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Gut microbiota-derived metabolites play a crucial role in modulating the inflammatory response in
inflammatory bowel disease (IBD). In this study, we identify gut microbiota-derived succinate as a
driver of inflammation in ulcerative colitis (UC) by activating succinate-responsive, colitogenic helper T
(Th) cells that secrete interleukin (IL)-9. We demonstrate that colitis is associated with an increase in
succinate-producing gut bacteria and decrease in succinate-metabolizing gut bacteria. Similarly, UC
patients exhibit elevated levels of succinate-producing gut bacteria and luminal succinate. Intestinal
colonization by succinate-producing gut bacteria or increased succinate availability, exacerbates
colonic inflammation by activating colitogenic Th9 cells. In contrast, intestinal colonization by
succinate-metabolizing gut bacteria, blocking succinate receptor signaling with an antagonist, or
neutralizing IL-9 with an anti-IL-9 antibody alleviates inflammation by reducing colitogenic Th9 cells.
Our findings underscore the role of gut microbiota-derived succinate in driving colitogenic Th9 cells
and suggesting its potential as a therapeutic target for treating I1BD.

Inflammatory bowel disease (IBD) is a chronic disorder of the gastro-
intestinal tract that affects millions of people globally'. The pathogenesis of
IBD is multifaceted, driven by the interplay between genetic predisposition,
environmental factors, and immune dysregulation, particularly involve-
ment of T cells™. Dietary components have emerged as key environmental
factors that modulate gut microbiota composition, thereby influencing the
gut-immune axis’. Recent studies underscore the role of gut microbiota-
derived metabolites as critical regulators of the gut-immune axis, con-
tributing to the maintenance of intestinal homeostasis’. Among these,
short-chain fatty acids (SCFAs) such as acetate, butyrate, propionate, and
succinate are the most abundant metabolites produced by the gut
microbiota®’. SCFAs have gained recognition for their anti-inflammatory
properties, which they exert by inhibiting histone deacetylases (HDACs)

and activating G-protein-coupled receptors (GPRs), including FFAl
(GPR40), FFA2 (GPR43), FFA3 (GPR41), FFA4 (GPR120), GPR109a, and
Olfr78 on intestinal epithelial cells (IECs)*"". Succinate is a distinct SCFA
metabolite produced by both the host and gut microbiota”'*". The primary
succinate-producing gut microbiota belongs to the family Bacteroidaceae,
while succinate-metabolizing microbes are predominantly from the family
Acidaminococcaceae'™"*. Cytoplasmic succinate levels increase through
mitochondrial production as well as SLC-13 transporter-mediated uptake
of extracellular succinate'*'’. A recent study revealed that the uptake of
colonic succinate into pro-inflammatory macrophages is regulated by
Na*-dependent succinate transporters (SLC-13) present in both macro-
phages and epithelial cells'*. Additionally, the accumulation of intracellular
succinate in the cytosol inhibits prolyl hydroxylase (PHD) enzymes, which
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allows the stabilization of HIF-la-mediated Th9 cells'"”". Extracellular
succinate, primarily produced by gut microbiota, is sensed by a G-protein-
coupled receptor known as succinate receptor 1 (SUCNR1/GPR91)"*.

Succinate has been implicated in tissue inflammation associated with
IBD, obesity, type 2 diabetes, non-alcoholic fatty liver disease (NAFLD), and
cancer” . Studies have shown that an altered ratio of succinate-producing
families, such as Prevotellaceae (P) and Veillonellaceae (V), to succinate-
consuming families, including Odoribacteraceae (O) and Clostridiaceae (C),
is linked to inflammation in various inflammatory conditions™”*.

SUCNRI has been shown to be upregulated in inflammatory condi-
tions, while SUCNRI-deficient mice exhibit protection from colitis and
intestinal fibrosis”. Consistent with this, microbial-derived succinate pro-
motes the release of pro-inflammatory cytokines, including IL-1p, IL-6, IL-
8, and TNF-a, which exacerbate inflammation®™. Our previous work
demonstrated that succinate stabilizes HIF-1a, which supports the gen-
eration and function of IL-9-secreting Th9 cells'”*’. TGF- and IL-4 drive
the differentiation of naive CD4" T cells into Th9 cells through transcription
factors such as PU.1, BATF, IRF-1, and Foxo1****, Th9 cells have been
implicated in driving colonic inflammation in experimental colitis through
IL-9R-sensitive intestinal epithelial cells” . SUCNRI-deficient mice
exhibit lower IL-9 expression in visceral adipose tissue, suggesting a role of
the succinate-SUCNRI axis in the generation and function of Th9 cells™.
While the role of succinate and SUCNRI in pathogenic Th17 cells in
arthritis has been established™*’, their involvement in the generation of
colitogenic T cells in ulcerative colitis (UC) remains unclear. Although a few
studies have identified sources of succinate contributing to colonic
inflammation in UC", none have yet investigated the link between
microbiota-derived succinate and Th9 cells in the pathogenesis of UC.

In this study, we demonstrate that colitogenic Th9 cells are generated
through the succinate-SUCNRI axis in the oxazolone-induced colitis
model. Blocking either IL-9 or SUCNRI reduces susceptibility to experi-
mental colitis. Furthermore, we identify gut microbiota-derived succinate as
a key contributor to tissue inflammation in colitis. We show that dysbiosis
associated with colitis leads to an imbalance between succinate-producing
and succinate-consuming gut microbiota, promoting succinate production
and the generation of colitogenic Th9 cells. Importantly, we demonstrate
that colonizing mice with succinate-consuming bacterial consortia or
inhibiting SUCNRI can prevent Th9 cell-mediated immunopathogenesis in
Oxa-colitis. Our findings reveal the crucial role of succinate produced by the
gut microbiome in the pathogenesis of Th9-driven inflammation
during IBD.

Results

Elevated succinate levels correlate with increased disease
severity in colitis

In addition to Th2 cells, IL-9-producing Th9 cells play a critical role in the
pathogenesis of Oxa-colitis*. Neutralizing IL-9 with an anti-IL-9 antibody
alleviates the signs of Oxa-colitis, leading to recovery in weight loss and
reduction in colonic lesions (Supplementary Fig. 1A-E). Gene profiling data
from lamina propria cells of the colon in anti-IL-9-treated mice, compared
to untreated mice, showed downregulation of Th9-associated genes (Foxol,
PU.1, GATA-3, BATF, IRF-4, Hif-1a, IL-5, IL-9, IL-33, and IL-21), which
are involved in Th9 differentiation and function. This suggests that colito-
genic IL-9-producing T cells contribute to colonic inflammation in Oxa-
colitis (Supplementary Fig. 1F, G).

To elucidate the molecular mechanisms driving colonic inflammation
in Oxa-colitis, we identified metabolites that are differentially modulated in
the stool and serum of healthy and Oxa-colitis mice using LC-MS-based
untargeted metabolomics. Principal component analysis (PCA) and hier-
archical clustering of data revealed distinct patterns of differentially
modulated metabolites between the healthy and Oxa-colitis groups (Fig.
1A, B and Supplementary Fig. IH-K). Among these, we identified several
common metabolites that enriched in both stool and serum of Oxa-colitis
groups (Supplementary Fig. 1L, M). To validate these findings in human
settings, we analysed metabolites in stool and serum samples from healthy

volunteers and active UC patients (Fig. 1C, D and Supplementary Fig.
IN-U). By combining the enriched metabolites from Oxa-colitis mice with
those from UC patients, we identified succinate as a common metabolite
enriched in stool and serum samples from both active UC patients and Oxa-
colitis (Fig. 1E).

To investigate the role of succinate and its receptor, SUCNRI, in
colitogenic T cell generation and function in the pathogenesis of UC, we
assessed the differential expression of SUCNR1 on CD4 T cells from the
lamina propria of colons in healthy or Oxa-colitis mice. qPCR data indicated
the higher expression of SUCNRI on CD4"T cells isolated from the lamina
propria of the inflamed colon of Oxa-colitis compared to those from the
healthy control mice (Supplementary Fig. 2A, B). We observed an increased
frequency of SUCNR1* CD4" T and SUCNR1" IL-9* CD4" T cells in the
lamina propria of colons from Oxa-colitis mice compared to healthy control
mice (Fig. 1F). Consistent with this, we found elevated expression of
SUCNRI on Th2 and Th9 cells, while Th1, Th17, and iTregs did not express
SUCNRI (Supplementary Fig. 1C). These findings align with previous
studies showing that both Th2 and Th9 cells are the effector T cell subsets
that promote inflammation in Oxa-colitis™*'.

