Clinical Study Registry (registry ID: ChiCTR2300069881).
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Background

Acute radiation enteritis (ARE) is a common side effect in patients undergoing radiotherapy (RT) for pelvic cancers that can result in malnutrition and potential interruption of RT, negatively affecting the prognosis of these patients. Several drugs, such as corticosteroids and non-steroidal anti-inflammatory agents, have been used to treat radiation-induced injuries. However, their protective effects against ARE remain unsatisfactory (1, 2).

Probiotics are defined as “live microorganisms that, when administered in adequate amounts, confer a health benefit to the host” (3). Supplementing with probiotics can be nutritionally beneficial to humans, particularly during the treatment of digestive system diseases (4). A recent study has underscored their significant relationship with the occurrence and progression of radiation-induced injuries in various organs, including the intestine (5). Throughout RT, intestinal microbiota diversity notably decreased, with a reduction in beneficial bacteria and an increase in harmful bacteria. Additionally, probiotic supplementation has demonstrated the ability to restore normal microbiota structure, providing a credible hypothesis that administering probiotics could attenuate ARE (6–8). Several preclinical studies, including ours, have demonstrated the potential efficacy of probiotics in preventing ARE. However, it remains unclear which specific probiotic species, strains, or combinations are optimal (9, 10).

Bifidobacterium longum, a gram-positive bacterium, was among the first microorganisms to colonize the human intestine. It belongs to the genus Bifidobacterium in the phylum Actinobacteria and forms a symbiotic relationship with the human body (11). Current research indicates that Bifidobacterium longum affects various aspects of human health throughout different life stages, impacting the digestive, immune, cardiovascular, and nervous systems (12). In digestive system disorders, Bifidobacterium longum shows promise in addressing intestinal inflammatory and is a potential radioprotective agent for preventing ARE (13).

Bifidobacterium longum subsp. longum BL21 (BL21), a subspecies of Bifidobacterium longum, exhibits potent free radical scavenging and antioxidant properties. It has demonstrated low toxicity and high safety in mouse models, with a median lethal dose exceeding 2 × 1010 CFU/kg (14). Our previous preclinical study demonstrated that BL21 prevents intestinal injury in a mouse model of total abdominal irradiation-induced ARE. Therefore, this Phase II pilot trial conducts initial evaluation of BL1′s safety profile and exploratory clinical outcomes related to ARE mitigation in pelvic irradiation patients, with findings requiring verification in subsequent controlled studies.



Methods


Participant eligibility

This single-arm, phase II study was registered in the Chinese Clinical Study Registry (registry ID: ChiCTR2300069881). Eligible patients (≥ 18 years) were newly diagnosed stage I-III gynecologic or rectal malignancies and were scheduled for pelvic radiotherapy with either curative or (neo) adjuvant intent. Patients were required to have a Karnofsky Performance Status (KPS) of ≥70 and adequate complete blood counts, hepatic reserve, and renal function for chemoradiotherapy. Those with a history of severe gastrointestinal disease or abnormal gastrointestinal function were excluded. Hospital Review Board approval was obtained before the screening and enrollment of all patients. All eligible patients signed an informed consent form after adequate communication before the study was initiated.



Treatment schedule

The overall anticancer treatment schedule and indications for RT and chemotherapy for the enrolled patients adhered to the National Comprehensive Cancer Network guidelines. RT planning was conducted using computed tomography scans at 5 mm intervals across the entire volume of interest, with the patient positioned supine. The scans were performed following enema evacuation to improve the reliability of the rectal dose-volume histogram. The clinical target volume (CTV) was defined variably depending on the specific pathology; however, all definitions adhered to Radiation Therapy Oncology Group (RTOG) guidelines. The planning target volume (PTV) was defined as a uniform three-dimensional expansion of 5–7 mm around the CTV. Patients received 6MV intensity-modulated radiation therapy with fraction doses of 1.8–2 Gy administered once daily, 5 days a week. The prescription dose was 45–54 Gy at the PTV. The dose-volume constraints were followed for the organs at risk, mainly the large intestine, small intestine, rectum, and bladder, as routinely performed in clinical practice. All patients underwent bladder filling and rectal emptying before RT. The chemotherapy administered varied by cancer type: for cervical cancers, cisplatin was administered at a dose of 75–80 mg/m2 every 3 weeks, whereas for rectal cancers, either 5-fluorouracil was administered at 225 mg/m2 via continuous perfusion or capecitabine was provided in capsule form at a dose of 825–1,000 mg/m2 throughout the RT course.



