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Abstract
Background Radiation enteritis (RE) is a common complication of radiotherapy for abdominal and pelvic tumors, 
adversely affecting treatment outcomes and patients’ quality of life. Gut microbiome alterations may contribute to RE 
development, but the underlying pathogenic factors are not fully understood. This study aimed to characterize the 
intestinal microbial changes associated with RE and severe acute radiation enteritis (SARE) and to identify predictive 
biomarkers.

Methods We enrolled 50 cervical cancer patients undergoing radiotherapy and 15 healthy women (controls). Stool 
samples were collected at the baseline and during weeks 2, 4, and 6 of radiotherapy, and then analyzed using 16 S 
rDNA sequencing and bioinformatics.

Results Although the Bacteroidetes/Firmicutes (B/F) ratio was higher in patients with RE or SARE, it alone could 
not predict these conditions. Three enterotypes were identified based on dominant genera: Blautia (enterotype 
1), Escherichia-Shigella (enterotype 2), and Faecalibacterium (enterotype 3). A decrease in Blautia and an increase in 
Escherichia-Shigella and Faecalibacterium were correlated with RE and SARE. Univariate logistic regression revealed 
that the Faecalibacterium enterotype at the baseline was associated with a 4.4-fold higher risk of developing SARE 
(odds ratio 5.400; P = 0.017). The Escherichia-Shigella enterotype was also linked to increased SARE incidence.

Conclusion These findings suggest that while single bacterial genera or the B/F ratio are insufficient predictors, 
enterotype classification may serve as a potential biomarker for predicting SARE in patients undergoing radiotherapy.
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Introduction
Radiation enteritis (RE) is a frequent and significant 
complication resulting from radiotherapy in patients 
with abdominal and pelvic malignancies, notably cer-
vical cancer. It adversely affects treatment efficacy and 
significantly diminishes patients’ quality of life due to 
symptoms such as abdominal pain, diarrhea, and mal-
absorption syndromes [1–3]. Despite advancements in 
radiotherapy techniques, the incidence of RE remains 
substantial, highlighting the need for a deeper under-
standing of its pathogenesis and the development of 
effective preventative and therapeutic strategies [4, 5].

The pathogenic mechanisms underlying RE are com-
plex and multifactorial, involving direct radiation-
induced damage to the intestinal epithelium, vascular 
injury, inflammatory responses, and fibrosis [6, 7]. Recent 
studies have emphasized the crucial role of the gut 
microbiome in modulating the host’s response to radia-
tion. Radiation can disrupt the intestinal microbial bal-
ance, leading to dysbiosis characterized by a reduction 
in beneficial bacteria and an overgrowth of opportunistic 
pathogens [8–10]. This dysbiosis can exacerbate muco-
sal damage, promote inflammation, and impair mucosal 
healing, thereby contributing to the onset and progres-
sion of RE [11, 12].

Current clinical interventions for RE are predominantly 
symptomatic, focusing on anti-inflammatory medica-
tions, mucosal repair agents, electrolyte balance mainte-
nance, and probiotic supplementation [13, 14]. However, 
these treatments are often insufficient, and early detec-
tion and intervention are critical to prevent the pro-
gression from acute to chronic RE. The conventional 
clinical assessment of RE is based on the Radiation Ther-
apy Oncology Group (RTOG) criteria, which may not be 
sensitive enough for early diagnosis and can yield false-
negative results [15]. Therefore, identifying sensitive and 
specific biomarkers for early detection of RE is of para-
mount importance.

High-throughput sequencing technologies, particularly 
16 S rDNA amplicon sequencing, have revolutionized the 
study of microbial communities by enabling comprehen-
sive profiling of the microbiome [16]. This method allows 
for the identification and quantification of bacterial taxa, 
providing insights into the composition and diversity of 
the gut microbiome. Recent research has utilized 16  S 
rDNA sequencing to investigate associations between 
gut microbiota alterations and gastrointestinal diseases, 
including radiation-induced enteritis and other inflam-
matory conditions [17–19].

In this study, we employed 16  S rDNA sequencing to 
analyze the intestinal microbiome of cervical cancer 
patients undergoing volumetric modulated arc therapy 
(VMAT). We aimed to characterize the changes in the 
gut microbiome associated with RE and severe acute 

radiation enteritis (SARE) and to identify potential 
microbial biomarkers for predicting the development 
of RE. By using clustering methods, we sought to iden-
tify specific microbial patterns or enterotypes that could 
serve as predictive markers, ultimately contributing to 
improved clinical assessment and early intervention 
strategies for RE.

Methods
Enrollment
Radiotherapy group
We enrolled 50 patients with cervical cancer treated 
using pelvic radiotherapy in the Department of Radio-
therapy, the First Affiliated Hospital of Soochow Uni-
versity, between August 2017 and August 2018. The 
inclusion criteria were as follows: [1] 18–80 years of age 
[2], cervical cancer diagnosed using pathological exami-
nation [3], no history of intestinal or metabolic diseases, 
and [4] good understanding and communication skills. 
The following exclusion criteria were applied: [1] severe 
heart, liver, or kidney insufficiency [2], termination of 
treatment due to serious complications during or after 
radiotherapy (such as cardiopulmonary, liver, or kidney 
insufficiency, severe infection, severe bone marrow sup-
pression, massive bleeding, rectovaginal fistula, or vesi-
covaginal fistula), and [3] refusal to participate in this 
study.

