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Abstract: 47 

 48 

Host-microbiota metabolic interactions critically regulate nicotinamide adenine 49 

dinucleotide (NAD+) homeostasis, and their disruption is increasingly linked to chronic 50 

diseases including inflammatory bowel disease (IBD). However, it remains unclear 51 

whether NAD+ dysregulation in IBD arises from impaired production, enhanced 52 

consumption, or both. Using multi-omics approaches and stable isotope-labeled NAD+ 53 

precursors administered via intravenous infusion in a murine model of dextran sulfate 54 

sodium (DSS)-induced colitis, we mapped tissue- and lumen-specific NAD+ 55 

metabolism under inflammatory stress. Our results reveal tissue-specific rewiring of 56 

NAD+ metabolism, with increased flux through the salvage pathway compensating for 57 

reduced de novo NAD+ synthesis from tryptophan. In parallel, microbial de novo NAD+ 58 

production was elevated, highlighting a cooperative host–microbiota response to 59 

inflammatory stress. These findings demonstrate differential regulation of NAD+ 60 

biosynthesis during acute colitis and underscore the dynamic interplay between host 61 

and microbial metabolism in maintaining NAD+ homeostasis under inflammatory 62 

conditions. 63 
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Interactions between the host and gut microbiota are critical for maintaining 123 

nicotinamide adenine dinucleotide (NAD+) homeostasis (1). NAD+ is a central 124 

coenzyme that regulates cellular metabolism and signaling, supporting processes 125 

such as energy production, DNA repair, and stress responses (2-4). In mammals, 126 

NAD+ can be synthesized de novo from tryptophan (Trp) through the kynurenine 127 

pathway (KP), Preiss-handler pathway from nicotinic acid (NA), from nicotinamide 128 

riboside (NR), but most of NAD+ synthesis is derived from nicotinamide (NAM) through 129 

the salvage pathway (5, 6). Despite its importance, the regulation and utilization of 130 

these pathways under pathological conditions remain poorly understood. 131 

Recent studies highlight the gut microbiota’s role in supporting host NAD+ homeostasis 132 

through the bidirectional cycling of NAD+ precursors between the host tissues and gut 133 

microbiota under normal physiological conditions (1, 7). The gut microbiota contributes 134 

to host NAD+ synthesis by converting host-derived NAM to NA via bacterial 135 

nicotinamidase encoded by PncA gene, a process not found in mammals. Thus, the 136 

presence of NA in the GI tract is microbiome-dependent, which provides an alternative 137 

route for NAD+ synthesis in the host tissues and gut microbiota (1, 7). However, 138 

physiological stressors, such as infection or inflammation, can disrupt this bidirectional 139 

metabolic communication, leading to dysregulation of NAD+ biosynthesis and 140 

degradation pathways and potentially contributing to disease pathology.  141 

Emerging evidence has linked altered NAD+ metabolism to intestinal inflammation, 142 

suggesting its dysregulation may contribute to the pathogenesis of inflammatory bowel 143 

disease (IBD) by altering immune function and tissue repair (8-12). IBD, including 144 

Crohn’s disease (CD) and ulcerative colitis (UC), is a chronic inflammatory condition 145 

of the gastrointestinal (GI) tract, leading to tissue damage, gut dysbiosis, and an 146 

altered gut environment (13). While significant progress has been made in 147 

understanding the immune and genetic mechanisms of IBD, the metabolic 148 

reprogramming that accompanies disease manifestation and progression remains 149 

poorly understood, despite its potential to drive disease pathology (14-16). Therefore, 150 

we hypothesized that acute colitis disrupts NAD+ homeostasis in both the host tissues 151 

and gut microbiota, resulting in increased NAD+ turnover driven by heightened 152 

inflammation-induced energy demand. 153 

  154 

While the role of NAD+ in inflammation is recognized, there is limited understanding of 155 

how acute inflammation, such as that seen in DSS-induced colitis, alters NAD+ 156 

biosynthesis and its pathways in a tissue-specific manner. In this study, we leverage 157 

a multi-omics approach using isotope tracing via intravenous infusions, metabolomics, 158 

and metagenomics– to explore how the host and gut microbiome coordinate NAD+ 159 

biosynthesis under normal physiological and inflammatory conditions. Using stable 160 

isotope tracers of tryptophan and nicotinamide, we aimed to determine how acute 161 

colitis reprograms NAD⁺ metabolism across different tissues and within the gut 162 

microbiome, with particular emphasis on the activation of de novo and salvage 163 

biosynthetic pathways.  164 

By integrating complementary omics approaches, we identified dynamic metabolic 165 

changes that disrupt NAD⁺ homeostasis and contribute to disease progression. Our 166 

analysis demonstrates that acute DSS-induced colitis rewires NAD⁺ metabolism, 167 

activating nicotinamide (NAM)–driven salvage pathways in a tissue-specific manner 168 

as a compensatory response to sustain NAD⁺ levels during intestinal inflammation. 169 

This previously unrecognized connection between dysregulated NAD⁺ metabolism 170 



and intestinal inflammation highlight potential therapeutic avenues to restore 171 

metabolic balance, improve intestinal health, and enhance patient outcomes. 172 

 173 

 174 

Results:   175 

  176 

Inflammation and Tissue Damage Associates with Disrupted Host and 177 

Microbial NAD+ Metabolism in Acute Colitis 178 

Acute colitis was induced in mice by administrating 2.5% dextran sulfate sodium (DSS) 179 

in drinking water for 5 days, followed by normal water until day 11 (Figure 1a) (17, 18). 180 

This approach allowed us to monitor disease activity and identify how flux of NAD+ is 181 

impacted during the flare up (early) and flare (active) phases of acute induced colitis. 182 

The early flare up phase is characterized by mild colitis occurring on days 4-5, and the 183 

active flare phase spans from days 7 to 11, in which the colon is fully inflamed (19-21) 184 

(Figure S1a). DSS treated mice showed a substantial weight loss (Figure S1b), and 185 

increased disease activity index (DAI) during the active flare phase compared to the 186 

early flare up phase and control mice (18, 22) (Figure 1b). The induction of acute 187 

colitis resulted in structural alterations of the epithelial and mucosal layer in the distal 188 

colon (D-colon) of DSS-treated mice, leading to a higher score for histological 189 

inflammation compared to control mice (Figure 1c-d). To further confirm the induction 190 

of colitis, we measured the levels of fecal lipocalin-2 (Lcn-2), also known as a 191 

neutrophil gelatinase-associated lipocalin (NGAL), a biomarker of intestinal 192 

inflammation (23, 24). Fecal Lcn-2 levels were significantly elevated in mice treated 193 

with 2.5% DSS compared to control mice, reflecting increased intestinal inflammation, 194 

which was further supported by the upregulation of Lcn-2 expression in the D-colon 195 

(Figure 1e and S1c). We also observed a significant upregulation of pro-inflammatory 196 

cytokines, including Ifn-γ, Tnf-α, Il-6, Il-1β while Il-1α showed an upward trend (Figure 197 

S1d-h). We noted elevated levels of anti-inflammatory cytokines Il-10 and Il-22 in 198 

DSS-treated mice compared to controls in the D-colon (Figure S1i-j). Supporting 199 

previous observation, the total NAD+ pool was reduced in the cecum and colon during 200 

intestinal inflammation (Figure 1f). Additionally, DSS treatment in the active flare 201 

phase resulted in disrupted luminal NAD+ levels in the cecum and colon, indicating 202 

disrupted microbial NAD+ metabolism (Figure 1g).  203 

 204 

Increased NAD+ Synthesis from Tryptophan in Acute Induced Colitis 205 

Tryptophan (Trp) is an essential amino acid metabolized via the kynurenine pathway 206 

(KP), leading to the production of quinolinic acid (QUIN) and subsequent NAD+ 207 

synthesis (Figure S2a). The KP is primarily mediated by hepatic tryptophan 2,3-208 

dioxygenase (TDO), with a lesser contribution from extrahepatic indoleamine 2,3-209 

dioxygenase (IDO) (25, 26). Previous studies have indicated that IBD is associated 210 

with alterations in Trp metabolism, which result in the increased conversion of Trp to 211 

Kyn due to elevated IDO enzyme activity and is reflected by an increased Kyn/Trp 212 

ratio (11, 12, 27, 28). Supporting this, we detected an increase of the circulating 213 

Kyn/Trp ratio during both the early flare up and active flare phases compared to control 214 

(29) (Figure S2b). We hypothesized that the increased Trp flux through the KP 215 

represents a compensatory response to inflammation, in which NAD⁺ demand is 216 

heightened during the immune response. 217 



To assess whether the flux of Trp to NAD+ is altered by colitis induction, we performed 218 

in vivo isotope tracing using stable isotope-labeled Trp (U-13C11). The tracer was 219 

infused at a constant rate of 1.25 nmol/g body weight/min for 20 hrs in both DSS-220 

treated and untreated mice during both the early flare up and active flare phases of 221 

inflammation (Figure 2a). In the serum, the fraction labeled Trp (M+11) and Kyn 222 

