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Host metabolism can produce many  
indoles and phenols independently of  
the microbiome
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Indole and phenol metabolites are typically thought to be products 
of bacterial digestion of tryptophan (indoles) and phenylalanine or 
tyrosine (phenols). Interest in controlling gut microbial production of 
these metabolites has continually grown because they have important 
physiological impacts, with indoles agonizing aryl hydrocarbon receptor 
signalling and phenols being associated with healthy body weight.  
Although there is a growing body of research on which bacteria produce 
these metabolites, the host contribution to their circulating pools has not 
been characterized. Here, through stable isotope tracing in cell culture, 
mice and rats, we show that mammalian cells can make aryl-pyruvates, 
aryl-lactates, aryl-acetates and aryl-carboxylic acids independently of the 
microbiome. We demonstrate that circulating levels of these metabolites in 
mice and human patients are robust to perturbations of the microbiome.  
By contrast, bacterial metabolism is required to synthesize aryl-propionates 
and free indole, phenol and p-cresol. Overall, these results suggest that 
host metabolism is a major contributor to circulating indole and phenol 
metabolite pools.

Indole and phenol metabolites have major impacts on host 
physiology1–3. Indole metabolites are ligands for the aryl hydrocar-
bon receptor, which is a key mediator of gut immune tolerance and 
epithelial homoeostasis2–4. Phenylalanine-derived phenol metabolites, 
such as cinnamic acid, correlate with healthy body weight and can 
affect glucose and lipid handling1, while tyrosine-derived metabo-
lites, such as phenol sulfate or p-cresol sulfate, are uraemic toxins5,6. 
Supplementation with phenylalanine-derived or tryptophan-derived 
metabolites shows promise for the treatment of various diseases. In 
rodent models, providing indole metabolites alleviates the disease 

severity of inflammatory bowel disease7–9, while supplementing with 
cinnamic acid has protective effects against obesity and non-alcoholic 
fatty liver disease1,10.

As indole and phenol metabolites have important physiologic 
impacts, there is growing interest in identifying which bacteria are 
responsible for their production11. A recent study showed that Clostrid-
ium species have a metabolic pathway that can reduce aryl amino acids 
to their respective propionates12. Other species, such as Lactobacillus 
johnsonii, have also been shown to produce indole-3-pyruvate and 
phenylpyruvate as well as downstream metabolites3,13,14. Changes in 
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measured indole metabolites (indole-3-pyruvate, indole-3-acetate, 
indole-3-carboxylic acid and indole-3-lactate) were not changed.

Many circulating indole metabolites are host-derived
To trace production of the indole metabolites, we infused minimally 
perturbative quantities of 13C-tryptophan into the systemic circula-
tion of jugular-vein-catheterized mice for 2 h (Fig. 1c). As shown in 
prior work by our group24, circulating amino acids do not readily cross 
into the gut lumen, making the infused 13C-tryptophan inaccessible 
over this duration to gut microbes24. Consistent with this expectation, 
there was no detectable 13C-tryptophan in the faeces at 2 h despite 
20% enrichment in circulating tryptophan (Fig. 1d). There was also no 
labelling observed in circulating indole-3-propionate or indoxyl sulfate 
(Fig. 1d). The remaining indole metabolites, however, were all substan-
tially labelled by the infused 13C-tryptophan in both the circulation and 
tissues, suggesting that they are rapidly produced from circulating 
tryptophan by host cells (Fig. 1d and Extended Data Fig. 1c,d). Based 
on the combination of these tracing data and the concentration data in 
germ-free mice, we propose that indole-3-pyruvate, indole-3-lactate, 
indole-3-acetate and indole-3-carboxylic acid are substantially 
host-derived, while indole-3-propionate and indoxyl sulfate produc-
tion requires microbiome metabolism.

