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ABSTRACT ARTICLE HISTORY
Dietary fibers/probiotics may relieve constipation via optimizing gut microbiome, yet with limited Received 16 November 2022
trial-based evidences. We aimed to evaluate the effects of formulas with dietary fibers or probiotics Revised 28 February 2023
on functional constipation symptoms, and to identify modulations of gut microbiota of relevance. We Accepted 29 March 2023
conducted a 4-week double-blinded randomized placebo-controlled trial in 250 adults with func-

tional constipation. Intervention: A: polydextrose; B: psyllium husk; C: wheat bran + psyllium husk; D: gi‘t{::,yoﬁkbl)ei probiotics; gut
Bifidobacterium animalis subsp. lactis HNO19 + Lacticaseibacillus rhamnosus HNOO1; Placebo: malto- microbiota; functional
dextrin. Oligosaccharides were also included in group A to D. 16S rRNA sequencing was used to constipation; nutritional
assess the gut microbiota at weeks 0, 2, and 4. A total of 242 participants completed the study. No intervention

time-by-group effect was observed for bowel movement frequency (BMF), Bristol stool scale score
(BSS), and degree of defecation straining (DDS), while BSS showed mean increases of 0.95-1.05 in
group A to D (all P < 0.05), but not significantly changed in placebo (P =0.170), and 4-week change of
BSS showed similarly superior effects of the interventions as compared placebo. Group D showed
a marginal reduction in plasma 5-hydroxytryptamine. Group A resulted in a higher Bifidobacterium
abundance than placebo at week 2 and 4. Fourteen genera showed intervention-specific increasing
or decreasing trends continuously, among which Anaerostipes showed increasing trends in groups
B and C, associated with BMF increase. Random forest models identified specific baseline microbial
genera panels predicting intervention responders. In conclusion, we found that the dietary fibers or
probiotics may relieve hard stool, with intervention-specific changes in gut microbiota relevant to
constipation relief. Baseline gut microbiota may predispose the intervention responsiveness.
ClincialTrials.gov number, NCT04667884.

PLAIN LANGUAGE SUMMARY

What is the context?

e Supplementation of dietary fibers, such as psyllium husk or wheat bran (10 ~ 15 g/day) may
relieve constipation symptoms, but bloating and flatulence are major concerns on a high fiber
intake.

® Functional constipation patients had alternated gut microbiota profiles, while meta-analysis
suggested that multispecies probiotics may increase bowel movement frequency and relieve
hard stool in functional constipation.

® Dietary fibers or probiotics may lead to before-after changes of gut microbiota in patients with
functional constipation, but time-series continued changes of gut microbiota during the inter-
vention are unknown.

® Elevation of 5-hydroxytryptamine synthesis in enterochromaffin cells may affect bowel move-
ment. And the elevated plasma 5-hydroxytryptamine was observed in functional constipation
patients.
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What is new?

Daily supplement of three prebiotic formulas with dietary fibers (polydextrose, psyllium husk,
wheat bran, together with oligosaccharides), or a probiotic formula with Bifidobacterium ani-
malis subsp. lactis HNO19 + Lacticaseibacillus rhamnosus HNOO1 effectively relieved hard stool in
functional constipation patients after 4 weeks intervention.

We identified continued increasing or decreasing gut microbial genera over the intervention.
Dietary fiber — gut microbiota (Anaerostipes)—constipation relieve (bowel movement fre-
quency) evidence axis was identified in this human trial.

Probiotic supplementation marginally reduced plasma 5-hydroxytryptamine, possibly asso-
ciated with changes in BMF-related gut microbial genera.

Intervention-specific baseline gut microbiota well predicted the responsiveness of constipation
symptom relief.

What is the impact?

e We provided references for the dosage and duration of dietary fiber/probiotics recommenda-
tions for adults with functional constipation, and advanced the microbial genera evidences of
the fibers/probiotics-microbiota-laxation theory in humans.
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Introduction fibers and constipation symptoms™’. Moreover,

Characterized by continuously difficult, incomplete,
or infrequent defecation, without an organic origin',
functional constipation affects approximately 10.1%
(Rome IV criteria) of the worldwide population in
adults®, resulted in considerable reductions in qual-
ity of life and increase in medical cost’. Effective
intervention strategies are urgent to relieve the func-
tional constipation difficulties, particularly in
rapidly aging populations, such as Chinese”.

The current knowledge in the etiology of
functional constipation involves intestinal moti-
lity disorders, intestinal secretion disorders,
changes in visceral sensitivity, pelvic floor mus-
cle dysfunction, enteric nervous system dysfunc-
tion, etc.". From the perspective of primary care
practice, lacking physical activity and insuffi-
cient intakes of water and dietary fibers are
commonly recognized risk factors’. Animal
models suggested laxative effects of extracted
fibers involving water binding or colonic mus-
cular contraction™ yet human observational stu-
dies showed mixed associations between dietary

the effects of supplementation of extracted
fibers on constipation syndromes varied, par-
tially related to the differences in fiber category,
dosage, and intervention duration’. With out-
standing solubility, viscosity, or fermentability®,
psyllium husk, and wheat bran are widely used
as fiber ingredients in the food industry™'®, and
a few clinical trials recently suggested their
effectiveness in improving bowel movement,
stool consistency, and straining''"'’, however,
it was not clear whether a combination of psy-
llium husk and wheat bran with relatively lower
dosage would be effective.

