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Galactooligosaccharides and
Limosilactobacillus reuteri synergistically
alleviate gut inflammation and barrier
dysfunction by enriching Bacteroides
acidifaciens for pentadecanoic acid
biosynthesis
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R Check for updates Ulcerative colitis (UC) is a debilitating inflammatory bowel disease character-

ized by intestinal inflammation, barrier dysfunction, and dysbiosis, with lim-
ited treatment options available. This study systematically investigates the
therapeutic potential of a synbiotic composed of galactooligosaccharides
(GOS) and Limosilactobacillus reuteri in a murine model of colitis, revealing
that GOS and L. reuteri synergistically protect against intestinal inflammation
and barrier dysfunction by promoting the synthesis of pentadecanoic acid, an
odd-chain fatty acid, from Bacteroides acidifaciens. Notably, the synbiotic, B.
acidifaciens, and pentadecanoic acid are each capable of suppressing intest-
inal inflammation and enhancing tight junction by inhibiting NF-kB activation.
Furthermore, similar reduction in B. acidifaciens and pentadecanoic acid levels
are also observed in the feces from both human UC patients and
lipopolysaccharide-induced intestinal inflammation in pigs. Our findings elu-
cidate the protective mechanism of the synbiotic and highlight its therapeutic
potential, along with B. acidifaciens and pentadecanoic acid, for UC and other
intestinal inflammatory disorders.

Ulcerative colitis (UC) is an inflammatory bowel disease (IBD), but its
etiology and pathogenesis remain enigmatic'. Emerging evidence
emphasizes its strong association with intestinal inflammation, barrier
dysfunction, and dysbiosis’. However, few preventive and therapeutic
options are currently available for UC. Dietary intervention stands as a
primary strategy for alleviating UC symptoms, with prebiotics, pro-
biotics, and synbiotics showing promise due to their reported ability to
modify intestinal microbiota, modulate immune response, and

enhance barrier function®>. A comprehensive understanding of the
underlying protective mechanisms of these interventions may provide
better options for treating UC.

Galactooligosaccharides (GOS) and Limosilactobacillus reuteri are
well-known prebiotic and probiotic, respectively, with demonstrated
benefits in microbial balance and intestinal barrier function®’. We
previously showed that dietary GOS enhances intestinal barrier func-
tion in Salmonella-challenged mice by selectively enriching three
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lactobacilli, including L. reuteri . Notably, L. reuteri can utilize GOS as a
carbon resource, providing the foundation for synbiotic
development’. However, the synergistic mechanisms between GOS
and L. reuteri in alleviating inflammation and enhancing barrier func-
tion remain unexplored. It is important to identify the intestinal bac-
teria and metabolites regulated by the synbiotic.

This study presents compelling evidence that the combination of
GOS and L. reuteri mitigates intestinal inflammation and barrier dys-
function by enriching Bacteroides acidifaciens and promoting the
synthesis of pentadecanoic acid (C15:0), an odd-chain fatty acid. In a
mouse model of dextran sulfate sodium (DSS)-induced colitis, we
observed a significant reduction in C15:0 level, which could be restored
by the synbiotic-enriched B. acidifaciens. Importantly, similar impair-
ments in B. acidifaciens and C15:0 synthesis were also observed in
other intestinal inflammation conditions, such as UC and a porcine
model of LPS-induced inflammation. Administration of B. acidifaciens
or C15:0 conferred significant protection against DSS-induced colitis
by suppressing inflammatory cytokine production while enhancing
tight junction protein expression. Collectively, our findings uncover a
major mechanism of action of GOS and L. reuteri and also offer a
promising avenue for mitigating intestinal inflammation and barrier
dysfunction in UC and potentially other intestinal inflammatory
diseases.

Results

Synbiotic GOS and L. reuteri are highly effective in ameliorating
intestinal inflammation and barrier dysfunction while enriching
Bacteroides acidifaciens

L. reuteri can utilize GOS if provided as the only carbon resource,
implying a synergistic action between L. reuteri and GOS’. To study the
impact of a synbiotic consisting of GOS and L. reuteri on intestinal
inflammation and barrier function, we administered GOS and L. reuteri
separately or in combination to mice for four weeks, followed by DSS
treatment for another week (Fig. 1a). The results indicated that the
synbiotic, but not GOS or L. reuteri alone, markedly reversed body
weight loss (Fig. 1b) and shortening of the colon (Fig. 1c), while pre-
serving the integrity of the colon mucosa (Fig. 1d). Furthermore, the
synbiotic significantly alleviated intestinal damage (Fig. 1e), reversed
DSS-induced suppression of tight junction proteins Claudin-1, Occlu-
din, and ZO-1 (Fig. 1f), and attenuated intestinal inflammation by
decreasing pro-inflammatory cytokines TNF-q, IL-1B, and IL-6 (Fig. 1g).

