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Abstract

Background Interindividual variation characterizes the relief experienced by constipation-predominant irrita-

ble bowel syndrome (IBS-C) patients following linaclotide treatment. Complex bidirectional interactions occur
between the gut microbiota and various clinical drugs. To date, no established evidence has elucidated the interac-
tions between the gut microbiota and linaclotide. We aimed to explore the impact of linaclotide on the gut micro-
biota and identify critical bacterial genera that might participate in linaclotide efficacy.

Methods [BS-C patients were administered a daily linaclotide dose of 290 ug over six weeks, and their symptoms
were then recorded during a four-week posttreatment observational period. Pre- and posttreatment fecal samples
were collected for 16S rRNA sequencing to assess alterations in the gut microbiota composition. Additionally, tar-

geted metabolomics analysis was performed for the measurement of short-chain fatty acid (SCFA) concentrations.

Results Approximately 43.3% of patients met the FDA responder endpoint after taking linaclotide for 6 weeks,

and 85% of patients reported some relief from abdominal pain and constipation. Linaclotide considerably modified
the gut microbiome and SCFA metabolism. Notably, the higher efficacy of linaclotide was associated with enrichment
of the Blautia genus, and the abundance of Blautia after linaclotide treatment was higher than that in healthy volun-
teers. Intriguingly, a positive correlation was found for the Blautia abundance and SCFA concentrations with improve-
ments in clinical symptoms among IBS-C patients.

Conclusion The gut microbiota, especially the genus Blautia, may serve as a significant predictive microbe for symp-
tom relief in IBS-C patients receiving linaclotide treatment.
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Trial registration: This trial was registered with the Chinese Clinical Trial Registry (Chictr.org.cn, ChiCTR1900027934).
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Background
Irritable bowel syndrome (IBS) is a pervasive, symptom-
driven chronic disorder marked by abdominal discom-
fort and irregular bowel movements [1] that affects an
estimated 11.2% of the global population [1, 2]. Approxi-
mately one-third of these patients are diagnosed with
irritable bowel syndrome with constipation(IBS-C), a
subtype of IBS. The therapeutic objectives primarily
focus on alleviating symptoms, improving the patients’
quality of life, and reinstating their normal social func-
tioning rather than eradicating the disease [3, 4]. Several
guidelines and consensus statements have recommended
the use of antidepressants, laxatives, prokinetics, and
probiotics for the treatment of IBS-C patients. Due to
an improved understanding of its pathogenesis, numer-
ous therapeutic agents have been developed, and certain
drugs have been removed from the front-line treatment
strategies [5, 6]. Given the limitations of conventional
treatments, there is mounting evidence highlighting the
effectiveness of secretory drugs. These new drugs, which
target chloride ion channels, have a clear mechanism of
action [7, 8], and an example is the guanylate cyclase C
agonist linaclotide [9, 10]. Linaclotide not only mitigates
constipation symptoms but also ameliorates global symp-
toms such as abdominal discomfort, pain, and bloating
[11-13]. This drug has been endorsed by the U.S. Food
and Drug Administration (FDA) and the American Col-
lege of Gastroenterology for the treatment of chronic idi-
opathic constipation (CIC) and IBS-C in adults [3, 14].
However, the efficacy of linaclotide treatment has
been shown to exhibit significant interindividual vari-
ation [15]. A 2018 phase III trial in China revealed that
approximately 40% of patients did not respond to lina-
clotide treatment, potentially due to the multifacto-
rial etiology of IBS-C [16]. To date, the causes of IBS-C
have not been fully elucidated, and previous research
has focused on alterations in the intestinal flora that are
intimately connected with IBS-C [17]. Studies have sug-
gested that the gut microbiota influences not only the
onset of IBS-C but also the effectiveness of disease treat-
ment, including the chemotherapy sensitivity in colon
cancer patients [18], the impact of metformin on diabetes
[19], and the efficacy of rifaximin in treating IBS-D [20].
Through animal experiments, a Japanese study confirmed
that linaclotide can enhance the intestinal milieu in
patients with renal insufficiency [21]. However, whether
linaclotide can ameliorate gut microflora dysbiosis and
whether the intestinal flora is correlated with symptom

relief in linaclotide-treated IBS-C patients remains to be
established.