Growing evidence has pointed to the pathologi-
cal role of gut microbiota disturbance in functional
constipation, for the observations that functional
constipation was associated with decreased benefi-
cial species, increased pathogen species, and
reduced species richness in human, and the cap-
ability that gut microbiota modulate gut functions
via metabolite production, such as short-chain fatty
acids (SCFA) and bile acid, and indirect enteric



neuroendocrine regulation in animals'*. Dietary
fibers, such as psyllium husk'', polydextrose'’,
xylooligosaccharide'®, or probiotic supple-
mentations'’, were reported to be effective in mod-
ulating gut microbiota, yet their effects in func-
tional constipation and the mode of gut
microbiota-fiber interactions in optimizing inter-
vention benefits are largely unknown in human.

In the current study, we aimed to evaluate the
effectiveness of three dietary fiber formulas (poly-
dextrose, psyllium husk, and wheat bran + psy-
llium husk) and one probiotic supplement
(Bifidobacterium animalis subsp. lactis HNO19 +
Lacticaseibacillus rhamnosus HNO001) on the
improvement of constipation symptoms among
Chinese adults with functional constipation, to
identify gut microbiota changes upon interven-
tion, and to explore the potential roles of gut
microbiota in optimal intervention responses;
hopefully to advance the dietary therapies for
functional constipation.

Results
Participants and characteristics

During the intervention, 8 participants dropped out,
and 242 (96.8%) participants eventually finished all
the intervention procedures and provided biological
samples (Figure S1). The overall adherence score
was 0.86+0.09 with no group difference. The
mean age of the participants was 44.5 + 16.7 years

Table 1. Baseline characteristics of the participants.
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with 77.2% females (Table 1). The baseline variables
were comparable among the five groups except that
Bristol stool scale score (BSS) were slightly lower in
Group C and D (overall P=0.025). The overall
mean bowel movement frequency (BMF) and
degree of defecation straining (DDS) were 3.19 +
1.65 and 2.45 + 0.78, respectively.

Effects on constipation symptoms

After 4 weeks of intervention, all the groups pre-
sented a significant within-group increase in BMF,
and significant within-group decreases in DDS
(Table 2) (all P<0.05). Overall, no significant time
by group effect was observed for all the symptoms
(Table 2) (all P for interaction>0.05); however, BSS
significantly increased in the four intervention
groups (all P <0.001), but not significantly changed
in the placebo group (P=0.170). By directly com-
paring the 4-week BSS change of each intervention
group and the value of the placebo group, we
observed similar superior effects of the four inter-
vention groups (P =0.056, P =0.037, P =0.058, and
P =0.042, respectively) (Figure 1 and Table S1).

Biochemical variables and adverse events

No between-group or within-group change differ-
ence was observed in the plasma levels of glucose,
and lipid profiles (Table S2). The plasma 5-hydro-
xytryptamine (5-HT) level tended to reduce only

Group

Characteristic Overall A B C D Placebo P?
N 250 50 50 50 50 50
Women [n (%)] 193 (77.2) 40 (80.0) 41 (82.0) 40 (80.0) 34 (68.0) 38 (76.0) 0.471
Age (y) 445 +16.7 469+174 45.1+£16.8 453+ 16.5 43.1+15.6 422+175 0.652
Married [n (%)] 165 (66.0) 33 (66.0) 34 (68.0) 36 (72.0) 35 (70.0) 27 (54.0) 0.686
Education level [n (%)] 0.262

0-9 years 53 (21.2) 10 (20.0) 7 (14.0) 11 (22.0) 7 (14.0) 18 (36.0)

10-12 years 71 (28.4) 16 (32.0) 18 (36.0) 14 (28.0) 14 (28.0) 9 (18.0)

>12 years 126 (50.4) 24 (48.0) 25 (50.0) 25 (50.0) 29 (58.0) 23 (46.0)
Current smokers [n (%)] 35 (14.0) 9 (18.0) 9 (18.0) 2 (4.0) 8 (16.0) 7 (14.0) 0.227
Alcohol drinkers [n (%)] 106 (42.4) 18 (36.0) 26 (52.0) 21 (42.0) 22 (44.0) 19 (38.0) 0.529
BMI (kg/m2 240+3.6 241+34 240+36 23.8+35 23.7+35 242 +43 0.956
BMF 3.19+£1.65 3.53+1.92 3.25+1.66 3.26+1.78 2.88+ 159 3.03+£1.22 0.484
BSS 2.87 £1.27 3.02+1.25 3.16 +£1.22 2.58 £1.09 2.56+1.28 3.04£1.41 0.025
DDS 2.45+0.78 2.18 £0.80 2.56 £0.73 248 +0.71 2.50+0.79 2.52+0.84 0.135

Data are means + SD or numbers (percentage).