Study design

Eligible patients were instructed to self-administer one packet of BL21 powder orally daily from the 1st day of RT until completion. BL21 powder was produced and supplied by WeCare Probiotics Co., Ltd. (Suzhou, China) and manufactured in accordance with the Chinese Food Safety Enterprise Standard (ID: Q/WKSW0002S-2020). At the end of each week, patients were required to return all probiotic packaging bags, enabling the researchers to verify their adherence to the intervention protocol. Participants who did not take BL21 for more than 3 days were excluded from the study. During the 5–6 weeks of RT, dedicated follow-up personnel conducted weekly face-to-face interviews with patients. This personnel recorded various data points in a logbook, including patients' subjective symptoms, clinical signs, laboratory examinations, and medication usage. Stool samples were collected from patients on the first and final days of RT. These samples were immediately weighed and stored at −80 °C for future analysis using 16S rRNA gene sequencing. The flow chart of study procedure is presented in Figure 1.
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FIGURE 1
 CONSORT (Consolidated Standards of Reporting Trials) diagram of the trial.




Outcome measurement

Researchers graded the severity of AEs and ARE during RT based on follow-up outcomes, with the highest grade representing the patient's final assessment. ARE was diagnosed and graded based on RTOG Lower gastrointestinal toxicity criteria. Grade 1, 2, 3, and 4 ARE were defined as increased frequency or change in quality of bowel habits not requiring medication/rectal discomfort not requiring analgesics, diarrhea requiring parasympatholytic drugs (e.g., Lomotil)/mucous discharge not necessitating sanitary pads/rectal or abdominal pain requiring analgesics, diarrhea requiring parenteral support/severe mucous or blood discharge necessitating sanitary pads/abdominal distention (flat plate radiograph demonstrates distended bowel loops), and acute or subacute obstruction, fistula or perforation; GI bleeding requiring transfusion; abdominal pain or tenesmus requiring tube decompression or bowel diversion, respectively. ARE and other AEs were also evaluated according to the Common Terminology Criteria for Adverse Events (CTCAE) Version 5.0 (15). The safety evaluation of BL21 focused on AEs, particularly abnormalities in liver and kidney functions, digestive discomfort, and weight changes. However, since RT can induce AEs, especially in the hematological and gastrointestinal systems, researchers investigated the relationship between the timing of these AEs and the administration of BL21. All AEs occurring during RT were reviewed by three senior radiotherapists or oncologists. Only AEs whose timing and frequency of occurrence were consistently deemed significantly related to the administration of BL21 were attributed to it. The severity of ARE was the primary endpoint, evaluated using the RTOG acute radiation morbidity scoring criteria (16). Additionally, diarrhea has been a key indicator for assessing the severity of intestinal radiation-induced injury in previous studies. Therefore, we evaluated the occurrence of diarrhea among patients to supplement our assessment of ARE.



16 S rRNA gene sequencing

Using fecal samples, 16S rRNA sequencing was performed using Metabo-Profile Biotechnology (Shanghai Co., Ltd., Shanghai, China), following the manufacturer's instructions. Initially, DNA was quantified using a Nanodrop, followed by a quality assessment of the DNA extraction using 1.2% agarose gel electrophoresis. Primers were designed to target microbial RNA or specific gene fragments, with sample-specific barcode sequences added for polymerase chain reaction (PCR) amplification of rRNA. The PCR-amplified products were quantified by fluorescence using the Quant-iT PicoGreen dsDNA Assay Kit as the fluorescent reagent and a microplate reader (BioTek, FLx800). Subsequently, sequencing libraries were prepared using the Illumina TruSeq Nano DNA LT Library Prep Kit, and high-throughput sequencing was performed using a sequencing machine. After obtaining the original data, preliminary screening was conducted to assess the sequence quality. Problematic samples were retested and supplemented. The QIIME2 dada2 analysis process or the analysis process of the Vsearch software was employed for sequence denoising or amplicon sequence variant (ASV) clustering. The specific composition of each sample at different taxonomic levels (kingdom, phylum, class, order, family, genus, and species) was determined to provide a holistic perspective.



