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Abstract 13 

An essential function of the liver is the formation of bile. This aqueous solution is critical for fat 14 

absorption and is transported to the duodenum via the common bile duct. Despite extensive 15 

studies of bile salts, other components of bile are less well-charted.  Here, we characterized the 16 

murine bile metabolome and investigated how the microbiota and enteric infection influence bile 17 

composition. We discovered that the bile metabolome is not only substantially more complex 18 

than appreciated but is dynamic and responsive to the microbiota and enteric infection. Hepatic 19 

transcriptomics identified enteric infection-triggered pathways that likely underlie bile 20 

remodeling. Enteric infections stimulated elevation of four dicarboxylates in bile that modulated 21 

intestinal gut epithelial and microbiota composition, inflammasome activation, and host defense. 22 

Our data suggest that enteric infection-associated signals are relayed between the intestine and 23 

liver and induce transcriptional programs that shape the bile metabolome, modifying bile’s 24 

immunomodulatory and host defense functions. 25 

  26 
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Introduction 27 

The cross-kingdom interplay between microbiomes and their mammalian hosts generates a 28 

diverse pool of compounds, many of which enter the circulatory system and impact host organ 29 

function1–3. The liver receives blood from the portal vein, which drains the intestine, and from 30 

the systemic circulation, allowing it to play a critical role in integrating chemical signals from the 31 

diet and the gut microbiome with those present in systemic blood (Fig. 1a). The liver responds to 32 

these microbial stimuli by synthesizing a large array of compounds, including innate immune 33 

effectors, hormones, and macronutrients (e.g., vitamins). These compounds are secreted into the 34 

systemic circulation via the hepatic vein and modulate host physiology. In addition, infection or 35 

tissue injury can trigger a hepatic response referred to as the acute phase response, in which 36 

hepatocytes produce and secrete large amounts of proteinaceous mediators, such as complement 37 

proteins, serum amyloid A, and hemopexin into systemic circulation that facilitate host defense 38 

and /or repair at distal sites4,5. 39 

 40 

Besides synthesizing many of the non-cellular components of blood, the liver also plays a central 41 

role in formation of bile, an aqueous solution that can be stored in the gallbladder prior to its 42 

transport to duodenum via the common bile duct (Fig 1a)6. Bile consists of lipids, proteins, 43 

metabolites and bile acids 7. Bile acids are a principal component of bile and play an essential 44 

role in lipid absorption; furthermore, these sterols regulate host metabolism8, antimicrobial 45 

defense9 and differentiation of intestinal immune cells 10,11. Primary bile acids are synthesized in 46 

the liver, converted to secondary bile acids by the gut microbiota and are re-absorbed by the 47 

portal circulation back into the liver as part of a circuit referred to as enterohepatic circulation. 48 

The liver monitors the composition of bile acids in the portal and systemic blood to regulate de 49 
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novo synthesis of primary bile acids12. Although the functions of bile acids have received 50 

considerable attention 13–15, the chemical composition, functions, and regulation of other bile 51 

constituents has not been the subject of much experimental scrutiny. In contrast to the widely 52 

surveyed serum metabolome1,3, changes in bile composition in response to the microbiota or to 53 

enteric infection are largely unknown. 54 

 55 

Here, we used global metabolomic analyses to characterize the murine bile and to investigate 56 

how the composition of bile is altered by the microbiota and enteric infection. We 57 

identified >800 bile metabolites, many of which were not known to be bile components. There 58 

were marked differences in bile metabolites in the absence of the microbiota. Moreover, 59 

infection with pathogens that vary in their dissemination from the intestine were found to modify 60 

the bile metabolome in both shared and distinctive fashions. We also discovered that bile 61 

dicarboxylates that were elevated by enteric infections modulate gut epithelial and microbiota 62 

composition, intestinal inflammasome activity, and host defense against an enteric pathogen. 63 

Collectively, our findings reveal that bile composition is highly complex, responsive to the 64 

microbiota and infection, and functions in an interorgan innate defense circuit that links the liver 65 

and intestine. 66 

 67 

 68 

 69 

 70 

 71 

 72 
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 73 

Results 74 

The bile metabolome is complex 75 

We used global metabolomic profiling to create an atlas of murine bile metabolites. Bile samples 76 

were obtained from the gallbladders of C57BL/6 specific pathogen free (SPF) animals. In total, 77 

812 metabolites, representing 9 functional categories, were identified in the bile (Fig. 1b, Table 78 

S1). Many of the compounds identified were not known as bile components. For example, 79 

several monoacylglyercols were found among bile lipids, the dominant class of bile components 80 

(Fig 1b, Fig 2). Bile metabolites were not only of host origin. Many of the compounds in the bile 81 

of SPF mice are generated or processed by the gut microbiota and have been identified in the 82 

host portal and systemic circulation (e.g., equol sulfate and indoxyl sulfate)16,17 (Fig. S1a, S2c). 83 

Furthermore, several bile constituents, such as benzoate, hydroxycinnamate, and genistein, are of 84 

dietary origin (Fig. S1a). The presence of microbial- and dietary-derived compounds in bile 85 

suggests that they are distributed thorough enterohepatic circulation and following their intestinal 86 

absorption, these compounds are processed by the liver and secreted in bile, in a similar fashion 87 

as described for xenobiotics 16. 88 

 89 

To investigate how the microbiota and enteric infection impacts bile composition, we compared 90 

the metabolomes of bile from SPF mice to that from C57BL/6 germ-free (GF), and mice orally 91 

infected with Listeria monocytogenes (Lm) or Citrobacter rodentium (Cr). An unsupervised 92 

clustering algorithm (k-medoids) was used to classify the bile metabolites identified in the 4 93 

conditions based on their patterns of abundance. The 812 bile metabolites were partitioned into 7 94 

clusters, which in aggregate distinguished the conditions (Fig. 1c, d, Table S1). Principal 95 
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component analysis (PCA) and pathway enrichment analysis also revealed that the bile 96 

metabolomes in these 4 conditions were distinct (Fig. 1f-h, S1b). 97 

 98 

Bile metabolites are shaped by the microbiota 99 

The makeup of bile in SPF and GF mice was easily distinguishable (clusters 4, 1, 5, and 3, Fig. 100 

1c, d). The relative abundance (as reflected in signal intensities) of nearly 60% of the metabolites 101 

differed between the two groups (p<0.05, Fig. S1c). As expected, many compounds that are 102 

generated or processed by the gut microbiota (e.g., N-acetylhistamine and 103 

indolepropionylglycine) were found in the bile of SPF and not GF animals (Fig. S2c). 104 

Compounds classified as xenobiotics, amino acids, and lipids were the most affected by the 105 

absence of the microbiota (Fig. 1f).  106 

 107 

The bile lipidome was distinct in GF mice. As expected, known microbial-derived lipids such as 108 

secondary bile acids, short chain fatty acids (e.g., butyrate), and trimethylamine N-oxide had 109 

reduced abundance in GF vs SPF animals (Fig. 2a). The absence of the microbiota was also 110 

associated with reduced abundance in bile of several monoacylglycerols (e.g., 1-oleoylglycerol 111 

(18:1) and 2-oleoylglycerol (18:1)) and hexosylceramide (Fig. 2a), suggesting that the 112 

microbiota contributes to the production or metabolism of these lipids. Together, these 113 

observations suggest that the interplay between the microbiota and host has a profound impact on 114 

bile composition.   115 

 116 

Enteric infection modifies bile composition 117 
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Profiling of bile metabolites was also carried out four and ten days following oral inoculation of 118 

mice with L. monocytogenes and C. rodentium respectively. In this model, L. monocytogenes 119 

routinely disseminates from the intestine to the liver and gallbladder following oral inoculation18. 120 