Control group
We also enrolled 15 healthy women living in Suzhou 
who served as a control group. The following conditions 
served as the inclusion criteria: [1] 18–80 years of age 
[2], body mass index (BMI) of 16.5–25.6  kg/m2 [3], no 
history of intestinal diseases, metabolic diseases, malig-
nant tumors, or serious medical disorders [4], no treat-
ment with any antibiotics or probiotics within 3 months 
before sampling, and [5] good understanding and com-
munication skills. The exclusion criteria were as follows: 
[1] severe heart, liver, or kidney insufficiency [2], severe 
chronic diseases such as malignant tumors and auto-
immune diseases, within 1 year after sampling, and [3] 
refusal to participate in this study.

This study was approved by our hospital ethics com-
mittee (2016 ethics approval no. 100), and all enrolled 
subjects provided written informed consent.

Clinical Data
We collected detailed demographic and clinical data 
from the patients in the radiotherapy group, including 
name, age, diagnosis, clinical characteristics, sample-col-
lection date, laboratory test results, treatment plan, and 
contact information. Additionally, we collected general 
information from the 15 healthy women living in Suzhou 
(non-minority/ethnicity) who served as a control group, 
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including name, age, height, weight, personal history, 
family history, and contact information.

Treatment
Delineation of radiotherapy target area
Magnetic resonance imaging, computed tomography 
(CT), or positron-emission tomography/CT examina-
tions were routinely performed before treatment for the 
pre-radiotherapy evaluation. According to the standards 
of the RTOG [20] and the Japan Clinical Oncology Group 
[21], the target area and organs at risk (OAR) were delin-
eated for radical radiotherapy and postoperative adjuvant 
pelvic external irradiation of cervical cancer.

Radiotherapy doses
We prescribed the following doses for radical VMAT: 
pelvic lymphatic drainage area (planning target volume 
1, PTV1), 45  Gy/25 fractions; parametrial area (PTV2), 
50 Gy/25 fractions; and positive lymph nodes (PGTVnd), 
56  Gy/28 fractions. If tumor progression involved the 
para-aortic or inguinal lymphatic drainage area, the para-
aortic lymphatic drainage area (PTV3) was treated with 
36–40 Gy/20 fractions, and the inguinal lymphatic drain-
age area (PTV4) was treated with 45 Gy/25 fractions.

The doses for postoperative auxiliary VMAT were as 
follows: medium-risk PTV1, 45  Gy/25 fractions; and 
high-risk PTV1, 50.4  Gy/28 fractions. The dose for the 
rest of the target area was prescribed according to the 
radical external beam irradiation plan.

Designing the radiotherapy plan
The Monaco treatment planning system (Elekta, Swe-
den) was used to design a 7-field inverse dynamic VMAT 
plan, according to unified parameters. The X-ray beam 
voltage was 6 MV. It was required that at least 95% of 
the PTV receive the prescribed dose, and no dose hot 
spot ≥ 110% occur outside the PTV. The organ at risk 
(OAR) dose limit was uniform (OAR dose limitation: 
bladder V40 < 0%, rectum V40 < 40%, colon V40 < 30%, 
small intestine V40 < 20%, and femoral head V45 < 5%).

Implementing the radiotherapy plan
VMAT was implemented using the Elekta Synergy linear 
accelerator (Elekta, Sweden). All patients were treated 
5 times a week, once a day with cone-beam CT (Elekta, 
Sweden) image-guided VMAT. The treatment error was 
within 3 mm.

Dietary restrictions
Dietary structure was standardized during the radia-
tion treatment. The type and content of dietary ingre-
dients greatly affect the metabolism of the intestinal 
microbiome. Different dietary structures may also 
affect the activity of bacterial enzymes in the intestinal 

microbiome. Bacteria compete with each other for food 
utilization, and small changes in the diet can significantly 
alter the metabolism of the gut microbiota. Therefore, in 
combination with relevant materials such as the Dietary 
Guidelines for Chinese Residents [22], the Expert Con-
sensus on Nutrition Therapy for Cancer Patients [23], and 
Nutritional Support for Patients with Radiotherapy [24], 
standard dietary guidance was drafted under the advice 
of clinical nutrition specialists to minimize the number 
of different diets and dietary structures, and thereby min-
imize the effects of dietary variation on metabolites in 
biological samples. Both the patients in the radiotherapy 
group and the control subjects were recommended to 
follow the standard dietary guidance.

Biological Sample Collection and pretreatment
Stool sample collection
The study participants were instructed to follow the 
standard dietary plan drawn up by the clinical nutrition-
ist of the hospital. Stool samples were collected after the 
dietary plan had been followed for 3 consecutive days. In 
the radiotherapy group, stool samples were collected at 
the following time points: 1 day before radiotherapy (T0), 
in the 2nd week (T2) and 4th week (T4) after the start of 
radiotherapy, and at the end of radiotherapy (Tf). Altera-
tions in the fecal microbiota were assessed using 16  S 
ribosomal RNA gene (16 S rDNA) amplicon sequencing 
of stool samples. We compared the intestinal microbial 
alterations in cervical cancer patients during radiother-
apy (T2, T4, and Tf) with the intestinal microbiota before 
treatment (T0) as well as with the intestinal microbiota 
in the stool samples collected from the healthy controls.