To directly investigate the role of succinate in driving colonic inflam-
mation in Oxa-colitis, we administered exogenous succinate in drinking
water to Oxa-colitis mice and compared them with untreated Oxa-colitis
mice. Although exogenous succinate in drinking water failed to elevate fecal
succinate levels, it did increase serum succinate levels (Supplementary Fig.
2D-F). However, it did not exacerbate Oxa-colitis or colonic inflammation,
as evidenced by no significant body weight reduction, histopathological
scoring, and the increase in Th9-associated genes, compared to untreated
Oxa-colitis mice (Supplementary Fig. 2G-I). This aligns with previous
studies suggesting that a systemic increase in succinate may not be sufficient
to induce colonic inflammation in DSS colitis****, highlighting that the local
accumulation of succinate within the colon may play a critical role in
exacerbating colonic inflammation in Oxa-colitis””. We employed poly-
ethylene glycol-3350 (PEG-3350), a safe, palatable, and weight-neutral
gastric motility enhancer (Supplementary Fig. 3A, B), to facilitate the
accumulation of colonic succinate, as previously described” in order to
assess its impact on Oxa-colitis (Supplementary Fig. 3C). PEG-3350 treat-
ment exacerbated the severity of Oxa-colitis in mice, as evidenced by
enhanced weight loss, colonic lesions, and histopathological scores of
inflammations, infiltration, edema, and ulceration, all associated with ele-
vated colonic succinate levels (Supplementary Fig. 3D-H). Additionally,
PEG-3350 treated mice exhibited a higher frequency of Th9 cells without
increasing the frequency of Th2 cells in the lamina propria of the colon
compared to untreated controls (Supplementary Fig. 31), ruling out the
involvement of Th2 cells, which are major producers of IL-4 and known to
promote inflammation in Oxa-colitis****. The increased frequency of Th9
cells in PEG-3350-treated Oxa-colitis mice was correlated with the upre-
gulation of Th9 cell-associated genes (IL-9, Foxol, and IL-9R), as well as
SUNCRI, in T cells isolated from lamina propria of the colon (Supple-
mentary Fig. 3], K). Additionally, we administered fructo-oligosaccharide
(FOS) to elevate colonic and fecal succinate, as previously reported*****’, in
order to assess its impact on colonic inflammation in Oxa-colitis. FOS
treatment exacerbated colonic inflammation in Oxa-colitis compared to
untreated mice, with significantly increased colonic lesions, intestinal
inflammation, an increased frequency of Th9 cells, and upregulation of Th9-
associated genes (IL-9, IL-9R, IRF-4, PU.1, and Foxol ), along with SUCNR1
(Supplementary Fig. 3L-S). More importantly, FOS treatment, compared to
untreated mice, increased colonic succinate levels (Supplementary Fig. 3T).
Furthermore, we administered succinate locally to the colon through a
succinate-enriched enema to evaluate its direct impact on disease progres-
sion in Oxa-colitis (Supplementary Fig. 3U). This treatment aggravated
colonic inflammation compared to the untreated group, resulting in sig-
nificant weight loss, increased colonic lesions, and higher histopathological
scores, indicating more severe intestinal inflammation (Supplementary Fig.
3V-X). Consistent with these findings, we detected elevated expression of
IL-9 and SUCNRI genes in the helper T cells isolated from the lamina
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Fig. 1 | Colitis mice and UC patients displayed elevated succinate levels. Treat-
ment with a succinate receptor (SUCNRI1) inhibitor in mice led to a decrease in
inflammation. A Volcano plots showing differential stool metabolites comparing
colitis with healthy controls. B Volcano plots showing differential serum metabolites
comparing colitis with healthy controls. C, D Volcano plots showing differential
stool and serum metabolites comparing UC with healthy volunteers. E The hallmark
metabolite, succinate, was significantly upregulated in both the stool and serum
compartments of colitis mice and UC patients. The numbers represent various
metabolites, with only succinate consistently elevated across all samples. F FACS
data showing an increased frequency of SUCNR1* IL-9* CD4" T cells in the lamina
propria of Oxazolone-colitis mice compared to healthy mice. G Schematic
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illustrating the treatment regimen for SUCNRI inhibition in oxazolone-induced
colitis mice, using compound 7a. H Body weight recovery in oxazolone-induced
colitis mice treated with compound 7a surpassed that of untreated mice.

I Inflammatory lesion formation was significantly suppressed in oxazolone-induced
colitis mice treated with compound 7a compared to untreated mice. J The expression
levels of Th9-associated genes, including IL-9, Foxol, IL-9R, and BATF, were
quantified using QPCR from the MLNs of mice treated with compound 7a compared
to untreated mice. K The expression level of SUCNRI, a surrogate indicator for
succinate availability, was measured using qPCR in the MLNs of mice treated with
compound 7a compared to untreated mice. *P < 0.05, *¥P < 0.01, ***P < 0.001, and
#HRFXP < 0.0001 (Student’s t-test or one-way ANOVA).

propria of these animals (Supplementary Fig. 3Y, Z). Taken together, these
results further reinforce the link between colonic succinate and Th9 cells in
the context of colonic inflammation.

Blocking of succinate/SUCNR1 axis reduces intestinal inflam-
mation in mice

To confirm the role of succinate and SUCNRI in driving intestinal
inflammation in Oxa-colitis, we utilized SUCNRI antagonist 7a to block
SUCNRLI signaling and function. Previous studies have demonstrated that
SUCNRI antagonist 7a alleviated periodontitis with a notable reduction in
average alveolar bone loss”. Accordingly, we synthesized SUCNRI
antagonist 7a (Supplementary Fig. 4A-D) and evaluated its impact on
inflammatory response in Oxa-colitis. Treatment with 7a significantly
reduced the severity of colonic inflammation in Oxa-colitis mice compared
to controls, leading to mark improvements in body weight loss, colonic
lesions (Fig. 1 G, J), and histopathological scores of inflammation, edema,
infiltration, and ulceration (Supplementary Fig. 4E). Consistently, treatment
with SUCNRI antagonist 7a reduced the expression of Th9 cells associated
genes, IL-9, IL-9R, FOXO1, BATF, and succinate sensing receptor SUCNRI1
(Fig. 1], K).

To confirm whether SUCNRI antagonist 7a blocks Th9 cell differ-
entiation, we generated Th9 cells in vitro under Th9 cell differentiating
conditions with various doses of SUCNRI antagonist 7a. Our results
demonstrated that SUCNRI antagonist 7a inhibited Th9 cell differentiation
in a dose-dependent manner (Supplementary Fig. 4F). We identified an
optimal dose of 7a that maximally suppressed IL-9 production under
in vitro differentiated Th9 cells treated with succinate (Supplementary Fig.

4G, H). Additionally, we assessed Th9 cell differentiation across physiolo-
gical and pathophysiological concentrations of succinate with or without
SUCNRI agonist 72", Our findings revealed that 7a effectively
inhibited SUCNRI activity across the entire range of succinate concentra-
tions (Supplementary Fig. 41). To further explore the immunological spe-
cificity of succinate, we differentiate various T helper cell subsets (Th1, Th2,
and Th17) in vitro, both with and without succinate treatment. Unlike Th9
cells, which showed an increase in IL-9 production in response to succinate,
other subsets exhibited no significant changes in their respective signature
cytokines (Supplementary Fig. 4]).

To understand the molecular mechanism as to how extracellular
succinate promotes Th9 cells generation and functions, we assessed
HIF-1a expression in these cells. Previous studies have demonstrated
that both intracellular and extracellular succinate promote HIF-1a-
mediated functions. Intracellular succinate stabilizes HIF-1a by inhi-
biting the prolyl hydroxylase domain (PHD) enzyme, which is
responsible for HIF-1a degradation'”", thereby enhancing Th9 cells
generation. In contrast, extracellular succinate increases HIF-1la
expression through activating its receptor SUCNR1”>. Th9 cells
differentiated in the presence of extracellular succinate exhibited ele-
vated HIF-1a expression (Supplementary Fig. 4K). Notably, SUCNRI1
antagonist 7a completely abrogated HIF-1a and IL-9 expression in Th9
cells, confirming the role of SUCNRI signaling in HIF-la-mediated
induction of Th9 cells. Collectively, these findings suggest that succi-
nate, derived from either intracellular or extracellular sources, pro-
motes HIF-1a stabilization through distinct mechanisms. Specifically,
extracellular succinate modulates Th9 cells via the succinate-
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Fig. 2 | The colon tissue-resident microbiota triggers succinate-mediated pro-
inflammatory responses in mice with oxazolone-induced colitis. A Schematic of
mouse gut microbiome depletion using an antibiotic cocktail [amphotericin-B

(0.1 mg/ml; Sigma), ampicillin (1 g/l; Sigma), vancomycin (5 mg/ml; Sigma),
metronidazole (10 mg/ml; Sigma), and neomycin (10 mg/ml; Sigma)]. B Body
weight reduction is less pronounced in AIMD mice than in wild-type mice following
colitis induction with oxazolone. C Inflammatory lesion formation is significantly
suppressed in AIMD mice compared to wild-type mice after colitis induction.