While DSS caused an obvious shift in the colonic microbiota
composition, the synbiotic led to further alterations without restoring
it back to normal (Fig. 1h). A closer examination revealed DSS caused a
drastic reduction of Bacteroides in the colon of healthy mice, while the
synbiotic restored Bacteroides in DSS-treated mice (Fig. 1i, j). Addi-
tionally, Bacteroides acidifaciens and B. xylanisolvens were specifically
enriched among Bacteroides species (Fig. Sla). In contrast, GOS or
L. reuteri alone failed to enrich B. acidifaciens in DSS-treated mice
(Fig. 1k). Shotgun metagenomic sequencing further validated the
increase in relative abundance of B. acidifaciens following synbiotic
intervention (Fig. S1b-f). Moreover, random forest analysis revealed
B. acidifaciens to be ranked the most important species that dis-
tinguished the intestinal microbiotas with and without synbiotic
intervention (Fig. 11).

To further evaluate whether other strains of L. reuteri exhibit
similar anti-inflammatory and B. acidifaciens-enriching effects, we
administered two other strains of L. reuteri isolated from the mouse
feces by our lab in DSS-treated mice (Fig. S2a). One strain, L. reuteri
#1, demonstrated beneficial effects comparable to L. reuteri BNCC
186135, used above in the synbiotic, on DSS-induced body weight
loss (Fig. S2b), intestinal inflammation (Fig. S2c-e), barrier function
(Fig. S2f), and serum cytokine levels (Fig. S2g). In contrast, the other
strain had minimal impact. Additionally, B. acidifaciens was sig-
nificantly enriched in DSS-treated mice supplemented with L. reuteri

#1, but not with strain #2 (Fig. S2h), suggesting a strain-specific
effect. Therefore, it is possible to identify more potent strains to be
used in the synbiotic for treating UC if screening additional L. reuteri
strains.

To further identify the key metabolites produced specifically
by the synbiotic to be responsible for B. acidifaciens enrichment, we
examined differentially abundant metabolites in the feces of DSS-
treated mice administered with GOS, L. reuteri, or the synbiotic. Our
results revealed that p-alanine, N-acetyl-D-glucosamine,
4-methylhexanoic acid, C15:0, and myristic acid were the top five
metabolites significantly enriched in response to the synbiotic but
not to GOS or L. reuteri alone (Fig. S3a, b). To determine which
metabolites preferentially support the growth of B. acidifaciens, we
cultured mouse cecal microbiota anaerobically with GOS, L. reuteri,
the symbiotic, or each of the differentially enriched metabolites.
The results showed that only N-acetyl-D-glucosamine significantly
increased the relative abundance of B. acidifaciens in the culture
medium, approaching the efficacy of the synbiotic (Fig. S3c).
Additionally, N-acetyl-D-glucosamine specifically enhanced the
growth of B. acidifaciens when glucose was replaced (Fig. S3d).
Taken together, N-acetyl-D-glucosamine is the major metabolite
derived from the synbiotic GOS and L. reuteri responsible for the
enrichment of B. acidifaciens.

B. acidifaciens is enriched in recipient mice by FMT with
synbiotic-derived microbiota

To assess whether the fecal microbiota from the synbiotic-
supplemented mice is capable of alleviating intestinal inflammation
and barrier dysfunction, FMT was performed with intestinal microbiota-
depleted recipient mice (Fig. 2a). Synbiotic-derived microbiota, rather
than the control microbiota, effectively attenuated the body weight loss
(Fig. 2b), the colon length (Fig. 2¢), and the damage to the intestinal
mucosal surface (Fig. 2d, e) of DSS-treated mice. Furthermore, the
serum levels of pro-inflammatory cytokines, including TNF-a, IL-13, and
IL-6, were significantly suppressed in DSS-treated mice in response to
the synbiotic (Fig. 2f), and the expressions of tight junction proteins,
such as Claudin-1 and Occludin, were substantially restored (Fig. 2g).
Additionally, FMT altered the fecal microbiota structure of recipient
mice (Fig. 2h). At the genus level, Bacteroides and Lactobacillus were
both increased in mice receiving the synbiotic-derived microbiota
(Fig. 2i, j). At the species level, B. acidifaciens, rather than B. xylani-
solvens, was successfully colonized the intestine following FMT (Fig. 2k),
suggesting that B. acidifaciens may be potentially important in pro-
tecting against intestinal inflammation and barrier dysfunction in DSS-
treated mice.