In contrast, C. rodentium, a natural murine enteric pathogen, primarily replicates in the cecum 121 

and colon. At four days post infection (dpi), the burden of L. monocytogenes in the liver and the 122 

gallbladder peaks 19; in the latter organ, the pathogen replicates extracellularly in bile where it 123 

reaches concentrations of ~109 CFU/ml (Fig. S1f, g). C. rodentium was never isolated from the 124 

gallbladder and a peak pathogen burden of ~109 CFU was observed in the colon 10 dpi (Fig. 125 

S1h). At this point, in some animals, a small number (median, 400) of C. rodentium CFU were 126 

isolated from the liver (Fig. S1i). Both pathogens altered bile metabolite profiles compared to 127 

SPF animals, though the clusters of changing metabolites differed between pathogens (Fig. 1c, d, 128 

g, h; S1c, d). Thus, even in the absence of pathogen invasion of the gallbladder, enteric infection 129 

leads to remodeling of the bile metabolome in a pathogen-specific manner.  130 

 131 

L. monocytogenes infection altered the abundance of more bile metabolites (529) than C. 132 

rodentium infection (332, Fig. 1c, S1d, e). Metabolites in cluster 2 and 7, which were highly 133 

enriched for lipids (Fig. 1e), were only heightened in L. monocytogenes infected animals (Fig. 1c, 134 

d). Pathway enrichment analysis of all differentially abundant metabolites also revealed that L. 135 

monocytogenes infection triggered alteration of the bile lipidome (Fig. 1h, 2b, S1d). In contrast 136 

to the GF, SPF and Cr groups of animals, bile from the Lm group had elevated abundances of 137 

fatty acids, acyl-carnitines, endocannabinoids, and sphingomyelins (Fig. 2b), potentially in part 138 

due to the activities of the pathogen’s phospholipases20. In contrast, C. rodentium infected 139 

animals, like GF mice, had decreased abundance of hexosylceramides and monoacylglycerols 140 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 5, 2023. ; https://doi.org/10.1101/2023.03.04.531105doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.04.531105
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8

(Fig. 2a, c), suggesting that alterations in the microbiota caused by the proliferation of C. 141 

rodentium in the intestine 21 reduced the abundance of these likely microbiota-derived bile lipids. 142 

 143 

Bile composition in the Lm and Cr groups also exhibited some similarities. For instance, the 144 

abundance of several secondary bile acids was reduced in both infections (e.g., 145 

taurodeoxycholate and 7-ketodeoxycholate, Fig. 2b, c,), suggesting that enteric infection disrupts 146 

the production and/or enterohepatic circulation of these microbiota-derived lipids as observed in 147 

Gautam et. al. 22. The abundances of metabolites in cluster 3 were elevated in both the Lm and 148 

Cr groups (Fig. 1c, d). In total, the amounts of 138 bile metabolites were elevated by these two 149 

enteric pathogens relative to the SPF group (Fig. S2a, Table S2). The common enteric infection 150 

induced metabolites were enriched in the energy and amino acid categories (Fig. S2b, d, e, g, h). 151 

Increased abundances of four dicarboxylates (Fig. 1i, j, k), 2-methylsuccinate, glutarate, 2-152 

oxoadipate, and itaconate, were particularly prominent in both infections (Fig.1 i, j, and S2d, e). 153 

Targeted LC-MS/MS analysis confirmed the elevation in the abundance of these 4 154 

dicarboxylates in individual C. rodentium infected animals (Fig. S2i). The former three 155 

compounds are intermediate products of amino acid metabolism (Fig. S2d, e), whereas itaconate 156 

is generated from the TCA cycle metabolite aconitate (Fig. S2d, e). Thus, enteric infection with 157 

C. rodentium and L. monocytogenes trigger shared and distinct modifications in the composition 158 

of bile. Together, these data reveal that the bile metabolome is not only highly complex, but 159 

markedly influenced by the microbiota and altered in distinct ways by enteric infections. Below, 160 

we investigate potential pathways that generate these compounds and phenotypes linked to some 161 

of these dicarboxylates, none of which were previously known to be bile components.  162 

 163 
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Enteric infections alter the hepatic transcriptome 164 

Given the central role of the liver in bile formation, we profiled the hepatic transcriptome at the 165 

same time points as we assayed bile metabolites to investigate if changes in hepatic gene 166 

expression patterns underlie some of the changes observed in the bile metabolome during L. 167 

monocytogenes and C. rodentium infection. Transcriptomes from C. rodentium infected animals 168 

were divided into two groups based on whether or not they had detectable (Cr positive) or 169 

undetectable (Cr negative) C. rodentium in their livers at the time of sacrifice and analyzed 170 

separately. In total, 3877 hepatic transcripts had altered abundance in response to L. 171 

monocytogenes infection (2160 with increased abundance and 1717 with decreased abundance). 172 

In C. rodentium infected animals, there were fewer differentially expressed genes (Cr positive: 173 

2414 increased and 900 decreased, Cr negative: 1113 increased and 307 decreased, Table S3). 174 

Principal component analysis clearly separated the transcriptional profiles from the 4 conditions 175 

(Fig. S3a). Importantly, the transcriptional profiles observed in the Cr negative group of animals 176 

were distinct from those found in SPF mice (Fig. S3a), consistent with the idea that enteric 177 

infection modulates hepatic transcriptional programs even in the absence of detectable pathogen 178 

dissemination to the liver.  179 

 180 

Unsupervised clustering was used to partition differentially expressed genes (DEGs) into 7 181 

clusters (Fig. 3a, b, adjusted p-value < 0.05). This analysis revealed that there were common 182 

changes in hepatic transcriptome profiles associated with infection (Fig. 3a, b). Gene set 183 

enrichment analysis and gene-metabolite network analysis also revealed that L. monocytogenes 184 

and C. rodentium infection affected similar biological processes (Fig. 3c, Fig. S4). Notably, both 185 

enteric infections stimulated hepatic expression of genes linked to inflammation (Fig. 3c), 186 
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demonstrating that the liver mounts an inflammatory response even in the absence of pathogen 187 

dissemination from the intestine. In contrast, expression of many genes related to metabolism, 188 

including amino acid metabolism (KEGG 00260 in Fig. 3d, S4) and detoxification (KEGG 189 

00980 in Fig. 3d) were markedly reduced in both infection models, suggesting that enteric 190 

infection depresses a subset of hepatic functional programs. In particular, infection reduced 191 

expression of liver genes involved in oxidative phosphorylation, including all four enzyme 192 

complexes in the electron transport chain (ETC) (Fig. S5a-d). Similarly, the abundance of 193 

transcripts encoding several tricarboxylic acid (TCA) cycle enzymes (Fig. 4a), including Idh1 194 

and Sdh complex components, was reduced (Fig. 4b, c). In contrast, the abundance of transcripts 195 

for several enzymes in the glycolysis pathway was increased (Fig. 3c, Fig. 4d). Together, these 196 

observations suggest that the liver switches from oxidative phosphorylation to glycolysis for 197 

energy production during enteric infection. A similar switch is observed during stimulation of 198 

many immune cells 23,24, in part due to the activity of pro-inflammatory cytokines 25, suggesting 199 

that these cytokines may have a similar impact on hepatic metabolism.  200 

 201 

We next asked whether the hepatic transcriptome could explain the increases we observed in 202 

specific novel bile metabolites, in particular the four dicarboxylic acids that were sharply 203 

increased in bile samples from infected mice (Fig. 1i, j). Glutarate and 2-oxoadipate are 204 

intermediate products of lysine and tryptophan catabolism 26 (Fig. 4e), but the processes that 205 

govern their abundance are not fully characterized. Increased excretion of glutarate and 2-206 

oxoadipate in urine is observed in glutarate aciduria type I (GA-1) and 2-oxoadipic aciduria (OA) 207 

27,28. GA-1 is caused by loss of function mutations in glutaryl-CoA dehydrogenase (GCDH), the 208 

enzyme that mediates glutaryl-CoA dissimilation 29, whereas OA is due to mutation in the 2-209 
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oxoadipate catabolism enzyme 2-oxoglutarate-dehydrogenase-complex-like protein (DHTKD1) 210 