The sample-collection method was as follows: after all 
the urine had been expelled, the participant discharged 
their feces into a spittoon covered with a disposable med-
ical/biological sample-collection bag. The participant 
then collected approximately 5 g of fresh feces with a dis-
posable sampling spoon, and packed it into two to three 
2-mL sterile cryopreservation tubes in order to have 
backup samples. All the packed cryopreservation tubes 
were immediately placed in a sampling box and frozen at 
-80 °C.

Pretreatment and subpackaging
Approximately 2-g portions of the stool specimens were 
placed in sterile test tubes and stored at -80  °C until 
analysis. Samples that were contaminated or that had not 
been collected according to the above requirements were 
discarded.

Microbiomics Processing Flow
DNA extraction
For DNA extraction, 200 mg of thawed feces was trans-
ferred to a 2-mL centrifuge tube and placed on ice. The 
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FastDNA Spin Kit for Soil was used to extract DNA 
from the fecal samples, according to the manufacturer’s 
instructions.

Library construction and sequencing
The construction of the high-throughput MetaVx™ 
sequencing library and sequencing based on the Illumina 
MiSeq platform were completed by GENEWIZ. The con-
centration of the library was detected using a Qubit3.0 
fluorometer. The library was quantified to 10 nM, and 
PE250/FE300 paired-end sequencing was performed 
according to the instructions provided with the Illumina 
MiSeq instrument. The sequence information was read 
using the MiSeq Control software that comes with the 
MiSeq platform. The forward and reverse reads obtained 
by paired-end sequencing were first assembled and 
joined in pairs. Sequences containing N in the splicing 
results were filtered, and sequences with lengths > 200 bp 
were retained.

Data post-processing
After quality filtering, chimeric sequences were removed, 
and the final sequence was used for the classification of 
operational taxonomic units (OTUs). VSEARCH (v1.9.6) 
was used for sequence clustering, with the sequence sim-
ilarity set to 97%. The results were compared to the 16 S 
rRNA reference sequences in the Silva 132 database. The 
Bayesian algorithm, RDP classifier, was used to analyze 
the species taxonomy of the representative sequences of 
the OTUs, and the microbial community composition of 
each sample was counted at different taxonomic levels.

RE evaluation criteria
Adverse reactions were monitored in all patients at the 
T0, T2, T4, and Tf time points, including diarrhea, 
abdominal pain, colitis, anal swelling, hematochezia, 
decreased white blood cell count, decreased neutrophil 
count, decreased platelet count, and anemia. Adverse 
events were graded according to the National Institutes 
of Health Evaluation Criteria for Common Adverse 
Events (CTCAE v5.0) [25]. In this study, the Severe Acute 
Radiation Enteritis scoring system (SARE-SS) was estab-
lished based on the adverse reaction score, which was 
calculated as follows: SARE-SS = the sum of the CTCAE 
scores of diarrhea + abdominal pain + colitis + anal bloat-
ing + blood in the stool. SARE-SS scores ≥ 3 points indi-
cated the occurrence of SARE. The diagnosis of SARE 
was made by at least 2 experienced radiation oncolo-
gists based on changes in the clinical symptoms and the 
results of ancillary laboratory tests.

Statistical methods
OTU clustering
We used Qiime (v1.9.1) and VSEARCH (v1.9.6) to clas-
sify and identify the intestinal microbiome. In brief, 
the process involved the following steps: [1] Unique 
sequences were extracted from the optimized effec-
tive sequences, and the number of repetitions of each 
sequence was noted [2]. Unique sequences with a repeti-
tion count of 1 were removed [3]. OTU clustering of the 
unique sequences (repetition count > 1) was performed 
with the sequence similarity set to 97%, and chimeric 
sequences were further removed during the cluster-
ing process to obtain representative sequences of the 
OTUs [4]. All optimized sequences were compared with 
the representative OTU sequences, and sequences with 
> 97% similarity with the representative OTU sequences 
were considered to belong to the same OTU [5]. An OTU 
abundance table was generated statistically.

Receiver operating characteristic curve analysis
We used R language to analyze receiver operating char-
acteristic (ROC) curves and screen for a single species 
of the intestinal microbiome that could predict RE and 
SARE. In brief, we used different cutoff points for the 
continuous variables and calculated a series of sensitivi-
ties and specificities. Then, we plotted curves with sensi-
tivity as the ordinate, and (1 - specificity) as the abscissa. 
The larger the area under the curve, the higher the diag-
nostic accuracy.

Enterotype analysis
Using R language, we conducted a cluster analysis of the 
identified intestinal microbiome to identify the dominant 
species in RE and SARE. The specific steps were as fol-
lows: [1] To calculate the distance matrix, we selected 
the relative abundance at the genus level, and calculated 
the Jensen-Shannon divergence between samples [2]. To 
select the optimal number of clusters, we calculated the 
Calinski–Harabasz (CH) index, and selected the K value 
corresponding to the highest CH value, which was the 
number of sample categories (i.e., the number of clus-
ters) [3]. For sample clustering, the Partitioning Around 
Medoids algorithm and R language cluster package 
were used to classify samples according to a predeter-
mined number. Then, the principal component analysis 
and other graphics were drawn, and group colors were 
assigned according to the classification results [4]. To 
evaluate the quality of sample clustering, we calculated 
the silhouette value of the samples; the higher the silhou-
ette value, the better the sample fit the clustering result.