B. acidifaciens protects against intestinal inflammation and
barrier dysfunction

To directly assess the role of B. acidifaciens in protecting against
intestinal inflammation and barrier dysfunction, B. acidifaciens was
inoculated into mice for two weeks, followed by one week of DSS
treatment to induce colitis (Fig. 3a). B. acidifaciens significantly atte-
nuated DSS-induced intestinal damage as shown in body weight loss,
the colon length, intestinal morphology, and histological damage
score (Fig. 3b-e). Oral administration of B. acidifaciens also partially
restored the protein expressions of tight junctions (Fig. 3f) and sup-
pressed protein expressions of pro-inflammatory cytokines (Fig. 3g).
These results confirmed that B. acidifaciens enriched by GOS and
L. reuteri protects against intestinal inflammation and barrier dys-
function. A valuation of a second strain of B. acidifaciens in DSS-treated
mice revealed similar protective effects on reversing body weight loss,
intestinal inflammation, barrier dysfunction, and serum cytokine
increase (Fig. S4a-h). Additional B. acidifaciens strains may be tested
to determine a strain-specific effect and the possibility of identifying
more effective probiotic candidates.
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Synbiotic GOS and L. reuteri enhance the synthesis of pentade-
canoic acid (C15:0) to alleviate intestinal inflammation and
barrier dysfunction

To explore the protective role of the synbiotic-derived metabolites in
the restoration of intestinal barrier dysfunction, bacterial cell-free
supernatant was prepared from the feces of mice fed standard chow or

supplemented with the synbiotic, followed by oral administration to
DSS-treated mice (Fig. 4a). The results showed that the supernatant
derived from synbiotic-supplemented mice, but not standard chow-
fed mice, significantly reversed the body weight loss of DSS-treated
mice (Fig. 4b). The colon length (Fig. 4c), mucosal integrity (Fig. 4d),
histological damage score (Fig. 4e), goblet cell number (Fig. 4f), tight
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Fig. 1| Synbiotic galactooligosaccharides (GOS) and L. reuteri effectively ame-
liorates intestinal inflammation and barrier dysfunction and enriches Bacter-
oides acidifaciens. After a week of acclimation, 8-week-old male C57BL/6 ) mice
(n=6 per group) were supplemented with GOS (5%, w/w) to the diet for five weeks
with or without daily oral gavage of 2 x 10® CFU L. reuteri. Colitis was induced by
providing 3% DSS in drinking water in the final week. a, b Study design and body
weight change in DSS-treated mice supplemented with GOS and L. reuteri indivi-
dually or in combination. c-e The length, H&E staining, Alcian blue staining, and
histological damage score of the colon in DSS-treated mice supplemented with
GOS and L. reuteri individually or in combination. f, g Relative protein expressions
of tight junction proteins in the colon and serum concentrations of pro-
inflammatory cytokines in DSS-treated mice supplemented with GOS and L. reuteri

individually or in combination. h-j Principal coordinates analysis (PCoA) of
weighted UniFrac distances, microbiota composition, and differential abundance
of the fecal microbiota at the genus. k Relative abundance of B. acidifaciens and A.
muciniphila in DSS-treated mice supplemented with GOS and L. reuteri individually
or in combination detected by RT-qPCR with specific primers. | Random forest
analysis of the shotgun metagenomic sequencing data for the most important
discriminating bacterial taxon between treatments. Samples for western blot were
derived from the same experiment and gels/blots were processed in parallel. The
Kruskal-Wallis test and post-hoc Dunn’s was used for microbial analysis, and one-
way ANOVA with Tukey’s test was used for statistical analysis of all other para-
meters. Data were presented as mean + SEM. Source data were provided as a Source
Data file.

junction protein expressions (Fig. 4g), and serum pro-inflammatory
cytokine levels (Fig. 4h) were also restored by the synbiotic-derived
intestinal supernatant, suggesting that the intestinal metabolites pro-
duced in response to synbiotic administration contribute to alleviating
intestinal inflammation and barrier dysfunction.

To identify the possible metabolites responsible for disease alle-
viation, targeted metabolomics was conducted with the fecal bacterial
cell-free supernatants of DSS-treated mice supplemented with or
without GOS, L. reuteri, or their combination. A total of 35 metabolites
from 306 representative metabolites of different classes were found to
be differentially enriched in response to GOS and/or L. reuteri (Fig. 5a).
Among them, pentadecanoic acid (C15:0) was the most significantly
down-regulated following DSS treatment and up-regulated in response
to the synbiotic administration as evidenced by the lowest adjusted
p-value (Fig. 5b, c). Indeed, C15:0 was increased in the feces of DSS-
treated mice following synbiotic administration (Fig. 5d). Interestingly,
9-pentadecanoic acid, a less abundant C15:0 isoform, was also similarly
increased in response to the synbiotic (Fig. 5e). Consistently, fecal
concentrations of C15:0 were also increased in DSS-treated mice
transplanted with fecal microbiota (Fig. 5f), fecal bacterial cell-free
supernatant (Fig. 5g), or B. acidifaciens (Fig. 5h). These results collec-
tively suggested that C15:0 may be a key metabolite produced by the
synbiotic and responsible for alleviating intestinal inflammation and
barrier dysfunction.