D Representative hematoxylin and eosin-stained sections of mouse colon tissue,
accompanied by blinded histologic scores (scale bar: 100 um). E Fecal succinate
levels measured in various groups of animals. F Flow cytometry plots of CD4 IL-9*
helper T cells from the colonic lamina propria, along with percentages. G The
expression levels of Th9-associated genes, including IL-9, Foxol, IL-9R, and BATF,
were quantified using QPCR from the MLNs of treated mice. H The expression level
of SUCNRLI, a surrogate indicator of succinate availability, was measured using
gPCR in the MLNSs of treated mice. I Schematic of fecal succinate elevation using

FMT from diseased and streptomycin donors (a concentration of 20 mg in 200 ul of
PBS by gavage per mouse for 72 h, followed by colitis induction using oxazolone).
J Succinate levels measured in stools from diseased and streptomycin-donor mice.
K Body weight reduction in FMT donors. L Inflammatory lesion formation in FMT
donors. M Body weight reduction in FMT recipients. N Inflammatory lesion for-
mation in stool recipients from oxazolone donors and oxazolone-streptomycin-
donors. O Representative hematoxylin and eosin-stained sections of mouse colon
tissue from recipients of oxazolone and oxazolone-streptomycin stools, accom-
panied by blinded histologic scores. P Succinate levels were measured in the stools of
recipients of oxazolone and oxazolone-streptomycin stools. Q The expression levels
of Th9-associated genes, including IL-9, Foxol, IL-9R, BATF, AHR, and IRF-4, were
quantified using gPCR from the MLNSs of recipients of oxazolone and oxazolone-
streptomycin stools. R The expression level of SUCNRI, a surrogate indicator of
succinate availability, was measured using qPCR in the MLNs of recipients of
oxazolone and oxazolone-streptomycin stools. *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P <0.0001 (Student’s t-test, one-way ANOVA, or two-way ANOVA).

SUCNRI-HIF-1a axis. These data underscore that succinate-driven
colonic inflammation in Oxa-colitis is microbiota-dependent.

The colonic microbiota triggers succinate-mediated pro-
inflammatory responses in oxazolone-colitis

Since both cellular respiration and gut commensals contribute to succinate
production”?, we sought to identify the source of succinate driving in colonic
inflammation in Oxa-colitis. Our analysis revealed elevated succinate levels
in fecal samples of Oxa-colitis mice compared to controls, suggesting a link
between gut microbiota-derived succinate and colonic inflammation in
Oxa-colitis. To investigate this further, we utilized antibiotic-induced
microbiome-depleted (AIMD) mice, in which gut microbiota is depleted
through a cocktail of antibiotics as previously described™’. We induced Oxa-
colitis in AIMD mice to assess the role of gut microbiota and gut microbiota-
derived succinate in intestinal inflammation (Fig. 2A). AIMD mice
remained susceptible to Oxa-colitis but exhibited attenuated inflammation,
as evidenced by reduced body weight loss and lower histopathological scores
of inflammation, edema, infiltration, and ulceration (Fig. 2B-D). Notably,
AIMD mice, unlike wild-type mice, did not exhibit an increase in colonic
succinate following oxazolone-induced colitis (Fig. 2E). Consistent with
these findings, AIMD mice displayed reduced Th9 cell frequency and lower
expression of Th9-associated genes (IL-9R, Foxol, BATF, and IRF-4) as
compared to wild-type mice with Oxa-colitis (Fig. 2F-H).

To further confirm the role of gut microbiota-derived succinate in the
severity of Oxa-colitis, we conducted a fecal microbiota transplantation
(FMT) experiment. Fecal material from two distinct donor groups-Oxa-
colitis mice (diseased-donor) and Oxa-colitis mice administered with
streptomycin (Streptomycin-donors) was transplanted into AIMD mice
(Fig. 2I). Previous studies as well as our findings indicated that the strep-
tomycin administration of modulate the microbiota and promotes succinate
production (Fig. 2J-L)*.

After FMT, recipient AIMD mice were maintained for 15 days before
being subjected to an oxazolone challenge to induce Oxa-colitis. FMT from
streptomycin-donors compared to diseased-donors, significantly exacer-
bated the severity of Oxa-colitis, as evidenced by greater body weight loss,
more extensive colonic lesions, and higher histopathological scores,
including inflammation, cellular infiltration, edema, and ulceration in the
colon tissues (Fig. 2M-0). Additionally, fecal succinate levels were mark-
edly elevated (Fig. 2P).

Furthermore, recipient mice that received FMT from streptomycin-
donors showed increased expression of SUCNRI and Th9 cell-associated
genes, including IL-9, IL-9R, IRF-4, BATF, and IRF-1, compared to the
recipients of FMT from diseased-donors (Fig. 2Q, R). However, no significant
changes were observed in the expression of IFN-y, IL-17, or the frequency of
Foxp3+ Tregs (Supplementary Fig. 5A, B). These results underscore the
critical role of gut microbiota in driving colonic inflammation in Oxa-colitis.
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Fig. 3 | Ulcerative colitis disrupts the balance of gut microbes involved in suc-
cinate production and metabolism in both humans and mice. A Schematic of stool
specimen collection for metagenomics and gPCR. B Heatmap showing the top ten
microbiota families with their respective relative abundances (n = 4). Bacteroidaceae was
abundant in the Oxa-colitis group compared to the other families. C Venn diagram
showing the relative abundance (%) of top families between healthy controls and Oxa-
colitis. D Heat tree analysis depicting alterations in microbiota composition between
healthy controls and Oxa-colitis. Significantly altered taxa are displayed by name at the
corresponding node. Nodes indicate the hierarchical structure of taxa. A blue branch
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indicates a decrease in healthy controls compared to Oxa-colitis. E Relative abundance of
individual species of the Bacteroidaceae family in stool specimens collected from healthy
controls and the Oxa-colitis group. F Relative abundance of individual species of the
Acidaminococcaceae family in stool specimens collected from healthy controls and the
Oxa-colitis group. G Compared to healthy individuals, UC patients have a significant
increase in the abundance of Bacteroidaceae, the major producers of succinate in the gut
microbiota, and a decrease in Acidaminococcaceae, which is important for succinate
metabolism. *P < 0.05, ¥*P < 0.01, ¥***P < 0.001, and ****P < 0.0001 (One-way
ANOVA or two-way ANOVA).

Ulcerative colitis disrupts the balance of gut microbial ecosystem
involved in succinate production and metabolism in humans
and mice

To identify gut commensals contributing to succinate-mediated
aggravation in Oxa-colitis, we performed 16S rRNA sequencing of
stool samples from Oxa-colitis and healthy control mice (Fig. 3A).
The analysis revealed a selective enrichment of succinate-producing
families, notably Bacteroidaceae, in Oxa-colitis compared to healthy
control (Fig. 3B). Within the Bacteroidaceae family Bacteroides vul-
gatus was most predominantly increased followed by Bacteroides
stercoris, Bacteroides caccae, and Bacteroides ovatus, ranking among
the top ten efficient succinate producers in the gut (Fig. 3C-E).

In contrast, the abundance of central succinate-consuming
family Acidaminococcaceae was significantly reduced in Oxa-colitis
compared to controls. The Species-level analysis showed a marked
decrease in Phascolarctobacterium succinatutens, Dialister species,
and Acidaminococcus within the Acidaminococcaceae family
(Fig. 3F).

We further compared these findings with stool samples from UC
patients to assess the microbial abundance at the family level. Con-
sistently with experimental colitis data, UC patients exhibited a sig-
nificant increase in the succinate-producing family Bacteroidaceae'*"
and a substantial decrease in the succinate-consuming family
Acidaminococcaceae'™" (Fig. 3G). Together, these data highlight an
enrichment of succinate-producing gut commensals and a reduction in
succinate consumers, linking microbial imbalances to UC
pathogenesis.

Colonization with Bacteroides vulgatus elevates fecal succinate,
promotes IL-9-secreting CD4" T cells, and aggravates
oxazolone-colitis

To confirm the role of succinate-producing gut bacteria in exacerbating
colonic inflammation in Oxa-colitis, purified Bacteroides vulgatus (JCM
5826)was cultured on Bacteroides Bile Esculin (BBE) agar (Supplementary
Fig. 5C), and gavaged to AIMD mice, followed by an oxazolone challenge to
induce colitis (Fig. 4A, B and Supplementary Fig. 5D). Mice gavaged with
Bacteroides vulgatus exhibited increased stool succinate levels and signs of
aggravated colitis (Fig. 4C), including body weight loss, increased colonic-
lesions sizes, and histopathological scores of inflammation, cellular infil-
tration, edema, and ulceration (Fig. 4D, E). Furthermore, the frequency of
Th9 cells and the expression of SUCNRI, IL-9, IL-9R, Foxol, IRF-4, and
BATF were elevated in these mice (Fig. 4F-H).

To access the role of IL-9 and succinate in B. vulgatus-mediated
colonic inflammation, we used an IL-9 neutralizing antibody or the
SUCNRI antagonist 7a (Fig. 4I). Both treatments suppressed enhanced
colitis by preventing weight loss, reducing colonic lesions, and
improving histopathological scores (Fig. 4]J-L). Additionally, IL-9
neutralization and SUCNRI1 blockade led to reduced expression of
SUCNRI and Th9 cell-associated genes (Fig. 4M, N).

Supplementation with retinoic acid disrupts the colonization of
Bacteroides vulgatus, thereby alleviating Oxa-colitis by reducing
fecal succinate levels

Based on the previous findings that Bacteroides vulgatus has a retinol sensor
which affects its fitness through the bacterial AcrAB-TolC efflux system
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Fig. 4| Colonization of Bacteroides vulgatus increases IL-9-secreting CD4 " T cells
and exacerbates oxazolone-colitis due to an elevation in fecal succinate.

