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Highlights

o Tumors divert tryptophan from serotonin toward kynurenine accumulation in cachexia
e Serotonin depletion contributes to behavioral alterations in cancer cachexia
o Kynurenine accumulation reduces feeding and activity via aryl hydrocarbon receptor

¢ Combined pathway targeting preserves fat mass but wasting remains unaltered

Summary

Cancer cachexia causes pathological weight loss, anorexia, and depressive symptoms,
culminating in increased mortality. Using mouse models of pancreatic cancer cachexia, we
identify tumor and hepatic inflammatory signaling, multi-organ energy charge depletion, and
altered tryptophan metabolism. Metabolomic profiling and stable isotope tracing revealed altered
tryptophan fates: serotonin depletion and kynurenine accumulation across tumor, liver, muscle
and spleen. Kynurenine accumulation involved accelerated conversion of tryptophan to
kynurenine with slowed downstream conversion to kynurenic acid. Restoring serotonin activity
pharmacologically or metabolically normalized feeding, locomotion, and depression-like behavior,
but wasting, tumor burden, and survival remained unchanged. Blocking kynurenine production or
kynurenine-mediated AhR activation pharmacologically produced similar results. Thus, in cancer
cachexia, the tryptophan pathway is subverted to deplete serotonin and accumulate kynurenine.
This subversion contributes to cachexia-associated behavioral and feeding defects but not lethal

systemic catabolism.
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Introduction

Cancer cachexia is a debilitating syndrome of severe muscle and fat loss, systemic inflammation,
metabolic dysfunction, depression, anorexia-associated reduced calorie intake, and reduced
activity, affecting up to 80% of pancreatic cancer patients™®. Clinically, it is linked to poorer
treatment outcomes, reduced quality of life, elevated mortality risk, and activity levels similar to
those with spinal cord injury or cerebral palsy®’. Despite this, the metabolic and molecular
mechanisms underlying its diverse manifestations remain poorly understood, and effective

therapies are lacking.

Cachexia is a systemic condition involving coordinated interactions among multiple tissues.
Cancer alters the function of metabolic organs including liver, skeletal muscle, and adipose tissue,
indicating that the syndrome arises from tumor-induced cross-talk between organs rather than
changes in a single tissue. Body wasting is thought to be driven by tumor-derived signals that
disrupt host metabolic homeostasis. Tumor secreted cytokines, including interleukin-6 (IL-6)%°,
Tumor necrosis factor-alpha (TNF-a)'®"', and leukemia inhibitory factor (LIF)'>' can alter
metabolic programs in distant organs such as skeletal muscle, adipose tissue, and liver. Growth
differentiation factor 15 (GDF15), a stress-induced cytokine, has emerged as a key regulator of
cachexia-associated anorexia through activation of the GDF15-GFRAL axis'. Blocking this
pathway potentially improves appetite, body weight, and cachexia related symptoms in preclinical
and clinical settings where GDF-15 is elevated's. However, these effects are incomplete and do
not reverse cachexia progression. Tumors thereby establish a feed forward metabolic cycle
promoting progressive tissue catabolism and body weight loss. Circulating metabolites, including
amino acids'®", products of amino acid metabolism'™'®, and lipid species?®, are altered in
cachectic patients and distinguish stable weight from cancer-associated wasting, suggesting use

as biomarkers of disease progression.
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Cancer cachexia also includes prominent sickness behavior that directly worsens wasting.
Patients frequently develop anorexia, fatigue, reduced motivation, depression-like symptoms, and
anhedonia, indicating that cachexia affects both peripheral metabolism and central behavioral
regulation*?'-?*, These alterations are clinically important, reduced appetite accelerates negative

energy balance and reduced activity impairs functional status, reinforcing systemic wasting.

Most studies have focused on skeletal muscle and adipose wasting, while systemic metabolomic
alterations that drive cachexia remained poorly defined?>?’. To define systemic metabolic
alterations across tissues during disease progression in cancer cachexia, we integrated multi-
tissue metabolomics and gene expression with cytokine and chemokine profiling in genetically
engineered and orthotopic pancreatic cancer mouse models. Together, these findings define a
conserved inflammatory metabolic program in pancreatic cancer cachexia and reveal that altered
tryptophan metabolism drives behavioral symptoms mechanistically separable from lethal

metabolic decline.

Results

Pancreatic cancer drives progressive tissue wasting and disrupts whole-body energy

balance

In this study, we used two mouse models of pancreas ductal adenocarcinoma (PDAC), GEM
model KPC (KPC LSL-Kras®'?P™*; LSL-Trp53R'72%*; Pdx1-Cre) and an orthotopic model generated
using two independent KPC-derived mouse pancreatic adenocarcinoma cell lines implanted in
the pancreas of wild-type C57BL/6J mice. Mice were followed longitudinally by EchoMRI,
ultrasound, and metabolic-cage analysis; tumor bearing mice with 5%—-15% body weight loss
were classified as pre-cachectic and those with >15% loss as severely cachectic (Figure 1A). In
both models, body weight, lean mass, and especially fat mass were significantly reduced at the
cachectic endpoint relative to controls (Figures 1B and 1C), showing that spontaneous and

orthotopic PDAC produce a common wasting phenotype with pronounced fat depletion.
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96 To quantify systemic metabolic alterations during cachexia, we monitored mice in Promethion

97  metabolic cages for substrate utilization, energy expenditure, food intake, and activity. Respiratory

98 exchange ratio (RER) reflects fuel preference, with values near 1.0 indicating greater

99 carbohydrate oxidation and values near 0.7 greater lipid oxidation. In both models, tumor bearing
100  mice showed a concordant metabolic and behavioral phenotype that was evident over the short
101 monitoring period and became more pronounced with disease progression. In KPC mice, RER
102  was elevated, while cumulative food intake and voluntary wheel running progressively diverged
103  from wild-type (WT) controls (Figures 1D-1F). Despite these reductions, total energy expenditure
104  was largely unchanged (Figure 1G), resulting in a progressively lower cumulative energy balance
105  (Figure 1H). The orthotopic model recapitulated this pattern, RER differed only modestly (Figure
106  1l), whereas cumulative food intake, wheel running progressively declined relative to controls
107  (Figures 1J and 1K). Energy expenditure remained comparable to controls (Figure 1L), whereas
108  cumulative energy balance became progressively more negative (Figure 1M). Thus, both models
109  converge on a similar progressive phenotype, with declining food intake and spontaneous activity

110  as shared features of disease progression.
111 Conserved inflammatory signature across pancreatic cancer cachexia models

112  Cancer cachexia is characterized by chronic, systemic inflammation with dysregulated cytokine
113 and chemokine signaling®®?°, which drives tumor—host communication and contributes to
114  metabolic dysfunction and tissue catabolism during disease progression®'’. To define the
115  inflammatory landscape, we profiled circulating cytokines and chemokines by multiplex Luminex
116  across defined stages of cachexia. Eight analytes were significantly altered in the orthotopic
117  model and nine in the KPC model (Figure S1A and S1B). Seven were shared, indicating a
118  conserved inflammatory signature of IL-6, LIF, G-CSF, TNF-a, CCL5, CCL7, and CXCL5, whereas
119  CCL11 was orthotopic-specific and CCL3 and CXCL10 were KPC-specific (Figure 1N). IL-6 and

120  LIF regulate inflammatory signaling and metabolic reprogramming linked to muscle proteolysis,
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121  adipose remodeling, and hepatic acute-phase responses'®*. TNF-a or cachectin promotes
122  anorexia, systemic inflammation, and NF-kB-driven proteolysis®'*2. CCL5 mediates tumor—
123  immune crosstalk promoting catabolic signaling®3, and CCL7 recruits macrophages, monocytes,
124  and lymphocytes to remodel the tumor microenvironment®. Although each mediator has been
125  studied individually in cachexia, our data show that they converge into a shared circulating

126  inflammatory signature across two distinct models.

127  To define tumor transcriptional changes, we performed bulk RNA sequencing of tumor and
128 matched pancreas from both models with pathway enrichment analysis. Orthotopic tumors
129  showed enrichment of central carbon metabolism, N-glycan biosynthesis, cell-cycle programs,
130 nutrient digestion and absorption, and multiple cancer-associated pathways versus pancreas
131 (Figure 10). KPC tumors showed similarly broad but distinct remodeling, including MAPK, PI3K-
132  AKT, TNF, and Notch signaling with multiple metabolic pathways (Figure 1P). Despite differences
133 in tumor origin and architecture, both models converged on coordinated metabolic and
134  inflammatory transcriptional programs within the tumor. With the systemic cytokine and
135 chemokine changes, these findings pointed to a broader tumor host response, prompting us to

136 examine host metabolic tissues.

137  Pancreatic cancer cachexia engages a multi-organ inflammatory program that extends to

138  hepatocytes

139  We next asked whether tumor intrinsic pathway remodeling (Figures 10 and 1P) extended to
140  distal organs. Bulk RNA-seq of spleen, inguinal white adipose tissue (iWAT), kidney, and
141 quadriceps from KPC and orthotopic mice revealed inflammatory or stress transcriptional
142  programs across all peripheral tissues examined (Figures S2A-S2D). Cytokine—cytokine receptor
143 interaction was enriched in spleen, iWAT, and kidney in both models, whereas quadriceps showed
144  enrichment of autophagy, mitophagy, and proteasome pathways, with induction of atrophy genes

145 Trim63, Fbxo32, Foxo3, and Mstn (Figures S2E and S2F). Tumors also lost exocrine identity,
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146  suppressing digestive enzyme genes (Figure S2G), relevant given that exocrine pancreatic

147  dysfunction impairs nutrient digestion and contributes to peripheral tissue wasting®®.

148 In liver, immune pathways were most prominent in KPC mice, including cytokine—cytokine
149  receptor, chemokine, and JAK-STAT signaling, while both models shared enrichment of
150 hepatocyte-associated metabolic pathways, including cytochrome P450-dependent xenobiotic
151  and drug metabolism, retinol metabolism, and steroid hormone biosynthesis (Figures 2A and 2B).
152  Acute-phase genes, including Lcn2 and Orm1 in both models and fibrinogen genes (Fga, Fgb,
153  Fgg) in orthotopic mice, were induced relative to controls, although induction varied between
154  animals (Figures 2C and 2D). This mirrors our Luminex data showing elevated circulating IL-6
155 and TNF-qa, placing the liver as a key downstream target of the systemic cytokine surge®%7,
156  consistent with prior reports of widespread cachexia associated inflammation with a central

157  hepatic role®,

158  To resolve whether this response was tissue-wide or cell specific, we performed single-nucleus
159 RNA-seq of livers from control, KPC, and orthotopic mice. Tumor bearing livers showed reduced
160 hepatocyte fractions and expanded immune populations (Figure 2E), consistent with
161  inflammation-associated hepatic remodeling®**'. Hepatocytes 1 decreased while Hepatocytes 2
162  relatively expanded in both models, most prominently in orthotopic livers (Figure 2E). Gene
163  Ontology analysis showed acute-phase inflammatory enrichment in Hepatocytes 1, whereas
164  Hepatocytes 2 instead showed metabolic programs, including amino acid catabolism and small-
165 molecule metabolism (Figure S2H). Thus, the hepatic response extends beyond systemic
166  inflammation to distinct hepatocyte subpopulations. We next performed multi-tissue metabolomic

167  profiling to test for accompanying metabolic alterations.