28. The abundance of GCDH and DHTKD1 mRNA was reduced during L. monocytogenes and C. 211 

rodentium infection (Fig. 4f, g), likely explaining the corresponding elevated abundance of 212 

glutarate and 2-oxodipate in bile. Furthermore, GCDH is a FAD-dependent enzyme and its 213 

function relies on the electron transfer flavoprotein (ETF) complex to transfer electrons to 214 

complex III in the electron transport chain 30 (Fig. 4e). L. monocytogenes and C. rodentium 215 

infection decreased the abundance of the mRNAs of the ETF complex (Fig4. h), as well as 216 

transcripts encoding complex III (Fig. S5c), potentially further impacting GCDH enzyme activity. 217 

In addition, the level of glutarate is controlled by SUGCT, a glutarate-CoA transferase that 218 

converts glutarate to its CoA form to prevent excretion mediated carbon loss 31. Both infections 219 

decreased the transcript levels of SUGCT (Fig. 4i), supporting the idea that reduced abundance 220 

of GCDH and SUGCT may explain elevations of glutarate in bile of infected animals (Fig.1i, j). 221 

Host pathways for the derivation of 2-methylsuccinate are not clear, but this dicarboxylate may 222 

in part be derived from the microbiota 32.  223 

 224 

In contrast to the other dicarboxylates where reduction of key transcripts appears to account for 225 

their induction by infection, L. monocytogenes and C. rodentium infection significantly 226 

stimulated the hepatic expression of Acod1 (Fig. 4j), the gene encoding the itaconate-227 

synthesizing enzyme aconitate decarboxylase 1 (Acod1, aka Irg1). Acod1 is mainly expressed in 228 

innate immune cells and converts the TCA cycle intermediate aconitate to itaconate (Fig. 4a). 229 

RNA-FISH based detection of Acod1 transcripts in C. rodentium infected animals revealed 230 

markedly increased Acod1 signal in the liver (Fig. 4k). Collectively, these data support the 231 
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hypothesis that enteric infections shape the bile metabolome by modulating the expression of 232 

hepatic metabolic enzymes.  233 

 234 

Itaconate regulates the abundance of intestinal tuft cells 235 

Since itaconate abundance was elevated in the bile of both L. monocytogenes and C. rodentium 236 

infected animals (Fig. 1i, j, Fig. S2i) and Acod deficient mice are available 33, we focused our 237 

analyses on unveiling the functions of this dicarboxylate in intestinal homeostasis and defense. 238 

While itaconate has known immunoregulatory activities outside of the intestine34, including 239 

suppression of inflammasome activation in bone-marrow derived macrophages 35,36, the roles of 240 

itaconate in the intestine have not been explored. One of itaconate’s metabolic effects in immune 241 

cells is inhibition of the activity of the tricarboxylic acid cycle enzyme succinate dehydrogenase, 242 

leading to accumulation of succinate in culture supernatants 37. Concordant with these cell 243 

cultured-based observations, we found that the abundance of succinate in the bile of WT mice 244 

was significantly higher than in Acod1-/- littermates following C. rodentium infection (Fig. 5a). 245 

Since succinate promotes the proliferation of intestinal tuft cells 38, we tested whether itaconate 246 

regulates the abundance of these chemosensory cells by comparing the number of tuft cells in 247 

Acod1+/+ and Acod1-/- littermates. Acod1+/+ mice had ~5-fold greater tuft cell abundance than 248 

Acod1-/- mice in their ilea (Fig. 5b-c). Together, these observations are consistent with a model 249 

that itaconate stimulation of biliary and/or intestinal succinate levels elevates the abundance of 250 

intestinal tuft cells, potentially by signaling through the intestinal epithelial cell surface G-251 

protein coupled receptor Sucnr1, which binds succinate 39. 252 

 253 

Itaconate regulates the composition and function of the gut microbiota 254 
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Several bile components, including bile acids regulate both the abundance and function of 255 

intestinal commensal species40,41. We investigated if itaconate regulates gut microbiota 256 

composition. In these experiments, Acod1+/+ and Acod1-/- littermates were separately housed 257 

according to genotype when they were 3 weeks old and the fecal microbiota composition in the 258 

two groups was compared when the animals were ~8 weeks old (Fig. 5d). 16S rRNA gene 259 

profiling showed that several OTUs, including two Ruminococcaceae species and one 260 

Clostridiales species showed marked difference in abundance in the Acod1-/- and Acod1+/+ mice 261 

(Fig. S6a-d), suggesting that itaconate influences gut microbiota composition at steady state. 262 

 263 

Since enteric infections disrupt the intestinal microbiota 21 and we found that the abundance of 264 

itaconate in bile increased with enteric infection (Fig. 1i, j), we investigated if itaconate impacts 265 

the recovery of the gut microbiota following C. rodentium infection. Acod1-/- and Acod1+/+ mice 266 

were challenged with C. rodentium and we profiled their fecal microbiota during the recovery 267 

phase following pathogen clearance (Fig. 5d). The Acod1-/- animals had a marked increase in the 268 

abundance of the Bacillales order post C. rodentium infection (Fig. 5e) that was mostly due to 269 

a >100-fold increase in the abundance of two Bacillaceae species (Fig. S6e, f, g). Shotgun 270 

metagenomics enabled identification of one of the species as Turicibacter sp002311155, whose 271 

abundance was ~300-fold higher in Acod1-/- mice (Fig. 5f). In contrast, the abundance of one 272 

Clostridiales species was significantly lower in Acod1-/- mice (Fig. S6e, h), suggesting that 273 

itaconate helps to maintain its abundance during and/or following perturbations such as C. 274 

rodentium infection.  275 

 276 
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We leveraged the shotgun metagenomics data to understand how itaconate impacts the functional 277 

output of the gut microbiome following C. rodentium infection. Comparing to WT mice, 27 278 

differentially abundant functions (Enzyme commission, EC) were identified in Acod1-/- mice 279 

(Fig. S6i). Among them, chorismate mutase (EC 5.4.99.5), a key enzyme for both tyrosine and 280 

phenylalanine biosynthesis was enriched in Acod1-/- mice (Fig. 5h); pathway abundance analysis 281 

also unveiled the elevation of these aromatic amino acid biosynthesis pathways in Acod1-/- mice 282 

(Fig. 5g). Additionally, the abundance of functions that are critical for heme synthesis (Fig. 5l), 283 

and microbial anaerobic and aerobic respiration, including enzymes involved in ubiquinone 284 

synthesis (Fig. 5k), molybdopterin-synthase activation (Fig. 5i), and fumarate reduction (Fig. 5j) 285 

were elevated in Acod1-/- mice, suggesting that itaconate inhibits specific functional pathways. 286 

Collectively, these data support the idea that itaconate modulates the composition and functional 287 

output of the gut microbiome following perturbations such as enteric infection. 288 

 289 

Itaconate promotes host defense against Vibrio cholerae 290 

Itaconate has antimicrobial activity against several bacterial pathogens, including 291 

Mycobacterium tuberculosis and Salmonella typhimurium. 42,43 To assess the role of itaconate in 292 

host defense against an extracellular enteric pathogen, we first challenged Acod1-/- and Acod1+/- 293 

littermates with C. rodentium and found no difference in fecal shedding of this pathogen (Fig. 294 

S7a). Since bile metabolites are likely to have higher concentrations in the small intestine than in 295 

the colon, we challenged neonatal Acod1-/- and Acod1+/- littermates with a pathogen that 296 

primarily replicates in the small intestine, Vibrio cholerae, the agent of cholera. 44 Comparing to 297 