Statistical analysis

All statistical analyses were conducted using SPSS 25.0 software. Continuous variables are presented as medians (ranges). Categorical variables are reported as frequencies and percentages. The alpha diversity levels (Chao1 and Shannon) of each sample were evaluated based on the distribution of ASV in the different samples. Differences in the relative abundance of the gut microbiota between the two groups were analyzed using the rank sum test.




Results


Characteristics of participants

This study enrolled 52 patients between April and October 2023. Among the 8 patients who withdrew from the study, 5 failed to comply with the BL21 administration protocol, 2 withdrew due to personal reasons, and 1 was found to have a prior history of leukemia after enrollment. Finally, 44 patients (29 with gynecological cancer and 15 with rectal cancer) were included in the final analysis and their baseline characteristics were described in Table 1.

TABLE 1 Clinical, pathological, and treatment characteristics of patients.




	Characteristics
	n (%)





	Age, y
	59.5 (Range, 35–74)



	Sex



	Male
	10 (22.7%)



	Female
	34 (77.3%)



	KPS status



	70
	15 (34.1%)



	80
	27 (61.4%)



	90
	2 (4.5%)



	Pathological



	Cervical cancer
	24 (54.5%)



	Rectal cancer
	15 (34.1%)



	Endometrial cancer
	5 (11.4%)



	Clinical stage



	I
	13 (29.5%)



	II
	15 (34.1%)



	III
	16 (36.4%)



	Concurrent chemotherapy



	Yes
	36 (81.8%)



	No
	8 (18.2%)



	PTV dose, Gy
	50 (Range, 41.6–54)





KPS, Karnofsky Performance Status; PTV, planning target volume.






Safety assessment of BL21

All patients completed RT according to the original treatment plan; however, RT was interrupted in three patients. Of these, two patients experienced interruptions because of grade 3 or 4 febrile neutropenia, while another interrupted treatment for personal reasons. The primary AEs for all patients were hematological, with 22.7% experiencing grade 3 or 4 events, including anemia and decreased white blood cell and platelet count. However, no hepatic failure or renal injury was reported. Notably, all grade 3 or 4 hematological AEs occurred after chemotherapy and were attributed to chemoradiotherapy. Patients' body weights remained relatively stable, with only grade 1 and 2 weight loss observed, resulting in an incidence rate of 9.1% for both grades. Most individuals did not report any significant discomfort after BL21 administration. Only five patients reported experiencing grade 1 flatulence after taking BL21. This AE, likely related to BL21, was transient, resolved spontaneously without pharmacological intervention, and occurred only during the initial days of RT. Aside from diarrhea, no other grade 3 or 4 gastrointestinal AEs linked to BL21 have been reported. Therefore, BL21 is safe and reliable.



Evaluation of ARE

Overall, based on RTOG riteria, the total incidence of ARE was 84.1%, and the incidences of grades 0–3 ARE were 15.9%, 56.8%, 22.7%, and 4.5%, respectively. None of the enrolled patients developed grade 4 ARE (Table 2, left). Notably, medical intervention was only required for ≥ grade 2 ARE according to the RTOG criteria. In this study, the ratio of ≥ grade 2 ARE was low at 27.2%, compared with that of our previous observational study, where the ratio was 65% (17). Meanwhile, based on CTCAE criteria, the incidence of grade 1, 2, and 3 diarrhea was 50%, 15.9%, and 13.6%, respectively, with no enrolled patients developing grade 4 diarrhea (Table 2, right). Additionally, the 12 patients who developed ≥ grade 2 ARE were the only ones who received antidiarrheal drugs, and five patients received antidiarrheal drugs only within a single week. The average time to antidiarrheal drug administration was approximately 25 days after RT initiation.