168  Tumor-driven alteration of tryptophan metabolism toward kynurenine defines a shared

169  systemic signature of pancreatic cancer cachexia
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170  We next asked whether this remodeling was accompanied by coordinated metabolic alterations.
171 Tryptophan sits at a major metabolic branchpoint, supporting serotonin biosynthesis, kynurenine
172  metabolism and downstream NAD+ production, and microbiota-derived indole pathways (Figure
173 3A). We therefore performed metabolomic profiling of serum and multiple tissues in KPC and
174  orthotopic models across progression from pre-cachectic to severely cachectic states (Figures
175  3B-3l; Figures S3-S6). Across all tissues, cachexia converged on coordinated diversion of
176  tryptophan away from serotonin synthesis and toward kynurenine. In serum, serotonin declined
177  markedly while kynurenine rose progressively with severity, following nearly identical trajectories
178  in both models (Figures 3B and 3F). Kynurenine also accumulated in tumor (Figures 3C and 3G),
179  liver (Figures 3D and 3H), and spleen (Figures 3E and 3l), making it the most reproducible
180 metabolic alteration observed. Despite this, downstream Kkynurenic acid, quinolinate, and
181 indolelactic acid remained unchanged, revealing a metabolic bottleneck after kynurenine. The
182  broader serum metabolome changed progressively with disease severity, with pre-cachectic mice
183  occupying an intermediate state. Orthotopic PDAC mice also showed reduced succinate,
184 fumarate, and a-ketoglutarate and increased 3-hydroxybutyrate, whereas KPC mice showed
185 reduced o-ketoglutarate and malate and increased 2-hydroxybutyrate, accompanied by global

186  separation by PCA (Figures S3A-S3B and S5A-S5B).

187  Tumors showed a partially conserved metabolic fingerprint dominated by creatine and creatine
188  phosphate depletion, consistent with energetic strain. Model-specific changes included increased
189  fumarate and 2-hydroxybutyric acid in orthotopic severe cachexia tumors and decreased a-
190 ketoglutarate and isocitrate in KPC tumors. PCA reveals separated tumor from control pancreas
191 in both models, with partial overlap (Figures S3C and S3D; Figures S5C and S5D). The liver
192  showed the most extensive remodeling with increased 3-hydroxybutyrate in the orthotopic model,
193  consistent with enhanced hepatic ketogenesis. This rewiring also extended to amino acid

194 metabolism, exemplified by altered phenylalanine in cachectic livers, consistent with broader
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195  perturbation of amino acid handling in cachexia'®4243, Metabolites linked to creatine-
196  phosphocreatine buffering were also altered, suggesting disruption of cellular energy-buffering
197  pathways under heightened energetic demand**45. PCA showed progressive separation of
198 cachectic from control livers in both models, with pre-cachectic samples intermediate (Figures

199  S4A and S4B; Figures S6A and S6B).

200 In orthotopic mice, the spleen showed substantial remodeling, including increased phenylalanine,
201 cystine, glutamine and creatine, while creatine phosphate decreased, consistent with altered
202  creatine—phosphocreatine energy buffering (Figures S4C and S4D). KPC spleen similarly showed
203 increased isoleucine, glutamine, and valine and a distinct PCA profile (Figures S6C and S6D).
204  Notably, splenic serotonin followed the opposite trajectory of every other tissue examined, rising
205 rather than falling in the KPC model (Figure 3I). Given the pronounced splenomegaly in KPC
206  mice, and that platelets are the dominant peripheral serotonin reservoir and are sequestered in
207 the spleen, one possible explanation is platelet pooling secondary to splenomegaly*®4’, rather

208 than a genuine reversal of splenic tryptophan flux, and further studies are needed to confirm this.

209  Together, these findings support a coordinated, tumor orchestrated metabolic program in
210  pancreatic cancer cachexia, marked by systemic tryptophan diversion toward kynurenine and

211 impaired energy buffering across tissues.

212 Our findings are supported by human cancer data, though these examined individual pathway
213  components of tryptophan metabolism in separate disease settings. In human PDAC, kynurenine
214 is elevated in tumors versus patient-matched adjacent pancreas, ranking among the most
215 increased of 127 metabolites in 49 patients*®. Kynurenine is likewise raised in renal and colon
216  tumors versus normal tissue*®*°, and circulating kynurenine is elevated in lung, gynecologic, and
217  hepatocellular cancers, tracking with stage and predicting survival®™3. In paired human rectal
218  tumors, kynurenine rose while serotonin and 5-HIAA fell, showing both branches shift within the

219  same tumor®. Fragmentary evidence links the pathway to cachexia: serum tryptophan is depleted


https://doi.org/10.64898/2026.10.08.757616
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.10.08.757616; this version posted October 9, 2026. The copyright holder for this preprint
(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
available under a CC-BY 4.0 International license.

220 in cachectic patients and correlates inversely with immune activation®®, and kynurenine pathway
221  activation has separately been associated with fatigue and depressed mood in solid tumors®®.
222  Each captures a single tissue or symptom. Our data supply that link, showing tryptophan is
223  coordinately redirected toward kynurenine and away from serotonin across multiple organs during

224  cachexia, and that this shift accompanies both wasting and behavioral features of the syndrome.
225  Transcriptional evidence of systemic kynurenine pathway activation in cachexia

226  The metabolic bottleneck observed across serum, tumor, liver, and spleen, with kynurenine
227 accumulation but no increase in downstream metabolites, raised the question, does this
228  phenotype reflect increased kynurenine production, impaired downstream catabolism, or both?
229  Transcriptomic profiling across tumor, liver, adipose, and muscle showed that kynurenine
230 synthesis genes I/do1 and Afmid were markedly upregulated in tumors, whereas downstream
231 catabolic enzymes Kmo, Kynu, Haao, and Qprt were unchanged or reduced, and serotonin
232  pathway genes (Tph1, Ddc, Maoa, and Sic6a4) were differentially regulated across tissues and

233  models (Figure 4A).

234  Indoleamine 2,3-dioxygenase 1 (IDO1) was significantly elevated in both KPC and orthotopic
235  tumors versus normal pancreas, with stronger induction in the orthotopic model (Figure S7A),
236  accompanied by elevated //6 in orthotopic tumors (Figure S7B) and robust hepatic //6 induction in
237  cachectic KPC livers relative to controls (Figure S7C), consistent with a model in which IL-6, a

238  known inducer of IDO1%, sustains kynurenine pathway activation both locally and systemically.

239  Kynurenine also functions as an endogenous ligand for the aryl hydrocarbon receptor (AhR), a
240 transcription factor coupling metabolic cues to immune and stress-response gene programs®8°.
241  We therefore asked whether kynurenine accumulation was transcriptionally active rather than
242  metabolically inert. Canonical AhR targets (Tiparp, Ahrr, Cyp1b1, Aldh1a3, Ugt1a6a, Ugt1a6b)

243  were coordinately induced across tumor, liver, gonadal and inguinal white adipose tissue (GWAT,
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244  |WAT), and quadriceps muscle (Quad) in both models (Figure 4B), consistent with kynurenine
245  ligand-driven AhR activation®®'. Induction was strongest in tumor but clear in liver and both
246  adipose depots, and included the AhR-dependent detoxification genes Ugt1a6a/b. Thus, these
247  data support a model in which tumor-derived inflammation, particularly IL-6-driven IDO1 induction,
248  drives a systemic program favoring kynurenine production and AhR signaling over serotonin

249  synthesis.

250 Unchanged kynurenic acid, quinolinate, and indolelactic acid pointed to impaired metabolism
251  downstream of production. Agudelo et al. described a skeletal muscle PGC-1a/PPARo—KAT
252  program converting kynurenine to kynurenic acid®2. Orthotopic quadriceps showed reduced
253  expression of Ppargcia, Ppargc1b, Ppara, and Ccbl1 (Kyat1) (Figure 4C), and KPC quadriceps
254  a similarly coordinated reduction in Ppargc1b, Ppara, and Ccbl1 (Figure 4D), indicating impaired
255  muscle conversion of kynurenine to kynurenic acid, a tissue intrinsic mechanism compounding

256  the systemic bottleneck.
257 Conserved alteration of tryptophan metabolism across distinct cancer cachexia models

258 To test whether this rewiring extends to other tumor types, we examined two genetically
259  engineered lung cancer cachexia models, KP (Kras'S-¢120%*; p531M) and KL (Kras-S--¢1207*; | kb1%M)
260 (Figures S7D and S7E). Consistent with our pancreatic models, both lung cancer models showed
261 reduced serotonin with increased kynurenine, though affected tissues differed. KP mice showed
262  increased serum and liver kynurenine with reduced serum serotonin, and KL mice showed
263 reduced serum serotonin with increased liver kynurenine. Kynurenic acid was reduced or
264  unchanged despite rising kynurenine in both models, mirroring the bottleneck identified in PDAC.
265 These findings support kynurenine accumulation with reduced serotonin as a conserved feature
266  of cancer cachexia across genetically distinct tumor models, suggesting this tryptophan pathway

267  alteration may be a common systemic response extending beyond PDAC.
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268  Cellular energy crisis: another conserved feature of pancreatic cancer cachexia

269 The altered creatine—phosphocreatine pattern observed by metabolomics suggested broader
270  disruption of cellular energy homeostasis, prompting us to examine whether cellular energy status
271 was perturbed across tissues. We therefore calculated adenylate energy charge, an index of the
272  phosphorylation state of the adenine nucleotide pool, in soleus muscle, liver, and spleen across
273  disease stages. Energy charge declined progressively from control to pre-cachectic to severely
274  cachectic animals in all three tissues (Figure S7F), demonstrating a multi-organ reduction in
275  cellular energy status. Because energy charge can be influenced by changes in energy supply,
276  energy demand, or both, these data do not distinguish which component primarily drives the
277  observed decline. These findings identify impaired cellular energy homeostasis as a conserved

278  feature of pancreatic cancer cachexia.

279 Restoration of serotonin signaling improves activity and appetite but does not prevent

280 wasting and lethality

281 Reduced serotonin signaling has been strongly associated with depressive states, and
282  depression is frequently observed in patients with pancreatic cancer cachexia®*®. Moreover,
283  increased kynurenine production via the tryptophan degrading enzyme IDO1 has been reported
284  toinduce depression-like behavior in mice and humans®%. Together, this suggests tumor-driven

285 alteration of tryptophan metabolism may contribute to neurobehavioral features of cachexia.