(M+10) were not significantly altered between DSS-treated and control mice at 223 

different phases of inflammation (Figure S2c-d). Moreover, the whole-body analysis 224 

of tissues revealed no difference in Trp (M+11) labeling between diseased and control 225 

mice (Figure S2e). However, there was an increase in the fraction labeled Kyn (M+10) 226 

in the cecum during the early flare up and in the kidney, cecum, and colon during the 227 

active flare phase, suggesting an enhanced flux of Trp via the KP in acute DSS-228 

induced colitis (Figure 2b). This was further confirmed by increased labeling of the 229 

downstream metabolites with the expected label, 3-hydroxyanthranilic acid (3HAA, 230 

M+6) and QUIN (M+7) (5) (Figure 2c-d). Ultimately, KP-mediated Trp catabolism 231 

resulted in elevated NAD+ (M+6) production in multiple tissues during active flare 232 

phase, with the highest levels detected in the liver (Figure 2e). This elevation is 233 

consistent with the liver's role as the primary site of Trp metabolism via the de novo 234 

pathway, where it synthesizes NAD+ from Trp and releases NAM (M+6) to support 235 

NAD+ synthesis in extrahepatic tissues (5). The release of NAM (M+6) from NAD+ 236 

(M+6), which can either be recycled to synthesize NAD+ or secreted into the 237 

circulation, was elevated in most tissues including the liver, spleen, kidney, small 238 

intestine and colon during the active flare phase (Figure 2f). Circulating NAM (M+6) 239 

levels increased at 6 hours in the active flare but not early flare up phase compared to 240 

control (Figure 2g and S2f).  241 

 242 

The observed increase in Trp downstream metabolites supports the activation of the 243 

KP during intestinal inflammation, which has been previously described to be 244 

mediated by inflammatory cytokines and immune cell activation (30). Accordingly, 245 

colonic gene expression of Ido1 was upregulated, reflecting enhanced local Trp 246 

catabolism during intestinal inflammation (Figure 2h). Interestingly, DSS treatment led 247 

to a significant downregulation of Ido2, along with reduced—but not statistically 248 

significant—Tdo2 expression in the liver (Figure 2i). We observed the previously 249 

described metabolic blockade at the level of Qprt (Figure S2g–h). At first glance, the 250 

detection of increased tryptophan-derived NAD⁺ (M+6) flux appears paradoxical. 251 

However, because NAD⁺ (M+6) can also originate from nicotinamide (NAM, M+6) 252 

recycled through hepatic metabolism, our data suggest that the majority of NAD⁺ 253 

(M+6) detected in the colon arises from NAM salvage rather than de novo synthesis, 254 

which remains impaired due to the Qprt blockade. 255 

Overall, these findings reveal tissue-specific rewiring of Trp catabolism in response to 256 

colitis, in which Trp fulfills a dual role: fueling de novo NAD⁺ synthesis primarily in the 257 

liver and supporting hepatic recycling of NAD⁺ to NAM to sustain systemic NAD⁺ 258 

homeostasis through the salvage pathway. 259 

Acute Colitis Enhances Microbial de novo NAD+ Synthesis from Tryptophan  260 

Previous reports highlighted the pivotal role of intestinal microbes in Trp metabolism. 261 

Many bacterial species possess enzymes that convert Trp into metabolites essential 262 

not only for bacterial functions but also for facilitating key communication pathways 263 

between the immune system and GI tract (31-33). Having established that flux of Trp 264 

to host NAD+ was impacted by intestinal inflammation, we next investigated whether 265 

intestinal inflammation similarly disrupts microbial NAD+ production in the gut lumen. 266 



We measured NAD+ levels in the luminal samples collected from different regions of 267 

the small intestine and colon, using the tracing approach described in Figure 2. We 268 

observed an increase of approximately 15% in Trp (M+11) labeling in the proximal and 269 

distal colon lumen during the active flare phase compared to control (Figure 3a). We 270 

noted a significant decrease of Kyn (M+10) in the D-colon during the active flare phase 271 

(Figure S3a). The fractional labeling of 3HAA (M+6) significantly increased in multiple 272 

luminal regions during the active flare phase compared to controls (Figure 3b), while 273 

the labeled fraction of QUIN (M+7) remained comparable between DSS-treated and 274 

control groups (Figure S3b). Flux of Trp to luminal NAD+ (M+6) increased in different 275 

luminal regions during the active flare phase compared to control (Figure 3c), with 276 

enhanced recycling of NAM (M+6) observed in the duodenum lumen during the active 277 

flare phase and in the ileum lumen during the early flare up phase (Figure S3c). These 278 

observations indicate a potentially significant contribution of the gut microbiome to Trp 279 

catabolism in acute colitis. 280 

 281 

Colitis-Induced Alterations of Tryptophan Metabolizing Bacteria at the Site of 282 

Inflammation 283 

Having observed increased labeled Trp (M+11) in the colon lumen during the active 284 

flare phase, we next investigated whether DSS-induced colitis alters the abundance 285 

of Trp-metabolizing bacteria. Metagenomics profiling of the fecal contents revealed a 286 

distinct alteration in the gut microbiome composition (Figure 4A) and diversity (Figure 287 

S4a) between DSS-treated mice and control during the active flare phase. Beta 288 

diversity analysis of species-level community composition revealed a significant shift 289 

with clear stratification by treatment group (Figure 4a, PERMANOVA: R² = 0.2168, p 290 

= 0.002). DSS-treatment was associated with a reduction in observed species, but not 291 

their distribution (Figure S4a). Differential abundance analysis between DSS-treated 292 

and vehicle controls identified 33 species (22 increased in control, 10 increased in 293 

DSS-treated; FDR ≤ 0.1; Figure 4b-c). To understand the metabolic impacts of these 294 

taxonomic shifts, we performed pathway analysis uncovering similar clustering 295 

patterns and uncovering 103 differentially abundant pathways (FDR ≤ 0.1, Figure S4b 296 

and Figure 4d). Differential pathways representing fatty acid biosynthesis and 297 

nucleotide metabolism were enriched in controls (Figure 4d). In line with the observed 298 

NAD⁺ metabolic rewiring (Figure 3), metagenomic data uncovered that DSS-299 

treatment increased microbial NAD+ salvage pathway III generating NR suggesting 300 

microbial contributions to altered NAD⁺ precursor availability (Figure 4d). Owing to 301 

the poorly characterized nature of the mouse microbiome, to better understand the 302 

organisms which drove altered NAD metabolism, we integrated species abundances 303 

with Trp metabolites from metabolomics resulting in a predicted network of 389 304 

metabolites, 20 taxa, and 4,070 edges. Zero-order filtering refined this to 9 metabolites 305 

and 20 taxa with 110 edges, highlighting species interacting with Trp and its related 306 

metabolites via well-annotated pathways (Figure 4e). The network analysis identified 307 

20 bacterial species involved in Trp metabolism during DSS-induced colitis. Of those, 308 

4 species, Lachnospiraceae spp., Adlercreutzia equolifaciens, Ruminococcus 309 

gauvreauii, and Parabacteroides goldsteinii, were significantly altered between DSS 310 

and control mice, suggesting a potential role in modulating Trp metabolism during the 311 

active flare phase of acute colitis (Figure 4f). 312 

 313 

Induction of Acute Colitis Drives Tissue-Specific Alterations of Tryptophan-314 

Dependent Metabolites in the Host and Gut Microbiota 315 



We next investigated whether the degradation of Trp through the KP affects the 316 

production of metabolites from other Trp-dependent pathways, which may, in turn, 317 

alter the gut homeostasis. Apart from its role in NAD+ biosynthesis, the KP produces 318 

several bioactive metabolites from Kyn with distinct neuroactive and 319 

immunomodulatory properties (Figure 5a) (25). Kynurenic acid (KynA) is produced 320 

from kynurenine (Kyn) by kynurenine aminotransferases (KAT I–IV), while anthranilic 321 

acid (AnthA) is generated from Kyn through the activity of kynureninase (KYNU). 322 

Similarly, xanthurenic acid (XanA) is formed from 3-hydroxykynurenine by KATs. In 323 

addition, picolinic acid (PicoA) is synthesized from 2-amino-3-carboxymuconate-6-324 

semialdehyde (ACMS) through ACMS decarboxylase (ACMSD), which serves as a 325 

branch point that redirects the KP from production of QUIN and NAD+ (25). 326 

 327 

In addition to the KP, Trp is also metabolized through the serotonin (5-328 

hyroxytryptamine, 5-HT) pathway, in which serotonin serves as a key neurotransmitter 329 

involved in mood regulation, sleep, and gastrointestinal motility (25). To address this, 330 

we measured the fractional labeling of Trp-derived metabolites using Trp (U-13C11) 331 

(M+11), as described in Figure 2, in host tissues and gut lumen of DSS-treated and 332 

control mice at different stages of intestinal inflammation (Figure 5a).  333 

 334 

Within host tissues, the fractional labeling of kynurenic acid (KynA) from Trp revealed 335 

a significant increase in the duodenum during the early flare up phase, however, no 336 

differences in the fractional labeling were observed across other tissues during the 337 

active flare phase (Figure S5a). Labeled anthranilic acid (AnthA) was not altered in 338 

different tissues, however, we detected increased flux of Trp to AnthA in the colon in 339 

both early flare up and active flare phases (Figure 5b). Flux of Trp to xanthurenic acid 340 