Thus, the potential influence of the gut microbiota
on the therapeutic effects of linaclotide has significant
implications for IBS-C treatment. Through a multicenter
clinical trial, this study aimed to evaluate the efficacy and
safety of linaclotide and discern the relationship between
the relief provided by linaclotide treatment and altera-
tions in the gut microbiota.

Methods
Subjects
This multicenter, pre-post clinical trial, which spanned
a treatment period of six weeks, was conducted at six
Chinese hospitals between January 2020 and June 2021
(Additional file 7: Table S1). The inclusion criteria for
IBS-C patients were the following: (D age > 18 years, @
diagnosis of IBS-C (Rome IV diagnostic criteria), 3 Bris-
tol type 1 or 2>25% [22], and @ <3 bowel movements
per week. The exclusion criteria were as follows: (D preg-
nant or lactating women; (@ patients with mental illness;
@ patients who consumed probiotics or antibiotics one
month prior to the study; @ patients who had undergone
intestinal cleansing in the past two weeks; B patients
allergic to the drugs used in the study; ® patients with
a history of digestive system tumors or gastrointestinal
surgery, intestinal obstruction or gastrointestinal bleed-
ing; and () patients with severe heart or lung diseases.
The exclusion criteria for the healthy volunteers were
as follows: (D age < 18 years; @ use of antibiotics, probi-
otics, bowel cleansing products or proton-pump inhibi-
tors within 1 month prior to the study; and @ diagnosis
of diseases such as IBS, inflammatory bowel disease, coe-
liac disease, or digestive system tumors or history of
gastrointestinal surgery, intestinal obstruction or gas-
trointestinal bleeding, cardiac, renal or hepatic diseases,
metabolic diseases, lactose intolerance, or active infec-
tion with pathogenic microorganisms.

Treatment and follow-up

All patients received the same dosage of linaclotide
(290 pg orally once a day, half an hour before breakfast)
for 6 weeks. The medication was supplied by Astra-
Zeneca. All patients were followed up twice a week for
10 weeks post enrollment. The patients were not allowed
to take any other constipation-related drugs, including
probiotics and laxatives, during the treatment period.
For patients with other diseases, treatment could be
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administered according to the established guidelines,
with the requirement of keeping objective records.

Collection of fecal samples

Fecal samples were collected before and after 6 weeks of
linaclotide treatment. All samples were collected using
a special stool collection tube in the hospital, and sam-
ples that did not come into any obvious contact with the
external environment were collected with a stool shovel.
Three stool samples (each consisting of at least 1 g) were
collected from each patient, placed in a special refrigera-
tor for specimen collection, stored at — 20 ‘C, and rapidly
transferred to — 80 °C by laboratory personnel within 4 h
[23].

Indicator collection
The changes in abdominal pain (numeric rating scale
(NRS), gastrointestinal symptom rating scale (GSRS),
symptom severity score of irritable bowel syndrome
(IBS-SSS), and quality of life scale of irritable bowel
syndrome (IBS-QoLS)) were evaluated biweekly for
10 weeks, and the Bristol stool form scale (BSFS) and
spontaneous bowel movements (SBMs) were assessed
daily during treatment based on dietary conditions [24].
Drug-related side effects were also monitored. Fecal sam-
ples were collected before and 6 weeks after linaclotide
administration. All these indicators were collected by
trained personnel responsible for data collection at each
center, and the organizing unit inspected and reassessed
the data weekly. After treatment, the patients were cat-
egorized into relief and no relief groups. The patients in
the relief group were further divided into responders and
nonresponders based on the FDA response criteria [25].

The FDA response endpoint criteria for IBS-C were as
follows: (D >30% reduction from baseline in the weekly
mean of the daily scores for abdominal pain; @>1
increase in the CSBM per week from baseline; and Q)
improvement in abdominal pain and CSBM in the same
week during at least 50% of the treatment period.

The relief criterion for IBS-C was the alleviation of
abdominal pain or constipation during at least 50% of the
treatment period.

16S rRNA sequencing

DNA extraction, PCR amplification, fluorescence quanti-
fication, MiSeq library construction and MiSeq sequenc-
ing were subsequently performed. PE reads obtained by
MiSeq sequencing were first spliced according to over-
lap, and the sequence quality was then controlled and
filtered. Operational taxonomic unit (OTU) clustering
analysis and species taxonomy analysis were performed
after sample segmentation. Multiple diversity indices
could be analyzed based on the OTU clustering analysis
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results and the detected sequencing depth. Using taxo-
nomic information, the community structure was sta-
tistically analyzed at each taxonomic level. Based on the
abovementioned analysis, a series of in-depth statistical
and visual analyses, including multivariate analysis and
significance tests, were conducted to analyze the commu-
nity composition and phylogenetic information of diverse
species.