B. acidifaciens synthesizes pentadecanoic acid (C15:0) to protect
against the intestinal inflammation and barrier dysfunction

To identify whether C15:0 can be directly synthesized by B. acid-
ifaciens, we cultured B. acidifaciens in the presence of GOS and
L. reuteri individually or in combination. Elevated C15:0 was observed
in the culture supernatant of B. acidifaciens, and importantly, the
combination of GOS and L. reuteri markedly increased the amount of
C15:0 when co-cultured with B. acidifaciens, while either alone only had
a marginal effect (Fig. 6a). To directly confirm whether B. acidifaciens
has the capacity to synthesize C15:0, we performed whole-genome
sequencing of B. acidifaciens and found it to encode 39 genes involved
in lipid metabolism (Fig. S5). Notably, all key genes for biosynthesis of
C15:0 were present (Fig. 6b), suggesting that B. acidifaciens is a C15:0-
producing bacterium.

To further examine how those major C15:0-synthesizing genes are
regulated in the synbiotic-supplemented mice, we performed shotgun
metagenomics sequencing and revealed that four genes, namely fabk,
acrC, fabF and FATA, were downregulated by DSS, but restored upon
the synbiotic supplementation (Fig. 6c), suggesting that the combi-
nation of GOS and L. reuteri may accelerate C15:0 biosynthesis through
enriching B. acidifaciens. Indeed, among all differentially enriched fatty
acids, only C15:0 showed a significantly positive correlation with B.
acidifaciens in DSS-treated mice supplemented with the synbiotic
(Fig. 6d). Additionally, the fecal concentrations of C15:0 were posi-
tively correlated with B. acidifaciens in recipient mice administered
with the fecal microbiota of the synbiotic-supplemented mice (Fig. 6e)
or direct B. acidifaciens (Fig. 6f). These results collectively suggested

that C15:0 is a metabolite synthesized by B. acidifaciens that may be
involved in the protection of mice from DSS-induced intestinal
damage.

Pentadecanoic acid (C15:0) ameliorates intestinal inflammation
and barrier dysfunction by activating FATP4 and suppressing
NF-kB activation

To directly verify the protection of B. acidifaciens-derived C15:0
against the intestinal barrier dysfunction, C15:0 was orally adminis-
tered daily to mice for three weeks, followed by DSS treatment for
another week (Fig. 7a). The results showed that C15:0 significantly
attenuated the body weight loss (Fig. 7b) and damage to the colon
(Fig. 7c-f), upregulated tight junction protein expressions (Fig. 7g) and
suppressed mMRNA expressions of pro-inflammatory cytokines
(Fig. 7h). Furthermore, C15:0 restored tight junction protein expres-
sions and significantly downregulated LPS-induced pro-inflammatory
cytokine expressions in both murine MODE-K cells (Fig. 7i-k) and
human Caco-2 cells (Fig. S6), suggesting that C15:0 is broadly anti-
inflammatory and protects barrier function by suppressing inflam-
matory cytokine synthesis.

To further uncover the underlying mechanisms of C15:0-mediated
protection of the intestinal barrier integrity, we performed RNA-seq of
the colon tissue of DSS-treated mice with or without C15:0 adminis-
tration (Fig. 8a). The results showed that C15:0 inhibited multiple
inflammation-related pathways (Fig. 8b). RT-qPCR further confirmed
C15:0-mediated suppression of the mRNA expression of pro-
inflammatory cytokines /L-Ia, CCL2, NLRP3, CXCL1 and IL-18 in the
colon of DSS-treated mice (Fig. S7a-d). Mechanically, C15:0 sup-
pressed NF-kB activation in DSS-treated mice (Fig. 8c) and LPS-
challenged MODE-K cells (Fig. 8d), as evidenced by reduced phos-
phorylation of NF-kB p65. Consistently, phosphorylation of NF-kB p65
were also decreased in DSS-treated mice administered with the syn-
biotic (Fig. 8e), fecal microbiota (Fig. 8f), fecal bacterial cell-free
supernatant (Fig. 8g), or B. acidifaciens (Fig. 8h).

Additionally, fatty acid transport protein 4 (FATP4/SIc27a4), a
major long-chain fatty acid transporter and fatty acyl-CoA synthase'*",
was suppressed in the colon of DSS-treated mice (Fig. S8a), LPS-
challenged human Caco-2 cells (Fig. S8b), and murine MODE-K cells
(Fig. S8c), but were largely restored by C15:0 administration. Further-
more, C15:0-mediated restoration of tight junction protein expression
and suppression of pro-inflammatory cytokines in LPS-treated MODE-
K cells were markedly reversed by an FATP4 inhibitor (Fig. S8d-f).
These results suggested that the anti-inflammatory and barrier pro-
tective properties of C15:0 were mediated through FATP4 and sup-
pression of NF-kB activation.

B. acidifaciens and pentadecanoic acid are downregulated in UC
patients and LPS-challenged piglets

We observed a significant decrease in B. acidifaciens and C15:0
levels in DSS-treated mice, which was restored by GOS and L. reuteri
administration. To confirm the clinical relevance of our findings in
other intestinal inflammatory diseases, we initially examined the
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relative abundance of B. acidifaciens in a cohort of 15 healthy donors
and 11 UC patients admitted to Jiangyin People’s Hospital affiliated
with Nantong University (Jiangsu, China) in 2023. RT-qPCR revealed
a significant reduction of B. acidifaciens in the feces of UC patients
compared to healthy individuals (Fig. 9a). The concentration of
C15:0 was also significantly reduced in UC patients (Fig. 9b).

