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Current treatment for functional dyspepsia (FD) has limited and unsustainable
efficacy. Probiotics have the sustainable potential to alleviate FD. This rando-
mized controlled clinical trial (Chinese Clinical Trial Registry,
ChiCTR2000041430) assigned 200 FD patients to receive placebo, positive-
drug (rabeprazole), or Bifidobacterium animalis subsp. lactis BL-99 (BL-99;
low, high doses) for 8-week. The primary outcome was the clinical response
rate (CRR) of FD score after 8-week treatment. The secondary outcomes were
CRR of FD score at other periods, and PDS, EPS, serum indicators, fecal
microbiota and metabolites. The CRR in FD score for the BL-99_high group [45
(90.0%)] was significantly higher than that for placebo [29 (58.0%), p = 0.001],
BL-99 low [37 (74.0%), p = 0.044] and positive_control [35 (70.0%), p = 0.017]
groups after 8-week treatment. This effect was sustained until 2-week after
treatment but disappeared 8-week after treatment. Further metagenomic and
metabolomics revealed that BL-99 promoted the accumulation of SCFA-
producing microbiota and the increase of SCFA levels in stool and serum,
which may account for the increase of serum gastrin level. This study supports
the potential use of BL-99 for the treatment of FD.

Functional dyspepsia (FD) is a common chronic gastrointestinal dis- pain syndrome (EPS; with epigastric pain and epigastric burning
order without known organic lesions'. The global prevalence of unin- symptoms) subtypes’. In patients with FD, these symptoms are per-
vestigated dyspepsia is 21%>. Epidemiological investigations have sistent for at least 1-3 days per week and last for more than 3 months®.
revealed that the symptoms vary in approximately two-thirds of Recurrent and prolonged symptoms contribute to poor quality of life
patients with FD irrespective of postprandial distress syndrome (PDS; and high medical expenses’. Therefore, searching for prolonged
with postprandial fullness and early satiety symptoms) or epigastric treatment of FD has considerable clinical value.

A full list of affiliations appears at the end of the paper. e-mail: hongweilian@yili.com; wangran@cau.edu.cn; Liuxinjuan@mail.ccmu.edu.cn;

renfazheng@263.net

Nature Communications | (2024)15:227


http://orcid.org/0000-0002-9021-3960
http://orcid.org/0000-0002-9021-3960
http://orcid.org/0000-0002-9021-3960
http://orcid.org/0000-0002-9021-3960
http://orcid.org/0000-0002-9021-3960
http://orcid.org/0009-0009-4052-1920
http://orcid.org/0009-0009-4052-1920
http://orcid.org/0009-0009-4052-1920
http://orcid.org/0009-0009-4052-1920
http://orcid.org/0009-0009-4052-1920
http://orcid.org/0009-0008-9979-9014
http://orcid.org/0009-0008-9979-9014
http://orcid.org/0009-0008-9979-9014
http://orcid.org/0009-0008-9979-9014
http://orcid.org/0009-0008-9979-9014
http://orcid.org/0000-0002-2427-9064
http://orcid.org/0000-0002-2427-9064
http://orcid.org/0000-0002-2427-9064
http://orcid.org/0000-0002-2427-9064
http://orcid.org/0000-0002-2427-9064
http://orcid.org/0009-0004-0767-4961
http://orcid.org/0009-0004-0767-4961
http://orcid.org/0009-0004-0767-4961
http://orcid.org/0009-0004-0767-4961
http://orcid.org/0009-0004-0767-4961
http://orcid.org/0000-0003-0361-5556
http://orcid.org/0000-0003-0361-5556
http://orcid.org/0000-0003-0361-5556
http://orcid.org/0000-0003-0361-5556
http://orcid.org/0000-0003-0361-5556
http://orcid.org/0000-0002-0421-0035
http://orcid.org/0000-0002-0421-0035
http://orcid.org/0000-0002-0421-0035
http://orcid.org/0000-0002-0421-0035
http://orcid.org/0000-0002-0421-0035
http://orcid.org/0000-0003-2079-9991
http://orcid.org/0000-0003-2079-9991
http://orcid.org/0000-0003-2079-9991
http://orcid.org/0000-0003-2079-9991
http://orcid.org/0000-0003-2079-9991
http://orcid.org/0009-0000-4173-0753
http://orcid.org/0009-0000-4173-0753
http://orcid.org/0009-0000-4173-0753
http://orcid.org/0009-0000-4173-0753
http://orcid.org/0009-0000-4173-0753
http://orcid.org/0009-0007-3751-2615
http://orcid.org/0009-0007-3751-2615
http://orcid.org/0009-0007-3751-2615
http://orcid.org/0009-0007-3751-2615
http://orcid.org/0009-0007-3751-2615
http://orcid.org/0000-0001-9244-3121
http://orcid.org/0000-0001-9244-3121
http://orcid.org/0000-0001-9244-3121
http://orcid.org/0000-0001-9244-3121
http://orcid.org/0000-0001-9244-3121
http://orcid.org/0000-0002-1996-0015
http://orcid.org/0000-0002-1996-0015
http://orcid.org/0000-0002-1996-0015
http://orcid.org/0000-0002-1996-0015
http://orcid.org/0000-0002-1996-0015
http://orcid.org/0000-0003-0242-8943
http://orcid.org/0000-0003-0242-8943
http://orcid.org/0000-0003-0242-8943
http://orcid.org/0000-0003-0242-8943
http://orcid.org/0000-0003-0242-8943
http://orcid.org/0000-0002-9352-0923
http://orcid.org/0000-0002-9352-0923
http://orcid.org/0000-0002-9352-0923
http://orcid.org/0000-0002-9352-0923
http://orcid.org/0000-0002-9352-0923
http://orcid.org/0000-0003-4818-9079
http://orcid.org/0000-0003-4818-9079
http://orcid.org/0000-0003-4818-9079
http://orcid.org/0000-0003-4818-9079
http://orcid.org/0000-0003-4818-9079
http://orcid.org/0000-0001-5644-9913
http://orcid.org/0000-0001-5644-9913
http://orcid.org/0000-0001-5644-9913
http://orcid.org/0000-0001-5644-9913
http://orcid.org/0000-0001-5644-9913
http://orcid.org/0000-0002-3166-1210
http://orcid.org/0000-0002-3166-1210
http://orcid.org/0000-0002-3166-1210
http://orcid.org/0000-0002-3166-1210
http://orcid.org/0000-0002-3166-1210
http://orcid.org/0009-0000-7111-6105
http://orcid.org/0009-0000-7111-6105
http://orcid.org/0009-0000-7111-6105
http://orcid.org/0009-0000-7111-6105
http://orcid.org/0009-0000-7111-6105
http://orcid.org/0000-0002-8052-6525
http://orcid.org/0000-0002-8052-6525
http://orcid.org/0000-0002-8052-6525
http://orcid.org/0000-0002-8052-6525
http://orcid.org/0000-0002-8052-6525
http://orcid.org/0009-0007-1724-086X
http://orcid.org/0009-0007-1724-086X
http://orcid.org/0009-0007-1724-086X
http://orcid.org/0009-0007-1724-086X
http://orcid.org/0009-0007-1724-086X
http://orcid.org/0000-0002-4223-170X
http://orcid.org/0000-0002-4223-170X
http://orcid.org/0000-0002-4223-170X
http://orcid.org/0000-0002-4223-170X
http://orcid.org/0000-0002-4223-170X
http://orcid.org/0000-0001-7125-5690
http://orcid.org/0000-0001-7125-5690
http://orcid.org/0000-0001-7125-5690
http://orcid.org/0000-0001-7125-5690
http://orcid.org/0000-0001-7125-5690
http://orcid.org/0000-0001-7532-282X
http://orcid.org/0000-0001-7532-282X
http://orcid.org/0000-0001-7532-282X
http://orcid.org/0000-0001-7532-282X
http://orcid.org/0000-0001-7532-282X
http://orcid.org/0000-0002-5485-6862
http://orcid.org/0000-0002-5485-6862
http://orcid.org/0000-0002-5485-6862
http://orcid.org/0000-0002-5485-6862
http://orcid.org/0000-0002-5485-6862
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-44292-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-44292-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-44292-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-44292-x&domain=pdf
mailto:hongweilian@yili.com
mailto:wangran@cau.edu.cn
mailto:Liuxinjuan@mail.ccmu.edu.cn
mailto:renfazheng@263.net