Acod1+/- mice, there was an ~5 times greater V. cholerae burden recovered from the both 298 
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proximal and distal small intestine of Acod1-/- mice (Fig. 6a), suggesting that itaconate restricts V. 299 

cholerae growth within the small bowel.  300 

 301 

The impact of itaconate on V. cholerae growth in a variety of in vitro conditions was assessed to 302 

test whether this dicarboxylate could directly inhibit the pathogen’s growth. Itaconate inhibits M. 303 

tuberculosis growth on acetate and propionate by impairing the activity of the pathogen’s 304 

isocitrate lyase and methyl-isocitrate lyase, 45 enzymes that mediate utilization and/or 305 

detoxification of short chain fatty acids. Itaconate inhibited V. cholerae growth when acetate or 306 

propionate were used as the sole carbon source (Fig. 6b, c), but not when glucose was the carbon 307 

source (Fig 6d). These data support the idea that itaconate inhibits the activities of V. cholerae 308 

isocitrate lyase (AceA) and methyl-isocitrate lyase (PrpB), curbing the glyoxylate (GC) and 309 

methyl-isocitrate (MC) cycles that govern utilization of even and odd chain fatty acids, 310 

respectively (Fig. 6e).  311 

 312 

Since fatty acid utilization is thought to support robust V. cholerae intestinal colonization of 313 

infant mice, 46 we tested whether AceA and PrpB contributed to V. cholerae growth in the infant 314 

mouse intestine. A V. cholerae mutant strain (ΔaceAΔprpB) lacking both isocitrate lyase and 315 

methyl-isocitrate lyase exhibited a competitive colonization defect (Fig. 6f, g), supporting the 316 

idea that the pathogen relies on fatty acids for robust growth in the host intestine. Collectively, 317 

these data are consistent with the hypothesis that itaconate mediates host defense against V. 318 

cholerae by impairing the pathogen’s capacity to consume fatty acids in the intestine. 319 

 320 

2-methylsuccinate suppresses intestinal inflammasome activity 321 
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Itaconate suppresses inflammasome activation in bone-marrow derived macrophages 35,36. We 322 

tested whether addition of this dicarboxylate to the drinking water of uninfected SPF mice also 323 

regulated inflammasome activity in the proximal small intestine. However, itaconate 324 

supplementation did not change IL-18 production in an ex vivo system (Fig. S7c). Recently 325 

dicarboxylates, including itaconate have been found to be capable of supporting the respiration 326 

of gut microbiota 32. In Eggerthella lenta, respiration of itaconate yields 2-methylsuccinate 32, 327 

but little is known about the function of this dicarboxylate, which was elevated in the bile of 328 

infected animals (Fig. 1i, j). Mice that received 2-methylsuccinate in their drinking water had 329 

significantly less IL-18 released into supernatants from duodenal explants compared to control 330 

animals (Fig. S7c), suggesting that 2-methylsuccinate suppresses intestinal inflammasome 331 

activity and raising the possibility that additional bile metabolites have immunomodulatory 332 

activity. Collective, itaconate and its downstream products, including 2-methylsuccinate, appear 333 

to control the composition of the intestinal epithelium and microbiota, as well as intestinal 334 

immune function and defense. 335 

 336 

Discussion 337 

Bile has been recognized as a vital body fluid important for the maintenance of health at least 338 

since the days of Hippocrates 47.. Here, we profiled the murine bile metabolome using untargeted 339 

metabolomics to create a comprehensive atlas of bile metabolites and investigated how the 340 

microbiota and enteric infection modulate the bile metabolome to gain insights into bile function. 341 

Our findings provide a new perspective on bile function. We discovered that the bile 342 

metabolome is not only more complex than was appreciated but is shaped by the microbiota and 343 

re-modeled by enteric infection. Moreover, we found that an infection-stimulated bile metabolite 344 
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modulates the composition of the intestinal epithelium and microbiota as well as intestinal 345 

immune function and defense. Changes in hepatic transcriptional profiles induced by enteric 346 

infection likely explain how infection re-models bile composition. Together, our findings unveil 347 

a new interorgan defense circuit embedded in entero-hepatic circulation in which intestinal 348 

infection stimulates modifications in bile composition that in turn modulate intestinal function 349 

(Fig. S8). 350 

 351 

Our observations suggest that enteric infection leads to release of signals that enable the intestine 352 

to leverage the capacity of liver to synthesize bile in order to modulate gut functions including 353 

immune regulation and defense (Fig. S8). The delivery of infection-stimulated modified bile to 354 

the intestine through the common bile duct can be thought of as analogous to the acute phase 355 

response, where infection-stimulated hepatic products are secreted into the blood to aide in 356 

systemic defense and tissue repair 4. However, modification of bile composition in response to 357 

enteric infection targets the intestine and represents a novel innate defense circuit to guard the 358 

intestine that functions along with autonomous enteric defense systems 48. It is possible that 359 

systemic infection also triggers changes in bile composition and that the liver’s acute phase 360 

response routinely has biliary as well as systemic outputs.  361 

 362 

The liver responds to enteric infection even in the absence of detectable pathogen cells 363 

replicating in liver (Fig. 3a and S3a), suggesting that the hepatic sensing mechanisms are at least 364 

in part driven by host-derived factors, such as cytokines, along with microbial-associated 365 

products, such as LPS or peptidoglycan. However, although no recoverable C. rodentium was 366 

found in some animals with changes in hepatic transcriptional responses at ten days post-367 
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infection, it is possible that pathogen cells were cleared from the liver by that point. Infection-368 

associated signals are presumably delivered to the liver primarily via the portal circulation, but 369 

some role for the systemic circulation is also possible. The liver is known to monitor the 370 

abundances of bile acids in the systemic circulation in order to modulate the synthesis of primary 371 

bile acids 12; hepatic sensing of infection-induced signals to trigger modifications in bile 372 

composition may be an analogous process. Identifying the signals and hepatic sensing and 373 

regulatory elements that govern the type, magnitude and duration of hepatic driven changes in 374 

bile makeup are key challenges for future studies.  375 

 376 

C. rodentium and L. monocytogenes infection led to rewiring of hepatic metabolic circuitry and 377 

these changes likely underpin many changes in bile composition. Remodeling of the liver’s 378 

metabolic output, particularly in arachidonic acid and cholesterol metabolism was also observed 379 

in animals infected with Salmonella typhimurium 49. Infection-related signals, such as cytokines, 380 

presumably activate metabolic switches, such as Hk2, that mediate the shift from aerobic 381 

respiration to fermentation, as we observed in enteric infections. Such switches alter cell function 382 

in order to enhance cellular adaptation to perturbation (e.g., increased effector production) 50, 383 

promoting organismal recovery and survival. Hepatic detoxification systems appeared to largely 384 

shut down during enteric infection, as has been observed in LPS and TNF� treatment 51,52. The 385 

physiologic ramifications of the reduction in detoxification warrant further investigation; 386 

however, it seems likely that this response favors allocation of resources to defense programs 387 

that directly support host survival.   388 

 389 
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Most studies of dicarboxylates have addressed issues related to their intracellular activities. The 390 

four dicarboxylates whose abundance in cell-free bile increased in both C. rodentium and L. 391 

monocytogenes infection were not known to be bile constituents.  Thus, our findings suggest that 392 