Additionally, fecal concentrations of C15:0 positively correlated
with the abundance of B. acidifaciens in the feces of both UC and
heathy individuals (Fig. 9c). Similarly, LPS challenge induced
obvious gut inflammation in piglets (Fig. S9), associated with sig-
nificant reductions of both B. acidifaciens (Fig. 9d) and C15:0 levels
(Fig. 9e) in the feces. A strong positive association was also
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Fig. 2 | B. acidifaciens is enriched in DSS-treated mice transplanted with the
fecal microbiota of synbiotic-supplemented mice. After a week of acclimation,
the intestinal microbiota of 4-week-old male C57BL/6 ] mice (n =8 per group) were
depleted with a cocktail of antibiotics for four weeks, followed by two-week daily
gavage of PBS or the fecal microbiota prepared from the mice fed standard chow
(CONFMT) or GOS/L. reuteri (GLFMT). Colitis was induced in mice by providing 3%
DSS in the final week. a, b Study design and body weight change in DSS-treated
mice with/without treatment with CONFMT or GLFMT. c-e The length, H&E
staining, Alcian blue staining, histological damage score of the colon of DSS-treated
mice with or without treatment with CONFMT or GLFMT. f, g Serum concentrations

of pro-inflammatory cytokines and relative protein expression levels of tight
junction proteins in the colon of DSS-treated mice with/without treatment with
CONFMT or GLFMT. h-k Principal coordinates analysis (PCoA) of weighted UniFrac
distances, microbiota composition, and differential abundance of the fecal
microbiota at the genus and specie levels as determined by RT-qPCR. Samples for
western blot were derived from the same experiment and gels/blots were pro-
cessed in parallel. One-way ANOVA with Tukey’s test was used for statistical analysis
of body weight and intestinal parameters, and the Kruskal-Wallis test and post-hoc
Dunn’s test was used for microbial analysis. Data were presented as mean + SEM.
Source data were provided as a Source Data file.
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Fig. 3 | B. acidifaciens protects against intestinal inflammation and barrier
dysfunction. After a week of acclimation, 8-week-old male C57BL/6 ) mice (n=6
per group) were subjected to daily oral gavage of PBS or 2 x 10® CFU B. acidifaciens
for three weeks. Colitis was induced in mice by providing 3% DSS in the third week.
a, b Study design and body weight change in DSS-treated mice with/without B.
acidifaciens treatment. c-e The length, H&E staining, Alcian blue staining, and
histological damage score of the colon in DSS-treated mice with or without B.

acidifaciens treatment. f, g Relative protein expressions of tight junction proteins in
the colon and serum concentrations of pro-inflammatory cytokines of DSS-treated
mice with or without B. acidifaciens treatment. Samples for western blot were
derived from the same experiment and gels/blots were processed in parallel. One-
way ANOVA with Tukey’s test was used for statistical analysis. Data were presented
as mean + SEM. Source data were provided as a Source Data file.
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Fig. 4 | Fecal supernatant of the symbiotic-supplemented mice alleviates the
intestinal inflammation and barrier dysfunction. After a week of acclimation,
bacterial cell-free supernatant of the fecal microbiota was prepared from the mice
fed standard chow (CONFST) or GOS/L. reuteri (GLFST) and orally administered to
8-week-old male C57BL/6 ) mice (n =6 per group) for two weeks. Colitis was
induced in mice by providing 3% DSS in the second week. a, b Study design and
body weight change in DSS-treated mice with/without treatment with CONFST or
GLFST. c—f The length, H&E staining, Alcian blue staining, histological damage

score, and goblet cells number in the colon of DSS-treated mice with or without
treatment with CONFST or GLFST. Relative protein expressions of tight junction
proteins in the colon (g) and serum concentrations of pro-inflammatory cytokines
(h) of DSS-treated mice with or without treatment with CONFST or GLFST. Samples
for western blot were derived from the same experiment and gels/blots were
processed in parallel. One-way ANOVA with Tukey’s test was used for statistical
analysis. Data were presented as mean + SEM. Source data were provided as a
Source Data file.

observed between B. acidifaciens and C15:0 in LPS-challenged
pigs (Fig. 9f).