Article

https://doi.org/10.1038/s41467-023-44292-x

The pathophysiological mechanisms of FD have not been eluci-
dated. Previous studies have proposed several distinct mechanisms for
FD, including gastroduodenal motor disorders, visceral hypersensi-
tivity, brain-gut interactions, and subtle duodenal inflammation®. Var-
ious anti-dyspepsia drugs (acid-suppressive therapy, prokinetics,
neuro-modulators, and herbal therapies) have been recommended to
treat FD symptoms in clinical practice. However, these drugs are
associated with side effects and unknown long-term efficacy’. Among
them, proton pump inhibitors (PPIs) are considered to be the most
effective first-line therapy for FD although their long-term efficacy is
limited, which may be related to changes in fecal microbiota and the
increased risk of intestinal infection®. Hence, it is an urgent need to
develop an efficient, targeted, and long-term therapy for FD.

Probiotics, which exert beneficial effects on health, generally
colonize the cecum and colon owing to the harsh conditions in the
gastrointestinal tract®'°. Some studies have exerted probiotics’ potent
therapeutic effects on FD. Lactobacillus gasseri OLL2716, Lactobacillus
paracasei LC-37, Bacillus coagulans MYO1, and B. subtilis MYO2 can
significantly alleviate postprandial discomfort, epigastric pain, belch-
ing, and other FD symptoms" ", Wauters et al. also demonstrated that
the efficacy of probiotics on FD was associated with the abundance of
Faecalibacterium in feces®. In addition, changes in serum pepsinogen
and gastrin by administration of probiotics have already been
reported* . However, the therapeutic effects of probiotics vary
depending on the bacterial strain. Bifidobacterium animalis subsp.
lactis BL-99 (BL-99, GenBank accession number: OP748915) was iso-
lated from the feces of a healthy infant. In vitro and in vivo experiments
showed that BL-99 was a non-pathogenic and safe strain'’. BL-99 was
reported to alleviate intestinal inflammation in mice with osteoporosis
and colitis'®". Besides, the ability of probiotics to colonize the body
indicates that their beneficial effects may be sustained, which is pro-
mising for long-term relief of FD. So the long-term efficacy of BL-99
alleviating FD also needs to be further investigated.

Here, we show that the clinical response rate (CRR) of FD score for
BL-99 is significantly higher after an 8-week treatment compared to the
control group. This effect is sustained until 2-week after treatment but
disappears 8 weeks after treatment. These results highlight the
potential effect of BL-99 in the treatment of FD.

Results

Baseline characteristics

Between 26 December 2020 and 10 February 2021, 336 consecutive FD
patients were screened and assessed for eligibility. A total of 123
individuals were excluded because they did not meet the inclusion
criteria (n=104), withdrew consent (n=12), or had other reasons
(n=7). After enrollment, 13 patients were excluded due to withdrawal
of consent (n=8) or other reasons (n=5), leaving a total of 200
patients who were then randomly assigned to four groups. Among
these, 185 (92.5%) completed the entire clinical trial (45, 48, 47, and 45
in the placebo, positive_control, BL-99_low, and BL-99 high group,
respectively; Fig. 1). Baseline characteristics are summarized in Table 1.
The four treatment groups had similar baseline characteristics. The
mean age of the participants was 51.43 years, the mean BMI was
25.24 kg/m?, and 74.5% were female. The mean FD scores in the pla-
cebo, positive_control, BL-99_low, and BL-99 high groups were 1.60,
1.61, 1.62, and 1.88 at baseline, respectively.

Effect of BL-99 treatment on FD symptoms

The results of the effect on CRR based on the intention-to-treat (ITT)
set are presented in Table 2. The primary outcome, 8-week CRR of FD
score was significantly higher for BL-99_high [45 (90.0%)] than placebo
[29 (58.0%), p=0.001], BL-99_low [37 (74.0%), p=0.044] and positi-
ve_control group [35 (70.0%), p = 0.017]. At the 2-week follow-up after
the treatment, the CRR of FD score in the BL-99 _high group [42
(84.0%)] was still significantly higher than placebo [31 (62.0%),

p=0.016] and positive_control group [33 (66.0%), p = 0.041], but there
was no significant difference between the BL-99_high and BL-99 low
groups. Post-treatment follow-up at 8 weeks no longer showed sig-
nificant differences in CRR between the 4 groups. Similar results were
observed in the per-protocol (PP) set, which are presented in Supple-
mentary Table 1. It also showed that the high dose of BL-99 group [43
(95.6%)] had a significantly higher 8-week-treatment CRR of FD score
compared to placebo [28 (62.2%), p=0.001], BL-99_low [36 (76.6%),
p=0.019] and positive_control group [34 (70.8%), p=0.006]. The
results for post-treatment 2-week and post-treatment 8-week CRR of
FD score in the PP analysis were also similar to that of the ITT analysis.

Regarding the EPS score, 8-week CRR in the BL-99_high group [37
(74.0%)] was significantly higher than placebo [24 (48.0%), p=0.009]
and positive drug group [27 (54.0%), p = 0.039]. Even 8 weeks after the
treatment, the BL-99_high group still had significantly higher CRR than
the placebo and BL-99_low group. The results of the PP analysis were
consistent with this.

As for the PDS score, the 4-week CRR in the BL-99_high group was
consistently higher than the placebo and positive drug group in both
the ITT and PP analyses. This difference between groups persisted at
the 2-week follow-up after the treatment only in the PP analysis, but not
in the ITT analysis. No significant differences between the four groups
were observed at other study points (visit or survey).

The results of CRR were analyzed separately in men and women,
in patients with BMI<24 and BMI>24 kg/m? based on ITT as well
(Supplementary Tables 2-5). Overall, the results of the primary out-
come for women, BMI <24 and BMI > 24 kg/m* were consistent with
those for the total population. Due to the relatively small proportion of
male participants (25.5%), no significant effects were found in men.