Metabolomics testing

Appropriate amounts of pure standards of short-chain
fatty acids, including acetic acid, propionic acid, butyric
acid, isobutyric acid, valeric acid, isovaleric acid and
hexanoic acid, were used. Ten standard concentra-
tion gradients (0.02, 0.1, 0.5, 2, 10, 25, 50, 100, 250, and
500 pg/ml) were formulated with ether. An appropriate
amount of sample was placed into a 2-ml centrifuge tube,
and 50 ul of 15% phosphoric acid, 100 pl of 125 pg/ml
internal standard (isohexic acid) solution, and 400 pl of
ether were then added. After homogenization for 1 min,
centrifugation was performed at 12,000 RPM at 4 C for
10 min, and the supernatant was collected for testing.
Appropriate chromatographic and mass spectrometry
conditions were used. The precision, repeatability, and
recovery were within a reasonable range.

Statistical methods

The appropriate statistical analysis for comparisons
between groups was selected based on the data distribu-
tion and patient characteristics, and the analyses were
performed using GraphPad Prism 8.0 and IBM SPSS Sta-
tistics 26 software. The alpha diversity was determined
by sampling-based OTU analysis, and the beta diversity
was visualized and tested by principal coordinate analysis
(PCoA) plots and analysis of similarities (ANOSIM). Lin-
ear discriminant analysis (LDA) was employed to analyze
the differences in the bacterial community predominance
between groups. Correlation analyses were performed
using Spearman’s correlation. The data are presented as
the means+SDs, medians (P25-P75 values), medians
(mix-max values), and n (%) values, and the significance
was marked as follows: *p<0.05, **p<0.01, **p<0.001,
*#*p <0.0001, and NS for no significance.

Results

Patient demographics

A total of sixty-two patients diagnosed with IBS-C were
recruited for the study between January 2020 and June
2021. Two patients (3.2%) discontinued participation
due to severe diarrhea (Fig. 1). Among the recruited
IBS-C patients, 86.7% were female, and the average
age, IBS-SSS score, and body mass index (BMI) of the
patients were 45.2+10.97 years, 225.17+92.296, and
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n=101

Potential patients identified for Roman IV standard for IBS-C

12 took probiotics within 1 month
7 took antibiotics within 1 month

Exclusion criteria

9 gastrointestinal surgery history
5 gastrointestinal neoplasm
6 refused the trial

Enrolled
n=62
Quite the test for
severe diarrhea
n=2
v

n=60

Linaclotide 290ug/day for 6 weeks and followed up

Collected stools at 0 week and 6
weeks for 16s rRNA sequencing
and SCFAs content analysis

Recorded the symptoms
(IBS-SSS, GSRS, IBS-QoLS, stool
frequency and abdominal pain
score, etc.) at 0, 2, 4, 6, 8, and 10
weeks

Self-comparative analysis
Subgroup analysis

Fig. 1 Clinical trial flow chart

22.62 +2.76, respectively (Table 1). No significant dif-
ferences in age, BMI, education, underlying diseases,
or drug-related side effects were observed between the
patients who experienced relief and those who did not
(P>0.05). Prior to linaclotide therapy, no significant
differences in the IBS-SSS scores were found between
the two groups (Table 1). Concurrently, a cohort of
thirty healthy volunteers was enrolled, and no notable
differences in baseline characteristics were observed
between the group of volunteers and the IBS-C patient
group (Additional file 8: Table S2). To mitigate the
potential confounding effects of dietary factors on the
gut microbiota, we assessed the nutrient intake of in
IBS-C patients using a food frequency questionnaire
(FFQ) [26], and no significant differences were found
in the total calorie, protein, fat, fiber, or carbohydrate
intake from baseline to week 10 (Additional file 9:
Table S3).