286  To test whether restoring serotonin signaling could improve these features, we treated orthotopic
287  tumor bearing mice with fluoxetine, a selective serotonin reuptake inhibitor (SSRI) that raises
288  synaptic serotonin levels by blocking its reuptake transporter, SERT®’. Fluoxetine increased
289  cumulative food intake and, most prominently, voluntary wheel running (Figures 4E and 4F),
290 consistent with restoration of motivated behavior rather than generalized movement. Video

291  monitoring showed fluoxetine-treated mice moving freely through the cage compared with the
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292  hunched, immobile posture of controls, consistent with reduced depression-like behavior (Video
293  S1). Total energy expenditure remained unchanged (Figure 4G). Cumulative energy balance
294 remained near neutral with fluoxetine but progressively declined in controls (Figure 4H),

295  consistent with increased food intake offsetting ongoing energetic demands.

296  Despite this, fluoxetine-treated mice showed no preservation of body weight, fat mass, or lean
297 mass (Figure 4l), and survival (Figure 4J) and tumor burden (Figure 4K) were unchanged. Thus,
298 improved feeding, voluntary activity, and energy balance were insufficient to prevent wasting or
299  extend survival, separating reversible behavioral and energetic defects from the lethal wasting

300 phenotype.

301  We next tested this response in KPC mice implanted after cachexia onset with sustained release
302 fluoxetine pellets (~0.37 mg/day over 30 days, comparable to the orthotopic dose). Fluoxetine
303 similarly increased cumulative food intake and voluntary wheel running, while total energy
304 expenditure remained unchanged, resulting in a more positive cumulative energy balance
305 (Figures S7G-S7J) and recapitulating the energetic benefit observed in the orthotopic model.
306  Again, fluoxetine did not preserve body weight, fat mass, or lean mass or improve survival or
307  tumor burden (Figures S7K-S7M), reproducing the dissociation between improved feeding,

308  activity and persistent wasting.

309 Serum metabolomics showed increased circulating serotonin, supporting engagement of the
310  serotonergic axis (Figure S7U). Together, these findings demonstrate a reproducible response
311 across two PDAC cachexia models: fluoxetine increased food intake and voluntary activity and
312  improved whole body energy balance but did not prevent wasting or prolong survival, showing
313 that neurobehavioral dysfunction and negative energy balance are pharmacologically reversible

314  and uncoupled from the lethal wasting aspect of cachexia.

315 Bypassing serotonin biosynthesis with 5-HTP has limited effects on PDAC cachexia
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316  To test whether enhancing serotonin synthesis could alleviate cachexia-related symptoms, we
317  supplemented the diet with 5-hydroxytryptophan (5-HTP), the immediate serotonin precursor that
318 readily crosses the blood-brain barrier®°, thereby bypassing upstream tryptophan metabolism
319 and kynurenine diversion. 5-HTP did not alter food intake but modestly increased voluntary wheel
320 running (Figures S7N and S70). Total energy expenditure was modestly increased, whereas
321  cumulative energy balance remained negative (Figures S7P and S7Q). 5-HTP did not preserve
322  body weight, fat mass, or lean mass, or alter tumor burden or survival (Figures STR-S7T). Thus,

323  5-HTP produced only a modest increase in activity without improving energy balance or wasting.
324  Serotonergic modulation of depression-like behavior in pancreatic cancer cachexia

325  Pancreatic cancer cachexia is accompanied by behavioral changes consistent with depression-
326 like states, including reduced activity and loss of motivation3’°, Because fluoxetine increased
327 appetite and voluntary activity, we hypothesized that altered serotonin signaling contributes to
328 these deficits. Spatial analysis of movement in metabolic cages showed that control cachectic
329 mice remained near the food source, whereas fluoxetine-treated mice moved throughout the
330 cage, including around food, water, and wheel areas (Figure 4L), consistent with increased

331 exploration and reduced behavioral restriction.

332  Tofurther assess depression-like behavior, we performed the forced swim test, in which increased
333 immobility is widely used as an index of depression-like behavior’!. Control non-tumor bearing
334 mice readily swam, tumor bearing mice receiving placebo pellets rapidly became immobile,
335 spending most of the test floating rather than actively swimming, consistent with increased
336  depression-like behavior (Figure 4M). In contrast, fluoxetine-treated mice swam significantly
337 longer and showed delayed immobility, consistent with reduced behavioral despair and improved
338  coping behavior (Video S2). Although they remained less mobile than non-tumor bearing controls,

339 their improvement over placebo-treated tumor bearing mice indicates partial rescue of behavioral


https://doi.org/10.64898/2026.10.08.757616
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.10.08.757616; this version posted October 9, 2026. The copyright holder for this preprint
(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
available under a CC-BY 4.0 International license.

340  function, supporting that cachexia-associated depression-like behavior is alleviated by enhanced

341 serotonergic signaling.

342 Targeting the kynurenine pathway increases feeding and locomotor activity without

343  altering tissue wasting and lethality

344  To test whether targeting the kynurenine branch could alleviate cachexia symptoms, we inhibited
345 IDO1 with the selective inhibitor Epacadostat’%”. IDO1 is a rate-limiting enzyme that catalyzes
346 tryptophan degradation to kynurenine™. Cachectic mice received Epacadostat (100 mg/kg by oral
347 gavage) and underwent Promethion monitoring and longitudinal EchoMRI. IDO1 inhibition
348 markedly increased food intake (Figure 5A) and increased voluntary wheel running without
349 reaching significance (Figure 5B). Energy expenditure was modestly elevated but not significant
350 (Figure 5C), whereas cumulative energy balance improved significantly (Figure 5D). Body weight,
351 fat mass, lean mass, survival, and tumor burden were unchanged (Figures 5E-5G). Serum
352 metabolomics confirmed reduced circulating kynurenine in Epacadostat-treated mice (Figure
353  S7V), consistent with pathway inhibition. Thus, IDO1 inhibition improved feeding and energy
354  balance, with trends toward greater activity, without altering tissue wasting or disease outcome,

355  further dissociating the behavioral, energetic, and lethal arms of PDAC cachexia.

356 Combined targeting of tryptophan metabolism improves activity and preserves fat mass

357 in cachexia

358 To determine whether combined serotonergic and IDO1 targeting could more effectively alleviate
359 cachexia, we treated cachectic mice with sustained release fluoxetine pellet and IDO1 inhibitor.
360 Combined treatment significantly increased food intake and voluntary wheel running (Figures 5H
361 and 5l), indicating improved feeding and spontaneous activity. Total energy expenditure was
362 unchanged (Figure 5J), whereas cumulative energy balance was significantly more positive

363  (Figure 5K). Unlike either single agent, combined treatment preserved body composition: treated
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364 mice maintained significantly greater body weight and fat mass, whereas lean mass remained
365 unchanged (Figure 5L). However, survival and tumor burden (Figures 5M and 5N) remained
366 unchanged. Thus, simultaneous targeting of both branches improved feeding, activity, and energy
367 balance and, translated these gains into preservation of body weight and fat mass without altering

368 tumor burden or survival.

369 Stable isotope tracing reveals kynurenine pathway activation as the dominant fate of

370 tryptophan in PDAC

371  Because steady-state metabolomics cannot resolve pathway utilization, we performed in vivo U-
372  '3Cy;-tryptophan tracing to track newly available tryptophan through the serotonin, kynurenine,
373 and indole pathways (Figure 6A). Serum tracer enrichment was modestly higher in PDAC-bearing
374  mice (Figure 6B). To correct for differences in systemic tracer exposure, tissue metabolite labeling
375 was normalized to matched serum enrichment from the same animal. Serum normalized labeled
376  tryptophan was unchanged in pancreatic/tumor and liver (Figure 6C), indicating similar precursor
377 labeling relative to systemic exposure. In contrast, labeled kynurenine was markedly increased in
378  tumor and liver (Figure 6D), demonstrating preferential channeling of newly available tryptophan
379 into the kynurenine pathway. This did not extend uniformly downstream: labeled kynurenic acid
380 remained unchanged in both tissues (Figure 6E). Labeled 5-HTP was unchanged in
381  pancreatic/tumor tissue but increased in liver (Figure 6F), while labeled serotonin remained low
382  and unchanged in both (Figure 6G), revealing a reciprocal suppression of the serotonin branch at
383 its immediate precursor. Labeled indolelactic acid was unchanged in tumor but increased in liver
384  (Figure 6H), indicating branch and tissue selective tracer redistribution rather than globally
385 increased tracer availability. Thus, enhanced tryptophan to kynurenine conversion is the dominant
386  remodeling of tryptophan metabolism in PDAC, with reduced serotonin pathway engagement and

387 limited downstream conversion of the expanded kynurenine pool.
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388  AhRinhibition functionally phenocopies disruption of the tryptophan metabolism pathway

389 in cachectic PDAC

390 PDAC cachexia showed molecular features consistent with AhR pathway engagement, including
391  tissue-specific alterations in canonical AhR-responsive genes (Figure 4B). AhR is a ligand-
392 dependent transcription factor activated by endogenous metabolites, including kynurenine, with
393 activation promoting nuclear translocation and transcriptional activity’>. Because tracing identified
394  kynurenine as a predominant metabolic fate of tryptophan in PDAC cachexia, we asked whether
395 this metabolic rewiring was associated with downstream AhR activation in tumors. Because IDO1
396 converts tryptophan to kynurenine, we examined tumor AhR localization after IDO1 inhibition
397  using an anti-AhR antibody previously used for immunohistochemistry’®’’. Vehicle-treated tumors
398  showed spatially heterogeneous AhR staining, with discrete tumor cell clusters displaying nuclear
399 localization. IDO1 inhibition markedly reduced these nuclear AhR positive foci (Figure 6l), as
400 confirmed by quantitative analysis (Figure 6J). This links IDO1 dependent kynurenine production
401 to AhR activation in tumors, while allowing for contributions from other endogenous AhR ligands.
402  To test whether AhR signaling functionally contributes to cachexia, orthotopic PDAC-bearing mice
403 received the AhR antagonist CH-223191 by oral gavage. AhR inhibition significantly increased
404  food intake (Figure 6K) and raised voluntary wheel running, although not significantly (Figures
405 6L). Total energy expenditure increased significantly (Figure 6M), while cumulative energy
406  balance shifted positively (Figure 6N). AhR inhibition also significantly attenuated fat mass loss,
407  whereas lean mass and body weight remained unchanged (Figure 60). Survival and tumor weight
408 were unaffected (Figures 6P and 6Q). Thus, AhR blockade reproduced key effects of upstream
409  kynurenine pathway inhibition, improving feeding, energy balance, and adiposity without altering
410  tumor burden or survival. These findings position AhR as a functional downstream mediator of
411 host metabolic and behavioral responses to altered tryptophan metabolism rather than a

412  determinant of tumor growth or lethality.
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413 Excess dietary tryptophan promotes kynurenine production only in PDAC and enhances

414 lethal cachexia

415 To determine whether increased substrate availability could overcome altered tryptophan
416  metabolism, non-tumor bearing and orthotopic PDAC-bearing mice were randomized on day 5 to
417  control or 10x% tryptophan diets and analyzed on day 12 and at the cachectic endpoint (Figure 7A).
418  Supplementation significantly shortened survival in PDAC-bearing mice (Figure 7B), indicating
419 that added tryptophan was detrimental rather than corrective. We therefore performed serum

420  metabolomic profiling to define its effects on circulating tryptophan metabolites (Figure 7C).