Overall group difference was determined by ANOVA, Kruskal-Wallis test, or Fisher's exact test for normal, skewed continuous, or categorical variables,

respectively.

BMF, bowel movement frequency; BMI, body mass index; BSS, Bristol stool scale score; DDS, degree of defecation straining.
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Table 2. Constipation symptoms over the intervention by group 2.

Group P
Symptom A B C D Placebo Group Time TimexGroup
BMF 0.247 <0.001 0.976
Week 0 3.53+1.92 3.25+1.66 3.26+1.78 2.88+1.59 3.03+1.22
Week 1 430+278 4.60 +2.40 4.53+2.51 3.76 £2.09 4.18+291
Week 2 5.48 +2.52 5.15+2.70 531+251 456 +£2.23 5.09+333
Week 3 5.66 +2.32 5.80+2.78 5.47 +2.48 478 +£232 534+243
Week 4 543+243 5.62+2.94 5.60+2.43 490 +2.76 529+3.10
Pe <0.001 <0.001 <0.001 <0.001 <0.001
BSS 0.018 <0.001 0.116
Week 0 3.02+1.25 3.16+1.22 2.58+1.09 2.56+1.28 3.04+1.41
Week 2 3.88+1.21 3.73+£1.09 3.57+1.12 342+137 3.53+1.28
Week 4 4.02+1.05 4.16+1.25 3.53+£1.25 3.60 £1.37 3.40+1.40
P* <0.001 <0.001 <0.001 <0.001 0.170
DDS 0.010 <0.001 0.332
Week 0 2.18+0.80 256+0.73 248 +£0.71 2.50+0.79 2.52+0.84
Week 2 1.46 + 0.68 1.49 +0.68 1.72+0.77 1.70+£0.84 1.82+0.81
Week 4 1.84 £0.85 2.00+0.87 2.04+0.78 2.36+0.88 2.21+0.82
P¢ <0.001 <0.001 <0.001 <0.001 <0.001

Data are mean + SD.

n = 50 for each group with the following exceptions: week 1 (group C: n = 49, placebo: n = 49), week 2 (group B: n = 49, group C: n = 47, placebo: n = 48), week
3 (group A: n =49, group B: n =49, group C: n =47, placebo: n = 48), week 4 (group A: n =49, group B: n =49, group C: n =47, placebo: n = 48).
P values were determined by generalized estimating equation (GEE), adjusted for age and sex.
“GEE was used to assess the effect of time on variables across all visit times, adjusted for age and sex.
BMF, bowel movement frequency; BSS, Bristol stool scale score; DDS, degree of defecation straining.
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Figure 1. The changes of constipation symptoms from baseline to week 2 and week 4 by group. Data are means with standard error. *
P<0.05, compared by Wilcoxon rank-sum test. All detailed statistics can be found in Table 1. BMF, bowel movement frequency; BSS,

Bristol stool scale score; DDS, degree of defecation straining.

in the group D (median change = —10.75 ng/ml, P
=0.061), which was confirmed by a sensitive ana-
lysis among those with adherence score>0.8 (med-
ian change = -13.33 ng/ml, P = 0.020) (Figure 2a),
but this reduction did not sustain after FDR
adjustment. No direct correlation of the 5-HT
change with constipation symptom changes was

captured in group D (data not shown), while
5-HT change was correlated with the change of
several gut microbes, such as NK4A214_group
and Eisenbergiella, etc. (Figure 2b). Yet, this cor-
relation did not sustain with FDR adjustment,
similarly to the correlations between 5-HT and
gut microbes at different time points. No severe
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Figure 2. Changes in 5-HT and correlations with gut microbiota. a, change of 5-HT by group and adherence status, M, median, Q, FDR
adjusted P value (Q value); b, partial spearman’s correlations between 5-HT and relative genera abundance with different time frame,
adjusted for age and sex, Only significant results were presented. * P value<0.05, ** P value<0.01, FDR adjusted P values>0.05 for all

the correlation analyses in Figure 2b.

adverse events were reported over the interven-
tion, whereas occasional mild events were
reported (Table S3).

Baseline correlations between gut microbiota and
constipation symptoms

At baseline, significant correlations were identified
between the relative abundance of gut microbiota

genera and BMF after adjusting for age and sex
(Figure 3a). The relative abundance of 30 genera
(such as UCG.002, Eisenbergiella, UCG.005,
Alistipes, Christensenellaceae_R.7_group, and
NK4A214 group) were inversely correlated with
the BMF, while Bacteroides was positively corre-
lated with BMF (all FDR adjusted P <0.05). No
significant correlation could be captured between
gut microbiota and BSS or DDS.