As a post hoc analysis, data on patients who became symptom-
free after treatment were also presented based on the ITT set (Sup-
plementary Table 6). It shows that the proportion of people with no FD
symptoms was significantly higher in the BL-99_high group (39
[78.0%]) than that in the placebo (18 [36.0%], p < 0.001) and the posi-
tive_control (21[42.0%], p < 0.001) groups at the 2-week follow-up after
the treatment, but not at 8-week treatment. Similar results were
observed for the proportion of those with no PDS symptom both at
8-week treatment and 2 weeks after the treatment.

In addition, The means of FD, PDS, and EPS scores were also
compared among the four groups (Supplementary Tables 7 and 8). The
results showed that there were no significant differences in FD, EPS, or
PDS scores between the 4 treatment groups at any visit or survey in
either the ITT or PP analyses (all poyeran Values are >0.05).

Moreover, treatment with probiotic and dyspepsia drugs was safe
compared with placebo, with a similar incidence of all adverse events
[2 (4.0%),1(2.0%),1(2.0%), and 1 (2.0%) of 50; Supplementary Table 9).

BL-99 treatment changed the serum indicators in FD patients
The serum indicators were evaluated by measuring the serum pepsi-
nogen | (PGI), pepsinogen Il (PGII), pepsinogen ratio (PGR = PGI/PGlI),
and gastrin 17 (G17) of FD participants (Table 3). After 8 weeks of
intervention, the increase in serum G17 from baseline in the BL-99_high
group (mean =4.11, SD =4.73) and was significantly higher than that in
the placebo group (mean=0.14, SD=1.60, p <0.001), the positive_-
control group (mean=0.78, SD =3.06, p<0.001) and the BL-99 low
group (mean =1.87, SD =2.96, p = 0.003). At 2-week follow-up after the
treatment, the changes in serum indicators in BL-99 groups were not
significantly different from those in other treatment groups.

BL-99 treatment remodeled the gut microbiota in FD patients

The fecal microbiome was comparatively analyzed before and after BL-
99 intervention using high-throughput metagenomic shotgun
sequencing. Principal coordinate analysis revealed that the gut
microbial composition was similar between the four groups at baseline
(permutational multivariate analysis of variance [PERMANOVAJ;
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Fig. 1| Trial profile. Other reasons include participant relocation, unable to be contacted, and time conflicts.
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Table 1 | Baseline characteristics of this study

Characteristics Placebo (n=50) Positive_control (n=50) BL-99_low (n=50) BL-99_high (n=50)
Number of participants recruited from CCMU* 30 32 30 31

Number of participants recruited from 20 18 20 19

CPLAGH®

Age, years 50.12 (47.12-53.12) 53.80 (52.05-55.55) 51.60 (49.16-54.04) 50.20 (47.00-53.40)
Gender®, Male n (%): Female n (%) 13(26.0%): 37 (74.0%) 12(24.0%): 38 (76.0%) 13(26.0%): 37 (74.0%) 13(26.0%): 37 (74.0%)
BMI4, kg/m? 25.10+3.78 24.73+3.89 25.63+4.42 25.48+4.87

Postprandial fullness score 2.08 (1.85-2.31)

1.98 (1.81-2.15)

1.96 (1.70-2.22)

2.24 (2.04-2.44)

Early satiety score 1.76 (1.44-2.08)

1.92 (1.75-2.09)

1.94 (1.66-2.22)

1.96 (1.69-2.23)

Epigastric pain score 1.06 (0.71-1.41)

1.08 (0.76-1.40)

1.02 (0.68-1.36)

1.36 (1.05-1.67)

Epigastric burning score 1.50 (1.14-1.86)

1.46 (1.14-1.78)

1.56 (1.23-1.89)

1.94 (1.65-2.23)

PDS score® 1.92 (1.70-2.14) 1.95 (1.82-2.08) 1.95 (1.74-2.16) 2.10 (1.91-2.30)
EPS score 1.28 (0.97-1.59) 1.27 (1.00-1.54) 1.29 (1.02-1.56) 1.65 (1.41-1.89)
FD score® 1.60 (1.35-1.85) 1.61(1.44-1.78) 1.62 (1.41-1.83) 1.88 (1.68-2.07)

Data are presented as mean + standard deviation, n (%), or mean (95% confidence interval). Patients in the placebo, positive_control, BL-99_low, and BL-99_high groups were administered with
maltodextrin (2 g/day), rabeprazole (10 mg/ day), low-dose BL-99 (1x10' CFU/day), and high-dose BL-99 (5 x10' CFU/day), respectively. Source data are provided as a Source Data file.

BL-99, Bifidobacterium animalis subsp. lactis BL-99.

*CCMU, Beijing Chaoyang Hospital, Capital Medical University.

®CPLAGH, Chinese PLA General Hospital.

°Gender data are expressed as a percentage of the population.

9BMI: body mass index (weight in kilograms divided by the square of the height in meters).

°PDS score: the postprandial distress syndrome score calculated as the mean of postprandial fullness score and early satiety score.
fEPS score: the epigastric pain syndrome score calculated as the mean of epigastric pain score and epigastric burning score.
9FD score: the composite functional dyspepsia score calculated as the mean of postprandial fullness, early satiety, epigastric pain, and epigastric burning scores.

p=0.121). However, there was a significant change in the gut micro-
biota of subjects among different groups after the 8-week treatment
(PERMANOVA p =0.037; Fig. 2a and Supplementary Fig. 1). The most
marked change was observed in the BL-99_high group, which exhibited
a decreased abundance of Bacteroidetes and an increased abundance
of Firmicutes after treatment relative to the baseline (Fig. 2b and
Supplementary Fig. 2). At the species level, the average relative
abundances of B. animalis, which exhibited the highest variation, in the
BL-99 low and BL-99 high groups were 0.3% and 1.0%, respectively,
after treatment. Additionally, BL-99 supplementation significantly
increased the abundances of two short-chain fatty acid (SCFA)-pro-
ducing bacteria (Faecalibacterium prausnitzii and Roseburia

intestinalis) and two lactate-producing Ligilactobacillus spp. (L. ruminis
and L. salivarius) after intervention. In contrast, BL-99 supplementa-
tion decreased the abundances of some Bacteroidetes species, such as
Bacteroides uniformis, Bacteroides thetaiotaomicron, Phocaeicola vul-
gatus, Alistipes putredinis, and Alistipes shahii (Fig. 2c and Supple-
mentary Fig. 3). Functional analysis of the gut microbiome revealed
that the abundance of SCFA synthetases in the BL-99_high group was
significantly upregulated after intervention, while the decomposition
of bile acids and toxins was markedly upregulated (Fig. 2d). These
results indicate that the modulation of gut microbiota composition,
especially the upregulation of SCFA-producing bacteria, maybe a
potential mechanism through which BL-99 alleviates FD. The relative
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Fig. 2 | Comparative analysis of the gut microbial composition in fecal samples
from patients with functional dyspepsia (FD) treated with BL-99. a Principal
coordinate analysis (PCoA) of microbiota communities in the fecal samples among
four groups at baseline and post-treatment period. Samples are shown at the first
and second principal coordinates (PCoAl and PCoA2), and the ratio of variance
contributed by these two PCoAs is shown. Ellipsoids represent a 95% confidence
interval surrounding each group. b Boxplot showing the relative abundances of
Bacteroidetes and Firmicutes in samples at baseline and post-treatment period.
Boxes represent the interquartile range between the first and third quartiles and
the median (internal line). Whiskers denote the lowest and highest values within 1.5
times the range of the first and third quartiles, respectively. Dots represent outlier
samples beyond the whiskers. p values are calculated using the two-side Wilcoxon
rank-sum test. ¢ Changes in the abundance of species from the baseline to the post-
treatment period. Heatmap shows the changes in the mean relative abundance of
species from the baseline to the post-treatment period in samples within each