421 Despite a 10-fold dietary increase, circulating tryptophan rose only modestly, reaching
422  significance only in PDAC-bearing mice at endpoint. At day 12, supplementation increased
423  kynurenine and kynurenic acid in non-tumor bearing mice, whereas neither changed significantly
424  in PDAC-bearing mice. By endpoint, non-tumor bearing mice accumulated kynurenic acid without
425  sustained kynurenine elevation, whereas PDAC-bearing mice showed marked kynurenine
426  accumulation exceeding both diet matched PDAC controls and supplemented non-tumor bearing
427  mice, without a rise in kynurenic acid. Circulating serotonin remained unchanged, indicating that
428  added tryptophan did not restore the serotonergic pool. Nicotinamide increased at endpoint in

429  both groups, whereas indolelactic acid was unchanged.

430  Tryptophan supplementation also failed to preserve body weight, fat mass, or lean mass in PDAC-
431  bearing mice (Figure 7D). This complements the tracing data, which showed preferential
432  incorporation of newly available tryptophan into kynurenine with limited downstream labeling.
433  Together, they show that excess tryptophan does not normalize metabolism in PDAC cachexia
434  but instead reveals differential partitioning toward kynurenic acid in healthy mice and kynurenine

435  in tumor bearing mice (Figure 7E).

436
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437 Discussion

438 Pancreatic cancer cachexia extends beyond anorexia and tissue wasting. Across PDAC mouse
439 models, we identify three largely separable axes: tumor to periphery inflammatory signaling
440  converging on the liver, a conserved multi-organ decline in cellular energy charge, and systemic
441  tryptophan remodeling from serotonin toward the kynurenine—AhR axis. Each was independently
442  targetable, yet every intervention corrected only a subset of the phenotype, reframing PDAC

443  cachexia as coordinated, partially overlapping catabolic programs downstream of the tumor.

444  Inflammatory and tumor-derived signals induce IDO1 and tryptophan 2,3-dioxygenase (TDQO)"87°,
445  diverting tryptophan from serotonin toward kynurenine®?®'; its contribution to the systemic
446  manifestations of cancer, as opposed to antitumor immunity, has remained less clear®®7°. In this
447  context, our data indicate an active, tumor-conditioned program rather than a passive
448  consequence of malignancy: tumors selectively upregulated /do1 and Afmid without inducing
449  downstream catabolic genes/enzymes, while isotope tracing showed tryptophan channeled
450  preferentially into kynurenine rather than serotonin, with limited conversion to kynurenic acid,
451 quinolinate, or indolelactic acid. This bottleneck recurred across tumor, liver, and adipose tissue
452  intwo PDAC and two lung cancer models (KP and KL), supporting a conserved metabolic feature

453 of cancer cachexia.

454  Serotonin regulates feeding, mood, and locomotion, all impaired in advanced cancer and
455  cachexia. Inflammation and altered serotonergic signaling are linked to anorexia and
456  neurobehavioral dysfunction in chronic disease and cancer®28® and increased tryptophan
457  catabolism to depression and fatigue in patients with cancer®®#8° Accordingly, serotonin was
458 reduced in cachectic mice, and serotonergic restoration improved food intake, activity, and
459 depression-like behavior. Across interventions, however, improved intake and energy balance
460 remained dissociated from wasting: fluoxetine, 5-HTP, IDO1 inhibition, and AhR antagonism each

461  improved feeding, activity, and/or energy balance, yet none slowed body mass loss or extended
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462  survival. PDAC cachexia is therefore driven not by insufficient caloric intake but by catabolic
463  programs that persist despite improved energy balance. Only AhR antagonism and combined
464  fluoxetine plus IDO1 inhibition preserved fat mass, indicating partial but incomplete control of

465  wasting.

466  Tracing further showed increased kynurenine flux without proportional increases downstream,
467  most evident with dietary tryptophan. In tumor free mice, excess tryptophan increased kynurenic
468  acid instead of kynurenine, consistent with further metabolism of kynurenine into a metabolite with
469 limited blood—brain barrier permeability®®8’. In PDAC-bearing mice, supplementation instead
470  caused marked kynurenine accumulation without increased kynurenic acid. The tumor bearing
471 state thus shifts kynurenine handling toward accumulation rather than kynurenic acid production,
472  relevant given the differential blood—brain barrier permeability of these metabolites®. The high
473  tryptophan diet also accelerated mortality in PDAC-bearing mice, showing that added substrate

474  exacerbates rather than corrects kynurenine pathway dysregulation.

475 Increased kynurenine pathway activity has been associated with fatigue, reduced physical
476  performance, muscle dysfunction, and neurobehavioral abnormalities in inflammatory and
477 cancer-associated conditions®8, and IDO1 has been pursued as an anticancer target because
478  tryptophan depletion and kynurenine production suppress antitumor immunity’®8°. Although IDO1
479  inhibition alone primarily improved feeding and activity, combining it with serotonin restoration
480 also preserved adipose mass, suggesting that targeting of both tryptophan branches may better

481 address the behavioral and metabolic features of cachexia.

482  One downstream mechanism linking kynurenine to cachexia is AhR activation. Kynurenine acts
483  as an endogenous AhR ligand, connecting tryptophan metabolism to transcriptional programs of
484  immune regulation, inflammation, and cellular metabolism”9', IDO1 inhibition altered AhR
485  subcellular localization, consistent with reduced pathway activation when kynurenine production

486  was suppressed, in line with evidence that elevated AhR activity driven by kynurenine pathway
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487  metabolites promotes cancer progression and wasting, as in gastric adenocarcinoma, where AhR
488  overexpression drove tumor growth and its suppression alleviated cachexia®. Consistent with our
489 findings, Leng and colleagues showed that dietary tryptophan promotes multiple myeloma
490  engraftment through IDO1-dependent catabolism and host myeloid AhR signaling. In our model,
491  Direct AhR inhibition improved food intake, locomotion, and fat mass preservation, establishing
492  AhR as a functional mediator of selected cachexia phenotypes rather than merely a marker of
493  altered kynurenine metabolism. It did not reverse all manifestations of cachexia or improve
494  survival, indicating that AhR drives a defined subset of host abnormalities rather than the whole

495  syndrome.

496  Together, these findings establish altered tryptophan partitioning, with reduced serotonergic
497  output and kynurenine—AhR activation, as an active, targetable component of PDAC cachexia
498 rather than a passive biomarker. They further suggest that depression, anorexia, and inactivity in
499  cancer cachexia have a biochemical basis that may be therapeutically addressed with available
500 agents to improve quality of life. With the accompanying study, our findings highlight tryptophan

501  metabolism as a therapeutic avenue for improving key manifestations of cancer cachexia.

502 Limitations of the study: Our behavioral assays interrogate selected aspects of locomotion,
503 motivation and depression-like behavior but not the full neurobehavioral spectrum of cachexia.
504 We did not measure central tryptophan, kynurenine, or serotonin, so their contribution beyond
505  peripheral signaling remains inferred. Our conclusions rest on pharmacologic rather than genetic
506  manipulation of IDO1, AhR and serotonin signaling. Without tissue specific loss or gain of function
507 models, off-target drug effects cannot be fully excluded. Finally, the impaired hepatic AhR
508 signaling reported previously differs from the tumor associated AhR activation seen here, a
509 discrepancy that may reflect tissue context, tumor model, or disease stage and warrants direct

510 comparative investigation.

511  Resource availability
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512 Raw data supporting the main and supplementary figures are provided as source data files.
513  Additional datasets, analyses, and methodological details are available from the lead contact,

514  EW, upon request.
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STAR METHODS
REAGENT or RESOURCE | SOURCE I IDENTIFIER
Chemicals, peptides, and recombinant proteins
5-Hydroxytryptophan (5-HTP) MedChemExpress Cat# HY-N0122
Fluoxetine hydrochloride MedChemExpress Cat# HY-B0102A

Fluoxetine sustained-release pellet (11
mg/pellet; 30-day release)

Innovative Research of
America

11 mg/pellet; 30-day
release

Epacadostat (INCB024360)

MedChemExpress

Cat# HY-15689

CH-223191

MedChemExpress

Cat# HY-12684

L-Tryptophan-enriched diet

Research Diets

Cat# A24050803i

L-[U-13C11] tryptophan, 99%

Cambridge Isotope

Cat# CLM-4290-H-0.1

Laboratories
Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat# D2650-100ML
Corn oil MedChemExpress Cat# HY-Y1888
Growth factor-reduced Matrigel Corning Cat# 356234

Dulbecco's phosphate-buffered saline (DPBS),
1X

Gibco / Thermo Fisher
Scientific

Cat# 14190144

Dulbecco's modified Eagle medium (DMEM),
high glucose, 1X

Gibco / Thermo Fisher
Scientific

Cat# 11965092

Trypsin-EDTA (0.25%), phenol red Gibco / Thermo Fisher Cat# 25200056
Scientific
InVivoPure pH 7.0 dilution buffer Bio X Cell Cat# IPO070

Buprenorphine extended-release injectable
suspension (Ethiga XR), 1.3 mg/mL

Fidelis Animal Health

NDC 86084-100-30

Meloxicam

Institutional veterinary
supply

N/A

Antibodies

Anti-AHR monoclonal antibody

Proteintech

Cat# 67785-1-Ig;
RRID: AB_2918549

Critical commercial assays

ProcartaPlex Mouse Cytokine & Chemokine
Panel 1A, 36-plex

Thermo Fisher Scientific

Cat# EPX360-26092-
901

Deposited data

Bulk RNA-seq data (tumor, pancreas, liver, This paper GEO: accession
skeletal muscle, and adipose tissue) number pending
Single-nucleus RNA-seq data (liver) This paper GEO: accession

number pending
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Experimental models: Cell lines

KPC pancreatic cancer cells (in-house-derived | White laboratory N/A
lines)
KPC pancreatic cancer cells (Gulhati Gulhati laboratory N/A

laboratory-derived line)

Experimental models: Organisms/strains

KPC mice (KrasLSL-G12D/+; Trp53LSL-
R172H/+; Pdx1-Cre)