6 H. LAIET AL.

a |

[

—— =
easeine BMF [HHEEENNEEEEEENRENERRENEENEE

Baseline BSS score
Baseline DDS score

)

6
— b
)

b
— b
dnosb™ /Y eeaoe|ouasualsuyy” b
— 6
b

sedpsiy

20090Nn 6

500'90N B
J ueiou

saplosseg” b

dnoiB yLZYPMN B

ougiaoynseg. B
Js)oeqolexQ

oe80BI00o0UILNY  § Yuelou

0L0'90N § Muelou

eIpLISO[D 0 pauissepun

6E44 0 Mueiou  J yuelou

dno.b~sauabijoue)soldoo” wnusjoeqns

Week 0
Week 2
Week 4

Week 0
Week 2
Week 4

Week 0
Week 2
Week 4

Week 0
Week 2
Week 4

Group A

Group B

Group C

Group D

Jajoeqoyieby b
sedisiy” b
soploseyoeg” D

eusoeg P jUBIOU Y paiissejoun

. 0.1
i A
W C3mMmuUcCc e 3 © c > W m C
gogcaom223932=§wm 0
< 8 T c 3 g 2923583 0 >
:_.C):E\’;1@:3’:,mEm:,'g__A:,A
a8 gg8icgrége~s3gx
gnorgg—)wz%l*gﬁggﬁl*mgaw
= 5 o Q& -
3 z 5 |C8§|°'*|°'0 § o 0.1
2] 5 5 ® € ©O - T ® L
s % 88 3l _z
=~ & o889 Zag §
o 3 o%Eg_ ERF £ -0.2
g 885 33 2
o 288 8% &
g s o= 8% 3
2o = o o =} -0.3
3l e ©o 88 5 '
2 Q 3 w & o
S 3 5] I
i~ g c 2
cC o ©
Q
@
=
N
%
3
2
1
0
-1
-2
) ) «@ ) « ) «Q
S S SO S R S
®» @ 3 = B B g
= ] [0 o @ 173 o
Q c o «Q < =
o = 8 [ o 0] Q
o o 2 3 = o »
® = 3 @ c 1]
—J = =
Q o =] ) ) 3
@ Q ) a
3. o » |
g 3. —
c
3 —
)
Q
=2
=]
o
@
°
=4
)
Q
@
o)
)

Figure 3. The baseline correlations between gut microbial abundance and constipation symptoms, and the difference in relative
abundance of the top 10 genera between intervention groups and placebo group at different stages. A Partial Spearman’s correlation
coefficients adjusted for age and sex. The color from red to blue represents the direction and strength of the correlation from positive
to negative. * FDR adjusted P value (Q value) < 0.05, ** Q value<0.01. B, The difference in mean abundance of each genus between
intervention groups and control group. At each time point, the difference in the relative genus abundance between any intervention
group and the placebo group was tested using the Wilcoxon rank-sum test. * Indicate FDR adjusted P < 0.05 for group comparison.
BMF, bowel movement frequency, BSS, Bristol stool scale, DDS, degree of defecation straining.

Effects on gut microbiota diversity and composition

At each intervention stage (week 0, 2, 4), the
genera community richness (Chaol estimators)
and diversity (Shannon index, ACE estimators)
were comparable among groups, similarly for
PCoA score (P>0.05, Figure S2). No single
genus showed significant difference between an
intervention group and the placebo group at each

stage, with full FDR correction (Table S4). For
the top 10 genera (Figure 3b), the abundance of
Bifidobacterium in group A was significantly
higher than in the placebo group at both week 2
(difference of mean abundance=1.780%, FDR
adjusted P=0.027) and week 4 (2.930%, FDR
adjusted P=0.049); while the abundance of
Alistipes in group B was significantly lower than
the placebo group at week 2 (1.967%, FDR
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genera abundance from baseline to week 2 and week 4. All the presented genera were those only exclusively clustered in the
intervention groups but not in the placebo group. C, The adjusted mean genera change by BMF/BSS change level for those significant

correlations in Table S6. BMF, bowel movements frequency; BSS, Bristol Stool Scale score.
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Figure 5. Baseline gut microbiota predicting the improvement of constipation symptoms upon interventions. On the left are the ROC
curves of predicting symptom responders (BMF increase>1, BSS increase>1, DDS decrease=1) upon interventions based on the
baseline genus abundance by random forests models. On the right are the numbers (%) of the responders, the differential genera (red,
higher in responders; blue, lower in responders) among top 10 genera contributing the modeling and their mean abundance
differences between responders and non-responders. BMF, bowel movement frequency, BSS, Bristol stool scale score; DDS, degree of

defecation straining, ROC, receiver operating characteristic.

adjusted P=0.020). No direct association was
detected between the change in Bifidobacterium

and changes in constipation symptoms
(Table S5)

Constant microbiota changes over the intervention

The group-specific microbial changing patterns were
identified, and 14 genera showed continuous increase
or decrease trends (Figure 4a,b). Several genera that
inversely associated with baseline BMF showed
decreasing trends over the intervention, such as
UCG.002, Eisenbergiella, and NK4A214 group.
Notably, the Anaerostipes fit the continuously increas-
ing trend both in Group B and Group C. Meanwhile,

we observed a positive correlation between
Anaerostipes change and BMF change (Figure 4c,
Table S6), and an inverse correlation between UCG-
002 change and BSS change, but the correlations did
not sustain with FDR correction (Table S6). The
KEGG annotations of those genera in the constantly
changing trends shared common modules of biologi-
cal processes such as glycolysis, (reductive) citrate
cycle, and gluconeogenesis (Table S7).