group. For each species in each group, the significance levels of the comparisons
between the changes in one group relative to the other three groups are calculated
using the two-side Wilcoxon rank-sum test and denoted as follows: ns non-sig-
nificant; *p < 0.05; **p < 0.01 (non-significant data in all comparisons are omitted).
d Changes in microbial functions from the baseline to the post-treatment period.
e The relative abundance of Bifidobacterium animalis among the four groups at the
follow-up period. Boxes represent the interquartile range between the first and
third quartiles and the median (internal line). Whiskers denote the lowest and
highest values within 1.5 times the range of the first and third quartiles, respec-
tively. Dots represent outlier samples beyond the whiskers. p values are calculated
using the two-side Wilcoxon rank-sum test. Patients in the placebo (n =45), posi-
tive_control (n=48), BL-99_low (n=47), and BL-99_high (n =45) groups were
administered with maltodextrin (2 g/day); rabeprazole (10 mg/day); low-dose BL-
99 (1x 10" CFU/day), and high-dose BL-99 (5 x 10" CFU/day), respectively. Source
data are provided as a Source Data file.

When evaluating the treatment effect against FD symptoms, the
selection of a primary outcome is crucial because FD patients have no
obvious organic abnormalities and clear disease biomarkers™. Patients
with FD defined by Rome Revision 1V (2016) diagnostic criteria suffer
from EPS or PDS symptoms; therefore, it is more understandable to
choose symptom score as the primary outcome. The CRR of FD score

after 8-week treatment was chosen as the primary outcome in our
study, which was based on a study conducted in University Hospitals
Leuven that also evaluated the efficacy of probiotics in improving FD".
At the same time, a previous FD questionnaire validation study con-
firmed that a change of 0.5 was the threshold for the minimal clinically
significant difference®. In addition, referring to similar studies™”, we
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Fig. 3 | Effects of BL-99 treatment on the fecal and serum metabolites in
patients with functional dyspepsia. a Changes in fecal metabolites from the
baseline to the post-treatment period. Heatmap shows the changes in the mean
relative abundance of metabolites from the baseline to the post-treatment period
in samples within each group. For each species in each group, the significance levels
of the comparisons between the changes in one group relative to the other three
groups are calculated using the two-side Wilcoxon rank-sum test and denoted as
follows: ns non-significant; *p < 0.05; **p < 0.01 (non-significant data in all com-
parisons are omitted). Boxplot showing the concentrations of short-chain fatty
acids (SCFAs) in the fecal (b) and serum (c) samples at baseline and post-treatment
period. Boxes represent the interquartile range between the first and third quartiles
and the median (internal line). Whiskers denote the lowest and highest values
within 1.5 times the range of the first and third quartiles, respectively. Dots
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represent outlier samples beyond the whiskers. p values are calculated using the
two-side Wilcoxon rank-sum test. d The explained variations of fecal and serum
SCFAs and clinical parameters by the gut microbiome at the post-treatment time
point. Bar plots indicate the explained variation (effect size R?) of each metabolite
or parameter. e Network view of gut species, fecal and serum SCFAs, and clinical
parameters. Circles represent the SCFAs or clinical parameters, while the sur-
rounding connected triangles represent the gut species that had the highest con-
tributions to the SCFAs or parameters and were used in the random forest models.
Patients in the placebo (n =45), positive_control (n =48), BL-99 low (n=47), and
BL-99_high (n =45) groups were administered with maltodextrin (2 g/day), rabe-
prazole (10 mg/day), low-dose BL-99 (1 x 10'° CFU/day), and high-dose BL-99

(5x 10" CFU/day), respectively. Source data are provided as a Source Data file.

combined PDS and EPS score as FD score, which represented a com-
prehensive evaluation of FD symptoms.

Although PPIs are an internationally recommended medication
for FD, their prolonged efficacy is limited and their side effects on
intestinal health are irreversible. Meanwhile, PPI intake alters gut
microbiota composition and increases the risk of intestinal infection,
which suggests that safety and prolonged alternative therapies are
needed®. Probiotics, colonize the intestine for a long time, and have
potential advantages for the prolonged treatment of FD. And probio-
tics have been recommended as monotherapy or add-on therapy to
treat FD symptoms. Ohtsu et al. indicated that the overall effect of
Lactobacillus gasseri OLL2716 on gastric symptoms was more positive
in H. pylori-negative FD individuals?>. Wauters et al. showed similar
efficacy in that a combination of Bacillus coagulans MYO1 and Bacillus

subtilis MY02 was efficacious in relieving PDS or EPS symptoms®. Our
results also demonstrated that the clinical response rate was sig-
nificantly higher in the BL-99 group (90.0%) than in the placebo
(58.0%), positive_control (70.0%) and BL-99_low (74.0%) groups after
8-week treatment. However, this effect only lasted up to 2 weeks after
the intervention ended, but disappeared 8 weeks after treatment
discontinuation.

Studies have confirmed that serum pepsinogen and gastrin levels
in FD patients are different from those in healthy persons and are
associated with various symptoms of FD*%, For instance, Tahara
et al.?* discovered that serum PGII levels were significantly elevated
and the PGI/II ratio was significantly reduced in both H. pylori positive
and negative FD patients compared to healthy controls. Furthermore,
Igarashi et al. found that Lactobacillus gasseri OLL2716 increased
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serum PGl levels in FD patients and other functional upper gastro-
intestinal disorders patients®. Additionally, G17, an important gastro-
intestinal hormone, has also been reported to be potentially related to
FD, and it was revealed that acupuncture, a type of traditional Chinese
medical therapy, improved FD symptoms and increased serum G17
levels in FD patients”. Therefore, PGI, PGIl, and G17 were determined
in this study. Our results showed that BL-99 had no significant effect on
serum PG level after 8-week treatment, but increased serum G17 levels
in FD participants compared with placebo and positive_control groups.
So our results indicated that BL-99 treatment could regulate the
changes in gastrin associated with FD.

Although the pathogenesis of FD has not been elucidated, Wau-
ters et al. demonstrated that B. coagulans MYO1 and B. subtilis MY02
exerted potent therapeutic effects on FD by modulating the abun-
dance of fecal Faecalibacterium®. Based on previous studies, this study
examined the correlation between probiotics, fecal microbiota and
metabolites, and FD. The results of this study suggested that BL-99
intervention alleviated the symptoms of FD, altered the fecal micro-
biota composition, and upregulated the abundance of SCFA-
producing microbiota. Random forest models and contribution ana-
lysis of fecal microbiota and metabolites revealed that the alleviation
of FD symptoms was dependent on the abundance of Bifidobacterium
animalis, Faecalibacterium prausnitzii, and Roseburia intestinali. In
summary, BL-99 alleviated the symptoms of FD, altered the composi-
tion of fecal microbiota, and upregulated the abundance of SCFA-
producing microbiota.