Jackson Laboratory / White
laboratory internal colony

Internal colony; N/A

C57BL/6J mice

The Jackson Laboratory

Stock #000664; RRID:
IMSR_JAX:000664

Software and algorithms

GraphPad Prism

GraphPad Software

v11.0.2

Macrolnterpreter 3

Sable Systems
International

v3

CalR CalR developers https://calrapp.org

BioJupies Ma'ayan Laboratory Web-based analysis
platform

Cell Ranger 10x Genomics Version used by
sequencing provider

Seurat Satija Laboratory v5.0.0

EL MAVEN MAVEN developers Version used by
Metabolomics Shared
Resource

Other

EchoMRI body composition analyzer EchoMRI LLC EchoMRI-100H

Promethion metabolic cage system Sable Systems 16-cage Promethion

International Core Mouse Metabolic

System

Q Exactive Plus hybrid quadrupole-Orbitrap
mass spectrometer

Thermo Fisher Scientific

Q Exactive Plus

Vanquish Horizon UHPLC system

Thermo Fisher Scientific

Vanquish Horizon

XBridge BEH Amide column, 150 x 2.1 mm, 2.5
um

Waters

XBridge BEH Amide

Rodent polypropylene feeding tube

Instech Laboratories

Cat# FTP-20-30-50

Bulk RNA sequencing service

Novogene

lllumina NovaSeq X
Plus

Single-nucleus RNA sequencing

10x Genomics / Novogene

10x Genomics 3'
gene-expression
workflow; NovaSeq X
Plus

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the lead contact, Eileen White (epwhite@cinj.rutgers.edu).
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546  Materials availability

547  KPC pancreatic cancer cell lines generated or maintained in this study are available from the lead
548  contact upon reasonable request and, where applicable, completion of an institutional material

549  transfer agreement.
550 Data and code availability

551 Bulk RNA-seq and single-nucleus RNA-seq data generated in this study will be deposited in the
552 NCBI Gene Expression Omnibus (GEO). Accession numbers will be provided before final
553  publication. This paper does not report original code. Any additional information required to

554  reanalyze the data reported in this paper is available from the lead contact upon request.
555 Mouse models

556  All animal studies were performed in accordance with protocols approved by the Rutgers
557  University Institutional Animal Care and Use Committee (IACUC). Mice were maintained under
558  specific pathogen-free conditions in a temperature- and humidity-controlled facility under a 12 h

559 light/12 h dark cycle with ad libitum access to food and water unless otherwise indicated.

560 KPC mice carrying conditional KrasLSL-G12D/+ and Trp53LSL-R172H/+ alleles together with
561 Pdx1-Cre were maintained as an internal colony. Both male and female mice were included
562  across experiments. Littermate animals lacking Pdx1-Cre-mediated recombination served as
563  non-tumor bearing controls and did not develop pancreatic tumors. For longitudinal studies, mice
564  were monitored throughout tumor progression, with body weight and food intake measured at
565  regular intervals and animals followed until prespecified humane endpoint criteria were reached.
566 Cachexia status was defined relative to baseline body weight, as specified for individual
567 experiments. Both male and female mice were included across experiments. KPC mice were
568  approximately 4-5 months old at the cachectic stage. For orthotopic PDAC studies, 3-month-old
569  C57BL/6J mice were obtained from The Jackson Laboratory and reached approximately 4 months

570  of age by the cachectic stage.

571  C57BL/6J mice (The Jackson Laboratory, Stock #000664) were used as syngeneic recipients for

572  orthotopic pancreatic tumor implantation experiments.
573 KP and KL lung cancer models

574  KP (Kras-S-¢120% Trp531M) and KL (Kras“S--C120"*;: | kb17M) mice were generated and maintained in
575 house. Both male and female mice were used. Lung tumors were initiated at 8—10 weeks of age

576 by intranasal administration of adenovirus-Cre at 4 x 107 plaque-forming units (PFU) per mouse.
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577  Following tumor initiation, mice were monitored longitudinally for disease progression and body
578  weight loss and were analyzed at the cachectic stage, corresponding to approximately 15-20%
579 loss of body weight. The KP model corresponds to the strain available from The Jackson
580 Laboratory (RRID: IMSR_JAX:032435).

581 Individual experiments were conducted using male mice, female mice, or both sexes, depending
582 on the experimental cohort. When both sexes were included within an experiment, data were
583 pooled for analysis unless otherwise indicated. The study was not designed or powered to

584  systematically assess sex-dependent differences.

585 KPC derived pancreatic cancer cell lines

586  Four independent KPC tumor-derived pancreatic cancer cell lines were used to ensure
587  reproducibility across biologically distinct tumor backgrounds. Two lines were established from
588 female KPC tumors, including one line obtained from the Gulhati laboratory and one generated in
589 house. Two additional independent lines were generated from male KPC tumors. For in house
590 line generation, pancreatic tumors were harvested from tumor bearing mice, mechanically
591 dissociated, and enzymatically digested to generate single cell suspensions. Cells were plated
592  for primary outgrowth and serially passaged to enrich stable tumor cell populations and reduce
593  stromal contamination. Cells were maintained in high glucose DMEM supplemented with 10%
594 fetal bovine serum and 1% penicillin-streptomycin at 37°° in a humidified incubator containing 5%
595 COa.

596 METHOD DETAILS

597  Orthotopic pancreatic tumor implantation

598  Orthotopic tumors were generated by surgical implantation of KPC pancreatic cancer cells into
599 the pancreas of C57BL/6J recipient mice. Mice were anesthetized with inhaled isoflurane
600 delivered through a precision vaporizer, and all procedures were performed under aseptic
601 conditions. Perioperative analgesia consisted of meloxicam and extended-release buprenorphine
602 (Ethiga XR; 1.3 mg/mL; approximately 2.17 mg/kg) according to the approved Rutgers IACUC
603  protocol. After shaving and preparation of the left abdominal surgical area, a small left-flank
604 incision was made to expose the pancreas. A total of 2 x 10° pancreatic cancer cells suspended
605 in 10 pL growth factor-reduced Matrigel were injected into the pancreatic tail. The pancreas was
606  gently returned to the abdominal cavity, and the incision was closed with absorbable sutures and

607 wound clips. Mice were maintained on a warming pad throughout surgery and monitored
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608  continuously until full recovery from anesthesia. Animals were monitored postoperatively for 3
609 days according to IACUC guidelines and subsequently assessed daily for body weight, general

610 health, and signs of distress. Wound clips were removed 14 days after surgery.

611  Body composition measurements

612 Body composition was assessed longitudinally using an EchoMRI-100H body composition
613  analyzer. Before each acquisition session, mice were weighed on a calibrated laboratory balance
614 and instrument performance was verified using the manufacturer-recommended calibration
615 standard. Fat mass, lean mass, free water, and total body water were measured in conscious,
616  non-anesthetized mice. Animals were placed individually into restraint tubes and analyzed for
617  approximately 2 min per mouse before being returned to their home cages. Measurements were

618 collected at baseline and at designated time points during tumor progression.
619 Ultrasound imaging

620 In vivo ultrasound imaging was performed using a Vevo 3100 high-frequency preclinical
621  ultrasound system (FUJIFILM VisualSonics, Toronto, Canada). Mice were positioned on the
622 imaging platform, and ultrasound gel was applied to the region of interest to ensure acoustic
623  coupling. Images were acquired in B-mode using consistent acquisition settings across animals
624  and experimental groups. Tumor dimensions were measured from ultrasound images and used

625  to assess tumor growth.

626 Metabolic cage analysis

627  Whole-body energy metabolism, feeding, and activity were assessed using a 16-cage Promethion
628  Core Mouse Metabolic System (Sable Systems International). Mice were maintained on standard
629 chow and singly housed for 48-72 h before the start of metabolic monitoring. During data
630  collection, animals remained singly housed for 7 days under a 12 h light/12 h dark cycle at 21
631 and 55% relative humidity. The first 24 h of recording were excluded as an acclimation period.
632  Oxygen consumption (VO2), carbon dioxide production (VCO.), food intake, energy expenditure,
633  voluntary wheel running, and locomotor activity were recorded at 15 min intervals. Respiratory
634  exchange ratio was calculated as VCO2/VO,. Horizontal and vertical activity were quantified using
635 X-, Y-, and Z-axis infrared beam breaks. Stationary activity was defined as repeated interruption
636  of a single beam, whereas ambulatory movement was defined by sequential interruption of two
637 or more distinct beams. Raw Promethion files were processed using Macrolnterpreter 3 and

638  standardized outputs were subsequently analyzed using CalR (https://calrapp.org).
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639 Cage occupancy density maps and home-cage video recording

640 Raw metabolic-cage data were processed in R using the SableBase package (version 1.0.0) to
641 read Sable Systems .exp files. X-Y position data were visualized using the R smoothScatter()
642  function with nbin = 128, corresponding to a 128 x 128 grid. For group-level maps, X and Y
643  position values were averaged across mice within each experimental group using rowMeans(),
644  and the resulting group-level coordinates were used to generate the density maps. Videos S1 and

645  S2 were recorded by camera during behavioral assessment.

646  Cytokine profiling by multiplex Luminex assay

647  Cytokine profiling was performed using the ProcartaPlex Mouse Cytokine & Chemokine Panel
648 1A, 36-plex magnetic bead-based immunoassay. Following euthanasia, whole blood was
649 collected by terminal cardiac puncture and allowed to clot at room temperature. Serum was
650 isolated by centrifugation and stored at —80°C until analysis. Samples were thawed on ice and
651 centrifuged to remove residual particulate material. A total of 25 yL serum per sample was
652  submitted to the Rutgers Cancer Institute of New Jersey Immune Monitoring and Flow Cytometry
653 Shared Resource. Assay processing, acquisition, quality control, and analyte quantification were
654  performed by the core facility according to manufacturer recommendations and standardized core
655  procedures. Cytokine concentrations were determined by standard curve-based quantification

656 and are reported as pg/mL.

657 Bulk RNA sequencing and transcriptomic analysis

658  For transcriptomic analyses, tissues were collected from pre-cachectic and cachectic pancreatic
659  ductal adenocarcinoma (PDAC) mice, defined as animals exhibiting 5%—15% and >15% body
660 weight loss from baseline, respectively. Tissues were rapidly dissected, flash-frozen in liquid
661 nitrogen, and stored at —80°C until processing. RNA extraction, sample quality control, mRNA
662 library preparation, sequencing, and primary sequencing quality control were performed by
663 Novogene. Total RNA was extracted from frozen tumor, pancreas, liver, skeletal muscle, and
664  adipose tissues, and non-stranded mRNA libraries were generated following poly(A) enrichment.
665  Libraries were sequenced on an lllumina NovaSeq X Plus platform using paired-end 150-bp reads
666  with a target output of approximately 6 Gb raw sequencing data per sample. Adapter-containing
667 and low-quality reads were removed during primary quality-control processing. Processed gene-
668  expression datasets were analyzed using BioJupies for differential gene-expression and pathway-
669 enrichment analyses. Differentially expressed genes were used for downstream pathway-level

670 interpretation and visualization, and functional enrichment outputs generated by Novogene and
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671  BioJupies were used to identify biological processes and signaling pathways altered during PDAC

672  cachexia progression.