TABLE 2 Incidence and severity of acute radiation enteritis (left) and diarrhea (right).




	Grade (RTOG criteria)
	N (%)
	Grade (CTCAE v5.0)
	N (%)





	0
	7 (15.9%)
	1
	22 (50%)



	1
	25 (56.8%)
	2
	7 (15.9%)



	2
	10 (22.7%)
	3
	6 (13.6%)



	3
	2 (4.5%)
	4
	0 (0%)



	4
	0 (0%)
	5
	0 (0%)





RTOG, Radiation Therapy Oncology Group; CTCAE, Common Terminology Criteria for Adverse Events.






Profiling of intestinal microbiota

The fecal samples collected post-radiotherapy (group A) exhibited a sharp decline in gut microbiota alpha diversity compared to pre-RT samples (group B) (Figure 2a), demonstrating that pelvic RT significantly reduces microbial diversity and diminishes the heterogeneity of the gut microbiota community. According to the RTOG criteria, the symptoms of grade 1 ARE are mild and do not require specific treatment, patients were divided into severer ARE (≥ grade 2 ARE, group A2), mild ARE (grade 1 ARE, group A1), and none ARE (grade 0 ARE, group A0) groups for further analysis. As we can see, for fecal samples collected after RT, although no significant difference in gut microbiota alpha diversity was observed between the A0 and A1 groups (patients with no or mild ARE). However, the A2 group (severer ARE) showed significantly reduced alpha diversity (Shannon index) (Figure 2b). These findings suggest that abdominopelvic RT reduces both diversity and heterogeneity of the gut microbiota, while the BL21 probiotic may exert protective effects against ARE by enhancing microbial diversity and heterogeneity.


[image: Graphs showing microbiome diversity analysis. Panel a compares Chao1 and Shannon indices between groups B and A, with significant differences (p = 0.0014 and p = 0.0027). Panel b shows indices for groups A0, A1, and A2, with significance noted in the Shannon index (p = 0.013). Panel c displays bar charts of relative abundance for seven bacterial genera and species across groups A01, A1, and A2, highlighting variations in microbiome composition.]
FIGURE 2
 Alterations of gut microbiome. (a) Box plots of gut microbiota alpha diversity (Chao1 and Shannon indices) in patients pre- and post-radiotherapy. (b) Box plots comparing post-radiotherapy gut microbiota alpha diversity (Chao1 and Shannon indices) across ARE severity groups: severer (≥Grade 2, A2), mild (Grade 1, A1), and no symptoms (Grade 0, A0). (c) Box plots comparing post-radiotherapy relative abundance of specific beneficial and harmful bacteria across ARE severity groups: severer (≥Grade 2, A2), mild (Grade 1, A1), and no symptoms (Grade 0, A0). *p < 0.05; **p < 0.01; p < 0.05: statistically significant. ARE, acute radiation enteritis; RT, radiotherapy.


Although not representative of the actual relative abundance of the BL21 subspecies, our findings (Figure 2c) indicated that the relative abundance of s-Bifidobacterium longum was higher in the grades 0 and 1 ARE groups. This finding suggests that a greater presence of BL21 may be associated with patients exhibiting less severe ARE. The relative abundance of the genera g-Blautia, g-Parabacteroides, g-Akkermansia, and g-Alistipes, which are widely known for their benefits to host health, was higher in the grade 0 and 1 ARE group; however, it significantly decreased in ≥ grade 2 ARE group. Conversely, the relative abundance of pathogenic bacteria, such as s-[Ruminococcus] gnavus and g-Enterococcus, increased in the ≥ grade 2 ARE group but remained low in the grade 0 and 1 ARE group.