(XanA) and picolinic acid (PicoA) metabolites produced from the KP, were not altered 341 

during the active phase of DSS treatment (Figure S5b-c). In addition to the KP 342 

produced metabolites, the fraction labeled of serotonin was significantly increased in 343 

the jejunum and ileum during the active flare phase, suggesting enhanced flux of Trp 344 

to serotonin biosynthesis by enterochromaffin cells (EC) in the gut lining (34). 345 

However, flux of Trp to serotonin was not altered in other tissues including the colonic 346 

tissues (Figure 5c). We also quantified 5-methoxytryptophan (5-MTP) levels, a Trp-347 

derived metabolite that may play a protective role in inflammation in preclinical studies 348 

(35-37). Acute intestinal inflammation had no detectable impact on the fractional 349 

labeling of 5-MTP in different tissues (Figure S5d). Additionally, the fractional labeling 350 

of quinaldic acid (QA), a Trp-derived metabolite produced from KynA, remained 351 

relatively stable in different tissues during different phases of intestinal inflammation 352 

(Figure S5e). 353 

 354 

A growing body of evidence demonstrated that gut-microbiota derived indole and its 355 

derivatives produced in the intestine including indole-3-acetic acid (IAA), indole-3-356 

propionic acid (IPA), and indole-3-lactic acid (ILA), significantly influence intestinal 357 

barrier function and immune responses (38-42). To this end, we investigated Trp 358 

degradation into microbial indole and its derivatives. No difference in the fractional 359 

labeling of Trp to indole was observed across different luminal regions, except for a 360 

slight decrease in the cecal lumen during the active flare phase compared to controls 361 

(Figure S5f). The fractional labeling of (ILA) and indole-3-acetaldehyde (IAAld) 362 

derived from Trp were not significantly altered in different luminal regions (Figure S5g-363 

h). The fractional labeling of (IPA) significantly increased in the cecum during both 364 



phases of intestinal inflammation; in addition, a slight increase was also observed in 365 

the D-colon during the early flare up phase (Figure 5d). Microbial synthesis of (IAA) 366 

from Trp was reduced by approximately 15% (p=0.0754) in the D-colon during the 367 

active flare phase, while it increased in the cecal lumen during early flare up phase 368 

(Figure 5e).  369 

 370 

Tryptamine is a key Trp-derived metabolite that plays a dual role in inflammation, 371 

acting protectively under homeostasis but potentially exacerbating inflammation 372 

during dysbiosis (43-45). We observed increased flux of Trp to tryptamine in the cecal 373 

and colon lumen during the active flare phase of inflammation, while flux in the small 374 

intestine remained unchanged, implying moderate effects of colitis on upper GI tract 375 

tryptamine production (Figure 5f).  376 

 377 

Unlike in host tissues, our data showed no alterations in the production of serotonin 378 

across diseased conditions in the intestinal lumen (Figure S5i). However, flux from 379 

Trp to luminal KYNA increased in the ileum lumen during the active flare phase 380 

(Figure S5j). In addition, the fractional labeling of QA was reduced in the D-colon 381 

during the active flare phase, reflecting altered flux from Trp to QA during intestinal 382 

inflammation (Figure 5g). These data suggest that the systemic pool of Trp reaching 383 

the colon is utilized by the gut microbiota for metabolites production, with the 384 

generation of specific Trp-derived metabolites varying during the active phase of 385 

colitis. This is likely to reflect adaptive host-microbial responses aimed at maintaining 386 

gut homeostasis under inflammatory stress. 387 

  388 

Inflammation Rewires Tissue NAD⁺ Metabolism Through Salvage Pathway 389 

Activation 390 

The salvage pathway is the major route of NAD+ production, balancing its continual 391 

consumption by NAD+ consuming enzymes and maintaining cellular NAD+ levels by 392 

recycling NAM back to NAD+ via the rate-limiting enzyme nicotinamide 393 

phosphoribosyltransferese (NAMPT). This pathway is significant for both normal 394 

physiological cellular function and disease states including IBD, where chronic 395 

inflammation imposes a high metabolic demand (46-49). To investigate whether the 396 

flux from NAM via the salvage pathway to NAD+ was impacted by acute colitis, we 397 

infused with (2,4,5,6-2H) NAM (M+4) at a constant rate of 0.1 nmol/g body weight/min 398 

in DSS-treated and control mice at different phases of intestinal inflammation (Figure 399 

6a). The deuterated NAM (M+4) used in the experiment has a deuterium atom at the 400 

redox-active (4-2H) site (5, 50). This labeling remains with free NAM but is lost once 401 

incorporated into NAD+. As a result, the tracer NAM (M+4) forms NAD+ (M+3), and 402 

NAD+ breakdown releases NAM (M+3), which can be recycled back to synthesize 403 

NAD+ or secreted into the circulation (5, 50). The flux from NAM (M+4) to NAD+ (M+3) 404 

increased in the inflamed colon and liver during the active flare phase, along with 405 

elevated levels of recycled NAM (M+3), indicating higher NAD+ turnover in those 406 

tissues (Figure 6b-c). Circulating NAM (M+3) increased significantly during the active 407 

flare phase but not during the early flare up compared to control, reflecting increase 408 

NAD+ turnover during intestinal inflammation (Figure 6d and S6a).  409 

 410 

We noted a significant two-fold upregulation of Nampt expression in the colon (p= 411 

0.0238), but not in the liver, indicating increased salvage pathway activity at the site 412 

of inflammation during the active flare phase (Figure 6e). Additionally, we quantified 413 

methylnicotinamide (MeNAM), a methylated product of NAM catalyzed by the 414 



nicotinamide N-methyltransferase (NNMT) (51) and observed increased fractional 415 

labeling of MeNAM in the liver and colon during the active flare phase without a 416 

corresponding accumulation of the downstream metabolites N-Me-4PY and N-Me-417 

6PY (Figure 6f and S6 b-c). This suggests enhanced NAM methylation, potentially to 418 

prevent excess NAM accumulation, which can inhibit sirtuins (52, 53). Nnmt 419 

expression exhibited a trend toward upregulation in the liver and colon during the 420 

active flare phase, however, not statistically significant (p= 0.057 and p= 0.11, 421 

respectively) (Figure 6g). We observed a significant downregulation of nuclear 422 

Nmnat-1 and mitochondrial Nmnat-3 in the colon, but not in the liver (Figure 6h-i), 423 

whereas the expression of cytoplasmic Nmnat-2 remained unchanged in both tissues 424 

during the active flare phase compared to controls (Figure S6d). These observations 425 

suggest that the salvage pathway is selectively activated in metabolically stressed 426 

tissues during acute colitis. This likely represents a coordinated adaptive response to 427 

depleted NAD+ levels in the colon during colitis, boosting the use of NAM for NAD+ 428 

synthesis, suggesting a coordinated metabolic activation to support NAD+ 429 

replenishment under inflammatory stress.  430 

 431 

The Cycling of NAD+ Precursors between the Host Tissues and Gut Microbiota 432 

is Maintained Despite Active Inflammation  433 

Given the role of NAD+ precursors exchange between the host tissues and gut 434 

microbiota, we next examined whether acute DSS-induced colitis disrupts the 435 

interconversion of NAD⁺ precursors between host tissues and the gut microbiota 436 

 437 

Production of luminal NAD+ can occur via multiple routes, (1) host-derived NAM to 438 

microbial NA to NAD+, a major route, (2) host-derived NAM to NAD+, (3) or through 439 

complex carbohydrates that support de novo synthesis of NAD+ (7) (Figure 7a). We 440 

quantified the labeling patterns of luminal NAM, NA, and NAD+ from infused NAM 441 

(M+4), using the tracer described in Figure 6a. The host-derived NAM (M+3) was 442 

detected in the lumen all along the GI tract during intestinal inflammation, although it 443 

slightly decreased in the cecal lumen during the active flare phase compared to control 444 

(Figure 7b). Labeled microbial NA (M+3), generated from NAM (M+3), increased in 445 

the lumen of the jejunum and D-colon in the active flare phase, indicating enhanced 446 

flux from NAM (M+3) to microbial NA (M+3) to support NAD+ synthesis in the host 447 

tissues and gut microbiota (Figure 7c). NAM (M+4) was not detected in the luminal 448 

samples, supporting the notion that luminal NAM (M+3) is primarily derived from host 449 

tissue into the gut lumen. Luminal NAD+ (M+3) production from the shared precursors 450 

NAM and NA was comparable in DSS-treated and control mice in both phases, with a 451 

slight increase in the jejunum during the early flare up phase (Figure 7d). Labeled NA 452 

(M+3) was detected in the small intestine and colon, indicating the uptake of microbial 453 