673  For visualization of selected transcriptional programs, normalized expression values were
674 imported into GraphPad Prism v11.0.2. Individual gene expression values were z-score
675 normalized across all samples within each tissue, and heatmaps were generated from the

676  resulting standardized expression matrices.
677  Single-nucleus RNA sequencing and analysis

678  Single-nucleus RNA sequencing was performed on frozen liver samples from nine mice,
679  comprising three controls, three GEMM KPC mice, and three orthotopic PDAC-bearing mice.
680  Nuclei isolation and library preparation were performed by Novogene using their standard single-
681 nucleus workflow. Nuclei were released by tissue lysis and mechanical dissociation, followed by
682  washing, filtration, counting, and quality assessment before library preparation. Libraries were
683  generated using the 10x Genomics Chromium Single Cell 3' gene-expression workflow, with a
684  target recovery of approximately 7,000 nuclei per sample, and sequenced on an lllumina
685 NovaSeq X Plus platform using paired-end 150-bp reads at a target depth of approximately
686 50,000 read pairs per nucleus.

687 Raw reads were processed using Cell Ranger v7.0.0 (10x Genomics) with the mm10-2020-A
688  mouse reference transcriptome for read alignment, cell-barcode and unique molecular identifier
689  processing, and generation of gene-by-nucleus count matrices. Intronic reads were included in
690 the count matrix. Count matrices were imported into Seurat v5.0.0.% Nuclei were retained if they
691 contained more than 250 detected features, more than 500 total RNA counts, and less than 10%
692  mitochondrial transcripts. A total of 98,255 nuclei were retained across the nine samples. Each
693  dataset was normalized using NormalizeData, and highly variable features were identified using
694  FindVariableFeatures with the variance-stabilizing transformation method and 5,000 features. All
695 nine datasets were integrated using canonical correlation analysis. SelectintegrationFeatures
696 was performed using 5,000 features, followed by FindIntegrationAnchors and IntegrateData.
697  ScaleData, RunPCA, and RunUMAP were run on both integrated and unintegrated data using 30
698  principal components. Louvain clustering was performed using 30 principal components for
699  FindNeighbors and a resolution of 0.05 for FindClusters. Marker genes for each cluster were
700 identified using FindAlIMarkers with default parameters. Cluster identities were assigned using a

701 published mouse liver reference atlas® by determining the reference cell type in which each
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702  cluster’s top five marker genes showed the highest expression. Overall, ten liver cell types were

703 identified among eleven clusters.

704  Drug administration by oral gavage and intraperitoneal injection

705  Experimental compounds were administered by oral gavage or intraperitoneal (i.p.) injection
706  according to the individual study design. Oral gavage was performed using polypropylene rodent
707  feeding tubes (Instech Laboratories, Cat# FTP-20-30-50). Mice were gently restrained, and
708 dosing volumes were adjusted according to compound concentration, experimental dose, and
709  body weight. For i.p. administration, compounds were prepared in the indicated vehicle and
710 administered at 100—200 pL per mouse. Treatment-specific formulations and schedules are

711 described below.
712  Fluoxetine pellet administration

713  Sustained-release fluoxetine pellets (Innovative Research of America; 11 mg/pellet, 30-day
714  release) were implanted subcutaneously under isoflurane anesthesia, corresponding to an
715  estimated release rate of approximately 0.37 mg/day (approximately 15 mg/kg/day). A small
716 incision was made in the dorsal interscapular region and a subcutaneous pocket was created for
717  pellet placement. Meloxicam was administered for perioperative analgesia, and incisions were
718  closed with surgical staples. Procedures were performed on a heating pad to maintain body
719  temperature. Animals were continuously monitored following implantation and returned to their

720 home cages after full recovery from anesthesia.

721 IDO1 inhibition

722  Tumor bearing mice were treated with the selective IDO1 inhibitor Epacadostat (INCB024360;
723  MedChemExpress, Cat# HY-15689). Treatment was initiated 4 days after orthotopic tumor
724  implantation. Epacadostat was first dissolved in DMSO and then diluted in corn oil to a final vehicle
725  composition of 10% DMSO and 90% corn oil. Mice received Epacadostat at 100 mg/kg by oral
726  gavage once daily until the experimental endpoint. Vehicle-treated tumor bearing controls

727  received an equivalent volume of 10% DMSO/90% corn oil on the same schedule.
728  Fluoxetine treatment

729  Tumor bearing mice were treated with fluoxetine hydrochloride (MedChemExpress, Cat# HY-
730 BO0102A; CAS 56296-78-7) beginning 4 days after orthotopic tumor implantation. Fluoxetine was
731 formulated at 3.75 mg/mL in 50% (v/v) PEG300 and 50% (v/v) sterile 0.9% saline and
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732  administered by intraperitoneal injection at 15 mg/kg once daily until the study endpoint. Control

733  mice received an equivalent volume of vehicle.
734  5-HTP treatment

735  Tumor bearing mice were treated with 5-hydroxytryptophan (5-HTP; MedChemExpress, Cat# HY-
736  NO0122) by intraperitoneal injection at 100 mg/kg once daily until the study endpoint. 5-HTP was
737  formulated in a vehicle consisting of 10% DMSO and 90% 20% SBE-B-CD in saline (v/v). Control

738  mice received an equivalent volume of the corresponding vehicle.

739  AhR inhibition

740  To evaluate the contribution of aryl hydrocarbon receptor (AhR) signaling during pancreatic cancer
741  cachexia, tumor bearing mice were treated with the AhR antagonist CH-223191
742  (MedChemExpress, Cat# HY-12684). Treatment was initiated 4-5 days after orthotopic tumor
743  implantation. CH-223191 was formulated in 10% DMSO and 90% corn oil and administered by
744  oral gavage at 10 mg/kg/day until study endpoint. Control mice received vehicle alone on the

745 same schedule.
746 Combined fluoxetine and IDO1 inhibition

747  For combined pathway targeting, tumor bearing mice received fluoxetine and epacadostat
748  beginning 5 days after orthotopic tumor implantation. Fluoxetine was delivered using a sustained-
749  release subcutaneous pellet (11 mg/pellet, 30-day release), corresponding to an estimated dose
750  of approximately 15 mg/kg/day for a 25 g mouse. Epacadostat was administered by oral gavage
751  at 100 mg/kg/day in 10% DMSO/90% corn oil. Combination treatment was maintained until the

752  experimental endpoint. Control mice received placebo pellets together with daily vehicle gavage.
753  High-tryptophan diet

754  For dietary tryptophan supplementation experiments, orthotopic PDAC-bearing mice were
755  randomized to control or 10x tryptophan-enriched diets beginning 5 days after tumor implantation.
756 Body composition was assessed by EchoMRI during disease progression. The dietary
757  intervention was maintained until the experimental endpoint, with analyses performed on day 12
758 and at the cachectic endpoint. The custom tryptophan-enriched diet was obtained from Research
759  Diets (Cat# A24050803i).

760  Tumor collection and tissue processing
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761 At experimental endpoint, mice were euthanized by CO. inhalation followed by cervical
762  dislocation. Blood was collected by cardiac puncture and serum isolated by centrifugation.
763  Tumors, liver, spleen, skeletal muscle, and adipose tissues were rapidly harvested and weighed.
764  Tumor samples designated for metabolic analysis were mechanically compressed using a pre-
765  chilled tissue clamp, flash-frozen in liquid nitrogen, and transferred to —80°C for long-term storage.
766  Tissues designated for metabolomic or transcriptomic analyses were maintained at —80°C until

767  processing.
768  Metabolomics analysis by LC-MS

769  Tissues were rapidly excised, freeze-clamped in liquid nitrogen using a pre-chilled Wollenberger
770  clamp, and stored at —80°° until processing. Frozen tissue (10-30 mg) was transferred to pre-
771 labeled tubes containing grinding beads and mechanically pulverized under cryogenic conditions
772  on dry ice. Polar metabolites were extracted using methanol:acetonitrile:water (40:40:20, v/v/v)
773  containing 0.5% formic acid, followed by neutralization with ammonium bicarbonate. After
774  sequential extraction and centrifugation, clarified supernatants were collected, supplemented with

775  internal standard, and stored at —80°C until analysis.

776  LC-MS analysis was performed by the Rutgers Cancer Institute Metabolomics Shared Resource
777  using a Q Exactive Plus hybrid quadrupole-Orbitrap mass spectrometer coupled to a Vanquish
778  Horizon UHPLC system (Thermo Fisher Scientific). Metabolites were separated on an XBridge
779 BEH Amide column (150 x 2.1 mm, 2.5 um; Waters) under hydrophilic interaction liquid
780  chromatography conditions using ammonium hydroxide- and ammonium acetate-containing
781  mobile phases. Data were acquired in negative ionization mode over m/z 72—1000 at a resolution
782  of 70,000 at m/z 200. Metabolites were identified and quantified using EI-MAVEN v0.12.1-beta
783  with a mass-accuracy threshold of 5 ppm. Metabolite ion counts were expressed as fold change
784  relative to the control mean and log10-transformed for statistical analysis. Undetected metabolites
785  were treated as missing; therefore, n varied by metabolite. Heatmaps included samples with
786  complete metabolite profiles, whereas bar plots included all samples in which the corresponding

787 metabolite was detected.

788  Histology and immunohistochemistry

789 Pancreatic tumors from IDO1 inhibitor-treated and vehicle-treated mice were collected at humane
790  endpoint, fixed overnight in 10% neutral-buffered formalin, transferred to 70% ethanol, and
791  paraffin embedded. Sections were deparaffinized and rehydrated. Hematoxylin and eosin staining

792  was performed for histopathologic assessment. For immunohistochemistry, antigen retrieval was
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793  performed in 10 mM sodium citrate buffer (pH 6.0), and sections were incubated with anti-AHR
794  monoclonal antibody (Proteintech, Cat# 67785-1-1g; RRID: AB_2918549) at 1:400 dilution. The
795  specificity of the AhR antibody was supported by prior validation in published studies and by the
796  expected nuclear/cytoplasmic staining pattern observed in tumor tissue. Images were acquired
797  using a Nikon Eclipse 80i microscope. Three animals per experimental group were included in
798 the histologic analyses. Nuclear AhR positivity was quantified using QuPath (v0.5; Bankhead et al.,
799 2017). Stain vectors were estimated from representative images, and nuclei were detected using the
800 Positive cell detection command. Nuclei with a mean DAB optical density above 0.6 were classified
801 as AhR-positive. Identical parameters were applied to all images, and detections were visually
802  verified to exclude erythrocytes and necrotic regions. Results are expressed as the percentage of

803 AhR-positive nuclei.

804 Forced swim test

805 Immobility behavior was assessed using the forced swim test. Mice were individually placed in
806 transparent cylindrical containers approximately 20—25 cm high and 10-15 cm in diameter, filled
807  with water maintained at 23—-25°C to a depth that prevented tail support while allowing unrestricted
808 swimming. Each animal underwent a 6 min session. The first 1 min was treated as an acclimation
809  period and excluded from analysis; behavior was quantified during the final 5 min. Scoring was
810  performed blinded to experimental group. Immobility was defined as the absence of active escape
811  directed movements, with only movements required to maintain flotation and keep the head above
812  water. Mobility time (total test time minus immobility time) and latency to the first immobility
813  episode were quantified. After testing, mice were removed from the water, gently dried, allowed

814  to recover under warming conditions, and returned to their home cages.