Discussion

In this phase II single-arm clinical trial, we aimed to preliminarily evaluate the safety and potential efficacy of BL21 in preventing ARE. First, BL21 demonstrates a consistent safety profile, both in gynecological and rectal cancer patients, that parallels findings in mouse models (14). We instructed patients to take one packet of probiotic powder containing 20 billion CFU of BL21 daily orally and we did not observe any serious AEs associated with BL21. According to the RTOG criteria, grade 1 ARE presents with mild symptoms, while medical intervention is required only for grade 2 or higher ARE. Our results demonstrated that after administration of the probiotic BL21, the incidences of grade 0/1 and grade ≥2 ARE were 72.7% and 27.2%, respectively. As this was a single-arm phase II clinical trial, we compared these outcomes with historical control data from our institution (17). The observational clinical study referenced indicated that among abdominopelvic cancer patients receiving radiotherapy in our department, the incidences of grade 0/1 and grade ≥2 ARE were 35% and 65%, respectively. Consequently, this current study provides exploratory clinical observations that prophylactic use of BL21 may reduc ARE severity in pelvic radiotherapy patients compared to our historical controls.

The ability of many probiotic species to protect the intestinal mucosa from lesions caused by irradiation in mice has been investigated (10, 18). However, these outcomes yield different results in clinical practice. A randomized, double-blind, placebo-controlled study utilized a combination of Lactobacillus acidophilus LA-5 and Bifidobacterium animalis subsp. lactis BB-12 to prevent ARE. The probiotic group had a significantly lower incidence of grades 1 and 2 diarrhea (52.8%) than the placebo group (82.1%). Additionally, 50.0% of patients in the probiotic group required antidiarrheal drugs, compared to 85.7% in the placebo group (19). Demers et al. used two different probiotic dose regimens of Lactobacillus acidophilus LAC-361 and Bifidobacterium longum BB-536 mixed: a standard dose of 1.3 billion CFU twice a day and a high dose of 10 billion CFU daily. However, the overall incidence of diarrhea was high (86%), and no significant differences were observed between the groups using the World Health Organization grading for diarrhea and the National Cancer Institute grading for abdominal pain. The proportion of patients who received antidiarrheal drugs was 42.5%, 30.2%, and 27.4% in the placebo, standard-dose probiotic, and high-dose probiotic groups, respectively (20). In another study, probiotic capsules containing live Lactobacillus acidophilus and Bifidobacterium bifidum were used. Despite both groups experiencing a 100% rate of National Cancer Institute grades of diarrhea, participants in the probiotics group had a notable decrease in the incidence of grades 2 and 3 diarrhea. Additionally, 32% of the patients in the placebo group required antidiarrheal drugs compared to only 9% of those in the probiotic group (21). The timing of the onset of antidiarrheal drug intervention reflects the severity of ARE. Delia et al. reported the shortest time interval. The average time of loperamide use from the start of RT in the probiotic and placebo groups was 5.08 days and 3.58 days, respectively (22). In other studies, the duration for both groups was approximately 20 days (19, 20).

Our results showed that the overall incidence of diarrhea was 76.9%, this figure was lower than the 86% reported by Demers et al. (20) and 100% reported by Chitapanarux et al. (21). The incidence of grades 1 and 2 diarrhea in this study was 65.9%, similar to that reported by Linn et al. (19). Among the 29 patients who experienced grade 1 and 2 diarrhea, most (22 patients) had only grade 1 diarrhea, indicating mild symptoms. Clinicians evaluated the need for antidiarrheal drugs by considering ARE severity in patients receiving pelvic RT. Typically, individuals who required medical intervention were categorized as having ≥ grade 2 ARE following the RTOG criteria (15). In our study, 12 patients (27.2%) experienced ≥ grade 2 ARE; only these patients used antidiarrheal drugs during RT, which was lower compared to the placebo group (29.27%−85.7%) in the previous studies and consistently lower than those reported in probiotic groups (9%−50%) except for the study by Chitapanarux et al. (19–21, 23). The time between antidiarrheal drug use and the beginning of RT was 25 days, longer than the approximately 20 days reported in other studies (19, 20).