Baseline microbiota predispose the responsiveness
to interventions

With baseline genera abundance profiles as can-
didate predictors, the mean area under the



receiver operating characteristics curves (AUCs)
of the random forest models for predicting
responders of 3 scenarios in groups
A-D exceeded 0.8 (Figure 5 a,c,e), outstandingly,
with an AUC (95%CI) of 0.975 (0.916-1.000)
predicting at least 1-unit BMF increase in group
B, and an AUC (95%CI) of 0.976 (0.910-1.000)
predicting at least 1-unit BSS increase in group
C. The differential genera between responders
and non-responders contributing to the random
forest modeling were presented (Figure 5 b, d, f),
while their KEGG annotations reflected common
modules of biological process such as glycolysis,
(reductive) citrate cycle, and gluconeogenesis
(Table S8)

Discussion

In this double-blinded randomized placebo-
controlled trial among adults with functional con-
stipation, hard stool was relieved in the three diet-
ary fiber formulas with moderate dosage of
polydextrose, psyllium husk, wheat bran plus psy-
llium husk, or the probiotic formula, accompanied
with oligosaccharides. To our knowledge, this is the
first human trial that recognized intervention-
specific continued changes in gut microbiota,
directly linked with constipation relief.
Furthermore, our results suggested the capacity of
gut microbial genera in shaping the intervention
responsiveness in the improvement of BMF, BSS,
and DDS.

Recently, several intervention studies suggested
that psyllium husk (10 g/day for 8 weeks'”, or 10 g/
day for 4 weeks'® or wheat bran (15 g/day for 12
weeks'> supplementation with relative high dose
was effective in relieving hard stool in constipation
patients; however, on the other hand, bloating and
flatulence are of substantial concerns on a daily
supplementation with a high-dose”. In our results,
a daily intake of 5 g psyllium husk (group B),or 2 g
psyllium husk plus 5 g wheat bran(group C), along
with oligosaccharide for 4 weeks was sufficient to
relieve hard stool. Moreover, we observed that
daily supplementation of Bifidobacterium animalis
subsp.lactis + Lacticaseibacillus rhamnosus also
relieved hard stool. Similarly, an earlier meta-
analysis suggested that Bifidobacterium animalis
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subsp.lactis increased the BSS with a mean differ-
ence of 0.46, yet with other strains'’. Taken
together, our study provided direct evidences of
the effectiveness of four new prebiotic or probiotic
formulas on relieving hard stool symptoms among
constipation patients, with a mean increase in BSS
of 0.95-1.05. The dose and durations of our trial
may be referred in future clinical practice for func-
tional constipation.

5-HT, a brain neurotransmitter, also has impor-
tant regulatory effects in gastrointestinal tract, as
over 90% of the body 5-HT was synthesized in the
enterochromaffin  cells of gastrointestinal
epithelium'?. Animal models suggested that eleva-
tion of 5-HT synthesis may contribute to func-
tional constipation by regulating gut motility
triggered by metabolites of indigenous spore-
forming microbes*’. Supportively, an earlier case-
control study showed that platelet-depleted plasma
concentrations of 5-HT tended to be elevated in
patients of functional constipation, and inversely
correlated with BMF?'. Supplementation of
Bifidobacterium pseudolongum in mice reduced
the 5-HT level in the colonic mucosa via diminish-
ing enterochromaffin cells*>. Our study, in human
subjects, identified that plasma 5-HT was margin-
ally reduced by 4-week intervention of
Bifidobacterium animalis subsp.lactis HNO19 +
Lacticaseibacillus rhamnosus HN0O1. Although no
direct link between 5-HT change and constipation
symptom change could be captured, we showed
potential correlations between 5-HT change and
alterations in gut microbes, some of which, such
as NK4A214_group and Eisenbergiella, were inver-
sely correlated with BMF at baseline. Our results
suggested the potential roles of enteric neurohor-
mone, 5-HT, in the probiotic-derived optimiza-
tions in gut microbial genera, related to bowel
movement in human.