Statistical analysis
The Kolmogorov-Smirnov test for normality was applied, 
and normally distributed variables were expressed as 
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mean ± standard deviation and analyzed using the inde-
pendent two-samples t test. Non-normally distributed 
variables were expressed as median (interquartile range) 
and analyzed using the Mann-Whitney U test. Pearson 
correlation analysis was used for normally distributed 
data, and Spearman correlation analysis was used for 
non-normally distributed data. In all the above tests, 
P < 0.05 was considered to indicate statistical significance.

Results
Clinical characteristics
Of the 50 patients with cervical cancer included in this 
study, 14 patients received radical radiotherapy, 35 
patients received postoperative adjuvant pelvic external 
beam radiotherapy, and 1 patient received radical pel-
vic external beam radiotherapy combined with a vaginal 
brachytherapy boost because the vaginal resection mar-
gin was 2 cm from the tumor border. The average patient 
age was significantly lower in the postoperative adju-
vant radiotherapy group than in the radical radiotherapy 

group (P < 0.05), while the BMI was significantly higher in 
the former group than in the latter (P < 0.05). No signifi-
cant differences were found in body weight, pathological 
tumor type, cumulative incidence of RE and SARE, and 
para-aortic extended field irradiation (P > 0.05; Table  1) 
between the radical radiotherapy group and the postop-
erative adjuvant radiotherapy group.

RE and SARE
None of the 50 cervical cancer patients had any obvious 
nausea, vomiting, anorexia, dyspepsia, or other gastroin-
testinal symptoms after the start of VMAT. The follow-
ing radiotherapy-related adverse reactions were observed 
in the radiotherapy group: colitis, diarrhea, anal swell-
ing, hematochezia, and bone marrow suppression. No 
adverse reactions above grade 3 were encountered. The 
incidence of the symptoms of RE was as follows: diarrhea, 
28%; abdominal pain, 22%; colitis, 8%; anal distension, 
20%; and blood in stool, 6% in the 2nd week after the 
start of radiotherapy. The incidence of the above symp-
toms was 56%, 36%, 16%, 26%, and 18%, respectively, in 
the 4th week after the start of radiotherapy. The rates of 
these symptoms peaked at the end of external irradiation, 
and were 74%, 42%, 24%, 34%, and 30%, respectively. No 
significant difference in adverse reactions was observed 
between the radical radiotherapy group and the postop-
erative adjuvant radiotherapy group (all P > 0.05; Table 2).

Overview of radiation time/dose-related changes in the 
intestinal microbiome with RE and SARE
With the advancement of radiotherapy time/dose, the 
number of Firmicutes, Bacteroidetes, Proteobacteria, 
and Actinomycetes in the intestinal microbiome of the 
patients with cervical cancer and RE increased. The ratio 
of Bacteroidetes, Proteobacteria, and Actinomycetes to 
Firmicutes was lower in patients with RE than in patients 
without RE, and this ratio changed dynamically during 
radiotherapy (Fig. 1a-e). With the advancement of radio-
therapy time/dose, the number of Firmicutes, Bacteroide-
tes, Proteobacteria, and Actinomycetes in the intestinal 
microbiome of patients with cervical cancer and SARE 
decreased. The ratio of Bacteroidetes, Proteobacteria, 
and Actinomycetes to Firmicutes was higher in patients 
with SARE than in patients without SARE, and this ratio 
changed dynamically during radiotherapy (Fig. 2a-e).

ROC analysis of individual genera reflecting RE and SARE
During radiotherapy, the abundance of Barnesiella was 
significantly lower in the experimental group than in the 
control group (P < 0.05, Fig. 3a-d), and the abundance of 
Ruminococcus gnavus and Erysipelatoclostridium was 
significantly higher in the experimental group than in 
the control group (all P < 0.05, Fig.  3a-d). In addition, 
we found that the abundance of the pathogenic bacteria 

Table 1 Comparison of general data of patients undergoing 
postoperative adjuvant radiotherapy and those undergoing 
radical radiotherapy
Factor Postopera-

tive adjuvant 
radiotherapy 
(n = 36)

Radical ra-
diotherapy 
(n = 14)

t/χ2 
value

P 
value

Age (yrs) 48.25 ± 8.05 61.86 ± 1 
3.17

-4.450 < 0.001

Young and middle-
aged (18–60 yrs)

33 (92) 5 (36) 17.301 < 0.001

Elderly (> 60 yrs) 3 (8) 9 (64)
Weight (kg) 57.31 ± 8.00 53.07 ± 8.74 1.638 0.108
BMI (kg/m2) 21.86 ± 2.07 20.21 ± 2.79 2.284 0.027
Tumor type 0.186*

Squamous cell 
carcinoma

35 (97) 12 (86)

Adenocarcinoma 0 (0) 1 (7)
Adenosquamous 
carcinoma

1 (3) 1 (7)