Clinical efficacy of linaclotide

To evaluate the impact of linaclotide, we collected rel-
evant clinical data (see the supplementary data and
patient information table for detailed information).
The IBS-SSS, GSRS, IBS-QoLS, and abdominal pain
scores gradually decreased over six weeks compared
with the baseline scores (Fig. 2A-D). The BSFS scores
and number of SBMs progressively increased during
the six weeks of treatment (Fig. 2E, F. After the six-
week medication period, we conducted a four-week
follow-up. During this period, the IBS-SSS, GSRS,
IBS-QoLS, abdominal pain, BSES, and SBM scores
of the patients remained stable. By applying the FDA
response endpoint criteria, we determined that 43.3%
(26/60) of patients achieved the FDA response end-
point. Eighty-five percent (51/60) of the patients
reported some relief. Among the patients who did
not meet the FDA response criteria, 73.5% (25/34)
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Table 1 The demographics of patients
Total (N=60) Non-relief (n=9) Relief (n=51) P value
Gender (n,%) Female 52(86.7) 9 (100) 43 (84.31) 0.024
Male 8(13.3) 0(0) 8(15.69)
Age Median (P25-P75) 47 (36.5-51.75) 40 (33-50.5) 47 (38-53) 0.722
Mean+SD 45241097 42.89+10.96 4561+11.16
BMI Median (P25-P75) 2248 (21.26-23.99) 21.78 (18.598-23.05) 22.58 (21.34-24.28) 0.100
Mean +SD 22624276 2094+33 2292+275
Education Primary 6(10) 0(0) 6(11.76) 0.495
Medium 32(53.3) 7(77.78) 25 (49.02)
Higher 22 (36.7) 2(22.22) 20(39.22)
IBS-SSS Median (P25-P75) 225 (156.25-275) 225 (162.5-342.5) 225 (125-275) 0445
(Baseline) Mean+SD 225.17+92.296 245.56 +86.05 221.57+86.89
Basic disease * No 56 (93.3) 9 (100) 47 (92.16) 0.347
Yes 4(6.7) 0(0) 4(7.84)
Drug-related No 44 (73.3) 8(88.89) 36 (70.59) 0.360
- #
side effects Yes 16 (26.7) 1011.11) 15 (29.41)
BMI body mass index, IBS-SSS irritable bowel syndrome symptom severity scale
" 4 reported hypertension; # 16 reported diarrhea
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0% 0%
O Drug withdrawal O Drug withdrawal O Drug withdrawal
-20%
§ é, 20% % -20%
& -40% s T s
= 1 =
& S S -a0% % & -40% r
-80% T T T @ T T -60% T T T Q T T -60% T T T Q T T
0 2 4 6 8 10 1] 2 4 6 8 10 [} 2 4 6 8 10
Time (week) Time (week) Time (week)
D Abdominal pain score E SBMs F BSFS
0% N — 15 O Drug withdarwal 5 O Drug withdarwal
-20% 4
% -40% 1 3
g
5 -60% 5 2

-80%

-100%

Time (week)

=
¢ T T T T T T T T

T
0 1 2 3 4 5 6 7 8 9 10

Time (week)

T T T 1 T o1 1 17T
1.2 3 4 5 6 7 8 9 10

Time (week)

Fig. 2 Changes in symptom scores during 6 weeks of treatment and 4 weeks of withdrawal. The irritable bowel syndrome symptom severity scale
(IBS-SSS) (A), gastrointestinal symptom rating scale (GSRS) (B), irritable bowel syndrome quality of life questionnaire (IBS-QoLS) (C), and abdominal
pain score (D) significantly decreased during 6 weeks of treatment, and these scores remained stable for four weeks after withdrawal. The Bristol
Stool Form Scale (BSFS) (E) and spontaneous bowel movements (SBMs) (F) improved during the treatment and drug withdrawal periods

reported at least some alleviation of abdominal pain
and constipation with clinical relief, whereas 26.5%
(9/34) reported no relief over six-week treatment
course. These findings highlight the interindividual
variation in the therapeutic efficacy of linaclotide.

Linaclotide altered the intestinal flora of IBS-C patients

To investigate whether the effect of linaclotide treatment
was associated with changes in the gut microbiota, we
collected initial (0-week) and final (6-week) fecal sam-
ples from 60 patients and performed high-throughput
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gene sequencing analysis of 16S rRNA to analyze the
gut microbial composition. We assessed the alpha diver-
sity of the gut microbiota using various methodolo-
gies through a generalized linear model, and consistent
results across different indices (ACE and Chaol) revealed
that the 6-week group exhibited significantly higher alpha
diversity than the 0-week group (p<0.0001; Fig. 3A,
Additional file 10: Table S4). To further elucidate the dif-
ferences in the gut microbial composition, we evaluated