Few was known regarding the gut microbiota
alterations promoted by pre- or probiotic supple-
mentation among constipation patients, particu-
larly with repeated measurements over the
intervention periods. In our study, we compared
group differences in microbe genera level at the
three  intervention  stages.  Interestingly,
Bifidobacterium was persistently higher in group
A than in placebo at weeks 2 and 4, when only
assessing the top ten abundant genera. Previous
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studies have suggested both polydextrose® and
oligosaccharides'® may effectively increase
Bifidobacterium in healthy volunteers, while we
observed in functional constipation patients, that
intervention of polydextrose and oligosaccharides
for 2 to 4 weeks may also enrich Bifidobacterium,
which may have multiple health benefits, including
inhibiting pathogens, increasing production of
SCFA, thus optimizing colonic function®*,

We also applied soft clustering analysis to iden-
tify the potential constant microbe changes over
the three intervention stages. Fourteen genera
showed either increasing or decreasing trends con-
tinuously from week 0 to week 2 and 4, with func-
tional annotation highlighting carbohydrate
metabolism. Notably, UCG.002 and Eisenbergiella,
both inversely associated with BMF at baseline,
presented decreasing trends with the supplementa-
tion of polydextrose and oligosaccharides (Group
A), while both of the two genera were linked with
inflammation®>*°. Moreover, Anaerostipes showed
constant increasing trends in both group B and
group C (both including psyllium husk and oligo-
saccharides), while this increasing trend tended to
correlate with the increase in BMF. In an bacteria
experiment, commensal Anaerostipes was able to
convert dietary inositol into propionate and
acetate”’, SCFAs which may reduce intestine pH,
support colonic motility, inhibit pathogens, and
optimize BMF’. Those results may shed light on
the potential mechanism underling the effects on
relieving constipation by dietary fiber supplemen-
tation through optimizing gut microbes, including
Anaerostipes, in functional constipation patients.

Host gut microbiota may interact with dietary
fibers, or probiotic supplementations, thus affecting
microbiome metabolism and inhibiting the growth
of pathogens’. Although overall constipation symp-
toms improved after the intervention, the level of
responsiveness showed large individual differences.
We hypothesis that the baseline gut microbiota fea-
tures of a person may substantially predispose the
potential responsiveness to a certain intervention
strategy. By applying a random forest selection
approach, we found that specific baseline microbial
profiles well predicted the intervention responsive-
ness of BMF, BSS, or DDS improvement with out-
standing AUCs. Our results from a human trial, may
provide comprehensive information regarding the

potential interactions between gut microbes and
polydextrose, oligosaccharides, psyllium husk,
wheat bran, or Bifidobacterium animalis subsp. lactis
+ Lacticaseibacillus rhamnosus. For instance, proin-
flammatory genus, Alistipes, was associated with
worse constipation symptoms in previous observa-
tion study”®*’ and our baseline data. Interestingly,
a lower abundance of Alistipes here was identified as
a major contributor in predicting BSS increase upon
group C intervention (psyllium husk plus wheat
bran). Meanwhile, Alistipes showed a decreasing
potential when supplemented with psyllium husk
for 2 weeks (Figure 3). In addition, lower baseline
abundance of NK4A214 group was identified as
a major contributor in predicting BMF increase in
group B, while it was also inversely correlated with
BMEF at baseline, and continuously reduced in group
B. The three results collectively suggested
NK4A214 _group as a possible contributor of consti-
pation, but a sensitive target to psyllium husk and
xylooligosaccharide intervention. Collectively, diet-
ary fiber supplementation, may substantially relieve
constipation, by interactions with host gut microbes,
and modulations of microbe abundance in func-
tional constipation patients; host gut microbiota
may predispose the ways of their interactions with
fiber intake, resulting in the individual differences in
constipation symptom improvement.

Our study has several limitations. Firstly, without
sub-categorization for constipation patients, we
were unable to detect the intervention effects for
different constipation types, such as those with dys-
synergic defecation, who might not directly respond
to the fiber or probiotics. Secondly, without micro-
bial metabolites data, we were unable to explore the
metabolic interactions between host and gut micro-
biomes, and their associations with clinical
improvement. Moreover, the wide age range of the
participants may increase the individual variability
of gut microbiota, thereafter limited the ability of
detecting intervention effects. In addition, the
KEGG annotations based on 16S rRNA gene
sequences may have a limited resolution.

Conclusion

In conclusion, we demonstrated the effects of diet-
ary fiber or probiotic formulas in relieving hard
stool in functional constipation patients. Over the



intervention periods, we identified continuously
changed microbiota features and baseline microbe
profiles predicting intervention responsiveness, all
intervention-specific. Together with the correla-
tions between microbiota profile and constipation
symptoms, our study provided novel evidences that
the pre or probiotic interventions may modulate
gut microbiota, associated with intestinal health.