Concurrent chemoradiotherapy 0.397 0.529
Yes 12 (33) 6 (43)
No 24 (67) 8 (57)
Paraaortic extended field radiotherapy 0.186*

Yes 1 (3) 2 (14)
No 35 (97) 12 (86)
RE - 1.000*

Yes 30 (83) 12 (86)
No 6 (17) 2 (14)
SARE 2.286 0.131
Yes 13 (36) 2 (14)
No 23 (64) 12 (86)
*Fisher exact probability method

BMI, body mass index; RE, radiation enteritis; SARE, severe acute radiation 
enteritis
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Escherichia coli-Shigella and Tyzzerella-4 in the experi-
mental group increased significantly in the 4th week after 
the start of radiotherapy (both P < 0.05, Fig. 3c). The top 
10 most abundant species were Bacteroides, Blautia, 
Escherichia-Shigella, Faecalibacterium, Ruminococcus 
gnavus, Lachnoclostridium, unclassified bacteria, Rose-
buria, Eubacterium hallii, and Megamonas. The ROC 
curve analysis at the genus level for the prediction of RE 
(Fig. 4a-b) and SARE (Fig. 4c-d) showed that most of the 
AUC values exceeded 0.5, and all P values exceeded 0.05. 
So, we considered that a single genus could not predict 
RE and SARE in our patient group.

Correlation analysis of bacteroidetes/firmicutes ratio 
reflecting RE and SARE
Some Bacteroides species act as probiotics in the host 
gut. These bacteria produce short-chain fatty acids, such 
as butyrate [26], which help reduce inflammation and 
maintain the structural integrity of the gut wall. There-
fore, many authors [27–29] believe that a decrease in the 
ratio of Bacteroidetes to Firmicutes (B/F ratio) may reflect 
the dysbiosis of the intestinal microbiome and intestinal 
damage during RE. We found that compared with the 
control group, the radiotherapy group showed a gradual 
decrease in the B/F ratio with increase in the radiother-
apy dose/time (control: 0.33 ± 0.07 vs. T0: 0.28 ± 0.06 vs. 
T2: 0.25 ± 0.05 vs. T4: 0.22 ± 0.05 vs. Tf: 0.27 ± 0.07), but 
no significant difference was found between the groups 

Table 2 Comparison of the incidence of acute RE in cervical cancer patients treated with postoperative adjuvant radiotherapy (PAR) 
and radical radiotherapy (RR)
Adverse reaction Group Grade 0 Grade 1 Grade 2 Grade 3 χ2 value P value
Diarrhea PAR 10 (28) 19 (53) 5 (14) 2 (5) 2.748 0.432

RR 3 (21) 10 (72) 0 (0) 1 (7)
Stomach ache PAR 21 (58) 12 (33) 3 (9) 0 (0) 1.423 0.491

RR 8 (57) 6 (43) 0 (0) 0 (0)
Colitis PAR 25 (69) 11 (31) 0 (0) 0 (0) - 0.140*

RR 13 (93) 1 (7) 0 (0) 0 (0)
Anal
Collapse

PAR 22 (61) 9 (25) 5 (14) 0 (0) 1.374 0.503
RR 11 (79) 2 (14) 1 (7) 0 (0)

Blood in stool PAR 23 (64) 13 (36) 0 (0) 0 (0) 0.179*

RR 12 (86) 2 (14) 0 (0) 0 (0)
Marrow
Inhibition

PAR 12 (33) 9 (25) 10 (28) 5 (14) 3.691 0.297
RR 3 (21) 4 (29) 2 (14) 5 (36)

Note: There were 36 patients in the postoperative adjuvant radiotherapy group and 14 patients in the radical radiotherapy group. Values are expressed as number 
(percentage)
*Fisher exact probability method

Fig. 1 Overview of radiation time/dose-related changes in the intestinal microbiome in patients with RE. a: Chord diagram. b–e: Ternary phase diagram 
at time points T0, T2, T4, and Tf. The ratio of Bacteroidetes, Proteobacteria, and Actinomycetes to Firmicutes was lower in patients with RE than in patients 
without RE, and this ratio changed dynamically during radiotherapy RE, radiation enteritis
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(P > 0.05; Fig. 5a). In the radiotherapy group, the B/F ratio 
was significantly higher among patients with RE and 
SARE than among patients without RE and SARE, espe-
cially in the 2nd week of radiotherapy (P = 0.015; Fig. 5b) 
and at the end of radiotherapy (P = 0.002; Fig. 5c). Using 
the clustering trend analysis in R software, we divided 
the patients in the radiotherapy group into 2 clusters 
(Fig.  5d): cluster 1 consisted of patients with a decreas-
ing B/F ratio, and cluster 2 consisted of patients with 
an increasing B/F ratio. At the end of radiotherapy, the 
change in the B/F ratio was significantly greater in clus-
ter 2 than in cluster 1 (P < 0.001; Fig. 5e). We next studied 
whether the B/F ratio grouped according to radiotherapy 
time and the above clusters was correlated with RE and 
SARE; all the r values were below 0.50, suggesting that 
the degree of correlation was low, and none of the cor-
relations was statistically significant (all P > 0.05; Fig. 5f ). 
Therefore, we considered that the B/F ratio alone could 
not be used as a predictor of RE or SARE.