To further validate our results, we retrieved and analyzed the
C15:0 concentrations from several publicly available metabolomic
datasets involving a total of 503 healthy controls and 649 UC patients
from China, USA, Netherlands, and Norway in several recent
studies ™. Consistently, the C15:0 concentrations in the feces
(Fig. 9g), serum (Fig. 9h), and colonic biopsy (Fig. 9i) of UC patients
were significantly lower than those of healthy volunteers. Further-
more, compared to inactive UC patients, active UC patients showed
significantly reduced C15:0 concentrations in the feces (Fig. 9j), serum
(Fig. 9k), and colonic biopsy (Fig. 91). These results collectively sug-
gested that inflammation and barrier dysfunction correlate with
diminished levels of B. acidifaciens and C15:0 across different intestinal
inflammatory disease models in various animal species. Strategies such

as combining GOS and L. reuteri may hold therapeutic potential for UC.
Additionally, administration of B. acidifaciens or C15:0 may also be
promising for treating UC and other intestinal inflammatory disorders.

Discussion

UC has emerged as a significant public health concern with a rising
incidence'. Various factors, such as dysregulated immune response,
dysbiosis, intestinal barrier dysfunction, have been implicated in UC
pathogenesis"*%. Restoring homeostasis of the intestinal microbiota,
inflammation, and barrier function is considered a primary therapeutic
approach'®?. In this study, we demonstrated the protective effects and
potential mechanisms of a synbiotic consisting of GOS and L. reuteri on
intestinal inflammation and barrier dysfunction. We showed that this
synbiotic improves intestinal health by enriching B. acidifaciens, which
subsequently leads to increased synthesis of a key metabolite, C15:0.
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Fig. 5| Synbiotic GOS and L. reuteri enriches pentadecanoic acid (C15:0) in mice.
aHeatmap of differentially enriched metabolites in the feces of mice supplemented
with GOS and L. reuteri individually or in combination (n= 6 per group).

b, ¢ Volcano plot of differentially enriched metabolites among control, DSS and
DSS + GL groups. d, e The fecal content of C15:0 or 9-pentadecanoic acid in DSS-
treated mice with/without supplementation with the synbiotic GOS and L. reuteri

(n=6 per group). f-h The fecal content of C15:0 in DSS-treated mice with/without
oral administration of fecal microbiota (FMT, n =8 per group), Fecal cell-free
supernatant (FST, n= 6 per group), or B. acidifaciens (n =6 per group). One-way
ANOVA with Tukey’s test was used for statistical analysis. Data were presented as
mean + SEM. Source data were provided as a Source Data file.

Intestinal health is improved due to the anti-inflammatory and barrier
protective properties of B. acidifaciens and C15:0. These findings
suggest that the synbiotic GOS and L. reuteri, along with B. acidifaciens
and C15:0, holds promise as a dietary supplement for preventing UC
development.

We further revealed UC patients, DSS-treated mice, and LPS-
challenged pigs all exhibit a deficiency in B. acidifaciens and C15:0,
underscoring the critical role of B. acidifaciens in UC development. B.
acidifaciens, a dominant commensal bacterium in the intestine, has
been reported to protect against liver injury and metabolic
disorders**. Consistently, B. acidifaciens has been shown to elevate
intestinal immunoglobulin A (IgA) levels and protect against patho-
genic infections in IBD*. Alginate oligosaccharides were reported to
improve immune function and dysbiosis by enriching B. acidifaciens in
DSS-induced colitis**. Furthermore, extracellular vesicles of B. acid-
ifaciens are capable of restoring mucosal barrier function and

microbiota balance in DSS-induced colitis. These results confirmed
the beneficial roles of B. acidifaciens in intestinal health, espe-
cially in UC.

Fatty acids play pivotal roles in the nutrition and protection of
enterocytes while acting as mediators in transcriptional and inflam-
matory processes’®?. Previous studies have revealed alterations in the
metabolism of long-chain fatty acids in the intestine of UC
patients'>**?°, Consistently, our study found a significant reduction in
C15:0, an odd-chain fatty acid, in UC patients, as well as in DSS-treated
mice and LPS-challenged piglets. Studies with C15:0 have highlighted
its anti-inflammatory, anti-fibrotic, and anticancer activities through
various mechanisms, such as AMPK and PPAR-o/§ activation, and
inhibition of mTOR, JAK-STAT, and HDAC6 in vitro and in vivo®> . We
also revealed that C15:0 inhibits inflammatory response by suppres-
sing the phosphorylation of NF-kB, which plays a central role in the
homeostasis and activation of the immune system®*,