Methods
Study design and participants

This study was a double-blind, randomized, placebo-
controlled trial conducted from August 2020 to
May 2021. Participants were recruited by advertise-
ments and screened using an online questionnaire
posted by the Epidemiology Division, School of
Public Health, Xi’an Jiaotong University Health
Science Center or the Nutrition Department, Xi'an
Daxing Hospital. The inclusion criteria were: age
between 18 and 70 years, and diagnosis with func-
tional constipation based on Rome IV criteria: 1) met
two or more of the following conditions in at least
25% of defecations: a, straining, b, lumpy or hard
stools with Bristol stool scale score (BSS) rating 1-
2), ¢, sensation of incomplete evacuation, d, sensation
of anorectal obstruction/blockage, e, manual maneu-
vers to facilitate defecation, f, fewer than three spon-
taneous bowel movement per week; 2) loose stools are
rarely present without the use of laxatives; 3) insuffi-
cient to be diagnosed with irritable bowel syndrome
per Rome |V criteria. Those symptoms should have
appeared for at least 6 months before diagnosis, and
met the above diagnostic criteria in the past 3 months.
Exclusion criteria included: 1) pregnancy or lacta-
tion; 2) unable to take the intervention products or
complete the examination as required for any rea-
son; 3) difficult in verbal expression or mental dis-
orders; 4) abnormal liver and kidney function
indicated by physical examination; 5) acute gastroin-
testinal diseases in the recent 4 weeks; 6) constipation
caused by surgery in the recent 4 weeks; 7) take pro-
ducts of prebiotics or probiotics, antibiotics, laxatives,
anticholinergics, or antidiarrheal drugs more than 1
time/week in the recent 4 weeks; 8) a history of can-
cer, severe enteritis, intestinal obstruction, inflamma-
tory bowel disease, hypothyroidism, mental illness,
stroke, heart disease, liver cirrhosis, renal failure,
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hematopoietic system diseases, or organic intestinal
diseases indicated by colonoscopy or imaging dis-
play; 9) participated in other clinical studies within
3 months before enrollment; 10) other health issues
unsuitable to participate.

From August 2020 to May 2021, 477 indivi-
duals who completed the online screening
questionnaire attended the onsite screening ses-
sion, of which 227 were excluded for not meet-
ing the inclusion criteria, too busy to
participate, or other reasons. Finally, 250 parti-
cipants were recruited and completed the base-
line examination (Figure S1). The study was
approved by the Ethical Committee of Xi’an
Jiaotong University Health Science Center and
the Ethical Committee of Xi’an Daxing
Hospital. Each participant provided written
informed consent before the intervention. The
present trial was registered at ClinicalTrials.gov
as NCT04667884.

Randomization and blinding

Block randomization (block length=5) was
performed by an independent statistician, who
was blinded to treatment allocation. On the
first visit (day 0) to the research center, an
intervention group was assigned to each parti-
cipant according to the sealed allocation
sequence. The intervention sachets were pre-
pared by BYHEALTH Co., LTD (Guangdong,
China) with identical appearance, taste, and
smell. Participants and researchers were
blinded to treatment assignments until the
entire study was completed.

Sample size

The sample size was determined by assuming
a difference in bowel movement frequency (BMF)
change of 0.98 between any intervention group and
the placebo’’, with an assumed standard deviation
(SD) of BMF as 1.6 in candidate population, if a
error and power were set as 0.05 and 80%, respec-
tively. A total of 40 participants were needed in
each group. Considering about 20% lost follow-
up, we determined 50 participants in each group
(250 for 5 groups).
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Intervention

All eligible subjects were randomly assigned to one
of the five groups: Group A: polydextrose (1.96 g),
oligosaccharides (xylooligosaccharide and fructoo-
ligosaccharide, 1.95 g) and resistant dextrin (0.75 g)
for each sachet; Group B: psyllium husk (2.5g),
oligosaccharides (xylooligosaccharide, 0.74 g) and
D-mannitol (1.45g) for each sachet; Group C:
wheat bran (2.5g), psyllium husk (1g), oligosac-
charides (fructooligosaccharide, 1.9 g) and resistant
dextrin (0.5 g) for each sachet; Group D: 7.7 x 10°
CFU Bifidobacterium animalis subsp. lactis (pre-
viously named as Bifidobacterium lactis) HNO19
+1.9 x 10° CFU Lacticaseibacillus rhamnosus (pre-
viously named as Lactobacillus rhamnosus) HN0OI,
oligosaccharides (fructooligosaccharide, 0.48 g) for
each sachet; Group P (Placebo): maltodextrin (1.5
g) for each sachet. During the intervention phase,
participants were required to take 2 sachets with
warm water (<37°C) every day.

At week 0, all the participants received reading
materials of lifestyle counseling developed based on
Chinese Dietary Guidelines 2016°" and Expert
Consensus on Chronic Constipation in China®
(Table S9). Participants were required to visit the
research centers at Week 0, 2, and 4 to collect
intervention products and finish all measurements,
sample collection, and questionnaires. Participants
were required to return all remaining intervention
products at each follow-up visit, and to report any
adverse events, medication use, and hospitaliza-
tions. The adherence score was defined as the
number of intervention sachets consumed divided
by the number of intervention sachets provided.

Data and sample collection

The primary outcome was the change of BMF
recorded as the number of bowel movements per
week. The secondary outcomes include the changes
in BSS, DDS, fasting glucose, high-density lipopro-
tein (HDL) cholesterol, low-density lipoprotein
(LDL) cholesterol, total cholesterol, triglycerides,
and gut microbiome profiles over the 4-week
intervention.