Enterotype analysis reflecting RE and SARE
The International Human Microbiome Consortium 
classifies different “gut types” based on differences in 
the types and quantities of bacteria in the human gut 
to reflect the dominant microbiome in each ecosys-
tem [30]. For the enterotype analysis in this study, we 
defined Blautia as enterotype 1, Escherichia-Shigella 
as enterotype 2, and Faecalibacterium as enterotype 
3. Cluster analysis was performed based on the rela-
tive abundance data at the genus level (Fig. 6a), and the 
results were evaluated using the CH index (Fig. 6b). With 
increase in the radiotherapy time/dose, the enterotypes 
in the radiotherapy group underwent dynamic changes 
(Fig.  6c). The proportion of the Blautia enterotype 

shrank, and the proportion of the Escherichia-Shigella 
enterotype gradually increased. In week 4, the incidence 
of SARE was highest in the Escherichia-Shigella entero-
type group, and the results were statistically significant 
(all P < 0.05; Table  3). Escherichia-Shigella is a common 
intestinal pathogen, and the above results suggest that 
it is closely related to the occurrence and development 
of SARE. Univariate logistic regression analysis showed 
that the Faecalibacterium enterotype was associated with 
an increased incidence of SARE at the baseline (odds 
ratio = 5.400, P = 0.017; Table 3), and this enterotype was 
associated with a 4.4-fold higher risk of SARE than the 
Blautia enterotype.

Discussion
There are as many as 1014 bacteria colonizing the adult 
intestinal tract, with more than 500 distinct species, 
forming a symbiotic microecological environment com-
posed of anaerobic bacteria, facultative anaerobic bacte-
ria, aerobic bacteria, and the host cells [31]. Endogenous 
and exogenous influences perturb the microbial abun-
dance and structure Mechanistically, changes in intesti-
nal permeability and dysbiosis of the microbiota can lead 
to inflammation as well as immune activation and expo-
sure to exogenous effects [32, 33]. In animal experiments, 
Jahraus et al. [34] found that in fecal samples from nor-
mal mice subjected to 550  cGy whole body irradiation, 
the number of total bacteria, Bacteroides, Streptococ-
cus enterica, Lactobacillus, and Gram-negative anaero-
bic bacteria were significantly decreased. Sonis et al. 
[35] confirmed that the intestinal microbiome is partly 
responsible for the intestinal inflammatory response 
induced by radiation, which can activate an inflamma-
tory cascade via a signaling pathway mediated by NF-κB. 

Fig. 2 Overview of radiation time/dose-related changes in the intestinal microbiome in patients with SARE. a: Chord diagram. b–e: Ternary phase dia-
gram at time points T0, T2, T4, and Tf. The ratio of Bacteroidetes, Proteobacteria, and Actinomycetes to Firmicutes was higher in patients with SARE than 
in patients without SARE, and this ratio changed dynamically during radiotherapy. SARE, severe acute radiation enteritis
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Wright et al. [36] proved that lipopolysaccharide, which 
is mainly derived from intestinal Gram-negative bacteria, 
can bind to membrane-associated Toll-like receptors on 
the surface of innate immune cells to initiate inflamma-
tion. In a randomized clinical trial, Manichanh et al. [37] 
confirmed that radiation could change the abundance 
and composition of the intestinal microbiome before and 
after radiotherapy, and this was positively correlated with 
RE-induced diarrhea. Based on this, it is believed that 
radiation causes changes in the structure of the intesti-
nal microbiome, leading to the ectopic multiplication of 
conditional pathogenic bacteria after radiation, which 
is the root cause of RE and even systemic inflammatory 
reactions. In this study, we first observed the dynamic 
changes in the quantity and structure of the gut micro-
biota in a natural RE model, especially in the populations 

with RE and SARE, who showed distinct microbiome 
characteristics.

Studies have confirmed that the gut microbiota can 
serve as a potential biomarker for RE, and can help guide 
the creation of a personalized radiation treatment plan. 
Wang et al. [38] performed 16  S rRNA sequencing of 
the intestinal microbiota through the Illumina HiSeq 
platform. The authors observed intestinal microbiome 
dysbiosis in RE patients, which was characterized by 
a significant decrease in α-diversity and an increase in 
β-diversity; specifically, the abundance of the Proteobac-
teria Gammaproteobacteria was relatively high, and that 
of Bacteroidetes was low. Patients who later developed 
RE showed significant enrichment of Coprococcus dur-
ing the baseline period of radiotherapy. Metastat analy-
sis further revealed unique microorganisms associated 
with the grade of RE, such as an increased abundance 