NA (M+3) by the host tissues and reflecting the dynamic interactions between the gut 454 

microbiota and host tissues (Figure S7a). The gene expression of nicotinate 455 

phosphoribosyltransferase (Naprt) was comparable between DSS-treated mice and 456 

control in the colonic tissues, supporting the observed uptake of microbial NA by the 457 

host tissues (Figure S7b). Together, these data suggest that the cycling of NAD+ 458 

precursors is maintained, highlighting the resilience of the host and gut microbiota 459 

interactions during physiological stress, such as acute DSS-induced colitis.  460 

 461 

 462 



Tryptophan Catabolism during Acute Colitis Induction Leads to a Systemic 463 

Metabolic Rewiring to Replenish NAD+ 464 

Given the observed decline in NAD⁺ levels within colonic tissues and luminal contents, 465 

alongside compensatory increases in NAD⁺ production across other tissues during the 466 

acute colitis active flare phase, we next sought to determine the relative contributions 467 

of Trp and NAM to NAD⁺ pools in host tissues and the intestinal lumen. The analysis 468 

revealed that the liver relies on Trp for NAD+ production. During the active flare phase, 469 

a significant increase in Trp-derived NAD⁺ was observed in the spleen, kidney, small 470 

intestine, and colon. However, these tissues primarily depend on the salvage pathway 471 

for NAD⁺ production—using NAM directly or indirectly through recycled NAM (M+6) 472 

generated from tryptophan-derived NAD⁺. In colonic tissues, this recycling provides 473 

an alternative route to bypass the blockade in de novo NAD⁺ synthesis from Trp (5, 474 

50, 54) (Figure 8a). The analysis of luminal NAD+ indicated that under physiological 475 

conditions, the salvage pathway from NAM is the primary source of luminal NAD+. 476 

However, during the active flare phase, there was a significant increase in the 477 

contribution of Trp to luminal NAD+ in the duodenum, jejunum, and cecum, 478 

accompanied by a significant decrease in NAD+ production from Trp in the ileum lumen 479 

during the early flare up phase. Additionally, a modest upward trend in Trp-derived 480 

luminal NAD+ was observed in the colon lumen (Figure 8b). The expression profiling 481 

of NAD+-consuming enzymes indicated no significant differences between the DSS-482 

treated and control groups, except for CD38, which showed a modest increase, though 483 

not statistically significant, in both the colon and liver during the active flare phase 484 

(Figure S8a).  485 

In host tissues, activation of the NAM–dependent salvage pathway provides a rapid, 486 

tissue-specific metabolic response to replenish depleted NAD⁺ levels under 487 

inflammatory stress. In parallel, the gut microbiota sustains NAD⁺ production primarily 488 

through the salvage pathway, while de novo synthesis contributes to microbially 489 

derived NAD⁺ during acute DSS-induced inflammation (Figure 8C). Collectively, these 490 

findings demonstrate that acute intestinal inflammation reshapes NAD⁺ metabolism in 491 

both host tissues and the gut microbiota. Coordinated activation of the de novo and 492 

salvage pathways is essential to maintain NAD⁺ levels that support energy 493 

metabolism, immune regulation, and intestinal homeostasis during acute colitis. 494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 



Discussion: 506 

Although previous studies have reported alterations in NAD+ levels in IBD, it remains 507 

unclear whether the imbalance is due to changes in NAD+ biosynthesis, consumption, 508 

or both (8, 9, 55, 56). Dysregulated NAD+ levels disrupt cellular metabolism and 509 

homeostasis, driving a cascade of physiological dysfunction. Impaired NAD+ 510 

availability can disturb energy metabolism, hinder cellular repair mechanisms, and 511 

escalate oxidative stress, which may exacerbate inflammatory processes in IBD (57-512 

60). 513 

 514 

In acute DSS-induced colitis, we observed a pronounced reduction of NAD⁺ levels in 515 

the inflamed colon and adjacent lumen. This decline results from two converging 516 

mechanisms. First, as we previously reported, de novo NAD⁺ synthesis from Trp is 517 

impaired in the inflamed mucosa due to a metabolic bottleneck at Qprt (54). Second, 518 

we show that an elevated trend of NAD⁺ consumption by colonic CD38 further 519 

contributes to this reduction, as NAD⁺ utilization outpaces its synthesis in response to 520 

heightened cellular energy demand. In compensation, acute colitis induces extensive 521 

metabolic reprogramming, with distinct NAD⁺ biosynthetic pathways activated across 522 

tissues according to their specific metabolic needs during inflammatory stress. The 523 

increased flux of Trp into NAD⁺ across multiple tissues underscores a systemic 524 

adaptive response mediated by activation of the KP, likely driven by proinflammatory 525 

cytokine signaling and immune activation (61-63). Although de novo synthesis remains 526 

obstructed at Qprt in the colon, Trp continues to serve as a key precursor for NAD⁺ 527 

production in the liver, where recycling of NAD⁺ to NAM enables redistribution of NAM 528 

to the colon to sustain NAD⁺ regeneration through the salvage pathway. The liver and 529 

colon thus exhibit distinct yet complementary NAD⁺ biosynthetic responses to 530 

inflammation, with enhanced flux through the salvage pathway in both tissues 531 

supporting the maintenance of NAD⁺ homeostasis under acute inflammatory 532 

conditions. 533 

The enhancement of both the KP and salvage pathway during acute colitis suggests 534 

a compensatory mechanism to regenerate depleted NAD+ levels in the inflamed 535 

mucosa, thereby meeting the increased NAD+ demand associated with inflammation. 536 

This aligns with previous studies showing that inflammatory cytokines can drive 537 

metabolic changes to support immune responses, genomic stability, and tissue repair 538 

(64, 65).  539 

 540 

An important aspect of our findings is the role of the gut microbiome in regulating NAD⁺ 541 

metabolism during inflammation. The increased flux of Trp to NAD⁺ in luminal regions 542 

suggests that microbial metabolism substantially contributes to local NAD⁺ production 543 

under inflammatory conditions. This highlights the dynamic interplay between host and 544 

microbial metabolism, where microbial activity can shape host tissue responses and 545 

influence energy and immune balance during inflammatory stress (66, 67). Moreover, 546 

given the microbiome’s capacity to synthesize NAD⁺ from precursors such as Trp and 547 

NAM (7), microbially derived NAD⁺ and related metabolites likely support the systemic 548 

NAD⁺ pool, reinforcing host metabolic resilience and modulating inflammatory 549 

responses in the context of IBD (68, 69). 550 

The observed increase in labeled Trp in the colonic lumen may reflect alterations in 551 

bacterial Trp catabolism during acute inflammation. Our data reveal a shift of certain 552 



Trp-metabolizing bacteria, which may alter the host-microbiome dynamic and impact 553 

the gut homeostasis. Future work should further investigate the potential role of the 554 

altered gut bacteria involved in Trp metabolism, deciphering how they affect systemic 555 

metabolism and impact disease progression in chronic colitis. 556 

 557 

Given the importance of NAD+ in immune function and tissue repair (70), modulating 558 

NAD+ metabolism may represent a promising therapeutic strategy for IBD. Our multi-559 

omics approach provides a comprehensive overview of NAD+ metabolism in IBD, 560 

revealing important insights into tissue-specific metabolic responses and the role of 561 

the gut microbiota. Targeting key NAD+ biosynthesis pathways, particularly the 562 

salvage pathway, could help restore NAD+ homeostasis and mitigate inflammation in 563 

the gut (49). In line with this concept, we are currently evaluating an ileocolonic-release 564 

formulation of oral NAM for the treatment of mild to moderate ulcerative colitis (Ornatus 565 

1, NCT06488625). Future studies should aim to dissect the contributions of individual 566 

microbial species to NAD+ production and explore how these interactions affect host 567 

health in other inflammatory diseases. 568 

 569 

In summary, our study reveals that acute colitis induces a complex metabolic 570 

response, where distinct NAD+ biosynthesis pathways are activated in different tissues 571 

to meet the metabolic demands of inflammation. By integrating isotope tracing and 572 

multi-omics techniques, we have provided new insights into the role of NAD+ 573 

metabolism in IBD and highlighted potential therapeutic targets for restoring metabolic 574 

homeostasis in inflammatory diseases. 575 

 576 

 577 
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 602 

Methods  603 

 604 

Animals  605 

11-12-week-old male C57BL/6 (WT) mice pre-catheterized on the right jugular vein 606 

were purchased from Charles River Laboratories (Wilmington, MA). Animals were 607 

single-housed in a temperature-controlled facility and maintained on 12-hour-light-608 

dark cycle (7AM-7PM). All mice were given ad libitum access to a normal chow diet 609 

(catalog# 5053, LabDiet) and acclimated for at least 7 days before experimental use. 610 

Animal studies were conducted at Pennsylvania State University and approved by the 611 