Nature Communications | (2024)15:9291


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53144-1

a 15- b
15
£ p<0.001 ~N
> +—> Acetyl-CoA
i =0.961 “cs c\ B-hydroxy acyl-ACP
2 40 ’ ace fabG
© p=0.070 Acetic acid Malonyl-CoA
o _— B Y 3-oxoacyl-ACP fabA
2 p<0.001 ° R fabD\
© 054 20 i Enol acyl-ACP
g S ol r& GOS + L.reuteri Malonyl-ACP —— [ 20 Ty e b
IS elongation cycle
@
§ > Propionyl-ACP fabK
g Propionic acid faby (Cp)-acyl-ACP
ko)
fadD
S G0s - -+ - w4 N | 2 (Ce)-acy-ACP
Lreuteri - - - + - + + + [ Propionyl-CoA paal/FATA B. acidifaciens
\§ J
Pentadecanoic acid
(o3
fabG fabK fabL acrC fabF fabH fabD fabB
0.010
0.008 °
0.006
0.004- o
ES
8’ 0.002
S 0.000
g o 0 e iy O 0ot o o oo O oo O 0o
Q
©
Q FASN FAS2 FATA MCH fabZ fabM fadD accC
kst
& 0.03: 0.025: 0.010
° 0.020 00 0.008 °
0.02 °
0.015: ° 0.006
0.01 0.010: 0.004 o
0.005: © 0.002
0.00: 0.000: 0 0.000 0
oo 955095,& o 06%95.0\‘ o 055095)(6\‘ oo 055055)(6\‘ o oeﬁéeskr:& oo 055099& oo 955095,& N ogcoscje»
d 400 FMT treatment f o 400 B.acidifaciens treatment
Bacteroides acidifaciens 3 > 3 >
2 R?=0.4028 g R?=0.3267
Bacteroides xylanisolvens c p=0.0001 < p=0.0132 °
S 3001 & 300
Bacteroides vulgatus o il L4
T Z 2 ¥ L2 T LYW DR DB LR DD e 200 4 e 200 4
o o o o o o o o o o o (s} o o o
T ® ®© & o ® ® ® ©® © © & @ o 5]
e g g 2 L g g g g 92 o 9 [ © ®
§ 522 2555225 ¢ 2 g
8§ s ¢ 8 2 3 38 5 § § o § 05 0 05 S 1004 S 100 -
S o o o 2 § < &0 © £ o ] ®
£ T T a0 T T T T o o
> 8 g 2 S s T 8 ] g
£ o 5 < F t o © B ]
e 2 < £ @ g 0 T T T T g 0-— T T
s T i a g o c c
iy g' ) o g & 1 2 3 4 e 3 4 5 6

Fig. 6 | B. acidifaciens synthesizes pentadecanoic acid (C15:0). a Pentadecanoic
acid concentrations in the supernatant of B. acidifaciens culture supplemented with
or without GOS, L. reuteri, or their combination (n =4 per group). b Metabolic
pathway of C15:0 in B. acidifaciens. c Relative abundances (%) of bacterial genes
involved in C15:0 synthesis based on shotgun metagenomic analysis (n =6 per
group). d Spearman two-tailed correlation analysis between Bacteroides spp. and
representative fecal metabolites. e, f Linear regression analysis between fecal
concentrations of C15:0 and relative abundance of B. acidifaciens in the feces of
mice following transplantation with fecal microbiota (FMT, n = 8 per group) or fecal
bacterial cell-free supernatants (FST, n =6 per group). One-way ANOVA with
Tukey’s test was used for (a), and Kruskal-Wallis test and post-hoc Dunn’s test was

B. acidifaciens, % B.acidifaciens, log(copies)

used for (e, f). Data were presented as mean + SEM. Source data were provided as a
Source Data file. ACP acyl carrier protein, accC acetyl-CoA carboxylase, acrC enoyl-
ACP reductase C, acs acetyl-CoA synthetase, FAS2 fatty acid synthase 2, FASN fatty
acid synthase system, FATA fatty acyl-ACP thioesterase A, fabA 3-hydroxyacyl-ACP
dehydratase, fabB 3-oxoacyl-ACP synthase I, fabD ACP-S-malonyltransferase, fabF
3-oxoacyl-ACP synthase II, fabG 3-oxoacyl-ACP reductase, fabH 3-oxoacyl-ACP
synthase IlI, fabK enoyl-ACP reductase II, fabL enoyl-ACP reductase I, fabM trans-2-
decenoyl-ACP isomerase, fabZ 3-hydroxyacyl-ACP dehydratase, fadD long-chain
acyl-CoA synthetase, MCH medium chain hydrolase, paalL acyl-CoA thioesterase,
pccB propionyl-CoA carboxylase beta chain.

Indeed, epidemiological studies have linked higher circulating
C15:0 concentrations to lower cholesterol, triglycerides, liver enzymes,
C-reactive protein, adipokines, body mass index, and improved insulin
sensitivity and B cell function in humans®*. Furthermore, C15:0
exhibits antimicrobial properties, inhibiting the growth of pathogenic
bacteria and fungi***”. Due to its role in the alleviation metabolic dis-
orders and chronic inflammation, C15:0 has been proposed as a
potential essential fatty acid®*****5°,