Moreover, SCFA has been reported to affect FD symptoms by
improving gastrointestinal motility and intestinal epithelial barrier
function. Sun et al. showed that Lactobacillus paracasei LC-37 pro-
moted an increase in fecal acetic acid, propionic acid, and butyric acid
content in FD patients. Not only did increased fecal SCFA levels
detected, but also increased serum SCFA contents were also found in
our exploratory study. At the same time, butyrate, an important energy
substance, could alleviate gastrointestinal mucosal atrophy. The
increase in the butyrate-producing genus Roseburia®® also confirmed
that BL-99 was better for the improvement of FD symptoms compared
with the placebo or positive drug. Moreover, the primary activity of
organic acids is related to the decrease in gastric pH, which could help
to convert inactive pepsinogen into active pepsin for efficient
proteolysis”. Meanwhile, studies have confirmed that SCFA, produced
by gut microbiota metabolism can stimulate parasympathetic nerve
activation, thereby stimulating gastric G cells to secrete gastrin®*~% To
demonstrate the correlation between SCFAs and serum index, SCFAs
were infused into SD rats, and the results showed that acetate and
butyrate could stimulate serum gastrin level. These results showed
that BL-99 changed the gut microbiota communication, and promoted
the increase of SCFA in feces and serum, further promoting the
increase of G17, thus alleviating FD symptoms.

This study had some limitations. Firstly, as this is a hospital-based
study that recruited patients from outpatient clinics, the results may
not be generalizable to the general FD population, such as those in the
community. Secondly, as only Chinese patients were recruited at the
Beijing Chaoyang Hospital, Capital Medical University (CCMU; Beijing,
China) and Chinese PLA General Hospital (CPLAGH; Beijing, China), the
effectiveness of BL-99 in patients with FD from different countries,
ethnicities, and clinical backgrounds was not evaluated. Thirdly, con-
sidering the participants’ wishes, we did not perform an endoscopy to
collect gastroduodenal biopsies for mucosal-associated microbiome
(MAM) detection. However, as probiotics mainly colonize the cecum
and colon, we hypothesized that it exerts health effects primarily by
regulating gut microbiota, which was also confirmed by our results.
Fourthly, although FD participants were required to maintain their
dietary habits during the study, no dietary survey was conducted to
assess the effects of diet on gut microbiota composition. Fifthly, it
should be noted that this study exclusively focuses on the efficacy of a

specific strain (BL-99) in improving FD symptoms. Therefore, caution
must be exercised when extrapolating these findings to other strains,
as further research is required to investigate the effects of alternative
strains. Sixthly, the limited representation of male participants (25.5%)
in this study may have resulted in inadequate statistical power and thus
invalidated the primary outcome among men. Consequently, this
study does not provide conclusive evidence regarding gender differ-
ences, which should be further investigated with larger sample sizes.
Seventhly, the positive-drug group was not blinded in this study, so the
participants’ subjectivity may affect the accuracy of symptom report-
ing, which may bias the results. However, since the double-blind
method was successfully implemented in the BL-99_high, BL-99 low,
and placebo groups, the effect of BL-99 relative to placebo should be
credible, and the results of these 3 groups also confirmed this. In
addition, even if the positive-drug group was not blinded, the clinical
response rate of the BL-99_high group was still higher than that of the
drug group after the 8-week treatment, which further supports the
conclusions of this study.

Nevertheless, the strengths of this study include the rigorous
study design with sufficient clinical data, which were provided by
serology and multi-omics studies during the treatment and follow-up
periods. Professional physicians evaluated the FD participants based
on strict inclusion and exclusion criteria, reducing the influence of
other potential factors on the participants’ source. The probiotic 16S
rRNA sequencing results showed that BL-99 possessed potential
adhesion genes®, which provided the possibility for the prolonged
efficacy of BL-99 in patients with FD (Supplementary Fig. 6 and
Table 10). Previous studies evaluating the therapeutic effects of pro-
biotics on FD have focused on the alleviation of FD symptoms. How-
ever, this study used a multi-omics approach to analyze the effect of
BL-99 on the composition and function of gut microbiota, as well as on
the FD-related metabolites. Moreover, SCFA infusion experiments
demonstrated that metabolites of gut microbiota can affect serum
gastrin level in mice, suggesting that the observed increase of serum
gastrin in BL-99_high group could be related to the accumulation of
SCFA-promoting gut microbiota.

In conclusion, Bifidobacterium BL-99 showed good efficacy in
patients with FD. The higher CRR after an 8-week treatment and 2-week
follow-up period, and remarkably higher Bifidobacterium animalis
relative abundance further confirmed the efficacy of BL-99. And this
effect may be related to SCFA-producing microbiota, serum and fecal
SCFA, and serum G17. This study highlights the potential role of pro-
biotics in FD, which are informative for the design of larger multi-
center, multi-ethnic groups, and multi-subtype trials.

Methods
Study design and participants
A randomized, parallel-group, positive-drug, and placebo-controlled
clinical trial was performed in Beijing, China. The study was approved
by the Institutional Review Board of CCMU (N0.2020-ke-497) and was
performed by the Declaration of Helsinki. The study was registered at
Chictr.org.cn with a registration number of ChiCTR2000041430.
Outpatients (18-60 years) with FD symptoms were recruited and
screened between 26 December 2020 and 10 February 2021 at CCMU
and CPLAGH. Inclusion criteria included meeting the diagnostic cri-
teria for FD of Rome IV**. All FD patients had normal upper endoscopy
results within 1 year before enrollment. Patients with any symptoms of
acute diarrhea, gastroesophageal reflux disease, irritable bowel syn-
drome (IBS), defecation problems, severe systemic (cardiovascular,
liver, kidney, or hematopoietic) diseases, Helicobacter pylori infection
(diagnosed by the C*-urea breath test), or use of immunosuppressant
drugs, antibiotics in the past 3 months were excluded. And patients
treated with FD-related medications within 6 months before the study
were excluded. All participants provided written informed consent
before inclusion, and were compensated fairly in accordance with the

Nature Communications | (2024)15:227



Article

https://doi.org/10.1038/s41467-023-44292-x

requirements of the Institutional Review Board of CCMU, without any
inducements.

Randomization and blinding

We used computer-generated random numbers to establish simple
randomized grouping sequences. Eligible participants were identified
by clinicians, and information was then transmitted via telephone, or
email to a specialized statistician who had no further role in the trial to
determine the treatment allocation based on the pre-established
allocation sequence, which was concealed until all participants were
allocated. Participants were randomly assigned (1: 1: 1: 1) to 4 groups,
whichincluded the placebo, positive_control (only PPI treatment), low-
dose probiotic, and high-dose probiotic groups (only BL-99 treat-
ment). Due to the difficulty of making probiotic formulations identical
to PPI drugs, blinding was not possible in all four treatment groups.
The positive-drug group was treated with PPI drugs, and the other
three groups received solid beverage powder with identical appear-
ance, taste, and smell between groups. Therefore, the positive-drug
group was open-label. For the other three groups, researchers and
participants were blinded to treatment assignments until the study was
completed.

Study procedures
The study procedures are shown in Supplementary Fig. 7.