2-methylsuccinate, which suppressed intestinal inflammasome activity, and itaconate, which 393 

modified the composition of the intestinal epithelium and the gut microbiota and curbed V. 394 

cholerae intestinal colonization, can function extracellularly. Regulatory functions of itaconate 395 

and glutarate have been attributed to their ability to covalently modify mitochondrial and 396 

cytosolic proteins 53,54, and if biliary itaconate has a similar mechanism, then there must be 397 

pathways for its uptake into intestinal cells. Import of itaconate into cytotoxic CD8 T cells has 398 

been demonstrated 55, but specific mechanisms facilitating cell entry of this TCA cycle 399 

metabolite across cell membranes remain to be described. Import of additional dicarboxylates 400 

may underlie their regulatory effects on host and potentially microbial cells as well. Alternatively, 401 

the metabolites may function extracellularly by binding to target cell surface receptors, similar to 402 

the binding of succinate and indole-3-acetic acid to G-protein coupled receptors 39,56. Recently 403 

dicarboxylates, including itaconate and fumarate have been found to be capable of supporting the 404 

respiration of gut microbiota and the effects of these dicarboxylates on microbial physiology 405 

warrant further investigation. 406 

 407 

Itaconate is known to have immunomodulatory activity and is primarily thought to impede 408 

inflammation. We found that 2-methylsuccinate also has inflammasome-suppressive activity. We 409 

speculate that 2-methylsuccinate, and perhaps itaconate as well, control the magnitude and 410 

duration of gut inflammation following enteric infection, and thus represent host ‘tolerance’ 411 

factors that promote the maintenance of intestinal tissue integrity during infection. Investigations 412 
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of the functions of glutarate and 2-oxoadipate in modulating intestinal homeostasis will require 413 

additional knowledge of the genes and processes that govern their abundance. 414 

 415 

Our findings also extend knowledge of the intricate connection between pathogen metabolic 416 

preference and infection outcome 57. We found that itaconate promotes host defense against V. 417 

cholerae, linking this metabolite to host defense against an extracellular pathogen in the 418 

intestinal tract. Acod1-/- mice are not only deficient in bile-derived itaconate, and other sources 419 

of this dicarboxylate (e.g. neutrophils) could contribute to the elevated V. cholerae growth in 420 

Acod1-/- mice; however, innate immune cells are not thought to play a major role in defense 421 

against this pathogen 58. Acod1-/- mice have heightened susceptibility to M. tuberculosis but not 422 

to Listeria monocytogenes 59, indicating that itaconate mediated defense is not effective against 423 

all pathogens. The differential potency of itaconate vs different pathogens may be explained by 424 

differences in metabolic strategies that pathogens rely on in vivo. Itaconate inhibits key microbial 425 

enzymes (methylcitrate lyase and isomethylcitrate lyase) that facilitate pathogen fatty acid 426 

utilization. Both M. tuberculosis and V. cholerae rely on fatty acid metabolism to fuel in vivo 427 

growth 46,57 likely explaining how itaconate restricts the growth of these pathogen. Given the rich 428 

fatty acid content in bile, the presence of itaconate in bile may be a host strategy to guard against 429 

pathogen utilization of this source of energy.  430 

 431 

In sum, our findings uncovered the complex and dynamic nature of bile composition and 432 

expands knowledge of the homeostatic functions of the liver and bile, one of its major products. 433 

These observations underscore the profound influence that the liver exerts on intestinal tract 434 
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functions. Mobilization of this entero-hepato-biliary regulatory circuitry may have translational 435 

applications in the treatment of a variety of intestinal disorders.  436 

 437 

 438 

 439 

 440 

 441 

 442 

Figure legends 443 

 444 

Figure1. The microbiota and enteric infection modify the bile metabolome. 445 

(a) Schematic of enterohepatic circulation. The liver receives blood from portal vein that drains 446 

the intestine and produces bile that is delivered to the duodenum via the common bile duct.  447 

(b) Functional categories of the 812 bile metabolites in SPF mice that were identified by global 448 

metabolomic profiling. 449 

(c) Unsupervised clustering (k-medoids) of the bile metabolites identified in four groups of mice 450 

(germ free (GF), specific pathogen free (SPF), Listeria monocytogenes infected (Lm), and 451 

Citrobacter rodentium (Cr) infected) based on their patterns of relative abundance. Each row 452 

represents a metabolite and each column represents one sample. 453 

(d) Violin plot of the distribution of the Z-scores of the metabolites in each cluster.  454 

(e) Functional categories of bile metabolites in cluster 7 identified by unsupervised clustering. 455 

(f-h) Enriched pathways of metabolites with differential abundance between SPF and GF mice 456 

(f), SPF and Cr mice (g), and SPF and Lm mice (h). 457 
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(i-j) Differential abundance of bile metabolites in L. monocytogenes (i) or C. rodentium (j) 458 

infected animals compared to uninfected mice. Blue, black and orange dots represent metabolites 459 

with reduced, unchanged, or increased abundance in the infected samples. 460 

(k) Structural formulas of infection-stimulated bile dicarboxylates. 461 

 462 

Figure 2. The bile lipidome is shaped by the microbiota and modified by enteric infection. 463 

(a-c) Differential abundance of bile lipids in germ free (GF) (a), L. monocytogenes (Lm) infected 464 

(b), or C. rodentium (Cr) infected mice (c) compared to SPF animals. The categories of lipids are 465 

labeled on the top of the graph in (a). Differentially abundant lipids that were identified by 466 

pathway enrichment analysis are labeled with dished circles.  467 

 468 

Figure 3. Hepatic transcriptome profiles are altered by enteric infection.  469 

(a) Unsupervised clustering (k-medoids) of the differentially expressed genes (DEGs) identified 470 

in the 4 conditions (uninfected (SPF), Listeria monocytogenes infected (Lm), and Citrobacter 471 

rodentium infected with detectable (Cr. pos) or undetectable (Cr. neg) CFU in the liver), based 472 

on their patterns of relative abundance. Each row represents a gene and each column represents 473 

one mouse. 474 

(b) Violin plot of the distribution of the Z-scores of the transcript abundance in each cluster.   475 

(c) Gene set enrichment analysis of differentially expressed genes (DEGs) that were identified in 476 

Lm vs SPF, Cr liver positive vs SPF, and Cr liver negative vs SPF conditions.  477 

(d) Functional enrichment analysis of differentially expressed genes using a subset of the KEGG 478 

database restricted to metabolism pathways. The categories on the x-axis correspond to the 479 

clusters in Fig. 3a. 480 
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 481 

Figure 4. Hepatic gene expression alterations that contribute to infection-associated 482 

changes in the abundance of bile dicarboxylates. 483 

(a) Schematic of pathway for itaconate production. Sugars such as glucose are processed for 484 

energy production by Hexokinase 2 (HK2) and further converted to pyruvate, which in turn feeds 485 

the TCA cycle. Itaconate is produced from the TCA cycle metabolite aconitate by the enzyme 486 

Acod1. 487 

(b-d) The relative expression levels of TCA cycle enzymes Sdha (b) and Idh3b (c), glycolysis 488 

enzyme Hk2 (d) in liver in enteric infection.  489 

(e) Proposed model for generation of glutarate and 2-oxoadipate as intermediate products of 490 

lysine and tryptophan metabolism. Mutations of GCDH lead to elevations of glutarate, whereas 491 

mutations of SUGCT and DHTKD1 lead to elevations of glutarate and 2-oxoadipate respectively 492 

28,29. GCDH is a FAD-dependent enzyme that requires the electron-transferring-flavoprotein 493 

(ETF) complex to transfer electrons to the electron transfer chain (ETC); Q, ubiquinone, 494 

ETF:QO, electron transfer flavoprotein-ubiquinone oxidoreductase. 495 

(f-i) The relative expression level of Dhtkd1 (f), Gcdh (g), Etfa (h), and Sugct (i) in murine liver 496 

during enteric infection.  497 

(j) The relative expression levels of Acod1 in liver in enteric infection.  498 

(k) RNA-FISH analysis of Acod1(red) in the liver; CK19 (green) bile duct marker, DAPI (blue), 499 

nuclei.  500 

 501 

Figure 5.  Itaconate regulates tuft cell abundance, and microbiota composition and 502 

functional potential respectively. 503 
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(a) Abundance of succinate in bile of WT and Acod1-/- mice post C. rodentium infection. (n=6 504 

for WT and n=6 for Acod1-/- mice) 505 

(b) Representative image of distal ileum of littermates of Acod1+/+ and Acod1-/- mice treated with 506 

streptomycin, which elevates ileal succinate levels. Tuft cells were identified with anti-Dclk1 507 

antibody (red) and nuclei were stained with DAPI (blue).  508 

(c) Quantification of tuft cell number in distal ileum. (Data from 4 litters of mice in 3 509 

independent experiments, n=6 for WT, and n=8 for Acod1-/- mice; lines connect littermates). 510 