Institutional Animal Care and Use Committee (PROTO202202188). 612 

  613 

Acute DSS colitis induction in mice 614 

Mice were randomly assigned into 2 groups (n= 8-20 group). The control group 615 

received normal drinking water without DSS, and the treated group was administered 616 

dextran sulfate sodium (DSS) (MW 36-50kDa, MP Biomedicals, Solon, OH) at a 617 

concentration of 2.5% (w/v) in drinking water for 5 days (17, 18). Following the initial 618 

treatment period (5 days), both groups received normal drinking water until the end of 619 

the experiment on day 11. The early flare up phase is characterized by mild colitis 620 

occurring on days 4-5, and the active flare phase spans from days 7 to 11, in which 621 

the colon is fully inflamed (19-21). During the experiment, mice were weighed daily, 622 

and fecal and serum samples were collected on days (1,3,5,8,11) and stored at -80℃. 623 

At the end of the experiment, mice were sacrificed by cervical dislocation, tissues and 624 

luminal samples were collected and snap frozen in liquid nitrogen.  625 

 626 

Clinical assessment of colitis severity 627 

The severity of colitis was assessed by evaluating the following parameters daily: 628 

weight loss (0 points = no weight loss or gain, 1 point = 1-5% weight loss, 2 points = 629 

6-10% weight loss, 3 points = 11-19% weight loss, 4 points = 20-25% weight loss, 5 630 

points =  >25% weight loss); stool consistency (0 points = normal and firm, 1 point = 631 

very slight change, 2 points = slight change and soft, 3 points = moderate change, 4 632 

points = noticeable change, diarrhea, 5 points = severe change, runny diarrhea; 633 

bleeding stool (0 points = normal, 1 point = redness of perianal region, 2 points = 634 

slightly blood-streaked stool, 3 points = blood-streaked stool, 4 points = marked blood 635 

contamination, 5 points = bloody stool); posture (0 points = normal, 1 points = very 636 

slight change, 2 points = slightly curved, 3 points = moderate change, 4 points = 637 

strongly curved, 5 points = severe change and consistently curved); activity (0 point = 638 

normal active, 1 point = very slight change in activity, 2 points = reduced movement 639 

and clinging onto the cage, 3 points = moderate change, 4 points = noticeable change 640 

and rarely clinging onto the cage, 5 points = severe change, sitting still and no 641 

movement);  fur (0 points = normal, 1 point = very slight change, 2 points = slightly 642 

dirty and scruffy, 3 points = moderate change, 4 points = noticeable change, dirty, and 643 

scruffy, 5 points = severe change, very dirty, dull, and scruffy). The DAI was calculated 644 

by combining scores of the measured parameters (18, 71) 645 

 646 

Histological analysis of disease activity 647 

Postmortem, colonic tissues were excised and cut open longitudinally. The colon was 648 

rolled up as Swiss rolls from the distal to the proximal part and fixed in 10 % formalin. 649 

Paraffin sections were cut and stained with hematoxylin and eosin (H&E). Histological 650 

scoring displays the combined score of inflammatory cell infiltration and tissue 651 



damage as described elsewhere and was performed in a blinded fashion, as 652 

described previously (72) 653 

 654 

Murine Immunohistochemistry 655 

Formalin-fixed paraffin-embedded colon section slides were deparaffinized in Xylene-656 

substitute (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and rehydrated in ethanol 657 

(Th. Geyer GmbH & Co. KG, Hamburg, Germany). Antigen retrieval was carried out 658 

by heating the slides in citrate buffer (10mM, PH 6.0, prepared in the laboratory) for 659 

20 minutes. The sections were submerged in 3% hydrogen peroxide (Sigma-Aldrich, 660 

Merck KGaA, Darmstadt, Germany) for 10 minutes to block endogenous peroxidases, 661 

and nonspecific binding was blocked using 5% BSA (Carl Roth GmbH + Co. KG, 662 

Karlsruhe, Germany) in PBS (Life Technologies GmbH, Darmstadt, Germany) for 1 663 

hour. Tissues were incubated with the primary antibody Qprt (1:75, Biorbyt, 664 

orb317756) at 4ºC overnight followed by a 45-minute incubation with a biotinylated 665 

secondary antibody (goat anti-rabbit IgG ready-to-use, Abcam, ab64256). Signal 666 

detection was performed using the Vectastain ABC Kit (Vector Laboratories, 667 

Peterborough, UK) according to the manufacturer’s instructions. Color development 668 

was carried out using the DAB Peroxidase Substate Kit (Vector Laboratories, 669 

Peterborough, UK). Tissue sections were then counterstained by hematoxylin (Sigma-670 

Aldrich, Merck KGaA, Darmstadt, Germany), dehydrated in ethanol (Th. Geyer GmbH 671 

& Co. KG, Hamburg, Germany) and mounted with ROTI-Histokitt mounting medium 672 

(Carl Roth GmbH + Co. KG, Karlsruhe, Germany). 673 

To quantify immunohistochemical (IHC) staining intensity, ten images per Swiss roll 674 

were acquired using Axio Observer A1 brightfield microscope (Zeiss, Germany) at 40x 675 

magnification with ZEN software under identical imaging conditions (exposure time, 676 

white balance, and color calibration). Images were analyzed in ImageJ version 1.54g 677 

using the IHC Toolbox plugin (https://imagej.net/ij/plugins/ihc-toolbox/ ) with the H-678 

DAB model to isolate the brown signal corresponding to the secondary antibody. The 679 

resulting images were converted to 8-bit grayscale and thresholded (0-120) prior to 680 

quantitative analysis to determine the stained area and mean gray value. Staining 681 

intensity was calculated as the product of mean gray value and stained area. For each 682 

animal, values from technical replicates were averaged to obtain a single mean value. 683 

Enzyme-linked immunosorbent assay (ELISA) 684 

Quantification of fecal Lipocalin-2 was used to assess intestinal inflammation. Briefly, 685 

fresh or frozen fecal samples from control and DSS-treated (active flare phase) mice 686 

were reconstituted in PBS containing 0.1% Tween 20 (100mg/ml) and vortexed for 20 687 

minutes to create a homogenous suspension. The samples were then centrifuged at 688 

12,000 rpm for 10 minutes at 4℃. Clear supernatants were collected and stored at -689 

20℃ until analysis. Lcn-2 levels in the supernatants were measured using ELISA kit 690 

purchased from (R&D systems DY1857, Minneapolis, MN, USA) following 691 

manufacturer’s instructions. 692 

  693 

RNA isolation and quantitative real time-polymerase chain reaction (qRT-PCR) 694 

Total RNA was extracted from liver and colon tissues using TRIzol reagent (Thermo 695 

Fisher Scientific, Carlsbad, CA, USA) per the manufacturer’s protocol. The purified 696 

RNA 1.0 ug was reverse transcribed into cDNA using qScript cDNA synthesis kit 697 

(Quanta Biosciences, Beverly, MA, USA). Quantitative RT-PCR was performed using 698 

the PerfeCTa qPCR FastMix, UNG, Low ROX (Quanta Biosciences, Beverly, MA, 699 

USA) in a 20 ul reaction mixture containing cDNA and TaqMan probes (Thermo Fisher 700 

https://imagej.net/ij/plugins/ihc-toolbox/


Scientific) per the manufacturer’s instructions for TaqMan assays. The cycling 701 

parameters were 95.0 C for 3 min, followed by 40 cycles of 95.0 C for 15 s, and 60C 702 

for 1 min. Relative quantification of each gene was calculated using 2-ΔΔCt, and 703 

normalized to TBP expression to yield a fold-change. A list of the primers used in the 704 

study is provided in supplement table 1. 705 

 706 

Intravenous infusion of mice 707 

In vivo infusion of stable isotope labeled NAD precursors, [2,4,5,6-2H]-NAM and [U-708 

13C11]-Trp (Cambridge Isotope Laboratories, Andover, MA, USA), were infused 709 

separately in control and DSS-treated mice at different stages of intestinal 710 

inflammation (early flare up phase= day 3-4 post colitis induction; active flare phase= 711 

day 7-8, and day 10-11) for 20 hours to achieve steady state NAD+ labeling from 712 

labeled precursors in different tissues. The mouse infusion setup included a tether and 713 

swivel system (Instech Laboratories, Plymouth Meeting, PA) to allow free movement 714 

of the mouse in the cage with bedding materials and access to food and hydrogel 715 

water (Clear H2O, Portland, ME). Isotope labeled NAD+ precursors were prepared as 716 

a solution in 0.9% NaCl (50mM for [U-13C11]-Trp, and 4mM for [2,4,5,6-2H]-NAM) and 717 

infused via the catheter at a constant rate of 0.5µl per 20 g body weight per min. Blood 718 

samples (~ 20µl) were collected via tail bleeding using microvette CB 300 CAT blood 719 

collection tubes (REF 16.440.100, SARSTEDT AG& Co.KG, Nümbrecht, Germany) at 720 

different time points (0min, 15min, 30min, 1hr, 2hr, 6hr, 15hr, and 20hr) and 721 

centrifuged at 16,000 g for 25 minutes at 4℃ to separate serum. At the end of the 722 

infusion, mice were euthanized by cervical dislocation. Tissues and luminal samples 723 

were dissected and separated and immediately clamped with a pre-cooled 724 

Wollenberger clamp in foil and stored in liquid nitrogen. Tissues, serum, lumen, fecal 725 

samples were kept at -80℃ prior metabolites extraction for mass spectrometry 726 

analysis (50). 727 

  728 

Metabolite extraction from serum, tissues, and lumen 729 

Serum was thawed on ice before extracting with -20℃ 100% methanol with a volume 730 

of 65µl per 5µl serum, vortexed for 15 seconds, incubated on dry ice for 10 minutes, 731 

and centrifuged at 16,000 g for 25 minutes. The supernatant was transferred into MS 732 

vials (Thermo Scientific, Rockwood, TN, USA) for LC-MS analysis. Tissues, lumen, 733 

and fecal samples were weighed (~20mg), homogenized with liquid nitrogen in a 734 

cryomill (Retsch) at 25Hz for 45 seconds, before extracting with 40:40:20 acetonitrile: 735 

methanol: water, with a volume of 40µl solvent per 1mg of sample. The samples were 736 

vortexed for 10 seconds, transferred to new 2mL Eppendorf tube, incubated on ice for 737 