A Redcap-based online system was applied to
collect questionnaire information®’. Data on
demography, lifestyle, and medical history were

collected at baseline. Participants were required
to report their weekly BMF on days 0 (baseline),
7, 14, 21 and 28 (endpoint). Other constipation
outcomes were collected at days 0, 14, and 28,
including BSS (type 1: separate hard lumps (hard
to pass); type 2: lumpy, hard, sausage-shaped;
type 3: sausage-shaped with cracks on the surface;
type 4: sausage-shaped or snake-like; smooth and
soft; type 5: soft blobs with clear-cut edges (easy
to pass); type 6: fluffy pieces with ragged edges;
mushy; type 7: entirely liquid, watery, no solid
pieces)**, DDS (from 1 as normal to 4 as frequent
abdominal pain or burning sensation of the anus
that affects defecation)’. Weight was measured
to the nearest 0.1kg, using an electronic scale
(Tanita BC-567), while height was measured
using a portable stadiometer, to the nearest 0.1
cm, with participants wearing light clothing and
shoes off. Blood samples were collected by trained
health workers following an overnight fast (=10
hours) at days 0, 14 and 28. Fasting blood sam-
ples were centrifuged, allocated as plasma, buffy
coat, and red blood cells, and then immediately
stored at —80°C until assay. Plasma levels of glu-
cose, triglycerides, total cholesterol, and HDL/
LDL cholesterol were measured by an automatic
biochemical analyzer (Beckman Coulter AU680).
Plasma 5-HT was determined using an ELISA kit
(Elabscience E-EL-0033c¢).

Fecal sample collection and assessment of gut
microbiota

Fecal samples were collected by participants
themselves at baseline (3 days before the interven-
tion), or within 3 days before or after visits on
days 14 and 28. A collection tube for fecal sam-
ples (Real-Bio Technology, Shanghai) with pre-
servation solution was used to enable room
temperature preservation of the feces before
their visits to the research center. The solution
allows the preservation of DNA in the stool at
room temperature for 10-14 days. All fecal sam-
ples were transferred to —80°C freezer on the day
of the visit. A printed version and a video version
of sample collection instructions were developed
and provided to each participant to ensure the
samples meet the requirement (online video:
https://figshare.com with the doi: 10.6084/m9.
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tigshare.21542994). DNA extraction and 16S
rRNA sequencing were conducted according to
the standard protocols by Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China) (detailed
in Table S10)

Statistical analyses

The intention-to-treat principle was applied in
the data analyses unless otherwise indicated.
Descriptive data were presented as mean + SD
for continuous variable or as numbers and per-
centages for qualitative variables. Baseline char-
acteristics were compared using ANOVA,
Kruskal-Wallis test, or Fisher’s exact test per dis-
tributions when appropriate. With adjustment
for age and sex, a generalized estimating equation
(GEE) was also used to assess time effects within-
group, group effects, and group x time effects,
respectively for the outcomes. Wilcoxon rank-
sum test was used for comparing before-after
changes in constipation symptoms between each
treated group and the placebo group. Partial
Spearman’s correlation coefficient was used to
assess the correlations between changes in con-
stipation symptoms and changes in other vari-
ables over the intervention.

16S rRNA gene sequences were rarefied to the
lowest number of sequences per sample (n=
50,331) to complete downstream diversity and
composition analyses. The genus-level a-diversity
indices of gut microbial community richness (the
Ace and Chaol estimators) and community diver-
sity (the Shannon index) were calculated and
compared among all groups at week 0, 2, and 4
using the Kruskal-Wallis test. Permutational mul-
tivariate analysis of variance (PERANOVA) based
on Bray-Curtis distance was performed to assess
global microbiota composition among the five
groups at the genus level for each stage. After
excluding those bacterial genera that only pre-
sented in less than 10% of the total samples, 120
bacterial genera abundance from 16s rRNA
sequencing were used in the subsequent genera
level analyses. We compared the abundance
between an intervention group and the placebo
group using the Wilcoxon signed-rank test at
weeks 0, 2, and 4. For the top 10 abundant genera,
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the differences of the mean relative abundance of
an intervention group (A-D) relative to the pla-
cebo group were presented in heatmap to illus-
trate the comparison results.

Soft clustering analysis was used to identify
changing trends of gut microbiota in each inter-
vention group over three stages by applying the
R package “Mfuzz”>®*’. The log2 fold changes of
continuously increasing or decreasing genera
were presented. PICRUSt2 (version v2.2.0-b)
was used to predict the Kyoto Encyclopedia of
Genes and Genomes (KEGG) module and path-
ways to infer microbial functional content
(Detailed in Table S7). Random forests analysis
was used to determine genus-level gut microbiota
patterns predicting responders (=1 increase in
BMF; 21 increase in BSS score; =1 decrease in
DDS) using the R package “caret” with the AUC
calculated using the R package “pROC”. Related
KEGG module and pathways were explored
(Detailed in Table S8).

All the analyses were performed using the
R (version 4.0.2). FDR-adjusted P value (Q value)
was applied in post-hoc analyses (comparisons for
bacteria genera and 5-HT, correlation analysis
between variables). All the authors had access to the
study data and had reviewed and approved the final
manuscript.
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