A Schematic of Bacteroides vulgatus colonization and colitis induction. B Fecal
succinate measurement using LC-MS in healthy controls, Oxa alone, and Oxa-
colonized with Bacteroides vulgatus. C Body weight recovery in healthy controls, Oxa
alone, and Oxa-colonized with Bacteroides vulgatus (n = 6). D Formation of colonic
lesions in healthy controls, Oxa alone, and Oxa-colonized with Bacteroides vulgatus
(n=6). E Representative images of distal colons stained with H&E and respective
statistics for pathology scores. F Representative FACS plot for IL-9 measurement in
helper T cells harvested from the mesentery of healthy controls, oxazolone-treated
mice, and Oxa-colonized with Bacteroides vulgatus (n = 6). G Representative gPCR
data for the expression of IL-9 and related genes Foxol, PU.1, and IL-9R. H The
expression level of SUCNRI, a surrogate indicator for succinate availability, was
measured using qQPCR in the MLNs of healthy controls, Oxa alone, and Oxa-
colonized with Bacteroides vulgatus. I Schematic showing colonization of Bacteroides
vulgatus followed by anti-IL-9 and SUCNRI antagonist (7a) treatment. J Reduction

Inflammation Ulceration

24 e 24
== 8, xx_tw§ 3 Lom
£ §2 §2
8 K
g1 31
I I
Y D\ D\
ST [SE2) "R
o" o o

< CTL

Groups. J < Oxa
> Oxa+B.vulgatus
61|62 |63 < Oxa+B.vulgatus+7a
Oxa+B.vulgatus+u-IL-9
oo o 10073
I3
2
Ala g
]
AR s
A ®
- 1.2 3 4

—@5. Vulgatus (Heat Killed)

~@-B. Vuigatus (Live)
-@-AntiiLo
o M N

Ulceration

Histopath

Histopath

s Y
WS & B W
Q' & 3
O? 8" o
o &
o o

in body weight in healthy controls, Oxa alone, Oxa-colonized with Bacteroides vul-
gatus, Oxa-colonized with Bacteroides vulgatus plus 7a, and Oxa-colonized with
Bacteroides vulgatus plus anti-IL-9 treatment (n = 6). K Formation of colonic lesions
in healthy controls, Oxa alone, Oxa-colonized with Bacteroides vulgatus, Oxa-
colonized with Bacteroides vulgatus plus 7a, and Oxa-colonized with Bacteroides
vulgatus plus anti-IL-9 treatment (n = 6). L Representative images of distal colons
stained with H&E and respective statistics for pathology scores of various groups.
M Representative qPCR data for the expression of IL-9 and associated genes in
healthy controls, Oxa alone, Oxa-colonized with Bacteroides vulgatus, Oxa-colonized
with Bacteroides vulgatus plus 7a, and Oxa-colonized with Bacteroides vulgatus plus
anti-IL-9 treatment (n = 6). N The expression level of SUCNRI, a surrogate indicator
for succinate availability, was measured using qPCR in the MLNs of healthy controls,
Oxa alone, Oxa-colonized with Bacteroides vulgatus, Oxa-colonized with Bacteroides
vulgatus plus 7a, and Oxa-colonized with Bacteroides vulgatus plus anti-IL-9 treat-
ment (n=6). *P <0.05, ¥**P < 0.01, ***P < 0.001, and ****P < 0.0001 (One-way
ANOVA or two-way ANOVA).

54,55

upon retinol treatment™”. Previous studies demonstrated vitamin A defi-
ciency enriches B. vulgatus, while retinoic acid (RA) supplementation
inhibits its growth>**".

To investigate whether RA can disrupt B. vulgatus colonization and
alleviate Oxa-colitis, we gavaged AIMD mice with B. vulgatus followed by
RA supplementation. RA significantly decreased B. vulgatus abundance
(Fig. 5A) and ameliorated Oxa-colitis, as shown by prevention of weight
loss, reduced colonic lesions, and improved histopathological scores
(Fig. 5B-E). RA also reduced the frequency of Th9 cells and the expression
of Th9 cell-associated genes, IL-9, Foxol, IL-9R, IRF-4, GATA-3, and
BATE, in T cells from MLNs of Oxa-colitis mice treated with RA, compared
to controls (Fig. 5F, G).

To understand the mechanism by which RA inhibits B.vulgatus-
succinate-mediated inflammation in Oxa-colitis, we analysed
the metabolites in stool samples from healthy, Oxa-colitis, and RA-treated
Oxa-colitis mice. Principal component analysis (PCA) and hierarchical
clustering revealed distinct clusters that effectively differentiated the
metabolomic profiles of stool samples from healthy, Oxa-colitis, and RA-
treated Oxa-colitis mice (Fig. 5H, I). Among the differentially modulated
metabolites in stool samples, a significant decrease in the levels of succi-
nate was found in RA-treated compared to untreated Oxa-colitis mice
(Fig. 5J, K), indicating that RA suppresses Oxa-colitis progression by
influencing the B. vulgatus-succinate axis. Additionally, RA did not sig-
nificantly affect growth of succinate-metabolizing commensals except for
Dialister succinatiphilus, which show increased growth in the presence of
RA (Supplementary Fig. 5E). These findings support the potential for
using RA or RA-producing commensals like Bifidobacterium bifidum and

Lactobacillus Intestinalis, along with succinate-metabolizing gut com-
mensals to treat UC”.

Succinate-consuming gut bacterial consortium and species
protect against oxazolone-induced colitis

To access whether succinate-metabolizing gut commensals and a con-
sortium of commensals can suppress colonic inflammation by limiting
succinate availability and inhibiting Th9 cell functions in Oxa-colitis, we
colonized AIMD mice with Phascolarctobacterium succinatutens, Dialister
succinatiphilus, and Dialister propionicifaciens, and a commensal con-
sortium via oral gavage, followed by a 15-day incubation period. Afterward,
the mice were challenged with oxazolone to induce colitis (Fig. 6A). Com-
pared to control mice, those colonize with succinate-metabolizing bacteria
or the consortium exhibited protection from Oxa-colitis, as evidenced by
reduced body weight loss, absent colonic lesions, and lower histopatholo-
gical scores and fecal succinate levels (Fig. 6B-G). However, no significant
difference in body parameters and pathology were observed in the Dialister
propionicifaciens group (Supplementary Fig. 5F-I). Additionally, succinate-
consuming bacteria and the consortium significantly reduced IL-9-
producing Th9 cells and the expression of Th9-related genes such as
Foxol, BATF, and IL-9R, as well as SUCNRI (Fig. 6H-K). Among these
strains, Dialister succinatiphilus was selected for further experiments, as it
most effectively suppressed colonic inflammation. When co-colonized with
B. vulgatus, a succinate-producing bacterium, Dialister succinatiphilus
reduced the B. vulgatus-induced enhancement of colonic inflammation in
Oxa-colitis mice (Supplementary Fig. 5]). Dialister succinatiphilus protec-
tion was evident through prevention of body weight loss, absence of colonic
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Fig. 5 | Supplementing with retinoic acid disrupts the colonization of Bacteroides
vulgatus, thereby ameliorating Oxa-colitis through the reduction of fecal succi-
nate levels. A Representative qPCR data depicting the relative abundance of Bac-
teroides vulgatus in stool samples from mice with and without retinoic acid (RA)
supplementation. B Schematic diagram showing the regimen for RA treatment and
colitis induction. C The reduction in body weight in healthy controls, Oxa alone, and
Oxa supplemented with RA. D Formation of colonic lesions in healthy controls, Oxa
alone, and Oxa supplemented with retinoic acid. E Representative images of distal
colons stained with H&E, along with respective statistics for pathology scores.

F Representative FACS plot for IL-9 measurement in helper T cells harvested from
the mesentery of healthy controls, Oxa alone, and Oxa supplemented with RA
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(n = 6). G Representative qPCR data for the expression of IL-9 and associated genes
in healthy controls, Oxa alone, and Oxa supplemented with RA. H PCA plot showing
distinct metabolic profiles in stool samples collected from healthy controls, Oxa
alone, and Oxa supplemented with RA. I Hierarchical clustering showing distinct
clusters that effectively differentiate the metabolomic profiles of stool samples from
healthy, Oxa-colitis, and RA-treated Oxa-colitis mice. ] The heatmap illustrates stool
metabolite analysis from healthy controls, Oxa alone, and Oxa supplemented with
RA. Supplemented animals showed a significant reduction in fecal succinate levels.
K Correlation of identified metabolites with each other. *P < 0.05, **P < 0.01,
**%P < 0.001, and **¥**P < 0.0001 (Student’s ¢-test or one-way ANOVA or two-
way ANOVA).

lesions, lower histopathological scores, and reduced Th9 cell frequency, as
well as decreased expression of SUCNRI, IL-9, IL-9R, Foxol, and BATF
(Supplementary Fig. 5K-O). To further compare the potential of succinate-
metabolizing Dialister succinatiphilus with IL-9 neutralizing antibody, we
tested both interventions in FOS-induced aggarvated Oxa-colitis. Both
treatments similarly protected FOS-mediated inflammation, as evidenced
by the restoration of body weight and a reduction in colonic lesions (Sup-
plementary Fig. 5P-S). Furthermore, treatment reduced CD4"IL-9" T cell
frequency and downregulated SUCNRI and Th9-associated gene expres-
sion (Supplementary Fig. 5T). Finally, the consortium was tested in another
colitis model (CD45RB " T cell transfer colitis), where it similarly sup-
pressed inflammation by reducing fecal succinate and IL-17" TNF-a" CD4*
T cell frequency (Supplementary Fig. 6A-F).