10 minutes, and centrifuged at 16,000 g for 30 minutes. The supernatants transferred 738 

to new Eppendorf tubes and centrifuged at 16,000 g for 30 minutes. The top 50µl of 739 

the supernatant was used for LC-MS analysis.  740 

  741 

Metabolite measurement  742 

Extracts were analyzed within 24 hours by liquid chromatography coupled to a mass 743 

spectrometer (LC-MS). The LC–MS method was based on hydrophilic interaction 744 

chromatography (HILIC) coupled to the Orbitrap Exploris 240 mass spectrometer 745 

(Thermo Scientific) (Wang, 2019). The LC separation was performed on a XBridge 746 

BEH Amide column (2.1 x 150 mm, 3.5 #m particle size, Waters, Milford, MA). Solvent 747 

A is 95%: 5% H2O: acetonitrile with 20 mM ammonium acetate and 20mM ammonium 748 

hydroxide, and solvent B is 90%: 10% acetonitrile: H2O with 20 mM ammonium 749 

acetate and 20mM ammonium hydroxide. The gradient was 0 min, 90% B; 2 min, 90% 750 



B; 3 min, 75% B; 5 min, 75% B; 6 min, 75% B; 7 min, 75% B; 8 min, 70% B; 9 min, 751 

70% B; 10 min, 50% B; 12 min, 50% B; 13 min, 25% B; 14min, 25% B; 16 min, 0% B; 752 

18 min, 0% B; 20 min, 0% B; 21 min, 90% B; 25 min, 90% B. The following parameters 753 

were maintained during the LC analysis: flow rate 150 mL/min, column temperature 754 

25 °C, injection volume 5 µL and autosampler temperature was 5 °C. For the detection 755 

of metabolites, the mass spectrometer was operated in both negative and positive ion 756 

mode. The following parameters were maintained during the MS analysis: resolution 757 

of 180,000 at m/z 200, automatic gain control (AGC) target at 3e6, maximum injection 758 

time of 30 ms and scan range of m/z 70-1000. Raw LC/MS data were converted to 759 

mzML format using the command line “msconvert” utility. Data was analyzed via EL-760 

MAVEN software version 12. All isotope labeling patterns were corrected for natural 761 

abundance 13C and 2H using AccuCor (73) 762 

 763 

Metagenomic DNA extraction  764 

Mice fecal samples from control and DSS-treated groups (flare phase) selected for 765 

metagenomic sequencing were extracted using the DNeasy PowerSoil Kit (Qiagen, 766 

Germantown, MD) following the standard protocol in the One Health Microbiome 767 

Center Co-Laboratory at Pennsylvania State University. Detailed protocol can be 768 

found at https://github.com/BisanzLab/OHMC_Colaboratory. Extraction blanks were 769 

included to assess environmental and reagent contamination.  Briefly, fecal samples 770 

were weighed (~50 mg) and homogenized after bead beating for 5 minutes at 25 Hz 771 

using Qiagen Tissuelyzer III (Qiagen, Germantown, MD). Protein and solid particles 772 

were precipitated, and genome DNA was further purified on provided columns. 773 

Purified genomic DNA was eluted in nuclease-free H2O. Genomic DNA was quantified 774 

by spectrophotometry (Nanodrop One) and shipped to Novogene (Sacramento, CA) 775 

on dry ice for library preparation and sequencing via NovaSeq X with PE150 reads. 776 

Samples were sequenced with an 4.5±1.9 Gbases of sequencing data (mean ± sd). 777 

 778 

Metagenomic sequencing and data processing  779 

Samples were processed by first using FastP to detect and remove adapters, remove 780 

polyG runs, and perform sliding window quality filtering (74). Next reads mapping to 781 

host DNA were removed using Kneaddata using provided reference assemblies (75). 782 

Sample normalization factors were determined using MicrobeCensus (76). Taxonomic 783 

abundances were determined using MetaPhlAn v4.0.6 including viruses and 784 

unclassified estimation. Gene family abundances and pathway abundances were 785 

determined using HUMAnN v3.9 against the uniref90 database (77). Taxonomic and 786 

Pathway abundances were normalized as the log2 of the reported abundance. Gene 787 

family abundances were normalized as RPKG (read per kilobase per genome 788 

equivalent as derived from MicrobeCensus). Alpha diversity metrics were determined 789 

using Vegan v2.6-10. Principal coordinates analysis was performed as implemented 790 

in Ape v5.8-1. Statistical analysis was performed log-transformed data and Welch’s t-791 

test. PerMANOVA was implemented using the adonis2 function of Vegan with 999 792 

permutations. All P-values were corrected with Benjamini Hochberg False Discovery 793 

Rate unless otherwise indicated. 794 

 795 

Integrative multi-omics network analysis of tryptophan metabolism 796 

To identify microbial taxa capable of metabolizing tryptophan and its derivatives, we 797 

used an integrative knowledge-based multiomics integration approach using the 798 

OmicsNet 2.0 web interface (78).Tryptophan-related metabolites captured through 799 

targeted metabolomics analysis and MetaPhlAn-derived species-abundances were 800 

https://github.com/BisanzLab/OHMC_Colaboratory


used as an input for the network construction via logistic regression models trained on 801 

high-quality genome-scale metabolic models (GEMs). EMBL GEM repository were 802 

used to construct an initial metabolite–taxon interaction network, with confidence 803 

threshold of ≥ 0.7 and excluding metabolites without defined pathway annotations 804 

(e.g., KEGG or MetaCyc). The resulting global network was converted to a zero-order 805 

network to retain only species and metabolites that were part of the original input seed 806 

set. 807 

 808 

Statistical analysis 809 

Statistical analysis was performed using GraphPad PRISM software version 10.4.0 810 

(GraphPad Software, La Jolla, CA, USA). Unless otherwise stated, all data are 811 

presented as the mean ± SEM. Comparisons between two groups were performed 812 

using Mann-Whitney U test. For comparison between more than two groups, Kruskal-813 

Wallis test followed by Dunn’s multiple comparisons was applied. Statistical 814 

significance was defined as (§ <0.1, *P<0.05, **P<0.01, ***P<0.001, and 815 

****P<0.0001). N represents the number of biological samples from two independent 816 

experiments.   817 
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Fig.1| Acute-induced colitis decreases NAD+ levels in colonic tissues.  

(a) Experimental setup illustrating the administration of 2.5% DSS dissolved in 
water for 5 days, followed by a switch to normal drinking water until the end of 
the experiment (day 11) in 11-12 weeks old C57BL/6 male mice. Longitudinal 
sampling of fecal and blood samples (shown in black arrows) was collected for 
LC-MS metabolomics and metagenomics analysis. At the end of the 
experiment mice were sacrificed by cervical dislocation, tissues and luminal 
samples were dissected for LC-MS metabolomics. (b) Daily recorded disease 
activity index (DAI) in DSS-treated and control mice including weight loss 
compared to the initial weight, stool consistency, bloody stool, rectal bleeding, 
overall activity, posture, and fur. (c) Representative image of the H&E staining 
of Swiss roll sections of the distal colon segment (at magnification 20x, scale 
bar 100µm), and (d) a corresponding histopathological score. (e) Fecal lcn-2 
was measured by ELISA in fecal samples collected on days 8 and 11 during 
the flare phase of intestinal inflammation and controls. LC-MS relative total ion 
count (TIC) levels of NAD+ pooled from all experiments in this study of (f) 
tissues NAD+ levels and (g) luminal NAD+ levels. Data are presented as mean 
± SEM; in (f) (n= 18-40) and in (g) (n=20-40). Statistical significance was 
determined by Kruskal-Wallis test with post hoc Dunn’s test for comparisons 
among more than two groups and Mann-Whitney U test for two-groups 
comparisons. § <0.1, *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001. (a) 
was created with Biorender.com 
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Fig.2| Enhanced NAD+ production from tryptophan during acute DSS-induced 
intestinal inflammation.  