All included participants first underwent a 2-week run-in period.
During the run-in period, participants were not allowed to take foods
containing probiotics (such as probiotic powder, probiotic yogurt,
etc.). Then participants were treated with PPI, BL-99, or placebo for
8 weeks, followed by an 8-week post-treatment follow-up. During the
treatment, participants were instructed to maintain their habitual
lifestyle habits such as diet and physical activity and were not allowed
to take antibiotics. A total of 4 visits [at baseline (V1), 4-week treatment
(V2), 8-week treatment (V3), and 2-week follow-up (V4)] and 1 survey
[questionnaire surveys 8 weeks after the treatment (V5)] were con-
ducted throughout the study period. At each visit and the final survey,
participants were surveyed using a uniform FD symptom assessment
questionnaire (see the “Symptom assessment” section for details).
Blood and fecal samples were collected at V1, V3, and V4. Even 8 weeks
post the treatment, we were fortunate to receive the questionnaire
responses from all participants who completed the treatment.

Treatment

All eligible participants received one of the following four treatments:
placebo: 2 g/day maltodextrin (batch number: 2020122401); positi-
ve_control: 10 mg/day rabeprazole (one kind of PPI, batch number:
1711033); low dose probiotic: 2 g/day solid beverage containing 1 x 10*°
CFU/day BL-99 (batch number: 2020122402); and high dose probiotic:
2g solid beverage containing 5x10' CFU/day (batch number:
2020122403). All the treatments were performed once daily. The
maltodextrin and BL-99 were manufactured by Beijing Heyiyuan Bio-
technology Co., Ltd (Beijing, China). Treatment compliance was
determined by counting the empty solid beverage bars returned by the
participants, which was defined as good if several empty bars
accounted for 80% or more of the total number sent out.

Symptom assessment

FD symptoms were assessed by a previously validated
questionnaire**, which is shown in Supplementary Note 1. Specifi-
cally, FD symptoms included postprandial fullness, early satiety, epi-
gastric pain, and epigastric burning, with a score range of 0-3 for each
symptom (0 =none, 1=mild, 2=moderate, and 3 =severe). FD score
was calculated as the average of the four symptoms. PDS score was the
average score of postprandial fullness and early satiety, and the EPS
score was the average score of the remaining two symptoms. In this
study, the symptoms of each participant were assessed by two

professional gastroenterologists, and the final FD symptom score was
determined after consultation.

Serum indicators measurement

Blood samples were collected via venipuncture after the participants
have fasted overnight. Serum was then extracted to measure gastrinl7
(G17), pepsinogen 1 (PGI), and pepsinogen II (PGIl) using a Biohit
enzyme-linked immunosorbent assay (ELISA) kit (Biohit, Oyj, Finland).
The pepsinogen ratio (PGR) is the ratio of PGI to PGII. Serum short-
chain fatty acids (SCFA) were also detected using the Agilent GC-8860
gas chromatograph instrument with FFAP column (30 m*250 pm*
0.25 pm, Agilent Technologies, Inc., USA)*®, more detailed methods
were shown in Supplementary Methods.

Fecal sample collection and metagenome and metabolome
detection

Fresh fecal samples were collected and placed in sterile retention
bottles. Then the stool samples were immediately placed on ice,
transported to the laboratory within 1h, and frozen at -80 °C for
subsequent use*’. More importantly, fecal samples were homogenized
by Bertin Precellys Evolution sample homogenizer (Bertin Technolo-
gies SAS, France)***, and then the homogenized fecal samples were
randomly weighed for further index detection. Fecal metagenomics
was measured by the Whole-metagenome shotgun sequencing based
on the lumina NovaSeq PE150 (lllumina Inc., San Diego, CA, USA)
platform at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai,
China). And fecal metabolite features were analyzed by Agilent GC-Q-
TOF-7200-7890B with DB-WAX capillary column (30 m x 250 pm x
0.25 pm, Agilent Technologies, Inc., USA)*>, more detailed methods
were shown in Supplementary Methods.

Outcomes

The primary outcome was the clinical response rate (CRR) of the FD
score at week 8 of treatment. Clinical response was defined as a score
(i.e., FD score, PDS score, and EPS score) decrease >0.5. CRR was then
calculated as the proportion of clinical responders'. The secondary
endpoints were CRR of FD score at week 4 of treatment, week 2 and 8
of follow-up; CRR of PDS score and EPS score at every visit or survey
after initiation of treatment; changes in serum indicators (PGI, PGII,
PGR, and G17), fecal microbiota, fecal metabolites, and changes of
SCFA in feces and serum from baseline to 8-week treatment and
2-week follow-up periods.

Subjects were asked to report any adverse effects during the
treatment and follow-up periods, such as bloating, nausea, diarrhea,
itchy skin, etc. Safety was assessed by classifying adverse events using
the Common Terminology Criteria for Adverse Events (CTCAE) version
5.0 at each study period or in the case of early termination.

Statistical analysis

In a study of probiotics improving FD, the CRRs after 8 weeks of
treatment of probiotic (5x10° CFU /day) and placebo were 48% and
20%, respectively”, which were thus assumed for the low-dose pro-
biotic group (1x 10 CFU/day, 48%) and the placebo group (20%) in
our sample size calculation. In addition, we assumed a CRR of 50% for
the positive drug group based on a study*’, and an intermediate value
of 49% for the high-dose probiotic group, which was between the low-
dose probiotic group and the positive drug group. Based on these
assumptions, a sample size of 42 would be required per group (power
of 80% and two-sided a=0.05). Considering a 20% dropout rate,
50 subjects would be needed to be included in each group (200 for 4
groups).

The main data set for efficacy analysis in this study was the ITT set,
which included all participants who were randomized. In the ITT set,
missing values for symptom scores were imputed based on the last
observation carried forward method. Violations that significantly
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affect efficacy included (but were not limited to) the following: (1)
Received interference therapy after inclusion; (2) Poor compliance
(e.g., with follow-up visits less than 80% of the required number of
visits); (3) Follow-up beyond the window period**. We also analyzed
symptom scores based on the PP set, which referred to participants
who had completed the planned treatment and visits according to the
protocol and had no obvious effect on the therapeutic effect.

Gender in this study was determined based on self-report. Ana-
lyses were conducted separately in the total population, in men,
women, BMI <24 and BMI>24 kg/m? based on ITT. Continuous vari-
ables were described as mean and standard deviation (SD). Counting
variables were described as frequency and percentage. For compar-
ison between groups, one-way analysis of variance (ANOVA) or
Kruskal-Wallis rank test was used for continuous variables, and the chi-
square test was used for counting variables. If the overall difference
between the groups was significant, the least significant difference
(LSD) method was used for multiple comparisons. All hypothesis tests
were two-sided. p<0.05 was considered significant. Statistical ana-
lyses were performed using SPSS Statistics version 24 (SPSS Institute,
Chicago, IL, USA). Figures were drawn using GraphPad Prism 9.0.0
(GraphPad Software, The North Parker, USA).