Discussion

In this study, we demonstrate that an imbalance between succinate-
producing and succinate-consuming gut bacteria increases colonic succi-
nate availability, which in turn enhances the generation and function of
colitogenic T cells, primarily IL-9-producing Th9 cells, through SUCNRI in
ulcerative colitis (UC). UC is characterized by chronic inflammation and
ulcers in the innermost lining of the colon. While it was previously believed
that Th2 cells played a central role in UC pathogenesis®, with their effector
cytokines IL-5 and IL-13 implicated in colonic inflammation*"*°, recent
studies have shifted focus to Th9 cells and their effector cytokine IL-9 as
potential therapeutic targets’*. Elevated circulating IL-9 in IBD has been
linked to severe prognosis, promoting the formation of pore-forming tight

junction protein Claudin-2*. Consistent with this, IL-9 and IL-9R have been
associated with UC pathogenesis’, with increased IL-9R expression
observed in UC patient gut biopsies™. In line with these findings, we show
that neutralizing IL-9 with an anti-IL-9 antibody alleviates disease
symptoms.

Our findings strongly support the role of succinate in regulating HIF-
la expression and Th9 cell differentiation. As previously reported, intra-
cellular succinate produced during Th9 differentiation stabilizes HIF-1a by
inhibiting the PHD enzyme, which is responsible for HIF-1a degradation’.
In this study, we further demonstrate that extracellular succinate, derived
from the gut microbiota, activates the GPRI1 receptor, enhancing HIF-1a
expression' >>**, The SUCNRI inhibitor 7a decreased HIF-1a levels, con-
firming that succinate-mediated activation of the GPR91 receptor is crucial
for this effect. These findings not only deepen our understanding of the
metabolic regulation of Th9 cells but also suggest that targeting the succi-
nate-SUCNRI1-HIF-1a axis could offer therapeutic potential in diseases like
IBD, where succinate accumulation is prevalent, as evidenced by a recent
study in IBD patients™.

Disruptions in the intestinal microbiome play a crucial role in the
pathogenesis of IBD. Advanced techniques such as metagenomics, meta-
bolomics, and comprehensive immunophenotyping have shed light on
alterations in T-cell subsets influenced by microbiota-derived
metabolites’>’. The present study demonstrates that gut microbiota-
derived succinate promotes colitogenic Th9 cells, exacerbating colonic
inflammation in UC. This investigation builds on our prior research, where
we showed that succinate facilitates Th9 cell differentiation and enhances
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Fig. 6 | The succinate consuming bacterial consortium and individual species
protect against oxazolone-induced colitis. A Schematic showing the colonization
of the consortium and individual species enriched in succinate consumers.

B Reduction in body weight of healthy control, Oxa alone, and Oxa-colonized with
Phascolarctobacterium succinatutens (n = 6). C Reduction in body weight of healthy
control, Oxa alone, and Oxa-colonized with Dialister succinatiphilus (n = 6).

D Reduction in body weight of healthy control, Oxa alone, and Oxa-colonized with
consortia (n = 6). E Colonic lesions in Oxa alone, Oxa-colonized with Phasco-
larctobacterium succinatutens, Oxa-colonized with Dialister succinatiphilus, and
Oxa-colonized with consortia (n = 6). F Fecal succinate was measured in individual

strains and consortia-treated groups of animals. G Representative images of distal
colons stained with H&E and respective statistics for pathology scores.

H Representative FACS plot for IL-9 measurement in helper T cells harvested from
the mesentery of healthy control, oxazolone, Oxa-colonized with Phascolarcto-
bacterium succinatutens, Oxa-colonized with Dialister succinatiphilus, and Oxa-
colonized with consortia. I-K Representative qPCR data for the expression of IL-9
and associated genes for Th9 and succinate (SUCNRI1) in healthy control, Oxa alone,
Oxa-colonized with Phascolarctobacterium succinatutens, Oxa-colonized with
Dialister succinatiphilus, and Oxa-colonized with consortia. *P < 0.05, ¥**P < 0.01,
*#EP <0.001, and *¥**P < 0.0001 (one-way ANOVA or two-way ANOVA).

Th9-mediated tumor regression'’. Our findings indicate that gut dysbiosis
associated with UC leads to an accumulation of succinate produced by the
microbiota, skewing the gut mucosal immune system toward Th9 cells via
the succinate-SUCNRI axis. The expression of SUCNRI on these cells was
identified as essential for the overproduction of IL-9, contributing to the
development of experimental colitis. These results underscore the role of the
succinate-SUCNRI axis in inducing colitogenic Th9 cells and promoting
their IL-9 production, exacerbating experimental colitis, in line with pre-
vious reports™. The observed increase in fecal succinate levels, driven by an
imbalance between succinate-producing and metabolizing gut bacterial
species, particularly within the Bacteroidaceae and Acidaminococcaceae
families, suggests that this imbalance may persist across various patho-
physiological conditions, such as Obesity, Diabetes, Liver fibrosis, NAFLD,
Cancer, and Psoriasis, where elevated succinate levels have been detected in
serum and stool samples”*>*%*7>*1,

The approach outlined in this study represents a significant step in
understanding the impact of factors such as age, diet, and environmental
influences on the Th9 response, which alter microbiota configurations and
elevate succinate levels. Although we identified other gut bacterial species
that contribute to the skewing of the immune response toward Th9 cells,
both our study and that of Serena et al. highlight the potential impact of
unbalanced gut microbiota on succinate production and its influence on the
host’s immune system™. This suggests a shared pathway through which
various succinate-producing gut microbes modulate this aspect of the host
immune response. We further tested the colonization of Bacteroides vul-
gatus, a major succinate-producing bacterial strain, in colitis models to
deepen our understanding of microbiota-Th9 crosstalk.

This study exemplifies the significant contributions of the microbiota
and its components in shaping host immune responses critical to the

development of IBD pathophysiology. We have established a platform to
study microbe-host interactions under different physiological and patho-
logical conditions, incorporating methods like fecal material transplantation
(FMT), pseudogerm-free mice (AIMD), and selective enrichment of suc-
cinate via FOS and PEG-3350 treatment. Additionally, we successfully
cultured succinate-metabolizing strains from Acidaminococcaceae family
and synthesized a selective SUCNRI blocker, 7a. Finally, our approach for
designing a consortium of succinate-metabolizing gut microbes (Indian
Patent application No.: 202311037041) has promising therapeutic impli-
cations, including the development of next-generation Probiotics and
Synbiotics. Furthermore, compound 7a (Cpd-7a) may serve as a potential
drug candidate for conditions characterized by elevated succinate levels in
serum and stool samples.

Material and methodology

Animals. C57BL/6 (wildtype), antibiotic-induced microbiome-depleted
(AIMD), and Foxp3DTR mice (6-8 weeks old) were procured from
Jackson Laboratory, housed, and maintained in the small animal facility
(SAF) at the Translational Health Science and Technology Institute
(THSTI). The mice were kept under the required conditions of a 12-h
light/dark cycle with ad libitum chow and water. All animals used for
experimental purposes were 6-8 weeks old and were approved by the
Institutional Animal Ethics Committee (IAEC) of THSTI, India. The
study followed the guidelines outlined by the IAEC of THSTI for con-
ducting research on laboratory animals.

Induction of acute colitis with oxazolone and treatment with anti-IL-9.
For the induction of acute colitis by oxazolone, wild-type mice (6 to 8
weeks old) were sensitized by epicutaneous application of 100 pl of 3%
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oxazolone (4-ethoxymethylene-2-phenyl-2-oxazolin-5-one; Sigma-Aldrich;
#SLCC3834) at a dilution of 4:1 in a mixture of acetone and oil (Olive oil; Del
Monte) on day 0. This was followed by intrarectal administration of 100 pl of
1% oxazolone in 50% ethanol (EMSURE® ACS; Merck) on either day 6 or 7.
For IL-9 neutralization, wild-type mice were treated intraperitoneally with
40 pg of Anti-IL-9 (Bioxcell) every alternate day, starting before the intrar-
ectal administration.

Induction of acute colitis with oxazolone and treatment with
retinoic acid. For the induction of acute colitis by oxazolone, wild-type
mice (8 to 10 weeks old) were sensitized by epicutaneous application of
100 pl of 3% oxazolone (4-ethoxymethylene-2-phenyl-2-oxazolin-5-one;
Sigma-Aldrich; #SLCC3834) at a dilution of 4:1 in a mixture of acetone
and olive oil (Del Monte) on day 0. This was followed by intrarectal
administration of 100 ul of 1% oxazolone in 50% ethanol (EMSURE®
ACS; Merck) on day 5 using BECTON DICKINSON 427411 Intramedic
Semi-Rigid Tubing (0.023” ID, 0.038” OD, PE# 50, Non-Sterile,
1825 days shelf life). For retinoic acid (RA) treatment, mice were given
RA in corn oil (450 pg/mouse/time point) orally every other day until the
end of the experiment, starting from day 0.