Fig. 3 Dynamic changes in the dominant intestinal microbiome during radiotherapy. a: The top 5 bacterial genera with the largest differences in abun-
dance between the radiotherapy group at T0 and the control group were Barnesiella, Erysipelatoclostridium, Prevotella_7, Ruminococcus gnavus, and 
Tyzzerella-4. b: The top 5 bacterial genera with the largest differences in abundance between the radiotherapy group at T2 and the control group were 
Barnesiella, Erysipelatoclostridium, Erysipelotrichaceae_UCG − 003, Fusobacterium, and Ruminococcus gnavus. c: The top 5 bacterial genera with the largest 
differences in abundance between the radiotherapy group at T4 and the control group were Barnesiella, Erysipelatoclostridium, Escherichia − Shigella, Ru-
minococcus gnavus, and Tyzzerella-4. d: The top 5 species with the largest differences in abundance between the radiotherapy group at Tf and the control 
group were Barnesiella, Eisenbergiella, Haemophilus, Hungatella, and Erysipelatoclostridium (all P < 0.05). Note The figure mainly illustrates the abundance 
distribution of the 5 most different species between the 2 samples. The taxonomic names of the 5 most different species between the 2 groups of 
samples are represented by the horizontal axis, and the relative abundance of the species is represented by the vertical axis. Microbiome detection based 
on 16 S rDNA sequencing was conducted at the following time points in the radiotherapy group: 1 day before radiotherapy (F0), in the 2nd week (F2) and 
4th week (F4) after the start of radiotherapy, and at the end of radiotherapy (Ff ). Microbiome detection based on 16 S rDNA sequencing was conducted 
at a single time point in the control group (FCK)
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of Virgibacillus and Alcanivorax in patients with mild 
enteritis. However, Bosset et al. [39] compared the 
microbiota at the baseline of radiotherapy, at the end of 
radiotherapy, and 2 weeks after radiotherapy, and found 
that actinomycetes increased and Clostridium decreased 
in RE patients. The authors concluded that post-radiation 
intestinal motility disorders were attributable to Gram-
negative bacilli in the gastrointestinal tract. The loss of 
the intestinal migratory movement complex is a major 
factor in pathogenic colonization, and it was associated 
with the increased abundance of Gram-negative bacilli 
during bacterial overgrowth. In addition, after pathogenic 
Escherichia coli infection, the host cytoskeleton changes, 
and the absorption surface of the intestinal epithelial cells 
decreases, resulting in persistent diarrhea. Therefore, the 
researchers concluded that abnormal intestinal motil-
ity and massive colonization by Gram-negative bacilli 
were important factors for the occurrence of severe late 

RE [39]. This conclusion is basically consistent with the 
results of our study. The abundance of gram-negative 
bacteria such as Escherichia coli-Shigella and Erysipelas 
was found to have increased in RE patients; however, this 
could not be confirmed in the ROC curve analysis, and a 
single species could not be used as a biomarker to predict 
RE or SARE.

There are more than 35,000 bacterial species in human 
intestinal microbiota [40]. Based on dimensional analysis 
of total bacterial genes, MetaHIT indicates that there are 
more than 10 million non-redundant genes in the human 
microbiome. Therefore, it becomes complicated and dif-
ficult to grasp the correlations and causal links between 
diseases and high-dimensional microbiota, and current 
research favors “dimension reduction” analysis, that is, 
the identification of representative microbial markers 
through big data analysis. The gut microbiota is predomi-
nantly composed of two major bacterial phyla: Firmicutes 

Fig. 4 ROC curve analysis of individual species reflecting RE and SARE. a-b: RE prediction model. c-d: SARE prediction model. ROC, receiver operating 
characteristic; RE, radiation enteritis; SARE, severe acute radiation enteritis
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Fig. 6 Enterotype analysis of the included samples. a: The horizontal axis represents the number of clusters (K value), and the vertical axis represents the 
CH index. It is generally believed that the larger the index, the better the clustering effect. The one with the largest CH index among all the genotypes 
was selected. b: Enterotype analysis. Different colors represent different intestinal types. The circle range refers to the PCA diagram that meets the credible 
interval. c: Diagram showing the distribution of intestinal types at T0, T2, T4, and Tf. CH index, Calinski–Harabasz index; PCA, principal component analysis

 

Fig. 5 Analysis of the correlation of the B/F ratio with RE and SARE. a: Changes in the B/F ratio between the control group and the radiotherapy group. 
b: Comparison of the B/F ratio between the RE and non-RE populations at different time points. c: Comparison of the B/F ratio between the SARE and 
non-SARE populations at different time points. d: Cluster analysis of the B/F ratio of the intestinal microbiome in patients with cervical cancer treated 
using VMAT. e: Comparison of the B/F ratio between 2 types of patients with cervical cancer treated using VMAT at different time points. f: Correlation 
analysis between time classification, cluster classification, and RE and SARE. B/F ratio, Bacteroidetes/Firmicutes ratio; RE, radiation enteritis; SARE, severe 
acute radiation enteritis; VMAT, volumetric modulated arc therapy
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and Bacteroidetes. Zhong et al. [41] found that a decrease 
in the B/F ratio reflected the typical features of intesti-
nal microbiome dysbiosis and intestinal damage during 
RE. The balance between these two groups is crucial for 
maintaining intestinal homeostasis. An increased B/F 
ratio indicates a relative abundance of Bacteroidetes over 
Firmicutes, which can signify a dysbiotic state of the gut 
microbiome. Our results verified the above finding. The 
B/F ratio of cervical cancer patients undergoing VMAT 
gradually decreased with increase in radiation dose/time, 
but there was no significant difference between the radio-
therapy and control groups. In the radiotherapy group, 
the B/F ratio was significantly higher among patients 
with RE and SARE than among patients without RE and 
SARE, especially in the 2nd week of radiotherapy. This 
may be related to the following mechanisms: An elevated 
B/F ratio may reflect an increase in Bacteroidetes species, 
which are associated with pro-inflammatory activities 
[42]. This shift can exacerbate mucosal damage caused 
by radiation, leading to increased intestinal permeability 
and inflammation. Many Firmicutes species are respon-
sible for producing short-chain fatty acids (SCFAs), such 
as butyrate, which have anti-inflammatory properties and 
play a key role in maintaining the integrity of the intesti-
nal epithelium [43]. A decrease in Firmicutes abundance 
could lead to reduced SCFA production, compromising 
the gut barrier function. Changes in the B/F ratio can 
alter the production of microbial metabolites that influ-
ence the host immune response [44]. An imbalance may 
promote a microenvironment conducive to the develop-
ment of RE and SARE. However, when exploring the pre-
dictive value of the B/F ratio, we found that the B/F ratio 
alone could not be used as a predictor of RE or SARE. 
This indicates that RE and SARE are likely influenced 
by multiple factors, and relying solely on the B/F ratio 
may not provide an accurate risk assessment. Hence, we 