For metagenomic and metabolomic analyses, principal coordi-
nates analysis (PCoA) and distance-based redundancy analysis
(dbRDA) were performed based on the Bray-Curtis dissimilarity on the
gut microbial composition using capscale function (R vegan 2.6.4
package). Permutational multivariate analysis of variance (PERMA-
NOVA, effect size analysis) was performed with the adonis function of
the R vegan 2.6.4 package, and the adonis p value was generated based
on 1000 permutations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The demographic characteristics, symptoms of functional dyspepsia,
and serum markers data generated in this study are provided in the
Supplementary Information/Source Data file. The Metagenomic
sequencing data generated in this study have been deposited in the
NCBI Sequence Read Archive (SRA) database under the accession code
PRJNA936638. Mass spectral raw data generated in this study have
been deposited in the MetaboLights database under the accession
code MTBLS7169. The clinical study protocol and statistical analysis
plan file are provided in Supplementary Note 2 and 3, respectively. The
other data supporting the findings of this study are available within the
paper and additional files. Source data are provided with this paper.

References

1. Tack, J. & Talley, N. J. Functional dyspepsia-symptoms, definitions
and validity of the Rome lll criteria. Nat. Rev. Gastroenterol. Hepatol.
10, 134-141 (2013).

2. Ford, A.C., Marwaha, A., Sood, R. & Moayyedi, P. Global prevalence
of, and risk factors for, uninvestigated dyspepsia: a meta-analysis.
Gut 64, 1049-1057 (2015).

3. Sayuk, G. S. & Gyawali, C. P. Functional dyspepsia: diagnostic and
therapeutic approaches. Drugs 80, 1319-1336 (2020).

4. Stanghellini, V. et al. Gastroduodenal disorders. Gastroenterology
150, 1380-1392 (2016).

5. Ford, A. C., Forman, D., Bailey, A. G., Axon, A. T. & Moayyedi, P.
Effect of dyspepsia on survival: a longitudinal 10-year follow-up
study. Am. J. Gastroenterol. 107, 912-921 (2012).

6. Ford, A. C., Mahadeva, S., Carbone, M. F., Lacy, B. E. & Talley, N. J.
Functional dyspepsia. Lancet 396, 1689-1702 (2020).

7. Talley, N. J., Ford, A. C., Longo, D. L. & Longo, D. L. Functional
dyspepsia. N. Engl. J. Med. 373, 1853-1863 (2015).

10.

M.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

28.

Camilleri, M. & Stanghellini, V. Current management strategies and
emerging treatments for functional dyspepsia. Nat. Rev. Gastro-
enterol. Hepatol. 10, 187-194 (2013).

O’Hara, A. M. & Shanahan, F. The gut flora as a forgotten organ.
EMBO Rep. 7, 688-693 (2006).

Taverniti, V. et al. Probiotics modulate mouse gut microbiota and
influence intestinal immune and serotonergic gene expression in a
site-specific fashion. Front. Microbiol. 12, 706135 (2021).

Agah, S. et al. Systematic review with meta-analysis: effects of
probiotic supplementation on symptoms in functional dyspepsia. J.
Funct. Foods 68, 103902 (2020).

Sun, E. et al. Beverages containing Lactobacillus paracasei LC-37
improved functional dyspepsia through regulation of the intestinal
microbiota and their metabolites. J. Dairy. Sci. 104,

6389-6398 (2021).

Wauters, L. et al. Efficacy and safety of spore-forming probiotics in
the treatment of functional dyspepsia: a pilot randomised, double-
blind, placebo-controlled trial. Lancet. Gastroenterol. Hepatol. 6,
784-792 (2021).

Khoder, G. et al. Probiotics upregulate trefoil factors and down-
regulate pepsinogen in the mouse stomach. Int. J. Mol. Sci. 20,
3901 (2019).

Gotteland, M., Brunser, O. & Cruchet, S. Systematic review: are
probiotics useful in controlling gastric colonization by Helicobacter
pylori? Aliment. Pharmacol. Ther. 23, 1077-1086 (2006).
Myllyluoma, E. et al. Probiotic intervention decreases serum gastrin-
17 in Helicobacter pylori infection. Dig. Liver Dis. 39, 516-523
(2007).

Lu, H. et al. Safety evaluation of Bifidobacterium lactis BL-99 and
Lacticaseibacillus paracasei K56 and ET-22 in vitro and in vivo. Front.
Microbiol. 12, 686541 (2021).

Lan, H. et al. Bifidobacterium lactis BL-99 protects mice with
osteoporosis caused by colitisvia gut inflammation and gut micro-
biota regulation. Food Funct. 13, 1482-1494 (2022).

Nan, X. et al. Bifidobacterium animalis subsp. lactis BL-99 amelio-
rates colitis-related lung injury in mice by modulating short-chain
fatty acid production and inflammatory monocytes/macrophages.
Food Funct. 14, 1099-1112 (2023).

Irvine, E. J. et al. Design of treatment trials for functional gastro-
intestinal disorders. Gastroenterology 150, 1469-1480 (2016).
Kamiya, T. et al. A multicenter randomized trial comparing rabe-
prazole and itopride in patients with functional dyspepsia in Japan:
the NAGOYA study. J. Clin. Biochem. Nutr. 60, 130-135 (2017).
Ohtsu, T. et al. The ameliorating effect of Lactobacillus gasseri
OLL2716 on functional dyspepsia in Helicobacter pylori-uninfected
individuals: a randomized controlled study. Digestion 96,

92-102 (2017).

Crafa, P. et al. Functional dyspesia. Acta Biomed. 91,

2020069 (2020).

Tahara, T. et al. Examination of serum pepsinogen in functional
dyspepsia. Hepatogastroenterology 59, 2516-2522 (2012).
Paloheimo, L., Tiusanen, T., Suovaniemi, O. & Syrjanen, K. Ser-
ological biomarker test (GastroPanel®) in the diagnosis of functional
gastric disorders, Helicobacter pylori and atrophic gastritis in
patients examined for dyspeptic symptoms. Anticancer Res. 41,
811-819 (2021).

Igarashi, M. et al. Correlation between the serum pepsinogen | level
and the symptom degree in proton pump inhibitor-Users adminis-
tered with a probiotic. Pharmaceuticals 7, 754-764 (2014).

Kwon, C.Y. et al. Acupuncture as an add-on treatment for functional
dyspepsia: a systematic review and meta-analysis. Front. Med. 8,
682783 (2021).

Seo, B. et al. Roseburia spp. abundance associates with alcohol
consumption in humans and its administration ameliorates alco-
holic fatty liver in mice. Cell Host Microbe 27, 25-40 (2020).

Nature Communications | (2024)15:227

10


http://www.ncbi.nlm.nih.gov/bioproject/936638
http://www.ebi.ac.uk/metabolights/MTBLS7169

Article

https://doi.org/10.1038/s41467-023-44292-x

29. Suiryanrayna, M. V. & Ramana, J. V. A review of the effects of dietary
organic acids fed to swine. J. Anim. Sci. Biotechnol. 6, 45 (2015).

30. Engevik, A. C., Kaji, I. & Goldenring, J. R. The physiology of the
gastric parietal cell. Physiol. Rev. 100, 573-602 (2020).

31. Margolis, K. G., Cryan, J. F. & Mayer, E. A. The microbiota-gut-brain
axis: from motility to mood. Gastroenterology 160,

1486-1501 (2021).

32. Perry, R.J. et al. Acetate mediates a microbiome-brain-beta-cell axis
to promote metabolic syndrome. Nature 534, 213-217 (2016).

33. Westermann, C., Gleinser, M., Corr, S. C. & Riedel, C. U. A critical
evaluation of Bifidobacterial adhesion to the host tissue. Front.
Microbiol. 7, 1220 (2016).