Succinate-enriched enema as an intervention for oxazolone-colitis
in mice. Wild-type mice (8 to 10 weeks old) were sensitized by epicu-
taneous application of 100 ul of 3% oxazolone (4-ethoxymethylene-2-
phenyl-2-oxazolin-5-one; Sigma-Aldrich; #SLCC3834), at a dilution of
4:1 in a mixture of acetone and olive oil (Del Monte) on day 0. On day 3,
150 pl of the succinate-enriched enema solution (20 mM) was instilled
via the rectum using a 1-mL Luer Lock syringe attached to a 23G needle
and lubricated polyethylene tubing (0.048” O.D.). The lubricated tubing
was inserted 1 cm into the rectum of isoflurane-anesthetized mice. The
enema was administered over a period of 1-2 min to prevent injury. After
administration, the tubing was gently removed, and the animals were
placed in clean cages to recover. Mice were monitored for any signs of
distress or adverse reactions, including gastrointestinal symptoms or
changes in behavior, during the course of the experiment. On day 5, the
animals were challenged by intrarectal administration of 100 pl of 1%
oxazolone in 50% ethanol (EMSURE® ACS; Merck) using Becton
Dickinson 427411 Intramedic Semi-Rigid Tubing (0.023” ID, 0.038” OD,
PE# 50, non-sterile, 1825 days shelf life).

In vivo imaging of mice. For in vivo imaging of Oxa-colitis mice, the IVIS
100 imaging system (PerkinElmer) was used. This system consists of a sealed
chamber equipped with a cooled charge-coupled device (CCD) camera. The
chemiluminescent probe luminol (Sigma; #MKBK3960V) was dissolved in
water for injection (WFL; Super Amp, 5ml) and administered intraper-
itoneally (500 mg/kg) in an injection volume of 100 pl. After 7 min following
luminol injection, the bioluminescent signal from the mice’s abdomens was
detected with a 60-s exposure time. Finally, bioluminescence images were
presented as radiance in photon/sec/cm?/sr. During in vivo imaging, the
mice were immobilized for the administration of isoflurane. Light emission
from the region of interest (ROI) was quantified.

Intracellular cytokine staining and FACS Analysis. Total lymphocytes
isolated from the spleen, MLNs, and LNs were re-stimulated with PMA
(phorbol 12-myristate 13-acetate; 50 ng/ml; Sigma-Aldrich), ionomycin
(1.0 pug/ml; Sigma-Aldrich), and monensin (Golgi Stop, BD Biosciences
Cat # 554724) for 5h. Cell surface staining was performed for
15-20 minutes with anti-mouse CD4 (PerCP)/CD4 (APC) and anti-
mouse CD8a (FITC) antibodies after live/dead (Violet fluorescence;
Invitrogen by Thermo Fisher Scientific; #1876936) marker staining. For
intracellular staining, cells were fixed in Cytofix solution and permea-
bilized with 1X Perm/Wash Buffer using a kit (BD Biosciences Cat #
554714). The cells were then stained with anti-mouse IL-17 (PE/Cy7), IL-
9 (PerCP), IL-10 (APC), IENy (PE), IL-4 (PE/Cy7), IRF-4 (PE), and
Foxp3 (FITC; APC) antibodies in Perm/Wash buffer. The cells were

acquired using flow cytometry on a FACS Canto II with FACS Diva
software version 8.0.2 (BD Biosciences) or on a FACS Verse (BD Bios-
ciences), and the results were analyzed with FlowJo software version 10
(Tree Star).

16S rRNA sequencing and metagenomics analysis. Genomic DNA
extraction was carried out using the PureLink™ Microbiome DNA Pur-
ification Kit (#A29789, Thermo Fisher Scientific) according to the
manufacturer’s protocol. The samples were processed and analyzed by
CoTeRi (NIBMG, India) for 16S rRNA sequencing using barcoded PCR
primers targeting the V3-V4 region. Libraries were then prepared for
amplicon sequencing using the NEBNext Ultra DNA Library Prepara-
tion Kit. These V3-V4 amplicon libraries were quantified and loaded
onto the cBot for cluster generation and sequencing. PCR reactions were
performed in quadruplicate and pooled for sequencing on the Illumina
HiSeq 2500 instrument, yielding 250 bp paired-end sequence reads.

16S rRNA raw reads were quality-controlled using Trimmomatic
version 0.39. It removes adapters and trims low-quality bases from the 3’
and 5’ ends of reads to generate decontaminated raw reads, also discarding
trimmed reads shorter than 36 nucleotides. A custom pipeline, Quantitative
Insights into Microbial Ecology (QIIME?2, version 2018.11), was used to
process and analyse the decontaminated raw reads. The DADA2 program
was used for demultiplexing and joining to generate long sequences. It
processes the demultiplexed FASTQ files and produces sequence abun-
dances. Following this, all sequences were grouped into operational taxo-
nomic units (OTUs) using a pretrained Naive Bayes classifier, and their
taxonomy was assigned by searching with the Silva ribosomal RNA (rRNA)
database (release-138) at 97% sequence similarity.

Alpha diversity indices, including Shannon and Simpson diversity,
were computed and plotted using R scripts with the vegan, ape, ggplot2, and
phyloseq packages. Differential taxon abundance analysis was also per-
formed using the RAM package in R.

Metabolomics analysis of serum samples using LC-MS/MS: sample
preparation, acquisition, data processing, and analysis. A total of
100 pl of serum samples isolated from animals was mixed with LC-MS
grade methanol at a 1:3 ratio (serum: methanol), and the clear super-
natant was transferred to a sterile LC vial (60 pl/tube). These samples
were then kept for drying in a MiVac Duo concentrator (GeneVac Ltd.,
U.K.). The dried pellet was subsequently dissolved in an 8:2 (v/v) acet-
onitrile: water mixture for analysis on a chromatography system
(Thermo Fisher 5000).

Separation was performed using a UPLC Ultimate 3000 equipped with
an HSS T3 column (2.1 x 100 mm, 1.7 pm; Waters Corporation) at 40 °C.
The mobile phase was delivered at 300 ul/min and consisted of eluent A
(water with 0.1% formic acid) and eluent B (acetonitrile with 0.1% formic
acid), following a gradient profile: 0 min—1% B, 1 min—15% B, 4 min—
35% B, 7 min—95% B, 9 min— 95% B, 10 min—1% B, 14 min—1% B.

The electrospray ionization (ESI) source was operated in both positive
mode (+) and negative mode (—) at 120,000 resolutions in MS1 mode and
30,000 resolutions in data-dependent MS2 scan mode. The spray voltages
used for the positive and negative modes were 4000 and 3500 volts,
respectively. Sheath gas and auxiliary gas were set to 42 and 11, respectively.
The mass scan range was 50-1000 m/z, with an AGC (Automatic Gain
Control) target of 200,000 ions and a maximum injection time of 80 ms for
MS. For MSMS, the AGC target was set to 20,000 ions, and the maximum
injection time was 60 ms.

All acquired LC-MS data were processed using Progenesis QI for
Metabolomics (Waters Corporation) software with default settings. The
untargeted workflow of Progenesis QI was used for retention time align-
ment, feature detection, deconvolution, and elemental composition pre-
diction. The Metascope plugin of Progenesis QI was then utilized for an in-
house library search, using accurate mass, fragmentation patterns, and
retention time. For further validation, an online spectral library was also
used. Peaks with a coefficient of variation (CV) of less than 30% in the pool
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QC sample were retained for further analysis. Additionally, manual ver-
ification of each detected feature was performed to select the correct peaks.

Data analysis was performed using the MetaboAnalyst.ca online tool,
which includes normalization, multivariate statistical analysis, and data
annotation. Outlier samples were identified and removed by a combination
of PCA and random forest, followed by univariate ANOVA analysis.

Metabolomics analysis of stool samples using LC-MS/MS: sample
preparation, acquisition, data processing, and analysis. Freeze-dried
fecal samples (50 mg of each) were extracted using an extraction solvent
composed of methanol and water (1:1). The cells were disrupted using
bead beating, sonication, and freeze-thaw lysis methods. The samples
were then centrifuged at 13,000xg for 15 min, after which the supernatant
was transferred to a sterile LC vial (60 pl/tube). These samples were then
dried using a MiVac Duo concentrator (GeneVac Ltd., U.K.). The dried
pellet was subsequently dissolved in an 8:2 (v/v) acetonitrile: water
mixture for analysis on a chromatography system (Thermo Fisher).

Separation was performed using a UPLC Ultimate 3000 system with an
HSS T3 column (2.1 x 100 mm, 1.7 pm; Waters Corporation) at 40 °C. The
mobile phase was delivered at 300 uL/min and consisted of eluent A (water
with 0.1% formic acid) and eluent B (acetonitrile with 0.1% formic acid) in a
gradient profile: 0 min—1% B, 1 min—15% B, 4 min—35% B, 7 min—95%
B, 9 min—95% B, 10 min—1% B, 14 min—1% B.

The electrospray ionization (ESI) source was operated in both positive
mode (+) and negative mode (—) with a resolution of 120,000 in MS1 mode
and 30,000 in data-dependent MS2 scan mode. The spray voltage for
positive and negative modes was set to 4000 and 3500 volts, respectively.
Sheath gas and auxiliary gas were set to 42 and 11, respectively. The mass
scan range was 50-1000 m/z, with an AGC (Automatic Gain Control) target
of 200,000 ions and a maximum injection time of 80 ms for MS. The AGC
target was 20,000 ions, with a maximum injection time of 60 ms for MS/MS.