815 In vivo stable isotope tracing

816  Mice bearing chronic jugular vein catheters received a continuous infusion of L-U-'3C,;-
817  tryptophan (99%; Cambridge Isotope Laboratories, Cat# CLM-4290-H-0.1), prepared in sterile
818 0.9% saline at 5 mg/mL (approximately 23 mM). The tracer was infused at 0.1 pL/g body
819  weight/min, corresponding to approximately 2.3 nmol/g/min, for 2.5 h. At the end of the infusion,
820 mice were euthanized and serum, pancreas/tumor, and liver were rapidly collected. Tissues were
821 immediately freeze-clamped using pre-chilled Wollenberger clamps, snap frozen in liquid
822  nitrogen, and stored at —80°C until metabolite extraction. Labeling of tryptophan and downstream

823  kynurenine, serotonin, and indole pathway metabolites was quantified by LC-MS. Isotopologue
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824  distributions were corrected for natural isotope abundance and normalized to serum tryptophan

825  enrichment before downstream analysis.
826  Adenylate energy charge calculation

827  Adenylate energy charge was calculated for soleus muscle, liver, and spleen from LC-MS
828  measurements of ATP, ADP, and AMP using the formula: (ATP + 0.5 x ADP)/(ATP + ADP + AMP).
829 Energy charge values were calculated independently for each sample and used for statistical

830 comparisons across experimental groups.

831  QUANTIFICATION AND STATISTICAL ANALYSIS

832  Statistical analyses were performed using GraphPad Prism v11.0.2. Data are presented as mean
833 + SEM unless otherwise indicated. Comparisons between two groups were performed using
834  unpaired two-tailed Student's t tests. Comparisons involving multiple groups were performed
835 using one-way or two-way ANOVA, as appropriate. Longitudinal and metabolic cage data were
836  analyzed by two-way repeated-measures ANOVA or, when values were missing, a mixed-effects
837  model with Geisser—Greenhouse correction; for metabolic cage data, the group effect is reported.
838  Multiple comparisons were performed using Tukey's, Dunnett's, or Sidak's tests or uncorrected
839  Fisher's LSD test, as indicated in the figure legends. Metabolite fold changes were log10-
840 transformed before analysis. Survival was analyzed by the log-rank test. No statistical methods
841  were used to predetermine sample sizes. For in vivo experiments, n denotes individual animals
842 unless otherwise stated. Exact sample sizes, statistical tests, and p values are provided in the

843  corresponding figure legends. Differences were considered statistically significant at p < 0.05.
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1183 Figure 1. Systemic and metabolic features of PDAC cachexia

1184 (A) GEMM KPC and orthotopic pancreatic ductal adenocarcinoma (PDAC) models and timeline.
1185 PreCCX, pre-cachexia (5%-15% body weight loss); SCCX, severe cachexia (>15%).

1186 (B and C) Change in body weight, lean mass, and fat mass from baseline to endpointin control versus

1187 GEMM KPC (B) or orthotopic PDAC (C) mice. n =5 (B) and 4 (C) mice per group.

1188 (D-H) Metabolic-cage analysis of mixed-sex control versus GEMM KPC mice: respiratory exchange
1189 ratio (RER; D), food intake (E), wheel running (F), energy expenditure (G), and energy balance (H). n =
1190 8 mice.

1191 (I-M) Same for orthotopic PDAC-bearing mice: RER (I), food intake (J), wheel running (K), energy
1192 expenditure (L), and energy balance (M). n =4 mice.

1193 (N) Serum cytokines significantly altered in orthotopic PDAC and/or GEMM KPC mice versus
1194 controls. n =15 KPC, 16 orthotopic, and 6 control mice per model.

1195 (O and P) Pathway enrichment of differentially expressed genes in orthotopic (O) and GEMM KPC (P)

1196  tumors versus normal pancreas. n = 3 mice per group.

1197 Data are mean = SEM; two-way repeated-measures (RM) ANOVA with uncorrected Fisher’s LSD test
1198 (B and C), two-way RM ANOVA/mixed-effects model with Geisser-Greenhouse correction and
1199  Sidék’s test (D-M), or unpaired Student’s ttest (N). *p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001.
1200 See also Figure S1.

1201 Figure 2. Hepatic inflammatory remodeling in PDAC cachexia

1202 (A and B) Pathway enrichment of differentially expressed liver genes in orthotopic PDAC (A) and
1203 GEMM KPC (B) mice versus controls.

1204 (C and D) Hepatic acute-phase and inflammatory-response genes in orthotopic PDAC (C) and GEMM

1205 KPC (D) mice versus controls.

1206 (E) Liver single-nucleus RNA-seq of control, GEMM KPC, and orthotopic PDAC mice: UMAPs and cell-

1207  type and compartment proportions. n = 3 per group (A-E). See also Figure S2.
1208 Figure 3. Tryptophan-pathway metabolites across PDAC cachexia models

1209 (A) Tryptophan pathway.
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1210 (B-E) Metabolites in serum (B), pancreas/tumor (C), liver (D), and spleen (E) of CTRL, PreCCX, and
1211 SCCX (Figure 1A) orthotopic PDAC mice; fold change versus CTRL (log:o scale). n = 18/10/26 (B),
1212 9/5/13(C), 9/5/12 (D), and 9/5/13 (E) CTRL/PreCCX/SCCX mice.

1213 (F-1) Same for GEMM KPC mice: serum (F), pancreas/tumor (G), liver (H), and spleen (I). n =7/14/8
1214 (F), 7/7/9 (G), 7/7/8 (H), and 6/5/5 (I) mice. n varies by metabolite.

1215 Data are mean * SEM; two-way repeated-measures ANOVA/mixed-effects model with Geisser-
1216 Greenhouse correction and Dunnett’s test versus CTRL. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

1217  0.0001. See also Figures S3-S6.
1218 Figure 4. Tryptophan metabolism and fluoxetine responses in PDAC cachexia

1219 (A and B) Tryptophan-pathway genes (A) and aryl hydrocarbon receptor (AhR) targets (B) across
1220 tissues of orthotopic PDAC and GEMM KPC mice. GWAT and IWAT, gonadal and inguinal white

1221 adipose tissue.

1222 (Cand D) PGC-1a/PPARa-regulated kynurenine-metabolism genes in quadriceps of orthotopic PDAC
1223 (C) and GEMM KPC (D) mice. n =3 mice per group (A-D).

1224 (E-H) Metabolic-cage analysis of mixed-sex orthotopic PDAC-bearing mice given vehicle (CTRL) or
1225 fluoxetine: food intake (E), wheel running (F), energy expenditure (G), and energy balance (H). n=4

1226 (CTRL) and 6 (fluoxetine) mice.

1227 (I) Body weight, fat mass, and lean mass in WT and tumor-bearing mice treated with vehicle (CTRL-

1228  TB) or fluoxetine. n =5 per group.

1229 (J-L) Survival (J), tumor weight (K), and cage-occupancy maps (L) of CTRL and fluoxetine-treated
1230 mice. n=4(J), 5 (K), and 3 (L) per group.

1231 (M) Forced swim test in WT, CTRL-TB, and fluoxetine-treated mice. n =4, 3, and 3 mice, respectively.
1232 Data are mean = SEM; two-way repeated-measures ANOVA/mixed-effects model with Geisser—
1233  Greenhouse correction and Sidédk’s test (E-H), two-way repeated-measures ANOVA with multiple

1234 comparisons (l), log-rank test (J), unpaired Student’s t test (K), or one-way ANOVA with Tukey’s test
1235 (M). *p <0.05, **p <0.01, ***p < 0.001, ****p <0.0001. See also Figure S7.

1236 Figure 5. IDO1 inhibition and dual treatment in PDAC cachexia

1237 (A-D) Metabolic-cage analysis of male orthotopic PDAC-bearing mice given vehicle (CTRL) or the
1238 IDO1 inhibitor epacadostat (IDO1i): food intake (A), wheel running (B), energy expenditure (C), and
1239 energy balance (D). n=4 (CTRL) and 3 (IDO1i) mice.
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1240 (E-G) Body weight, fat mass, and lean mass normalized to baseline (E), survival (F), and tumor weight

1241 (G) of vehicle- and IDO1i-treated mice. n =5 per group.

1242 (H-K) Metabolic-cage analysis of male orthotopic PDAC-bearing mice given vehicle (CTRL) or
1243  fluoxetine plus IDO1i (dual treatment): food intake (H), wheel running (1), energy expenditure (J), and

1244  energy balance (K). n=7 (CTRL) and 5 (dual) mice.

1245 (L-N) Body weight, fat mass, and lean mass normalized to baseline (L), survival (M), and tumor weight

1246 (N) of vehicle- and dual-treated mice. n = 4 per group.

1247 Data are mean = SEM; two-way repeated-measures ANOVA/mixed-effects model with Geisser—
1248 Greenhouse correction and Sidak’s test (A-E and H-L), log-rank test (F and M), or unpaired Student’s
1249 ttest (G and N). *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. See also Figure S7.

1250 Figure 6. Tryptophan tracing and AhR modulation in PDAC cachexia
1251 (A) In vivo U-"*Cq;-tryptophan tracing.

1252 (B-H) Serum "*C enrichment (B) and labeling of tryptophan (C), kynurenine (D), kynurenic acid (E), 5-
1253 hydroxytryptophan (F), serotonin (G), and indolelactic acid (H) in pancreas/tumor and liver

1254 (normalized to serum tryptophan) of control and orthotopic PDAC mice. n = 8 per group.

1255 (I and J) Representative aryl hydrocarbon receptor (AhR) immunohistochemistry (l) and percentage
1256 of AhR-positive nuclei (J) in orthotopic tumors from vehicle- and IDO1 inhibitor (IDO1i)-treated mice.