34. Kotikula, I. et al. Randomised clinical trial: the effects of pregabalin
vs placebo on functional dyspepsia. Aliment. Pharmacol. Ther. 54,
1026-1032 (2021).

35. Tack, J., Caenepeel, P., Fischler, B., Piessevaux, H. & Janssens, J.
Symptoms associated with hypersensitivity to gastric distention in
functional dyspepsia. Gastroenterology 121, 526-535 (2001).

36. Ghoshal, U. C. et al. Development, translation and validation of
enhanced Asian Rome Ill questionnaires for diagnosis of functional
bowel diseases in major Asian languages: a Rome foundation-Asian
neuro gastroenterology and motility association working team
report. J. Neurogastroenterol. Motil. 21, 83-92 (2015).

37. Cheong, P. K. et al. Low-dose imipramine for refractory functional
dyspepsia: a randomised, double-blind, placebo-controlled trial.
Lancet Gastroenterol. Hepatol. 3, 837-844 (2018).

38. Zhao, L. et al. Gut bacteria selectively promoted by dietary fibers
alleviate type 2 diabetes. Science 359, 1151-1156 (2018).

39. Rossi, M. et al. Volatile organic compounds in feces associate with
response to dietary intervention in patients with irritable bowel
syndrome. Clin. Gastroenterol. Hepatol. 16, 385-391 (2018).

40. Moosmang, S. et al. Metabolomic analysis-addressing NMR and LC-
MS related problems in human feces sample preparation. Clin.
Chim. Acta 489, 169-176 (2019).

41. Paramsothy, S. et al. Specific bacteria and metabolites associated
with response to fecal microbiota transplantation in patients with
ulcerative colitis. Gastroenterology 156, 1440-1454 (2019).

42. Wang, X. et al. Sodium oligomannate therapeutically remodels gut
microbiota and suppresses gut bacterial amino acids-shaped neu-
roinflammation to inhibit Alzheimer’s disease progression. Cell Res.
29, 787-803 (2019).

43. Veldhuyzen Van Zanten, S. J. O. et al. A randomized trial comparing
omeprazole, ranitidine, cisapride, or placebo in Helicobacter pylori
negative, primary care patients with dyspepsia: the CADET-HN
Study. Am. J. Gastroenterol. 100, 1477-1488 (2005).

44. Takebayashi, T. et al. Robot-assisted training as self-training for
upper-limb hemiplegia in chronic stroke: a randomized controlled
trial. Stroke 53, 2182-2191 (2022).

Acknowledgements

Metagenomics analysis was performed using the online platform of
Majorbio Cloud Platform (www.majorbio.com). The spelling, grammar,
sentence structure, and terminology of our manuscript were edited by
Elsevier Language Editing Services and Bullet Edits Limited. This work
was financially supported by the National Key R&D Program of China
(grant number 2021YFD1600204, F.R.), The 111 project from the

Education Ministry of China (No. B18053, R.W.), the Key project of mul-
tidisciplinary Clinical Research Innovation Team of Beijing Chaoyang
Hospital Affiliated to Capital Medical University (CYDXK202207, X.L.),
and the 2020 Science and Technology for Mongolia Program (2020-
KJXM-GCZX-2, W.L.H.).

Author contributions

F.R., X.L.,, RW., W.LH., Q.Z,, G.L., and W.Z. formulated the research
questions and developed the study protocol. Q.Z., G.L., W.Z., X.F.W.,
JH., LM.Z, and X.Z. were responsible for patient recruitment and
obtaining informed consent signatures. J.H., P.A., Y.L., C.Y.Z,, Y.Z,, and
S.L. were responsible for the random allocation of patients. Q.Z., L.Z.,
Y.L, W.J., Y.Y.Z,, and Y.R. collected and extracted the data, with X.N.,
D.L., and S.S., providing supervision. Q.Z., W.Z., X.F.W., J.H., P.A., and
R.W. analyzed the data. Q.Z., G.L.,, W.Z., X.F.W., J.H,, S.L., Y.L., and W.J.
wrote the manuscript. F.R., X.L., R.L.,, RW., W.L.H., X.Y.W., Q.W., and B.F.
revised the manuscript. All authors had full access to all the data in the
study, reviewed the manuscript, and had final responsibility for the
decision to submit for publication.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-44292-x.

Correspondence and requests for materials should be addressed to
Wei-Lian Hung, Ran Wang, Xinjuan Liu or Fazheng Ren.

Peer review information Nature Communications thanks Yasuhiro Koga,
Nicholas Talley, and the anonymous reviewers for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Key Laboratory of Functional Dairy, Co-constructed by Ministry of Education and Beijing Government, Department of Nutrition and Health, China Agricultural
University, Beijing, China. 2Department of Gastroenterology, Beijing Chaoyang Hospital, Capital Medical University, Beijing, China. *Department of Obstetrics
and Gynecology, Columbia University, New York, NY, USA. *School of Food and Biological Engineering, Hefei University of Technology, Hefei, China. ®Beijing
Advanced Innovation Center for Food Nutrition and Human Health, China Agricultural University, Beijing, China. ®Department of Nutrition, Chinese PLA

Nature Communications | (2024)15:227


http://www.majorbio.com
https://doi.org/10.1038/s41467-023-44292-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article https://doi.org/10.1038/s41467-023-44292-x

General Hospital, Beijing, China. "Department of General Practice, The Third Medical Center of Chinese PLA General Hospital, Beijing, China. 8Center for
Global Cardiometabolic Health, Departments of Epidemiology, Medicine, and Surgery, Brown University, Providence, R, USA. °Department of Cardiovascular
Surgery, Beijing Anzhen Hospital, Capital Medical University, Beijing, China. "’ Academy of Medical Sciences, Beijing Hospital/National Center of Gerontology
of National Health Commission, Beijing, China. "National Center of Technology Innovation for Dairy, Inner Mongolia Dairy Technology Research Institute Co.
Ltd., Hohhot, China.™These authors contributed equally: Qi Zhang, Guang Li, Wen Zhao, Xifan Wang, Jingjing He. *These authors jointly supervised this work:
Wei-Lian Hung, Ran Wang, Xinjuan Liu, Fazheng Ren. e-mail: hongweilian@yili.com; wangran@cau.edu.cn; Liuxinjuan@mail.ccmu.edu.cn;
renfazheng@263.net

Nature Communications | (2024)15:227 12


mailto:hongweilian@yili.com
mailto:wangran@cau.edu.cn
mailto:Liuxinjuan@mail.ccmu.edu.cn
mailto:renfazheng@263.net

	Efficacy of Bifidobacterium animalis subsp. lactis BL-99 in the treatment of functional dyspepsia: a randomized placebo-controlled clinical�trial
	Results
	Baseline characteristics
	Effect of BL-99 treatment on FD symptoms
	BL-99 treatment changed the serum indicators in FD patients
	BL-99 treatment remodeled the gut microbiota in FD patients
	BL-99 treatment increased fecal and serum SCFA�levels
	Effect of SCFAs on serum gastrin

	Discussion
	Methods
	Study design and participants
	Randomization and blinding
	Study procedures
	Treatment
	Symptom assessment
	Serum indicators measurement
	Fecal sample collection and metagenome and metabolome detection
	Outcomes
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