All acquired LC-MS data were processed using Progenesis QI for
metabolomics (Waters Corporation) software with default settings. The
untargeted workflow in Progenesis QI was used for retention time align-
ment, feature detection, deconvolution, and elemental composition pre-
diction. The Metascope plugin of Progenesis QI was then used for in-house
library searches based on accurate mass, fragmentation patterns, and
retention times. For further validation, an online available spectral library
was used. Peaks with a coefficient of variation (CV) of less than 30% in the
pooled QC sample were kept for further analysis. Additionally, each
detected feature was manually verified to ensure the correct peaks were
selected.

Data analysis was performed using the MetaboAnalyst.ca online tool,
which involves normalization, multivariate statistical analysis, and data
annotation. Outlier samples were identified and removed using a combi-
nation of PCA, random forest, and univariate ANOVA analysis.

Quantitative PCR. The RNA extraction from the samples was performed
using the RNeasy kit (#74104, Qiagen), and cDNA was synthesized using
the iScript cDNA Synthesis Kit (#1708891, Bio-Rad). Quantitative PCR
(qPCR) was then conducted using the SYBR Green Gene Expression
Assay with the Fast 7500 Dx qPCR system (Applied Biosystems). Ct
values for the individual samples (genes) were normalized to the endo-
genous control (3-Actin/GAPDH) gene expression. All primer sets were
purchased from Sigma-Aldrich. The qPCR results were analyzed using
SDS 2.1 software. The Ct value of the endogenous control gene was
subtracted from the Ct value of each target gene to determine the ACT.
The relative expression and fold change of each gene were calculated
using the following formula: POWER (2, -ACT) x 10,000; fold
change = 2A—AACt. All primers used in this study are listed in Supple-
mentary Table 1.

16S rRNA gene quantitative PCR analysis. Bacterial genomic DNA
was isolated from mouse fecal pellets or luminal contents using the
PureLink™ Microbiome DNA Purification Kit (#A29789, Thermo Fisher

Scientific). Quantitative PCR analysis was performed using universal 16S
primers to detect all bacterial species and was normalized to the endo-
genous control (rpoB/recA), dilution, total bacterial amount, and stool
sample weight. All primers used in this study are listed in Supplementary
Table 2.

GC-MS sample preparation, acquisition, and analysis for short-
chain fatty acids (SCFASs). Frozen stool, serum, or colon tissues were
resuspended in 0.1% formic acid in NFW and homogenized using a hand
homogenizer. Butyrate, propionate, and succinate standards were inclu-
ded in each run to generate standard curves for quantification. The
samples were acidified with 12M HCI, and short-chain fatty acids
(SCFAs) were extracted using two cycles of diethyl ether. Each sample was
derivatized with N-tert-butyldimethylsilyl-N-methyltrifluoracetamide
(MTBSTFA; Sigma-Aldrich) and quantified using a gas chromatograph
(Shimadzu; serial number 0217658) coupled to a mass spectrometer
detector. Analyses were performed in split mode (1:100) on a DB-5MSUI
capillary column (30 m x 0.25mm, 0.25-um film thickness, Agilent
Technologies), using electron impact ionization (70 eV) and scanning in
the m/z range of 50-550. The column head pressure was set to 12 psi.
Injector, source, and quadrupole temperatures were 250, 280, and 150 °C,
respectively. The GC oven was programmed as follows: 75 °C held for
2 min, increased to 120°C at 40°C/min, held at 120°C for 5min,
increased to 320 °C at 20 °C/min, and held at 320 °C for 7 min.

Culturing of anaerobes. All culture experiments were performed
using an anaerobic glove box and a chamber containing an Anaero-
Gas pack (Himedia; LE002A-5NO) and MGC oxygen indicator
(Ageless Eye). For culturing succinate-consuming bacteria, L-type
pure cultures of JCM strains, including Phascolarctobacterium suc-
cinatutens JCM 16074, Phascolarctobacterium faecium JCM 30894,
Dialister succinatiphilus JCM 15077, and Dialister propionicifaciens
JCM 17568, were purchased from the Microbe Division (RIKEN BRC;
Japan). All four strains were handled in an anaerobic glove box.
Among them, Phascolarctobacterium succinatutens and Phasco-
larctobacterium faecium were cultured on Columbia blood agar (5%
Sheep Blood) plates containing 1% succinate and simultaneously in
Tryptic Soy Broth. The remaining two bacteria, Dialister succinati-
philus and Dialister propionicifaciens, were cultured on Tryptic Soy
Blood Agar as well as in Tryptic Soy Broth simultaneously.

For culturing succinate-producing bacteria, mouse stool samples
were collected in PBS and cultured on BBE (Bacteroides Bile Esculin)
agar containing Gentamicin for the isolation of the Bacteroides group
of bacteria. For the Bacteroides vulgatus gavaging experiment, L-type
pure culture of bacteria (Phocaeicola vulgatus JCM 5826; Microbe
Division; RIKEN BRC; Japan) was grown on BBE agar plates and
Tryptic Soy Broth simultaneously. Glycerol stocks of each bacterium
were stored at —80 °C for future use.

Bowel cleaning and fecal microbiota transplantation (FMT). After
5 days of cohousing, C57BL/6 mice were given a cocktail of metronida-
zole (1 g/L), vancomycin (1 g/L), and streptomycin (2 g/L) in drinking
water for 4-5 days to deplete the microbiota in the gastrointestinal (GI)
tract. FMT was performed through oral gavage, with the first dose con-
sisting of mucus, followed by two doses of feces from donor animals
(diseased-donor and streptomycin-donor). Later, the recipient animals
were presensitized with 3% oxazolone, followed by an intracolonic
challenge with 0.5% oxazolone to induce colitis and compare the disease
severity in both groups.

Colonization of succinate-consuming and succinate-producing
bacteria and colitis induction experiment. Pure cultures of Phasco-
larctobacterium succinatutens JCM 16074, Phascolarctobacterium fae-
cium JCM 30894, Dialister succinatiphilus JCM 15077, Dialister
propionicifaciens JCM 17568, and Bacteroides vulgatus JCM 5826 were
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used for the colonization experiment. The desired colony-forming units
(CFU) (~107 to 10® CFU/animal) of these strains were calculated based on
optical density (OD) measurements (0.4 to 0.5 OD), followed by cul-
turing at different dilutions on their respective agar plates. Once the CFU
calculations were completed, the desired CFU of succinate-consuming
and succinate-producing bacteria were gavaged into PEG-3350-treated
animals. The recipient animals were then presensitized with 3% Oxa-
zolone, followed by an intracolonic challenge with 0.5% Oxazolone to
induce colitis. The disease severity in wild-type, succinate-consuming,
and succinate-producing bacteria-colonized animals was then compared.

Succinate accumulation in the gut by PEG-3350 treatment. To
increase succinate levels in the fecal content, C57BL/6 mice, presensitized
with 3% oxazolone, were given 10% PEG-3350 in drinking water for
3 days, followed by an intracolonic challenge with 1% oxazolone to
induce colitis.

Succinate accumulation in the gut by fructo-oligosaccharide
treatment (FOS). To increase succinate levels in the fecal content,
C57BL/6 mice were given 10% FOS in their drinking water for 20 days,
followed by sensitization and an intracolonic challenge with 3 and 1%
oxazolone to induce colitis.

Oral succinate supplementation. The animals were given 20 mM
sodium succinate in their drinking water for 4 weeks, followed by sen-
sitization and intracolonic challenge with 3 and 1% oxazolone to induce
colitis, respectively. Oral succinate was administered continuously until
the end of the experiment.

Histopathology. The colon was fixed in 10% buffered formalin (Sigma)
and processed for hematoxylin and eosin (H&E) staining by the Histo-
pathological service at ILBS Biobank, New Delhi, India. The slides were
scored blindly for intestinal inflammation on a scale of 1 to 3, as pre-
viously described in the literature.

AIMD mice generation and maintenance. According to the official
guidelines and ethics statement, antibiotic-induced microbiome-
depleted (AIMD) mice were generated at SAF, THSTI, by adminis-
tering a cocktail of antibiotics to C57BL/6 mice. The antibiotic regi-
men began with three days of oral gavage (every 12h) of
amphotericin-B (0.1 mg/ml; Sigma). Starting on day 3, ampicillin
(1 g/l; Sigma) was added to the mice’s water bottle, and the solution
was replaced with a fresh one every third day. A cocktail of vanco-
mycin (5 mg/ml; Sigma), metronidazole (10 mg/ml; Sigma), and
neomycin (10 mg/ml; Sigma) was also administered starting on day 3
(oral gavage, every 12h). The gavage volume for each mouse was
10 ml/kg of body weight. Each animal was kept singly due to its
coprophagic behavior. The course of antibiotics continued until
depletion was confirmed by stool culture showing <1 cfu.

SUCNR1 antagonist synthesis and characterization. The target
compound cpd-7a was synthesized by a three-step process as reported in the
literature with minor modifications®"*>. Ethyl bromoacetate on Suzuki cou-
pling reaction with 4-acetylphenylboronic acid in the presence of palladium
acetate, tri(o-tolyl) phosphine along with excess potassium phosphate in dry
THE resulted in the formation of ethyl 4-acetylphenylacetate 2 which on
treatment with 2-aminonicotinaldehyde in the presence of L-proline in
ethanol yielded Ethyl 2-(4-(1, 8-napthyridin-2-yl) phenyl) acetate (3). The
intermediate 3 was then converted to the desired product cpd-7a by reaction
with methylamine (2 M in THF) in the presence of 1, 8-diazabicyclo [5.4.0]
undec-7-ene (DBU).