Additionally, we focused on the alterations in the intestinal microbiota of patients using 16S rRNA sequencing. To our knowledge, studies have investigated either the effects of probiotics on preventing ARE or the impact of RT on the intestinal microbiota, with few reporting specific changes in the intestinal microbiota resulting from probiotics use to prevent ARE. RT has been shown to affect the diversity and composition of the intestinal microbiota in patients with pelvic cancer. A 2008 study involving 10 patients with pelvic cancer suggested that the intestinal microbiota could serve as a potential predictive marker for the occurrence and severity of ARE (24). With the emergence of 16S rRNA sequencing technology, a study reported that patients who experienced ARE during RT exhibited lower alpha diversity, relatively higher abundances of Proteobacteria and Gammaproteobacteria, and lower abundances of Bacteroides (25). Another study found that the diversity of the intestinal microbiota decreased during RT and established a linear relationship between higher intestinal microbiota diversity and improved gastrointestinal function (6). Additionally, our previous study demonstrated that an increased abundance of pathogenic bacteria and a decreased abundance of beneficial bacteria are other characteristics of ARE (7).

In this study, we observed a decrease in alpha diversity post-RT, and patients with ≥ grade 2 ARE exhibited lower alpha diversity compared to those with grade 0 and 1 ARE. This illustrates the accuracy of our ARE classification, as previous studies have demonstrated a linear relationship between the severity of ARE and alpha diversity (6). We also observed differences in intestinal microbiota composition between patients with ≥ grade 2 ARE and those with grades 0 and 1. The relative abundance of s-Bifidobacterium longum was higher in grade 0 and 1 ARE groups, suggesting that the relative abundance of BL21 is associated with ARE severity. Specifically, patients exhibiting higher levels of BL21 in the gut tended to have lower ARE severity. In addition, we noted that the relative abundances of several beneficial bacteria were higher in the grade 0 and 1 ARE groups, while the relative abundances of several harmful bacteria were lower compared to the ≥ grade 2 ARE group. We hypothesize that this change may be attributed to Bifidobacterium longum, which has been demonstrated to reduce harmful bacteria while promoting the growth of beneficial bacteria (26, 27). For example, g-Blautia, crucial in maintaining intestinal microbiota, enhancing intestinal barrier function, and mitigating intestinal inflammation and infection, was higher in the grade 0 and 1 ARE groups (28, 29). Meanwhile, Fang et al. demonstrated that Bifidobacterium longum CCFM1029 exerted beneficial effects on atopic dermatitis, potentially by maintaining Lachnospiraceae abundance and reshaping the intestinal microbiota. This finding aligns with the results of this study, as g-Blautia is a genus within the Lachnospiraceae family (30). Conversely, s-[Ruminococcus] gnavus, associated with inflammatory bowel disease and gut inflammation, was higher in the ≥ grade 2 ARE group (31). Therefore, we hypothesize that the prevention of ARE by Bifidobacterium longum may be associated with the regulation of intestinal microbiota, but further validation in subsequent studies is warranted.

Our findings should be interpreted cautiously because of the single-arm study design and the limited number of patients. None of the observed differences in the intestinal microbiota composition reached statistical significance; therefore, our results should indicate a trend. This limitation may be attributed to the small sample size and the considerable influence of environmental and dietary factors on intestinal bacteria. Therefore, designing randomized controlled trials is crucial to validate these findings. Further investigation is warranted to understand how BL21 mitigates ARE while controlling for various confounding factors, including pathology, chemotherapy, and dietary habits. However, analyzing actual clinical data in conjunction with comparisons to other studies and the role of the intestinal microbiota may provide valuable insights to address the objectives of this research.



Conclusions

Our study demonstrates that oral BL21 administration in pelvic radiotherapy patients was safe and clinically feasible, with no serious adverse events observed. Preliminary efficacy data suggest potential protective effects against ARE when compared to historical controls, as evidenced by: (1) reduced incidence of ≥grade 2 ARE, (2) decreased antidiarrheal medication requirements, and (3) predominance of grade 1 diarrhea cases. Microbiome analysis further indicates that BL1′s possible ARE prevention mechanism may involve gut microbiota modulation. However, these preliminary findings warrant validation through randomized controlled trials to establish BL1′s efficacy and mechanistic basis.
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