A B
ace jaccard
*kkk
400
300 N
©
o
O
o
200
100
0-week 6-week
(n=60) (n=60)
E

[ 0-week [ 6-week
f_Lachnospiraceae
p_Firmicutes
c_Clostridia
o_Clostridiales
g_Blautia ]
g_Ruminococcaceae_UCG_014 ]
f_Clostridiaceae_1
g_Clostridium_sensu_stricto 1 [ ]
g Ruminococcus 2 ]
k Bacteria [
o_Coriobacteriales
c_Coriobacteriia
g__Eubacterium__hallii_group
g__Eubacterium__coprostanoligenes_group
[ f_Fusobacteriaceae
[ o_Fusobacteriales
] g_Fusobacterium
[ p_Fusobacteria
[ ¢_Fusobacteriia
] g_Family Xl AD3011_group
I f_Peptostreptococcaceae
] Family Xl
I f_Xanthobacteraceae
[ f_Saccharimonadaceae
e g Prevotella 9
I o_Saccharimonadales
I c_Saccharimonadia
B p_Patescibacteria
] o Rhizobiales
| f Prevotellaceae
[T ¢_Alphaproteobacteria
[ p_Proteobacteria
] g Bacteroides
| f Bacteroidaceae
] o Bacteroidales
) c_Bacteroidia
(B

p_Bacteroidetes

Page 6 of 12

the beta diversity through principal coordinate analysis
(PCoA) using the Jaccard distance algorithm. Clear clus-
tering separation of operational taxonomic units (OTUs)
indicated distinct community structures between the
0-week and 6-week groups, indicating significant differ-
ences in the structures (Fig. 3B).

Subsequently, we conducted a comprehensive exami-
nation of the gut microbiota landscape in all available
samples to further explore the potential composition
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Fig. 3 The efficacy of linaclotide in the treatment of IBS-C was related to its ability to modulate the gut microbiota. A Changes in alpha diversity
indices. B Principal coordinate analysis (PCoA) of the gut microbiota. C, D The abundance of Firmicutes at the phylum level and that of Blautia

at the genus level were greater after 6 weeks of treatment than at 0 weeks. E Linear discriminant analysis (LDA) was used to estimate the impact
of the abundance of each component (genus) on the effects. F Community heatmap generated using color gradients to represent the size

of the data in a two-dimensional matrix or table and to present community species composition information. ACE, Jaccard, and the abundances
of Firmicutes and Blautia were adjusted for the IBS-SSS baseline score, sex, age, BMI, education, basic disease status, and nutrient status

by repeated-measures ANOVA
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differences between the 0-week and 6-week groups.
At the phylum level, Firmicutes constituted the most
abundant phylum, accounting for 63.81% and 77.93%
of the gut microbial community in the 0-week and
6-week groups, respectively (p<0.0001) (Fig. 3C,
Additional file 11: Table S5). Notably, at the genus
level, distinct differences in the biological composition
were observed between the two groups. We analyzed
bacterial genera with a relative abundance exceed-
ing 1%. Among them, the genera Blautia (18.57%
vs. 7.77%, respectively; p<0.001) (Fig. 3D, Addi-
tional file 12: Table S6) and Fusicatenibacter (1.23%
vs. 1.69%, respectively; p<0.001) (Additional file 12:
Table S6) exhibited relatively higher abundances in
the 6-week group. We also compared the taxonomic
compositions at the class/order/family level between
the two groups (Additional file 1: Figure S1B-D, Addi-
tional file 13: Table S7, Additional file 14: Table S8,
Additional file 15: Table S9) and detected significant
differences in the abundances of Lachnospiraceae,
Clostridiales and Clostridia, to which Blautia belong,
between before and after treatment.

To confirm the specific bacterial taxa affected by
linaclotide treatment, linear discriminant analysis of
effect size (LEfSe) was used for high-dimensional class
comparisons, revealing significant differences in the
predominance of the bacterial communities between
the two groups (Fig. 3E, Additional file 2: Figure S2A).
According to the results, the genus Blautia (from the
phylum Firmicutes and the family Lachnospiraceae)
emerged as a key bacterial type contributing to gut
microbiota dysbiosis in the 6-week group. Additionally,
a heatmap comparing the gut microbiota between the
two groups based on the OTU abundance was gener-
ated at the genus level, further demonstrating the rel-
atively higher abundance of the genus Blautia in the
6-week group, which aligned with the findings from the
LEfSe analysis (Fig. 3F).