General. 4-Acetylphenylboronic acid, palladium acetate, tri(o-tolyl) phos-
phine, L-proline, 2-aminonicotinaldehyde, and methylamine (2 M in THF)
were procured from TCI chemicals. Ethyl bromoacetate and DBU were

purchased from Avra. The organic solvents were dried by standard proce-
dures wherever necessary. The bulk solvents (hexane, DCM) were distilled
before use. All the reactions were monitored by thin layer chromatography
(TLC) carried out on Merck silica-gel F254 aluminum sheets and visualized
under UV light at 254 and/or 360 nm. The reaction under microwave
irradiation was carried out using Synthos 3000 MW reactor by Anton Paar.
"H NMR was recorded on Bruker Advance II 500 MHz in CDCl,;, and
chemical shifts are reported in parts per million (ppm) relative to tetra-
methyl silane (TMS) as internal standard. Mass spectrometric analysis was
performed with Waters, Q-TOF-Micro mass (ESI-MS) Spectrometer.
Purity analysis of the final compound was done using the Agilent 1260
Infinity I High Pressure Liquid Chromatography (HPLC) system.
Scheme 1.
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Reagents and Conditions: (a) Ethyl bromoacetate, Pd (OAc),, P(o-tol)s,
K;PO,, THF, 24h, rt; (b) 2-aminonicotinaldehyde, 1-Proline, EtOH, 6h,
100 °C (microwave); (c) Methylamine (2 M in THF), DBU, 72 h, rt.

Ethyl 2-(4-acetylphenyl) acetate (B): A solution of 4-Acetyl
phenylboronic acid (1.0 gm, 1.0 eq.) in dry THF (40 mL) was added
under inert atmosphere to a solid mixture of palladium acetate (41.0 mg,
3 mol%), tri(o-tolyl) phosphine (167.4 mg, 9 mol%), ethyl bromoacetate
(0.8 mL, 1.2 eq.), and excess of potassium phosphate (6.4 gm, 5.0 eq.) in a
round bottom flask. The resulting reaction mixture was stirred at room
temperature overnight. After the completion of the reaction (monitored
through TLC), the reaction mixture was poured on crushed ice, and the
product formed was extracted using dichloromethane (3 x 100 mL). The
combined organic layer was dried over anhydrous Na,SO,, filtered, and
evaporated under reduced pressure to obtain the crude product. The
crude obtained was further purified using silica-gel (230-400 mesh)
column chromatography to obtain compound 2 (758 mg, 60% yield) as a
colorless oil. '"H NMR (500 MHz, CDCl;) § 7.92 (d, ] = 8.2 Hz, 2H), 7.39
(d,J =82 Hz, 2H), 4.16 (q, ] = 7.1 Hz, 2H), 3.67 (s, 2H), 2.59 (s, 3H), 1.26
(t,J=7.1Hz, 3H).

Ethyl 2-(4-(1,8-naphthyridin-2-yl)phenyl) acetate (C): Compound B
(50 mg, 1.0 eq.), 2-aminonicotinaldehyde (27 mg, 1.0 eq), L-proline (28 mg,
1.0 eq.) and ethanol (2 mL) were added in a 5 mL microwave vial and the vial
was sealed. The mixture was then heated at 100°C for 6 h under the
microwave irradiation. After the completion of the reaction (monitored by
TLC), the reaction mixture was evaporated under reduced pressure to
obtain the crude product as a dark brown gel which was then purified using
silica-gel (230-400 mesh) column chromatography to get the intermediate
compound C (13 mg, 19%) as yellow solid. MS (ESI-TOF) m/z calculated for
C1sH16N,0,[M + H] *293.1, found 293.3.

2-(4-(1,8-Naphthyridin-2-yl) phenyl)-N-methyl acetamide (cpd-7a):
Compound C (50 mg, 1.0 eq.), DBU (5.1 pL, 0.2 eq.) and methylamine (2 M
in THF) (1.0 mL, 10.0 eq.) were added in a 5mL pressure vessel. The
pressure vessel was then sealed, and the reaction mixture was stirred at room
temperature for 3 days. After the completion of reaction (monitored
through TLC), the reaction mixture was then poured into water (5 mL) and
the product obtained was extracted using dichloromethane (3 x 10 mL).
The combined organic layer was dried using anhydrous Na,SO,, filtered,
and evaporated under reduced pressure to obtain the crude product. The
crude obtained was then purified using silica-gel (230-400 mesh) column
chromatography to get the desired cpd-7a (22 mg, 46.8%, 98.75% purity).
'H NMR (500 MHz, CDCI3) § 9.15 (dd, J = 4.2, 2.0 Hz, 1H), 8.33 - 8.31 (m,
2H), 828 (d, J=85Hz, 1H), 822 (dd, J=8.1, 20 Hz, 1H), 8.02 (d,
J=8.5Hz,1H),7.50 (dd, ] =8.1,4.2 Hz,1H), 7.44 (d, ] = 8.3 Hz, 2H), 3.67 (s,
2H), 2.79 (d, J = 4.9 Hz, 3H); MS (ESI-TOF) m/z calculated for C;,H;5N3;0
[M + H]..278.1, found 278.1.
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In vitro evaluation of antagonistic properties of SUCNR1 antagonist.
Naive CD4" (CD62L" CD44~ CD25~ CD4") T cells were sorted from the
spleens and the lymph nodes of C57BL/6 mice. Naive CD4" T cells
(100,000 cells) were seeded in a flat bottom 96-well plate precoated with
anti-CD3 (0.25 pg/mL) and anti-CD28 (1 ug/mL anti-CD28) in T cell
medium (IMDM, 10% fetal bovine serum, 25 mM glutamine, 55 uM 2-
mercaptoethanol, 100 U/mL penicillin, and 100 mg/mL streptomycin).
For Th9 cell differentiation, T cells were cultured with 10 ng/mL of IL-4
and 0.5 ng/mL of TGF-p with or without SUCNRI antagonist, 7a, in
different doses (50, 25, and 12.5 uM).

In vivo testing of SUCNR1 antagonist and colitis severity. For testing
the effect of selective SUCNRI antagonist, 7a, in the acute colitis induced by
oxazolone, wild-type mice (6 to 8 weeks) were sensitized by epicutaneous
application 100 pl of 3% of oxazolone (4-ethoxymethylene-2-phenyl-2-
Oxazolin-5-one; Sigma-Aldrich; #SLCC3834) at a dilution of 4:1 in a
mixture of acetone and oil (Olive oil; Del Monte) on day 0, followed by
intrarectal (BECTON DICKINSON 427411 Intramedic Semi-Rigid Tub-
ing, 0.023” ID, 0.038” OD, PE# 50, Non-Sterile, 1825 Days Shelf Life)
administration of 100 pl (7 mg/ml Stock) of SUCNRI antagonist, 7a, on day
4 and day 6. Intracolonic challenge using 0.5% oxazolone in 50% ethanol
(EMSURE® ACS; Merck) was performed in the sensitized animals on day 5.

Quantification of succinate in human stool samples. Succinic acid (SA)
was analysed using a highly selective MRM method, whilst deuterated form
D4-acetic acid was used as an internal standard. SA analysis was performed
using Shimadzu GCMS TQ8050NX (S. No. 0217658), and samples were
directly injected using an AOC20i injector. The run time of the GC method
was 25 min where; the oven was held at 60 °C for 2 min and then ramped to
300 °C with final hold of 7 min. The samples were injected with a split ratio of
30:1, and the injector port temperature was set at 250 °C with a constant linear
velocity of 39 cm/s. Subsequently, MS ion source and interface temperature
was set at, 200 and 280 °C, respectively. For SA extraction from human feces,
300 ul of methanol and 10 pl internal standards was added to accurately
weighed 30 mg of human feces in triplicates. Samples were then sonicated for
30 min, followed by incubation at 37 °C with rpm of 1000 for another hour.
These samples were then centrifuged at 25 °C for 5 min at 16,000 rcf, and
180 pl of supernatant was collected in respective GC vials. The SA was acti-
vated using DMT-MM and derivatized using #n-octylamine and quantified
using in-matrix linearity with internal standard calculation method with 7
values ranging 98.9-99.9 for each SCFA. All the chemicals used for this
analysis, including standards, were purchased from Sigma-Aldrich (India) of
GCMS grade. The calculated concentrations were further adjusted to the
respective sample dilution factor, further analysed and represented.

Collection of stool samples of UC patients. Stool samples from
endoscopically active UC patients (endoscopic index of severity-
UCEIS > 1) were collected and stored at —80 °C for metabolomics and
metagenomics.

Isolation of lamina propria lymphocytes. Gut tissues were harvested
and treated with 5mM EDTA at 37 °C for 20 min to remove epithelial
cells and dissociated in digestion buffer (IMDM, 1 mg/mL collagenase
type VIII, 100 pg/mL DNase I, 5% FBS) with constant stirring at 37 °C for
30 min. Mononuclear cells were collected at the interface of a 40/80%
Percoll gradient (GE Healthcare). Later Cells were analyzed by flow

cytometry.
Data availability

All raw and processed data were presented in the supplementary tables. Any
additional information that is required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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