(d) Experimental scheme for studying the effects of Acod1 on fecal microbiota composition. 511 

Littermates of Acod1 mice from heterozygotes parents were separate-housed according to 512 

genotype at 3-weeks of age and challenged with C. rodentium at 8-weeks of age. Fecal samples 513 

were collected before and after clearance of C. rodentium infection; (the course of C. rodentium 514 

infection is ~12-14 days). 515 

(e) Relative abundance of fecal microbiota at the order level post clearance of C. rodentium 516 

infection. 517 

(f) Abundance of Turicibacter sp002311155 in WT and Acod1-/- mice post C. rodentium 518 

infection identified by shotgun metagenomics (n=6 for WT, and n=8 for Acod1-/- mice). 519 

(g) Differentially abundant pathways in Acod1-/- mice compared to WT mice post C. rodentium 520 

infection.  521 

(h-l) The five most-enriched Enzyme Commission (EC) families in Acod1-/- mice compared to 522 

WT mice post C. rodentium infection. 523 

 524 

Figure 6. Itaconate confers resistance to V. cholerae intestinal colonization. 525 
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(a) CFU of V. cholerae in the proximal and distal small intestine of infected WT and Acod1-/- 
526 

mice (Data from 4 independent experiments, n=32 for WT, and n=16 for Acod1-/- mice) 527 

(b-d) Growth of V. cholerae in M9 minimal medium supplemented with 10mM acetate (b), 528 

propionate (c), or glucose (d) as the sole carbon source. 529 

(e) Scheme for acetate and propionate utilization in V. cholerae; AceA (isocitrate lyase) PrpB 530 

(methylisocitrate lyase). 531 

(f-g) Competitive index of V. cholerae ΔprpBΔaceA vs the WT strain in proximal (f) and distal 532 

(g) small intestine of infant mice. 533 

 534 

Supplementary Figure 1. Microbiota and enteric infection alter the bile metabolome. 535 

(a) The relative abundance of metabolites in benzoate metabolism (blue), food components 536 

(pink), and non-categorized compounds category in bile of GF mice comparing to SPF mice. 537 

(b) Principal component analysis (PCA) of the bile metabolome in animals from the following 538 

four groups of mice: SPF, specific pathogen free, GF, germ free, Lm, L. monocytogenes  infected, 539 

and Cr, C. rodentium infected. Each dot represents one sample. 540 

(c-e) The functional categories of metabolites with differential abundance in the indicated 541 

comparison.  542 

(f-i) The CFU of L. monocytogenes in bile (f) and liver (g) at 4-day post orogastric infection, and 543 

C. rodentium in colon (h) and liver (i) at 10-day post orogastric infection. The dotted line 544 

represents the limit of detection. 545 

 546 

Supplementary Figure 2. Microbiota and enteric infections alter the abundance of bile 547 

metabolites related to amino acids and energy. 548 
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(a) The functional categories of bile metabolites that were elevated in both Lm and Cr infection. 549 

(b) The percentage of metabolites in each functional category that were elevated in both infection 550 

conditions. 551 

(c-e) The differential abundance of metabolites in the indicated categories. Comparisons of GF 552 

vs SPF (c), Lm vs SPF (d), and Cr vs SPF(e) are shown. 553 

(f-h) Changes in abundance of metabolites linked to amino acid metabolism pathways. GF vs 554 

SPF (f), Lm vs SPF (g), Cr vs SPF (h). Blue and orange represent decreased and increased 555 

abundance respectively; the size of the dots is related to the magnitude of the difference. 556 

(i) Quantification of the relative abundance of itaconate, 2-methylsuccinate, glutarate, and 2-557 

oxoadipate in bile using LC_MS/MS.  558 

 559 

Supplementary Figure 3. Enteric infections alter hepatic gene expression profiles. 560 

(a) Principal component analysis (PCA) analysis of liver transcriptomes in uninfected mice 561 

(SPF), Lm infected animals at 4 DPI, and Cr infected animals at 10 DPI. C. rodentium infected 562 

animals were divided into two groups, depending on whether or not they had detectable (Cr 563 

positive) or undetectable (Cr negative) C. rodentium cfu on the liver. 564 

 565 

Supplementary Figure 4. Network analysis of liver transcriptome and bile metabolome 566 

Integrated analysis of genes and metabolites regulated by L. monocytogenes and C. rodentium 567 

infection was carried out using “Shiny GATOM: integrated analysis of genes and metabolites” 568 

(https://artyomovlab.wustl.edu/shiny/gatom/). The lines represent enzymes and the dots represent 569 

metabolites. The size of the dots and the thickness of the lines correlates with statistical 570 
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significance and the color scale for the dots and lines represents fold change, where red color 571 

represents increased abundance and green color represents decreased abundance.  572 

 573 

Supplementary Figure 5. Transcripts for liver mitochondrial complexes I , II, III, and IV 574 

have reduced abundance during enteric infection. 575 

(a-d) Differential transcript abundance of liver mitochondrial complex I (a), complex II (b), 576 

complex III (c), and complex IV (d) in Lm infected, Cr infected liver positive or liver negative 577 

animals compared to SPF animals. 578 

 579 

Supplementary Figure 6. Enteric infection-stimulated bile metabolites regulate gut 580 

microbiota composition 581 

(a) Differential abundance of fecal microbiota at the OTU level between WT and Acod1-/- mice 582 

before C. rodentium infection. 583 

(b-d) The three most differentially abundant OTUs in Acod1-/- mice compared to WT mice 584 

before C. rodentium infection. 585 

(e) Differential abundance of fecal microbiota at the OTU level between WT and Acod1-/- mice 586 

post C. rodentium infection. 587 

(f-h) Three most differentially abundant OTUs in Acod1-/- mice compared to WT mice post C. 588 

rodentium infection. 589 

(i) Differential abundance of functions (Enzyme Commissions, ECs) in WT vs Acod1-/- mice 590 

post C. rodentium infection. 591 

 592 

Supplementary Figure 7. 2-methylsuccinate suppresses intestinal inflammasome activity 593 
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(a) CFU of C. rodentium in the feces of infected WT and Acod1-/- mice. 594 

(b) Experimental scheme for studying the effects of dicarboxylates on inflammasome activation. 595 

5mM of individual dicarboxylate (adjusted to pH7 with NaOH) were placed into the drinking 596 

water of uninfected mice for 8 days, sodium concentration matched NaCl was used as control. 597 

Duodenal sections were dissected and cultured ex vivo for 20h as described 60. The abundance of 598 

IL-18 in supernatants was measured by ELISA. 599 

(c) Abundance of IL18 in supernatants of indicated duodenal explant cultures. Data are from 3 600 

independent experiments with 5 mice/group for the NaCl treated control group and 2-601 

methylsuccinate treated group, and 2 independent experiments in the itaconate treated groups. 602 

 603 

 604 

Supplementary Figure 8. Bile remodeling triggered by infection modifies intestinal 605 

components and defense. 606 

Proposed model of a gut-liver defense circuit in which intestinal infection stimulates 607 

modifications in bile composition that in turn modulate intestinal function.  Enteric infection (1) 608 

stimulates changes in hepatic transcriptional profiles (2) that alter bile composition (3) that in 609 

turn control microbiota and epithelial composition, inflammasome activity, and host defense (4). 610 

 611 

Methods: 612 

Animals 613 

All animal experiments were conducted following the protocol (2016N000416) reviewed and 614 

approved by the Brigham and Women’s Hospital Institutional Animal Care and Use Committee. 615 

Special pathogen free (SPF) C57Bl/6J mice were purchased from the Jackson Laboratory (stock 616 
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no. 000664). Mice were kept in Harvard Medical School animal facility for at least 72 hours 617 

prior to the experiments. Germ free (GF) C57Bl/6J mice were purchased from the Massachusetts 618 