1257 Scale bars, 50 um. n = 3 per group.

1258 (K-=N) Metabolic-cage analysis of male orthotopic PDAC-bearing mice given vehicle (CTRL) or the AhR
1259 antagonist CH-223191 (AhRi): food intake (K), wheel running (L), energy expenditure (M), and energy
1260 balance (N). n =5 (CTRL) and 6 (AhRi) mice.

1261 (O-Q) Fat mass, lean mass, and body weight normalized to baseline (O), survival (P), and tumor

1262  weight (Q) of vehicle- and AhRi-treated mice. n = 4 per group.

1263 Data are mean +* SEM; unpaired Student’s t test (B-H, J, and Q), two-way repeated-measures
1264 ANOVA/mixed-effects model with Sidak’s test (K-O; Geisser-Greenhouse correction for K-N), or log-

1265 rank test (P). *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001. See also Figure S7.
1266 Figure 7. Dietary tryptophan enrichment in PDAC cachexia
1267 (A) WT and KPC-orthotopic mice switched on day 5 to control or 10x tryptophan (Trp) diet.

1268 (B) Survival of KPC-orthotopic mice. n =5 per group.
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1269 (C) Serum tryptophan-pathway metabolites at day 12 and endpoint. n = 9/9 (day 12) and 9/10
1270 (endpoint) control/10x Trp WT and 5 KPC mice per group.

1271 (D) Body weight, fat mass, and lean mass relative to baseline. n =5 mice per group.
1272 (E) Summary of tryptophan-pathway changes.

1273 Data are mean = SEM; log-rank test (B) or ordinary one-way (C) or two-way (D) ANOVA with Tukey’s
1274  test. *p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001.

1275

1276 Figure S1. Circulating inflammatory profiles across stages of PDAC cachexia, related to Figure
1277 1.

1278 (A) Circulating cytokine and chemokine profiles in control (CTRL; n = 6), non-cachectic (NO-CCX; n
1279 = 6), pre-cachectic (PreCCX; n =6), and severe cachexia (SCCX; n = 9) GEMM KPC mice, shown as a
1280 heatmap with selected analytes.

1281 (B) Corresponding profiles in orthotopic PDAC mice: CTRL (n =6), NO-CCX (n =4), PreCCX (n =5),
1282 and SCCX (n=13).

1283 NO-CCX, non-cachectic; PreCCX, pre-cachectic; SCCX, severe cachexia; CCX, cachexia. Data are
1284 mean = SEM. Individual analytes were analyzed by ordinary one-way ANOVA with Dunnett’s

1285 multiple-comparisons test versus CTRL. Undetected analytes were excluded; therefore, n varies by

1286 analyte. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001; ns, p > 0.05.

1287 Figure S2. Tissue transcriptional changes across PDAC cachexia models, related to Figure 2.
1288 (A-D) Pathway enrichment of bulk RNA-seq profiles from orthotopic PDAC and GEMM KPC mice
1289 versus corresponding controls in spleen (A), inguinal white adipose tissue (B), quadriceps muscle
1290 (C), and kidney (D) (n = 3 mice per group). Dot size indicates gene count; color indicates adjusted p
1291 value.

1292 (E and F) Expression of selected muscle atrophy-associated genes in quadriceps from orthotopic
1293 PDAC-bearing (E) and GEMM KPC (F) mice versus controls (n = 3 mice per group).

1294 (G) Heatmap of pancreatic exocrine-associated gene expression across control and PDAC

1295 samples.

1296 (H) Cell type-resolved Gene Ontology enrichment from liver single-nucleus RNA-seq in GEMM KPC

1297 and orthotopic PDAC-bearing mice versus corresponding controls (n = 3 mice per group).
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Figure S3. Metabolomic profiles during orthotopic PDAC cachexia progression, related to
Figure 3.

(A) Serum metabolite heatmap from control (CTRL; n = 18), pre-cachectic (PreCCX; n = 10), and
severe cachexia (SCCX; n = 26) mice, with selected metabolites shown individually.

(B) Principal-component analysis (PCA) of serum metabolomic profiles.

(C) Pancreas/tumor metabolite heatmap from CTRL (n =9), PreCCX (n =5), and SCCX (n = 13) mice,
with selected metabolites shown individually.

(D) PCA of pancreas/tumor metabolomic profiles.

PreCCX, pre-cachectic; SCCX, severe cachexia; CCX, cachexia. Data are mean + SEM where
applicable. Selected metabolites were analyzed by ordinary one-way ANOVA with Dunnett’s
multiple-comparisons test versus CTRL. Undetected metabolites were excluded; therefore, n varies
by metabolite. Heatmaps include samples with complete metabolomic profiles; Metabolites not
detected in a given sample were excluded from analysis; therefore, n varies by metabolite bar plots
include all samples in which the indicated metabolite was measured. *p < 0.05, **p <0.01, ***p <

0.001, ****p <0.0001; ns, p > 0.05.

Figure S4. Liver and spleen metabolomic profiles during orthotopic PDAC cachexia
progression, related to Figure 3.

(A) Liver metabolite heatmap from control (CTRL; n =9), pre-cachectic (PreCCX; n =5), and severe
cachexia (SCCX; n =9) mice, with selected metabolites shown individually.

(B) Principal-component analysis (PCA) of liver metabolomic profiles.

(C) Spleen metabolite heatmap from CTRL (n =9), PreCCX (n =5), and SCCX (n = 10) mice, with
selected metabolites shown individually.

(D) PCA of spleen metabolomic profiles.

PreCCX, pre-cachectic; SCCX, severe cachexia; CCX, cachexia. Data are mean * SEM where
applicable. Selected metabolites were analyzed by ordinary one-way ANOVA with Dunnett’s
multiple-comparisons test versus CTRL. Undetected metabolites were excluded; therefore, n varies
by metabolite. Heatmaps include samples with complete metabolomic profiles; Metabolites not
detected in a given sample were excluded from analysis; therefore, n varies by metabolite bar plots
include all samples in which the indicated metabolite was measured. *p < 0.05, **p <0.01, ***p <

0.001, ****p < 0.0001; ns, p > 0.05.
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1328 Figure S5. Circulating and pancreatic/tumor metabolic remodeling during GEMM KPC

1329 cachexia progression, related to Figure 3.

1330 (A) Serum metabolite heatmap from control (CTRL; n = 6), pre-cachectic (PreCCX; n=13), and
1331 severe cachexia (SCCX; n = 8) GEMM KPC mice, with selected metabolites shown individually.
1332 (B) Principal-component analysis (PCA) of serum metabolomic profiles.

1333 (C) Pancreas/tumor metabolite heatmap from CTRL (n =6), PreCCX (n = 8), and SCCX (n =7) mice,
1334  with selected metabolites shown individually.

1335 (D) PCA of pancreas/tumor metabolomic profiles.

1336 PreCCX, pre-cachectic; SCCX, severe cachexia; CCX, cachexia. Data are mean + SEM where

1337 applicable. Selected metabolites were analyzed by ordinary one-way ANOVA with Dunnett’s

1338 multiple-comparisons test versus CTRL. Undetected metabolites were excluded; therefore, n varies
1339 by metabolite. Heatmaps include samples with complete metabolomic profiles; Metabolites not
1340 detected in a given sample were excluded from analysis; therefore, n varies by metabolite bar plots
1341 include all samples in which the indicated metabolite was measured. *p < 0.05, **p <0.01, ***p <

1342 0.001, ****p <0.0001; ns, p > 0.05.

1343 Figure S6. Hepatic and splenic metabolic remodeling during GEMM KPC cachexia progression,
1344 related to Figure 3.

1345 (A) Liver metabolite heatmap from control (CTRL; n = 5), pre-cachectic (PreCCX; n =4), and severe
1346 cachexia (SCCX; n = 6) GEMM KPC mice, with selected metabolites shown individually.

1347 (B) Principal-component analysis (PCA) of liver metabolomic profiles.

1348 (C) Spleen metabolite heatmap from CTRL (n =7), PreCCX (n =5), and SCCX (n = 5) mice, with

1349 selected metabolites shown individually.

1350 (D) PCA of spleen metabolomic profiles.

1351 PreCCX, pre-cachectic; SCCX, severe cachexia; CCX, cachexia. Data are mean * SEM where

1352 applicable. Selected metabolites were analyzed by ordinary one-way ANOVA with Dunnett’s

1353 multiple-comparisons test versus CTRL. Undetected metabolites were excluded; therefore, n varies
1354 by metabolite. Heatmaps include samples with complete metabolomic profiles; Metabolites not
1355 detected in a given sample were excluded from analysis; therefore, n varies by metabolite bar plots
1356 include all samples in which the indicated metabolite was measured. *p < 0.05, **p <0.01, ***p <

1357  0.001, ****p <0.0001; ns, p >0.05.
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1358 Figure S7. Tryptophan pathway and metabolic responses across cachexia models, related to
1359 Figures 4-6.

1360 (A-C) IDO1 and IL-6 expression in pancreas/tumor and liver as indicated.

1361 (D and E) Serum and liver tryptophan-pathway metabolites in KP (D) and KL (E) lung cancer models
1362 relative to controls.

1363 (F) Adenylate energy charge in soleus, liver, and spleen across CTRL, PreCCX, and SCCX stages.
1364 (G-J) Metabolic-cage analysis of mixed-sex GEMM KPC mice treated with placebo (n = 3) or

1365 sustained-release fluoxetine (n = 3): cumulative food intake (G), wheel running (H), energy

1366 expenditure (), and energy balance (J).

1367 (K-M) Longitudinal body weight, fat mass, and lean mass (K), survival (L), and endpoint tumor

1368 weight (M) after fluoxetine treatment.

1369 (N-Q) Metabolic-cage analysis of mixed-sex orthotopic PDAC-bearing mice treated with vehicle (n =
1370 5) or 5-HTP (n = 5): cumulative food intake (N), wheel running (O), energy expenditure (P), and

1371 energy balance (Q).

1372 (R-T) Longitudinal body weight, fat mass, and lean mass (R), survival (S), and endpoint tumor weight
1373 (T) after 5-HTP treatment.

1374 (U) Circulating serotonin and serum metabolomic PCA in control (n = 6) and fluoxetine-treated (n =
1375 8) orthotopic PDAC-bearing mice.

1376 (V) Circulating kynurenine and serum metabolomic PCA in control (n =4) and IDO1 inhibitor-treated
1377 (n =5) orthotopic PDAC-bearing mice.

1378 PreCCX, pre-cachectic; SCCX, severe cachexia. Gray bars indicate dark phases; shading denotes
1379 SEM. Data are mean + SEM. Metabolic-cage data were analyzed by two-way repeated-measures
1380  ANOVA or mixed-effects models with Geisser-Greenhouse correction followed by Sidak’s multiple-
1381 comparisons test. Statistics for other panels are indicated in the panels and STAR Methods. *p <

1382  0.05, **p<0.01, ***p <0.001, ****p <0.0001; ns, p>0.05.
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