(a) Experimental schematic of intravenous infusion of universally labeled-
tryptophan (13C11-Trp) into pre-catheterized male C57BL/6 mice (11-12 weeks 
old) to assess NAD+ flux from tryptophan in host tissues and luminal samples. 
Tissue fractional labeling following 20-hour intravenous infusion of (b) 
kynurenine, (c) 3-hydroxyanthranilic acid, (d) quinolinic acid, (e) NAD+ and (f) 
nicotinamide. (g) Serum fractional labeling of nicotinamide over 20-hour 
intravenous infusion during the active flare phase of intestinal inflammation. 
mRNA expression of genes involved in de novo NAD+ synthesis from 
tryptophan via the kynurenine pathway was measured by qRT-PCR and 
normalized to TATA-box binding protein (Tbp) in (h) distal colon; indoleamine 
2,3-dioxygenase 1(Ido1) (i) liver; indoleamine 2,3-dioxygenase 2 (Ido2) and 
tryptophan 2,3-dioxygenase (Tdo2), during the active flare phase (days 8 and 
11) compared to untreated mice. Data are presented as mean ± SEM, (n=10-
20) in b-g and (n=4-5) in h-j. Statistical significance was determined by Kruskal-
Wallis test with post hoc Dunn’s test for comparisons among more than two 
groups and Mann-Whitney U test for two-groups comparisons. NS, not 
significant, § <0.1, *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001. (a) was 
created with Biorender.com 
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Fig.3| Elevated flux of tryptophan to luminal NAD+ during the active flare phase of 
acute DSS-induced colitis. 

LC-MS luminal fraction of metabolites labeled from the tryptophan tracer (shown 
in figure 2) following 20-hour intravenous infusion of (a) tryptophan, (b) 3-
hydroxyanthranilic acid, and (c) NAD+. Data are presented as mean ± SEM, (n= 
10-20). Statistical significance was determined by Kruskal-Wallis test with post hoc 
Dunn’s test for comparisons among more than two groups. NS, not significant, § 
<0.1, *P<0.05, **P<0.01,***P<0.001, and ****P<0.0001.  

 





Fig.4| Integrative pathway and taxa analysis of the gut microbiota alterations in 
acute colitis  

(a) Bray–Curtis PCoA of species-level profiles shows clear separation between 
control (gray) and DSS (red) groups during the active phase of colitis (days 8 and 
11) (PERMANOVA, R² = 0.216, p = 0.002), indicating significant remodeling of the 
microbial functional potential during DSS-induced colitis. (b) Species-level 
heatmap of the top 50 most variable taxa, clustered by relative abundance Z-
scores across samples. Hierarchical clustering reveals distinct community 
compositions between groups, with several Clostridium and Lachnospiraceae 
species enriched in DSS-treated mice during the active flare phase. (c) Volcano 
plot of differential species abundance between DSS and control groups. 33 
species were significantly altered (FDR < 0.1, |log₂FC| > 0.5), including 11 species 
enriched in DSS-treated group and 22 reduced relative to control. (d) Heatmap of 
significantly altered metabolic pathways (FDR<0.1). DSS-induced colitis group 
shows enrichment of lipid metabolism and NAD⁺ salvage pathway, and depletion 
of amino acid and purine biosynthetic pathways, suggesting a shift toward energy 
metabolism and stress-adaptive functions. (e) Predicted metabolite–taxon 
network linking 20 microbial taxa to 9 tryptophan-related metabolites via 110 high-
confidence edges. (f) Altered tryptophan-metabolizing taxa including four 
differentially abundant species (Lachnospiraceae spp, Adlercreutzia 
equolifaciens, Ruminococcus gauvreauii, Parabacteroides goldsteinii), potentially 
modulating tryptophan metabolism during acute intestinal inflammation. 
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Fig.5| Acute colitis alters tryptophan-dependent pathways in the host tissues and 
gut microbes. 

(a) Overview of tryptophan metabolism in host tissues and gut microbiota. 

Metabolites shown in bold are compounds measured in the study. The 

fractional labeling of (13C11-tryptophan) over 20-hour intravenous infusion (as 

in figure 2), measured by LC-MS in different tissues for (b) anthranilic acid, (c) 

serotonin; and luminal regions of the gastrointestinal tract: (d) indole-propionic 

acid, (e) indole-acetic acid, (f) tryptamine, (g) quinaldic acid. Data are 
presented as mean ± SEM, (n= 10-20). Statistical significance was determined 
by Kruskal-Wallis test with post hoc Dunn’s test for comparisons among more 
than two groups. NS, not significant, § <0.1, *P<0.05, **P<0.01, ***P<0.001, 
and ****P<0.0001. (a) was created with Biorender.com 
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Fig.6| Inflammation enhances NAD+ production from nicotinamide via the salvage 

pathway in a tissue-specific manner.  

(a) Overview schematic of experimental setup for intravenous infusion of 
deuterium-labeled nicotinamide (2,4,5,6-2H4-NAM) into pre-catheterized male 
C57BL/6 mice (11-12 weeks old) to assess NAD+ flux from nicotinamide (NAM) 
via the salvage pathway in host tissues. Tissue fractional labeling following 20-
hour intravenous infusion of (b) NAD+ and (c) nicotinamide. (d) Fractional 
labeling of nicotinamide in the serum post 20-hour intravenous infusion during 
the flare phase of intestinal inflammation (M+0: unlabeled NAM, M+3: recycled 
NAM, M+4: infusate NAM). (e) qRT-PCR analysis of mRNA expression 
normalized to Tbp in distal colon and liver tissues during the active flare phase 
(days 8 and 11) of nicotinamide phosphoribosyltransferase (NAMPT) compared 
to control. (f) Fractional labeling of methylnicotinamide in host tissues. qRT-
PCR analysis of mRNA expression normalized to Tbp in distal colon and liver 
tissues during the active flare phase (days 8 and 11) compared to control for 
(g) nicotinamide N-methyltransferase (NNMT), (h) nicotinamide 
mononucleotide adenylyltransferase 1 (NMNAT1; nuclear), and (i) 
nicotinamide mononucleotide adenylyltransferase 3 (NMNAT 3; mitochondrial). 
Data are presented as mean ± SEM, in b-d and f (n=8-18), in e,g,h (n=4-5). 
Statistical significance was determined by Kruskal-Wallis test with post hoc 
Dunn’s test for comparisons among more than two groups and Mann-Whitney 
U test for two-groups comparisons. NS, not significant, § <0.1, *P<0.05, 
**P<0.01, ***P<0.001, and ****P<0.0001. (a) was created with Biorender.com 
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Fig.7| Acute intestinal inflammation does not compromise the metabolic cycling 
of NAD+ precursors between the host tissues and gut microbiota.  

(a) Schematic of the metabolic exchange of NAD+ precursors nicotinamide (NAM) 
and nicotinic acid (NA) between the host tissues and gut lumen. Host-derived 
NAM enters the gut lumen and contributes to microbial NAD+ either through 
conversion to NA and subsequently to NAD+, which supports both host and 
microbial NAD+ biosynthesis, or is directly converted to NAD+. Complex 
carbohydrates also contribute to microbial NAD+. LC-MS measurements of 
luminal microbial metabolites in the NAD+ salvage pathway after 20-hour 
intravenous infusion of the nicotinamide tracer (described in figure 6); (b) 
luminal nicotinamide, (c) luminal nicotinic acid, (d) luminal NAD+. Data are 
presented as mean ± SEM (n=8-18). Statistical significance was determined 
by Kruskal-Wallis test with post hoc Dunn’s test for comparisons among more 
than two groups. § <0.1, *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001. 
(a) was created with Biorender.com  
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Fig.8| Acute colitis triggers systemic metabolic adaptation to restore NAD+ levels 
through activation of the salvage pathway.  

(a) Percent contributions of tryptophan and nicotinamide to (a) host NAD+ levels 
in different tissues and (b) luminal NAD+, across different phases of intestinal 
inflammation. In (a) and (b), the contribution of nicotinamide (M+4) to NAD+ 
(M+3) was calculated as [fraction of labeled NAD+ (M+3)/ the sum of (NAM+3 
and NAM+4) in serum]. Tryptophan (M+11) contribution to tissue NAD+ (M+6) 
was quantified as [fraction of labeled NAD+ (M+6)/ fraction of labeled Trp 
(M+11) in the serum), following 20-hour intravenous infusion of the labeled-
NAD+ precursors (depicted in figure 2 and 6). (c) Summary of the 
compensatory metabolic adaptation of host and microbial NAD+ metabolism 
during experimental acute colitis. Data are presented as mean ± SEM. 
Statistical significance was determined by Kruskal-Wallis test with post hoc 
Dunn’s test for comparisons among more than two groups. § <0.1, *P<0.05, 
**P<0.01, ***P<0.001, and ****P<0.0001. (c) was created with Biorender.com 
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Fig.S1| Assessment of colitis induction in mice.   