Host-Microbiome Center. Acod1-/- mice were purchased from the Jackson Laboratory 619 

(C57BL/6NJ-Acod1em1(IMPC)J/J, stock no. 029340) and bred in Harvard Medical School 620 

animal facility. C57Bl/6 with 3-day postnatal infants (P3) were purchased from the Charles River 621 

Laboratories (stock no. 027) and kept in Harvard Medical School animal facility until postnatal 622 

day-5 (P5). All mice were kept under the 12-hour light-dark cycles: lights being turned off at 7 623 

p.m. and turned on at 7 a.m. 624 

 625 

Global metabolomic profiling of bile 626 

Female SPF mice (9 to 10-week-old age) were orally inoculated with Listeria monocytogenes or 627 

Citrobacter rodentium following the methods described previously 18,61. Briefly, mice were 628 

deprived of food for 6 hours, lightly sedated with isoflurane inhalation, and oro-gastrically 629 

inoculated with 3 ×109 CFU of Listeria monocytogenes 10403S InlAm strain in a 300 µl mixture 630 

of 200 mM CaCO3 in PBS, or with 1 ×109 CFU Citrobacter rodentium ICC168 strain in 200 µl 631 

PBS using 18G flexible feeding needles (DT 9928, Braintree Scientific). Uninfected SPF mice 632 

were inoculated with 200 µl of PBS. Animals were sacrificed at 4 days post L. monocytogenes 633 

and 10 days C. rodentium infection, respectively. Bile samples were collected from the 634 

gallbladder using insulin syringes (BEC-309311, Becton Dickinson), filtered with 0.22 µm 635 

centrifuge tube filters (8160, Corning), snap frozen in liquid nitrogen, and stored in -80 °C until 636 

analysis. To obtain a minimal volume of 60 µl of bile for global metabolomic profiling, samples 637 

were generated by pooling bile from 3-5 SPF mice, 3-4 L. monocytogenes or C. rodentium 638 
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infected mice, and 2-3 GF mice. The liver and bile of L. monocytogenes infected mice and the 639 

liver and colon of C. rodentium infected animals were used for bacterial burden enumeration. 640 

 641 

Bile samples were processed and analyzed by Metabolon (Metabolon Inc., Morrisville, NC) for 642 

global metabolomic profiling. To remove protein, dissociate small molecules bound to protein or 643 

trapped in the precipitated protein matrix, and to recover chemically diverse metabolites, proteins 644 

were precipitated with methanol under vigorous shaking for 2 min (Glen Mills GenoGrinder 645 

2000) followed by centrifugation. The resulting extract was divided into four fractions for 646 

analysis: two for analysis by two separate reverse phase (RP)/UPLC-MS/MS methods with 647 

positive ion mode electrospray ionization (ESI), one for analysis by RP/UPLC-MS/MS with 648 

negative ion mode ESI, one for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI. 649 

Raw data was extracted, peak-identified and QC processed using Metabolon’s hardware and 650 

software. Peaks were quantified using area-under-the-curve and reported as “Original Scale” data, 651 

and significance were determined by Welch’s two-sample t-test. For metabolite clustering, 652 

“Original Scale” data was used for calculating Z-score. The clustering of the metabolites was 653 

performed using pam (Partitioning Around Medoids) function in the R-package cluster (v2.1.4) 654 

with a parameter ‘k=7’. 655 

 656 

Quantification of bile dicarboxylates 657 

For quantification of abundance of itaconate, 2-methylsuccinate, glutarate, and 2-oxoadipate (i.e., 658 

four dicarboxylates) in bile, female SPF mice (9 to 10-week-old age) were oro-gastrically 659 

inoculated with C. rodentium or PBS as described above. Bile samples were collected from 660 

individual infected mouse, processed as described above, and prepared for LC-MS/MS analysis 661 
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following the sample preparation guideline 62. Briefly, one volume (8 µl) of bile samples was 662 

combined with four volume of cold methanol (-80 °C), gently mixed, and incubated at -80 °C for 663 

6 hours. Samples were centrifuged at 14,000 g for 10 min (4 °C), and supernatants were 664 

transferred to new tubes and lyophilized to pellets using no heat. Abundance of four 665 

dicarboxylates in samples were quantified using 5500 QTRAP LC-MS/MS system at the mass 666 

spectrometry core facility at Beth Israel Deaconess Medical Center. Commercially available 667 

glutarate (G3407, Sigma), itaconate (I29204, Sigma), 2-methylsuccinate (AAH6096714, Fisher), 668 

and 2-oxoadipate (75447, Sigma) were used as chemical standards. Peaks were quantified using 669 

area-under-the-curve and statistical significance was determined by Mann-Whitney test. 670 

 671 

RNA-seq analysis of liver 672 

C57BL/6J mice were infected with L. monocytogenes or C. rodentium following the protocols 673 

described above. RNAs were extracted from the liver samples using Trizol (Thermo Fisher) and 674 

RNA-seq libraries were prepared by KAPA RNA Hyperprep Kit (Roche). The libraries were 675 

sequenced on an Illumina NextSeq 550 instrument with paired-end runs of 2x75 bp. The reads 676 

were mapped to the mouse reference genome (mm10) using STAR v2.7.3a with default 677 

parameters. Differentially expressed genes were identified using the R-package DESeq2 (v1.36.0) 678 

with adjusted p-value < 0.05, and the clustering was performed using pam (Partitioning Around 679 

Medoids) function in the R-package cluster (v2.1.4) with a parameter ‘k=7’. Pathway analysis 680 

was performed by the R-package clusterProfiler (v4.4.4) with gene sets from msigdbr R-package 681 

(v7.5.1) or KEGG metabolism pathways. 682 

 683 

Metabolic network analysis (integrated analysis of RNA-seq and metabolites) 684 
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Metabolic network analysis was performed using Shiny GATOM 685 

(https://artyomovlab.wustl.edu/shiny/gatom/) with parameters ‘Network type=KEGG network’, 686 

‘Network topology = atoms’, ‘Scoring parameter for genes=P-value threshold’, ‘Scoring 687 

parameter for metabolites = P-value threshold’ and the thresholds = -4. The fold changes in input 688 

data for genes were shunk using the function lfcShrink (type=”apeglm”) in the R-package 689 

DESeq2. The fold changes for metabolites were “Fold of Change” of L. monocytogenes- or C. 690 

rodentium-infected mice compared to SPF mice reported by Metabolon. 691 

 692 

Measurement of IL-18 production in duodenal explants 693 

Mice were provided with 5 mM of itaconate (I29204, Sigma) and 2-methylsuccinate 694 

(AAH6096714, Fisher) in their drinking water individually (adjusted to pH 7 using NaOH) for 8 695 

days. Sodium concentration matched water (NaCl, S5150, Sigma) was used as control. After 696 

euthanasia, 3-cm of the proximal intestine tissues were collected, opened longitudinally, 697 

weighted, and transferred to 1 ml of DMEM with glucose and glutamine (11965092, Gibco), 10% 698 

heat-inactivated FBS (Gibco), and penicillin and streptomycin (15140122, Gibco) as previously 699 

described 60. The intestinal explants were incubated in a 37°C cell culture incubator with 5% CO2 700 

for 20 hours. Explant culture media was centrifugated at 12,000 g for 5 min, and supernatants 701 

were collected and stored at -80 °C. Abundance of IL18 were measured using ELISA kit (7625, 702 

R&D systems) and normalized per milligram of tissue.  703 

 704 

Quantification of bile succinate 705 

Littermates of adult female mice (10 to 14-week-old) from Acod1+/- parents were infected with C. 706 

rodentium following the protocol described above and euthanized at 10 day-post infection. Bile 707 
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samples were collected from individual infected mouse and 4 µl of bile were used for sample 708 

preparation following the protocol described above (quantification of bile dicarboxylates). 709 