However, the mechanism by which C15:0 suppresses inflamma-
tion and NF-kB activation remains largely unknown. FATP4 is a major
transporter and fatty acid CoA synthase mediating uptake and down-
stream biological activities of long-chain fatty acids®". Our study
indicated that FATP4 was upregulated in DSS-treated mice following
C15:0 supplementation. Binding and transporting of C15:0 to FATP4
ultimately led to the dephosphorylation of NF-kB p65, which reduced
inflammation and improved barrier integrity. These findings align with
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Fig. 7 | Pentadecanoic acid (C15:0) promotes intestinal health by improving
barrier function and suppressing inflammatory response. After a week of
acclimation, 8-week-old male C57BL/6 ] mice (n =6 per group) were subjected to
daily oral gavage of PBS or 35 mg/kg C15:0 for three weeks. Colitis was induced in
mice by providing 3% DSS in the final week. a, b Study design and body weight
changes in DSS-treated mice with or without C15:0 treatment. c-f The length,
histological damage score, H&E staining, and Alcian blue staining of the colon in
DSS-treated mice with/without C15:0 treatment. g, h Relative protein expressions

of tight junction proteins in the colon and pro-inflammatory cytokines con-
centrations in the sera of DSS-treated mice with or without C15:0 treatment (n=6
per group). i-k Study design, relative protein expressions of tight junction proteins
and concentrations of pro-inflammatory cytokines of LPS-treated MODE-K cells
with or without C15:0 treatment (n =3 per group). Samples for western blot were
derived from the same experiment and gels/blots were processed in parallel. One-
way ANOVA with Tukey’s test was used for statistical analysis. Data were presented
as mean + SEM. Source data were provided as a Source Data file.

our observation that pharmacological blockage of FATP4 with a spe-
cific inhibitor reverses the anti-inflammatory and barrier protective
properties of C15:0.

C15:0 was reported to be synthesized by microorganisms, such
as Yarrowia lipolytica, Rhodococcus, and Saccharomyces
cerevisiae*. A recent study showed that Parabacteriodes dis-
tasonis also synthesize C15:0 from inulin to ameliorate nonalcoholic
steatohepatitis (NASH)*. In this study, we confirmed that B. acid-
ifaciens produces C15:0 in response to GOS and L. reuteri both

in vitro and in vivo. For C15:0 synthesis, most current work focuses
on the supplement of exogenous three-carbon compounds, like
propionyl-CoA and malonyl-acyl carrier protein (ACP), as
substrates®. In addition, the essential FAS enzymes for
C15:0 synthesis were all encoded in the genome of B. acidifaciens,
including f-ketoacyl-ACP synthase II (fabF), B-ketoacyl-ACP reduc-
tase (fabG), B-hydroxyacyl-ACP dehydratase (fabA), enoyl-ACP
reductase (fabK), malonyl-CoA:ACP transacylase (fabD) and fatty
acyl-CoA thioesterase (paal/FATA)®. Thus, B. acidifaciens may be
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Fig. 8 | B. acidifaciens-derived pentadecanoic acid (C15:0) suppresses NF-kB
activation. a, b Volcano plot and KEGG pathways of differentially expressed genes
in the colonic segments of DSS-treated mice with or without oral administration of
C15:0. ¢, d Phosphorylation of NF-kB p65 in the colon of DSS-treated mice (n = 6 per
group) or LPS-challenged MODE-K cells (n = 3 per group) with or without treatment
of C15:0. e-h Phosphorylation of NF-kB p65 in the colon of DSS-treated mice in

response to synbiotic (GOS and/or L. reuteri, n=6 per group), fecal microbiota
transplantation (FMT, n = 8 per group), fecal bacterial cell-free supernatant (FST,
n=6 per group), or B. acidifaciens (n = 6 per group). One-way ANOVA with Tukey’s
test was used for (c-h). The samples in each separate were derived from the same
experiment and gels/blots were processed in parallel. Data were presented as
mean + SEM Source data were provided as a Source Data file.

genetically enhanced for industrial production of C15:0, similar to a
recent metabolic engineering attempt with E. coli *’.

It is noted that anti-tumor necrosis factor (TNF) agents, thio-
purines, and glucocorticoids are standard treatments for UC
patients, reducing the disease activity index (DAI) by approximately
50%°7°, In our study, supplementation with the synbiotic (GOS and
L. reuteri), B. acidifaciens, or C15:0 significantly reduced colonic
damage by 25-30%, as indicated by a lower histological damage
score in DSS-induced colitis. Although the effect size of our
nutritional strategies appears smaller than current UC treatments,
further optimizations, such as microencapsulation, dosage adjust-
ments, and screening for more effective bacterial strains, will
undoubtedly enhance their efficacy against UC.

Collectively, our findings demonstrate that a synbiotic combination
of GOS and L. reuteri protects against intestinal inflammation and barrier
dysfunction by promoting the synthesis of pentadecanoic acid (C15:0)
from B. acidifaciens. This critical link between synbiotics, commensal
bacteria, and bacterial metabolites provides evidence and potential
therapeutic avenues for UC and other intestinal inflammatory disorders.

Methods

Ethical statement

The clinical cohort was approved by the Ethics Committee of Jiangyin
People’s Hospital Affiliated to Nantong University (Jiangsu, China) and
followed the Declaration of Helsinki under the protocol number of
2023-043. All animal experiments were approved by the Animal Care
and Use Committee of C