Moreover, we analyzed the differences in the gut
microflora between healthy volunteers and IBS-C
patients. The LEfSe results indicated that Firmicutes
at the phylum level and Blautia at the genus level were
predominant in the healthy volunteers (Fig. 4A). In
contrast, IBS-C patients exhibited a lower abundance
of Blautia than did healthy volunteers, whereas the
abundance of Blautia after linaclotide treatment was
higher than that of the healthy volunteers (Fig. 4B). In
addition, in the continuous observation (4 weeks after
linaclotide withdrawal), we also found that Blautia
remained higher than pretherapy, but lower than the
period of treatment (Additional file 3: Figure S3). These
findings further support the notion that linaclotide may
exert its effects by modulating the intestinal flora.
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The abundance of Blautia was related to the efficacy

of linaclotide

A relationship between the abundance of Blautia and the
effectiveness of linaclotide treatment was observed in this
study. To control for confounding factors such as sex, age,
and BMI, a ratio of 1:4 was used to match 9 patients who
did not experience relief (NR) and 36 out of 51 patients
who reported relief [27]. Stool specimens collected at 0
and 6 weeks were also analyzed (Additional file 4: Fig-
ure S4A-E), which demonstrated that the overall struc-
ture and alpha diversity of the gut microbiota did not
differ between the relief and no relief patients (Additional
file 5: Figure S5A, B). Interestingly, more pronounced
symptom relief was observed if the Blautia abundance
after treatment was markedly higher than that before
treatment (Fig. 4C, D. We also investigated the predic-
tive ability of the intestinal flora by receiver operating
characteristic (ROC) analysis and found that the baseline
abundance at the genus level could be used to predict the
efficacy of the IBS-C treatment with an area under the
curve (AUC) of 0.819, and Blautia (AUC of 0.708) was
among the top 21 genera (Fig. 4E). These findings sug-
gested that some specific gut microbes, such as Blautia,
exhibited a significant (p <0.01) difference in their impact
on the effect of linaclotide between patients who experi-
enced relief and those who did not.

The Blautia and SCFA levels were positively correlated

with the alleviation of clinical symptoms

According to relevant studies, Blautia species are SCFA-
producing bacteria. A metabolomic analysis of fecal
samples revealed that the concentrations of acetic acid
(p<0.01), propionic acid (p <0.05), butyric acid (p<0.01)
and isobutyric acid (p <0.05) were significantly increased
in the feces of IBS-C patients treated with linaclotide for
6 weeks (Fig. 5A). A comparison between the relief and
no relief groups demonstrated significantly higher lev-
els of acetic acid (p <0.0001), propionic acid (p <0.0001),
and isobutyric acid (p<0.001) in the relief group after
the treatment (Fig. 5B). We then performed a correla-
tion analysis to investigate the relationships among the
abundance of Blautia, the content of SCFAs, and clinical
symptoms. Interestingly, we found a positive relation-
ship between the abundance of Blautia and the contents
of acetic acid, propionic acid, and butyric acid. Increased
IBS-QoLS and decreased IBS-SSS and GSRS scores were
positively correlated with the Blautia abundance. Addi-
tionally, increased IBS-QoLS and decreased IBS-SSS
scores were positively correlated with the contents of
acetic acid and butyric acid (Fig. 5C). These findings sug-
gest that Blautia may play a crucial role in the efficacy of
linaclotide treatment.
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Discussion

In this study, we demonstrated that linaclotide can
improve defecation, relieve abdominal symptoms, and
modify bowel evacuation habits in most IBS-C patients,
and diarrhea is a common side effect. These results align
with previous phase III clinical findings in China [16].
However, the results revealed individual differences in
treatment effectiveness, which can potentially be attrib-
uted to the multifactorial nature of the pathophysiol-
ogy. Dysbiosis of the gut microbiota has been identified

as an important pathogenic factor in IBS-C patients
[28]. Moreover, accumulating evidence has indicated
that patients with IBS-C have intestinal microecological
imbalances [29]. For example, IBS-C patients exhibit a
higher gut microbial diversity and have a higher relative
abundance of stool methanogens, predominantly Metha-
nobrevibacter [17]. Although the mechanism through
which intestinal microecological imbalance leads to
IBS-C has not been fully elucidated, this imbalance pos-
sibly involves an excessively long retention time of feces
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in the intestinal tract, which changes the quantity and
balance of intestinal microbes and the metabolites of the
flora (SCFAs), the cellular components of the bacteria
(lipopolysaccharides), or the interactions between the
bacteria and the host immune system, all of which affect
a variety of intestinal functions [30, 31].