Abundance of succinate in samples were quantified using a polar metabolite detection pipeline 710 

and 5500 QTRAP LC-MS/MS system at the mass spectrometry core facility at Beth Israel 711 

Deaconess Medical Center. 712 

 713 

Tuft cell immunohistology 714 

Littermates of Acod1-/-, Acod1+/-, and Acod1+/+ adult male mice (10 to 16-week-old) were used 715 

for experiments. Mice were administered with 200 µl of streptomycin (20mg) in water daily via 716 

oral gavage using 18G flexible feeding needles (DT 9928, Braintree Scientific) for 5 days and 717 

euthanized at day 7 38. 1.5-cm-long distal ileum tissues were dissected, fixed with 4% PFA for 2h 718 

at room temperature, and transferred to 30% sucrose in PBS at 4 °C overnight. The samples were 719 

embedded in 1:2.5 of 30% sucrose and OCT solution and cut into 10 µm sections. The slides 720 

were washed three times with PBS and block with 5% normal goat serum with 0.3% Triton X-721 

100 for 1 h at room temperature. Slides were incubated with Rabbit anti-DCAMK polyclonal 722 

antibody (1:500 dilution, ab31704, Abcam) in 4 °C overnight, and Alexa-594 Goat anti-Rabbit 723 

IgG secondary antibody (1:1000 dilution, A-11072, Thermo Fisher) for 1 hour at room 724 

temperature. DNA was labeled with DAPI (P36935, Thermo Fisher). Images were captured 725 

using Leica Stellaris Confocal Microscope at the Microscopy Resources On the North Quad 726 

(MicRoN) core of Harvard Medical School. For quantification of tuft cell frequency, the number 727 

of Dclk1 positive cells were enumerated in a 2.5 mm-long representative tissue and presented as 728 

number of tuft cells per mm tissue. 729 

 730 
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Analysis of fecal microbiota composition 731 

Littermates of female mice from Acod1+/- parents were separate-housed according to their 732 

genotypes (Acod1-/- vs Acod1+/- and Acod1+/+) at 3-week-old age and infected with C. rodentium 733 

at 8-week-old age following the protocol described above. Fecal pellets were collected at 1 day 734 

prior to C. rodentium infection and post pathogen-clearance (~14 days post infection). The 735 

genomic DNA were extracted from fecal samples following the method described previously 63. 736 

V3-V4 region of 16S rRNA was amplified using primer 341F and 805R and libraries were 737 

prepared using Nextera XT Index Kit v2 (Illumina). The libraries were sequenced on Illumina 738 

Mi-Seq instrument using Miseq Reagent Kit v3 (600 cycles) with paired-end runs. Qiime2 739 

pipeline 64 were used to process the reads and Greengene reference library was used for 740 

taxonomy mapping. Differential abundance of OTUs were analyzed using R package 741 

ANCOMBC 65. 742 

 743 

For shotgun metagenomic sequencing, DNA samples prepared as described above and sent for 744 

sequencing in SeqCenter (Pittsburgh, PA) using 2x150 cycles paired-end runs. Data were 745 

processed for quality control using KneadData 66. For taxonomical profiling, reads were 746 

processed using a k-mer method by Kraken2 67 using a Kraken 2 database from The Mouse 747 

Gastrointestinal Bacterial Catalogue (MGBC) project 68. Taxonomical abundance was estimated 748 

using Bracken 69. Microbial functional profiling was performed using Humann3 66.  749 

 750 

In vitro growth inhibition of Vibrio cholerae by itaconate 751 

Growth of V. cholerae in defined nutrient conditions were performed using M9 minimal medium 752 

containing 1 mM MgSO4, 0.3 mM CaCl2, and one carbon source as indicated: acetate (10 mM) 753 
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or glucose (0.5%). 1x trace elements solution was added when propionate (10 mM) was used as 754 

carbon source. To test the growth inhibitory effect of itaconate, culture mediums were 755 

supplemented with a final concentration of 10 mM itaconate and adjusted pH to 7 using NaOH. 756 

V. cholerae colonies from a LB plate were washed twice with M9 minimal medium, adjusted to 757 

OD of 0.5, and 5 µl of prepared V. cholerae culture were inoculated into 1ml medium of 758 

indicated conditions. All cultures were grown at 37 °C with shaking. OD were measured at 24 759 

hours (for growth in acetate or glucose) or 96 hours (for growth in propionate) post inoculation. 760 

 761 

Infection of Acod1-/- mice with V. cholerae 762 

Littermates of infant mice at postnatal day 5 (P5) from Acod1+/- breeding parents were orally 763 

inoculated with Haiti WT V. cholerae (total 105 CFUs) in 50 µl LB, a dose that leads to robust 764 

intestinal colonization 70. Pups were euthanized at 20 hours post infection. Proximal and distal 765 

section of the small intestine were dissected, homogenized, and plated on LB Sm plates for CFU 766 

enumeration. Tail samples were used for genotyping.  767 

 768 

Construction of V. cholerae ΔaceAΔprpB variant 769 

V. cholerae Haiti ΔaceAΔprpB strain was created using allelic exchange method as previously 770 

described (ref). Briefly, the HaitiWT or Haiti ΔaceA V. cholerae strain was conjugated with 771 

MFDpir E. coli harboring the suicide plasmid pCVD442 that carries the upstream and 772 

downstream genomic region (~700 bp each) of the targeted gene. The donor and recipient strain 773 

were mixed at a 1:1 ratio and incubated at 37 °C for 4 h. To obtain the single cross overs, 774 

conjugated reactions were streaked on LB plates with Sm/Cb. Double cross overs were isolated 775 

by restreaking single cross-over colonies on LB plates with 10% sucrose and incubating at room 776 
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temperature for 2 days. Duplicate patching was used to examine the Cb resistance of the colonies 777 

and the correct double cross-over were identified by screening Sm R /Cb S colonies using colony 778 

PCR. 779 

 780 

V. cholerae competition assay 781 

Overnight cultures of V. cholerae Haiti WT lacZ+ and ΔaceAΔprpB lacZ- strain were washed 782 

once with PBS and diluted 1:1000 in PBS. Pups at postnatal day 5 (P5) were orally inoculated 783 

with a 1:1 mixture (total 105 CFUs) of WT and ΔaceAΔprpB V. cholerae strain in 50 µl PBS. 784 

Animals were euthanized at 20 hours post infection. Proximal and distal section of small 785 

intestine were dissected, homogenized, and plated on LB + Sm/X-gal for blue/white colony 786 

counting. Competition index (CI) was generated by dividing the ratio of white:blue 787 

(ΔaceAΔprpB /WT) colonies in the SI by the ratio of white:blue colonies in the inoculum, and 788 

compared to CI of Haiti WT lacZ- and Haiti WT lacZ+ strain.  789 

 790 

RNAscope of Acod1 791 

Liver samples from C. rodentium infected or PBS-treated animals were embedded in 1:2.5 of 30% 792 

sucrose and OCT solution and cut into 10 µm sections and stored at -80 °C. Staining following 793 

the fresh frozen tissue protocol provided by ACDbio. Briefly, the slides were fixed with 4% PFA 794 

that was pre-cold to 4 °C and incubated at 4 °C for 10 min and washed three times with PBS. 795 

Digested with protease IV and hybrid with Acod1 probe (stock 450241, ACDbio). Stain with 796 

Opal 570. Slides were incubated with Rabbit anti-CD19 polyclonal antibody (1:500 dilution, 797 

ab31704, Abcam) in 4 °C overnight, and Alexa-488 Goat anti-Rabbit IgG secondary antibody 798 

(1:1000 dilution, A-11072, Thermo Fisher) for 1 hour at room temperature. DNA was labeled 799 
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with DAPI (P36935, Thermo Fisher). Images were captured using Leica Stellaris Confocal 800 

Microscope at the Microscopy Resources On the North Quad (MicRoN) core of Harvard 801 

Medical School.  802 

 803 

 804 

 805 
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