believe the sample size should be enlarged to continue 
this research.

Some authors have attempted to identify and ana-
lyze “intestinal types.” The term “enterotype,” which first 
appeared in the journal Nature in 2011, refers to the 
stratification of the human gut microbiome. Enterotypes 
can be used to decompose the highly multidimensional 
human microbiome variation into several categories, 
and enterotypes can be used as biomarkers to correlate 
the gut microbiome with phenotypes, including disease 
phenotypes. Arumugam et al. [45] analyzed 33 qualified 
samples from different populations, and found that these 
samples could be divided into 3 different robust clusters 
at the genus level. Each cluster was then assigned to an 
enterotype. Common enterotypes included Bacteroides 
(enterotype 1), Prevotella (enterotype 2), and Ruminococ-
cus (enterotype 3). However, enterotypes are also influ-
enced by age [46], diet [47], and antibiotics [48], among 
other factors. Some authors believe that the enterotype is 
not always stable [49]. An enterotype analysis of RE has 
not yet been reported. In this study, through the Jensen-
Shannon divergence cluster scoring method, we defined 
Firmicutes and Blautia as enterotype 1, Proteobacteria 
and Escherichia-Shigella as enterotype 2, and Firmicutes 
and Faecalibacterium as enterotype 3. We also found that 
the enterotype of some cervical cancer patients undergo-
ing VMAT was not static, but rather changed with the 
radiation time/dose. The Faecalibacterium enterotype 
could predict the occurrence of SARE in the host. As 
radiotherapy affects the intestinal mucosa, the abundance 
and composition of the intestinal microbiome changes 
over time. The growth of beneficial bacteria can be inhib-
ited, and the reproduction of pathogenic bacteria can be 
promoted, altering the enterotype of the host. The patho-
genic bacteria Escherichia-Shigella were related to an 
increased incidence of SARE during radiotherapy. How-
ever, due to a masking effect, the ability of enterotypes to 

Table 3 Univariate analysis of enterotypes in patients with cervical cancer undergoing VMAT
Time Factor B SE Exp (B) 95% CI Wald χ2 P

Lower Upper
T0 Enterotype 1 - - 1.00 - - 7.093 0.029

Enterotype 2 -0.511 1.179 0.600 0.059 6.052 0.188 0.665
Enterotype 3 1.686 0.708 5.400 1.348 21.639 5.670 0.017

T2 Enterotype 1 - - 1.00 - - 5.749 0.056
Enterotype 2 1.897 0.796 6.667 1.401 31.719 5.683 0.017
Enterotype 3 1.338 0.881 3.810 0.678 21.419 2.305 0.129

T4 Enterotype 1 - - 1.00 - - 0.483 0.785
Enterotype 2 21.108 103.778 146.861 0.000 175.783 0.000 0.998
Enterotype 3 20.615 103.778 897.485 0.000 953.054 0.000 0.998

Tf Enterotype 1 - - 1.00 - - 2.488 0.288
Enterotype 2 0.550 0.802 1.733 0.360 8.351 0.470 0.493
Enterotype 3 1.312 0.848 3.714 0.704 19.590 2.392 0.122

VMAT, volumetric modulated arc therapy; CI, confidence interval; T0, baseline; T2, 2nd week of radiotherapy; T4, 4th week of radiotherapy; Tf, end of radiotherapy
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predict risk is questionable [49], so more research on a 
larger scale is needed to verify and improve the concept 
of RE enterotypes.

Conclusion
In conclusion, this study investigated the abundance and 
composition of the intestinal microbiome, the composi-
tion of the dominant microbiome, and the phylogenetics 
and diversity of the intestinal microbiome by applying 
next-generation sequencing to analyze the microbiome 
in stool samples collected from patients with cervical 
cancer undergoing radiotherapy. Comparative analy-
sis of data collected at the baseline and at different time 
points throughout radiotherapy showed that the dynamic 
changes in intestinal microbial profiles after irradiation 
largely reflected the intestinal microbiome dysbiosis dur-
ing the evolution of RE. These findings may help to fur-
ther elucidate the pathogenesis of RE and especially to 
classify RE enterotypes. The methodological exploration 
provides new ideas and potential microbiological thera-
peutic targets for maintaining homeostasis.
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