Hence, we performed 16S sequencing on the stool
of IBS-C patients collected before and after treatment
for 6 weeks. The results showed that linaclotide could
affect the intestinal flora, and our study also showed
an increased abundance of Blautia and Fusicatenibac-
ter in IBS-C patients after linaclotide treatment, even
after adjusting for age, diet, and other factors. Recently,
Tomita et al. reported “a significant reduction in the
abundance of Fusicatenibacter in CD patients with IBS-
D-like symptoms [32]” However, because the abundance
of Fusicatenibacter was low and no significant enrich-
ment of bacteria after linaclotide treatment was observed
via LEfSe analysis, we mainly analyzed Blautia. A phase
II clinical study recently found that MRx1234, which
contains a strain of Blautia hydrogenotrophica, could

improve the abdominal pain score and significantly
improve the bowel habit rate of IBS-C patients [33]. In
particular, we discovered that IBS-C patients exhibited a
lower abundance of Blautia than healthy volunteers did,
which illustrated that Blautia has the potential to become
a novel, safe treatment option. As a member of the Fir-
micutes phylum, Blautia has shown promise in alleviat-
ing inflammatory and metabolic diseases because it has
antibacterial activity against specific microorganisms [34,
35]. The composition and abundance of Blautia in the
intestine are influenced by various factors, including diet,
age, health, disease state, genotype, geography, and physi-
ological conditions [36—38]. These findings align with the
experimental results obtained in this study.

Moreover, the influence of the intestinal flora on doz-
ens of clinical drugs has been revealed. A previous
study highlighted the complex bidirectional interactions
between the gut microbiota and various clinical drugs.
The gut microbiome can be influenced by drugs, and vice
versa, the gut microbiome can influence the treatment
efficacy of drugs by impacting the drug structure and
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altering its bioavailability, biological activity or toxicity
(pharmaceutical microbiology) [39]. In our study, we also
found a significant increase in the Blautia abundance in
the relief group but not in the no-relief group, indicating
that linaclotide may modulate the Blautia abundance as
part of its mechanism of action.

Previous studies have elucidated the role of Blautia as
a commensal anaerobic bacterium that helps maintain
the intestinal environmental balance, prevents inflam-
mation, increases intestinal regulatory T cells, and pro-
duces SCFAs [40-42]. The total SCFA concentration in
IBS-C patients was lower than that in healthy individu-
als, mainly due to reduced acetic acid and propionic acid
levels [43]. In addition, the level of SCFAs is related to
the viscosity of the stool of IBS patients [44]. If the stool
texture of IBS-C patients (whose main clinical manifes-
tation is constipation) is dry, the corresponding SCFA
content also decreases. In our study, positive correlations
were found among symptom improvement, the Blautia
abundance, and the SCFA concentration, indicating that
the therapeutic effect of linaclotide may involve increas-
ing the SCFA concentrations through modulation of the
intestinal flora, particularly by increasing the Blautia
abundance. These results suggest that the gut microbiota
and its metabolites may contribute to linaclotide treat-
ment and its therapeutic effects (Additional file 6: Figure
S6).

This study has several limitations. First, this study was
not a randomized, controlled, double-blind clinical study,
and the sample size was not sufficiently large. Second,
gender based differences on IBS were clearly reported,
and most IBS-C patients were female [45, 46]. Although
the gender distribution of our patients showed the phe-
nomenon above and we conduct a self-controlled pre-
post study to exclude gender interference factor, we could
not get valid results on gender differences in linaclotide
treatment. Third, the effect of linaclotide on the intestinal
flora has been reported only in China and has not been
investigated in other regions. However, additional studies
are needed to confirm this phenomenon.

Conclusions

In summary, our study demonstrated that the gut micro-
biota may be not only necessary but also sufficient to
mediate the effect of linaclotide in clinical settings. The
efficacy of linaclotide is associated with modulation of
the Blautia abundance and SCFA concentration. The
abundance of Blautia after treatment could be used to
predict the efficacy of linaclotide. Treatment with lina-
clotide supplemented with Blautia may be a potential
method for improving the overall efficacy of clinical
treatment for IBS-C.
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