(a) Representative image of a non-inflamed colon from control (day 8; upper panel) 
compared to an inflamed colon from mice treated with 2.5% DSS dissolved in 
drinking water (day 8; lower panel). (b) Percent change in body weight compared 
to initial body weight during experimental colitis induction. Inflammatory markers 
mRNA expression was measured by qRT-PCR in the distal colon tissues from 
DSS-treated mice during the active flare phase (days 8 and 11) and control mice, 
normalized to (Tbp); (c) Lipocalin-2 (Lcn-2), (d) Interferon gamma (Ifn-𝛾) (e) 
Tumor necrosis factor alpha (Tnfα), (f) Interleukin 6 (Il-6), (g) Interleukin-1 beta 
(Il-1β), (h) Interleukin-1 alpha (Il-1α), and anti-inflammatory cytokines, (i) 
Interleukin-10 (Il-10) and (j) Interleukin-22 (Il-22). Data are presented as mean ± 
SEM, in (b) (n=4-12) and (c-j) (n=4-5). Mann-Whitney U test for two-groups 
comparisons. § <0.1, *P<0.05, **P<0.01,***P<0.001, and ****P<0.0001.  
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Fig.S2| Metabolic analysis of tryptophan and its downstream metabolites in the 
serum and tissues during acute intestinal inflammation.  

(a) Schematic of tryptophan metabolism through the kynurenine pathway 
(M+n) M represents the mass of the labeled metabolite and the n is the 
number of labeled carbons. (b) LC-MS measurement of the total 
abundance of the kynurenine-to-tryptophan ratio (Kyn/Trp) in the 
circulation of mice treated with 2.5% DSS compared to control mice (n=4-
5). (c-d) LC-MS analysis of labeled fractions of tryptophan and kynurenine 
in the serum during the early flare up (left) and active flare (right) phases. 
(e) Tissue fraction labeled of tryptophan. (f) Serum fractional labeling of 
nicotinamide over 20-hour intravenous infusion during the early flare up 
phase of intestinal inflammation. (g) Immunohistochemical (IHC) staining 
of Qprt in Swiss roll sections of the distal colon from 2.5% DSS-treated 
mice and control (at magnification 40x, scale bar 100µm). (h) 
Quantification of qprt expression in 2.5% DSS-treated and control groups. 
Data are presented as mean ± SEM; in (a) (n=6 in each group), (c-f) (n=10-
20). Statistical significance was determined by Mann-Whitney U test used 
for comparisons between two groups, and the Kruskal-Wallis test followed 
by Dunn’s post hoc test for comparisons among more than two groups. 
*P<0.05 and **P<0.01.  
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Fig.S3| Gut luminal tryptophan downstream metabolites via the kynurenine pathway.  

The fractional labeled of luminal metabolites derived from tryptophan tracer 
measured by LC-MS of (a) kynurenine, (b) quinolinic acid, (c) nicotinamide in DSS-
treated mice compared to control. Data are presented as mean ± SEM (n=10-20). 
Statistical significance was determined by Kruskal-Wallis test followed by Dunn’s 
post hoc test for comparisons among more than two groups. § <0.1 and *P<0.05. 
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Fig.S4| Pathway-level functional diversity and differential abundance analysis of 
DSS-induced colitis microbiomes. 

(a) Alpha-diversity indices calculated using species-level taxonomic abundances 
(Observed Species Richness, Shannon’s, Simpson’s) show a significant reduction 
in observed richness in DSS-treated mice during the active phase (days 8 and 11) 
(p = 0.0097, Welch’s t-test) but no significant change observed in Shannon or 
Simpson diversity, indicating loss of low-abundance species without major shifts in 
evenness. (b) Principal coordinate analysis (PCoA) of Bray-Curtis dissimilarities 
reveals clear separation between control (gray) and DSS (red) groups 
(PERMANOVA, R² = 0.21, p = 0.007), suggesting significant restructuring of 
pathway-level functional potential. (c) Volcano plot of differential pathway 
abundance (HUMAnN) comparing DSS versus control groups. Of all pathways 
analyzed, significantly altered features (FDR < 0.1, |log₂FC| > 0.5) are highlighted 
in red.  
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Fig.S5| Quantification of tryptophan-derived pathways in host tissues and gut 
lumen.  

Tracing the incorporation of (13C11-tryptophan) into different tryptophan-

derived metabolites following 20-hour intravenous infusion, measured by 

LC-MS in the host tissues, (a) kynurenic acid, (b) xanthurenic acid, (c) 

picolinic acid, (d) 5-methoxytryptophan, (e) quinaldic acid; and in the gut 

lumen, (f) indole, (g) indole-3-lactic acid, (h) indole-3-acetaldehyde, (i) 

serotonin, (j) kynurenic acid. Data are presented as mean ± SEM (n=10-
20). Statistical significance was determined by Kruskal-Wallis test followed 
by Dunn’s post hoc test for comparisons among more than two groups. § 
<0.1, *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001. nd= not detected. 
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Fig.S6| Metabolic profiling of metabolites produced via the salvage pathway from 
nicotinamide.  

(a) Fractional labeling of nicotinamide in the circulation over 20-hour 
intravenous infusion of (2,4,5,6-2H4-NAM) during the early flare up 
phase (M+0: unlabeled NAM, M+3: recycled NAM, M+4: infusate NAM). 
Fraction labeled of the methylnicotinamide byproducts in host tissues, 
(b) N-Me-4PY and (c) N-Me-6PY. (d) qRT-PCR analysis of mRNA 
expression normalized to Tbp in distal colon and liver tissues during the 
active flare phase (days 8 and 11) compared to control of nicotinamide 
mononucleotide adenylyltransferase 2 (NMNAT 2; cytoplasmic). Data 
are presented as mean ± SEM, in a-c (n=8-18) and in d (n=45). 
Statistical significance was determined by Mann-Whitney U test used for 
comparisons between two groups, and the Kruskal-Wallis test followed 
by Dunn’s post hoc test for comparisons among more than two groups. 
§ <0.1, *P<0.05, ns= not significant. 
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Fig.S7| Flux from microbial nicotinic acid to host tissues.  

(a) Tissues fractional labeled of nicotinic acid produced from microbial 
nicotinic acid (n=8-18). (b) qRT-PCR analysis of mRNA expression 
normalized to Tbp in the distal colon of nicotinate 
phosphoribosyltransferase (Naprt) during the active phase of DSS-
induced colitis (days 8 and 11) compared to control (n=4-5). Data are 
presented as mean ± SEM. Statistical significance was determined by 
Mann-Whitney U test used for comparisons between two groups, and 
the Kruskal-Wallis test followed by Dunn’s post hoc test for comparisons 
among more than two groups. ns= not significant. 
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Fig.S8| Analysis of the activity of NAD+-consuming enzymes during intestinal 
inflammation. 

Analysis of mRNA expression measured by qRT-PCR and normalized to 
Tbp in tissues (a) distal colon and (b) liver; left to right, poly ADP-ribose 
polymerase (PARP 1-2), sirtuins (Sirt 1,3,6), CD38, sterile alpha and 
toll/interleukin-1 receptor motif-containing 1 (SARM1) during the active 
phase of DSS-induced colitis (days 8 and 11) compared to control. Data are 
presented as mean ± SEM, (n=4-5). Statistical significance was determined 
by Mann-Whitney U test used for comparisons between two groups. § <0.1, 
ns= not significant. 

 



Supplemental table 1: Primers used for gene expression analysis 

Target gene  Species Taqman ID RefSeq number 

Ido1 Mouse Mm00492590_m1 NM_001293690.1 

Ido2 Mouse Mm00524210_m1 NM_145949.2 

Tdo2 Mouse Mm01220281_m1 NM_019911.2 

Nampt Mouse Mm00451938_m1 NM_021524.2 

Nmnat1 Mouse Mm01257929_m1 NM_133435.1 

Nmnat2 Mouse Mm00615393_m1 NM_175460.3 

Nmnat3 Mouse Mm00513791_m1 NM_144533.2 

Nnmt Mouse Mm00447994_m1 NM_010924.2 

Naprt Mouse Mm00553802_m1 NM_172607.3 

Parp1 Mouse Mm01321084_m1 NM_007415.2 

Parp2 Mouse Mm01319555_m1 NM_009632.2 

Sirt1 Mouse Mm01168521_m1 NM_001159589.1 

Sirt3 Mouse Mm00452131_m1 NM_001127351.1 

Sirt6 Mouse Mm01149042_m1 NM_001163430.1 

Sarm1 Mouse Mm00555617_m1 NM_001168521.1 

CD38 Mouse Mm01220904_m1 NM_007646.4 

Il-6 Mouse Mm00446190_m1 NM_031168.1 

Il-1α Mouse Mm00439620_m1 NM_010554.4 

Il-1β Mouse Mm00434228_m1 NM_008361.3 

Tnf-α Mouse Mm00443258_m1 NM_001278601.1 

Ifn-! Mouse Mm01168134_m1 NM_008337.3 

Il-10 Mouse Mm00439614_m1 NM_010548.2 

Il-22 Mouse Mm01226722_g1 NM_016971.2 

Lcn-2 Mouse Mm01324470_m1 NM_008491.1 

Ocln Mouse Mm00500910_m1 NM_008756.2 

Tbp Mouse Mm00446971_m1 NM_013684.3 
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