We next sought to observe 13C-labelling in the microbiome-derived 
indoles. For this purpose, we again infused 13C-tryptophan, but for a 
much longer duration (Fig. 1e). Previous work by our group showed 
that bacteria in the gut microbiome use labelled amino acids that 
are infused for 36 h24, as the infused amino acid reaches the gas-
trointestinal lumen through host secretion of proteins such as 
mucins. Faecal tryptophan labelling was indeed observed at 36 h 
(Extended Data Fig. 1e). Serum measurements at 36 h revealed 
13C-labelling into all indole metabolites, including indole-3-propionate 
and indoxyl sulfate, supporting a source of the microbiome-derived 
indoles being bacterial processing of tryptophan derived from 
secreted host protein (Extended Data Fig. 1f). In mice treated for 
14 days with broad-spectrum antibiotics (ampicillin, neomycin, 
vancomycin and metronidazole), luminal tryptophan labelling was 
retained (Extended Data Fig. 1e), but labelling of indole-3-propionate 
and indoxyl sulfate was largely ablated (Fig. 1f). Antibiotic efficacy 
was confirmed by a decrease in both alpha diversity of the micro-
bial composition (Extended Data Fig. 1g) and overall bacterial load 
(Extended Data Fig. 1h). Crucially, there was no change in labelling 
for the remaining indoles, supporting their production by the host.

In addition to secreted host proteins, dietary protein is a major 
source of amino acids feeding the gut microbiota. To assess whether 
there is a contribution to circulating pools of indoles from dietary 
amino acids, we gavaged mice with 13C-tryptophan. As tryptophan 
is a free amino acid, it was readily absorbed by the small intestine 
into the systemic circulation by 15 min, while the caecum did not 
show detectable 13C-enrichment until 30 min following the gavage 
(Extended Data Fig. 1i). Consistent with our 13C-tryptophan infusion 
experiments, all host-derived indoles were highly enriched by 15 min 
after gavage (Extended Data Fig. 1i). By contrast, there was very little 
enrichment of the microbiome-derived indole-3-propionate or indoxyl 
sulfate, even 2 h following the gavage. To more robustly provide the gut 
microbiome with 13C-amino acids from diet, we fed mice a purified diet 
containing 13C-algal protein, which is resistant to small intestinal diges-
tion25 (Fig. 1g). Serum and caecal contents were collected 24 h after 
initiation of the 13C-enriched diet. Enrichment of the indole metabolites 
in serum was normalized to 13C-tryptophan enrichment in the caecal 
content (13%; Extended Data Fig. 1j). After 24 h, there was substantial 
labelling into indole-3-propionate and indoxyl sulfate (80% and 100% 
normalized labelling, respectively; Fig. 1h). Opposingly, none of the 
host-derived indole metabolites were enriched to a greater extent 
than circulating tryptophan (all less than 3% enriched), consistent with 
production by host tissues instead of the gut microbiome (Fig. 1h).

indole and phenol metabolite concentrations are often correlated with 
changes in microbiome composition2,15.

Although this work highlights a potential role of gut microbial 
health in controlling indole and phenol metabolite concentrations, 
microbiome compositional changes are also known to affect host 
metabolism16. Recently, it was shown that kynurenine, a tryptophan 
metabolite made by the host, can be induced when mice are colonized 
with Achromobacter pulmonis17. Additionally, the gut microbiome 
can even affect glucose homoeostasis through various mechanisms, 
including by producing short-chain fatty acids that can fuel hepatic 
gluconeogenesis16,18. IL4I1, a monocyte-specific enzyme, has the capac-
ity to produce indole-3-pyruvate and phenylpyruvate, the transamina-
tion products of tryptophan and phenylalanine19–21. This suggests that 
there may be some contribution of host metabolism to circulating 
indole and potentially phenol pools. Additionally, recent work showed 
comparable levels of some indole metabolites between germ-free and 
conventional mice22. Whether the presence of these metabolites in 
germ-free mice reflects host metabolism or uptake from diet remains 
to be determined.

Isotope tracing, such as infusing 13C-labelled substrates, pro-
vides a gold-standard method for determining metabolite sources23. 
Here, we systematically evaluate the sources of circulating indole 
and phenol metabolites based on: (1) concentrations in germ-free 
mice; (2) production from a 2 h infusion of 13C-labelled amino acids 
(this short infusion feeds host cells but not the gut microbiome); (3) 
production from a 36 h infusion of 13C-labelled amino acids (this long 
infusion feeds both the host directly and the microbiome indirectly 
by secreted host protein); (4) modulation by antibiotics of labelling 
from the long infusions; (5) production from microbial digestion of 
a 13C-protein diet; (6) 13C-tracing in mammalian cell culture; and (7) 
cell and mouse-tissue lysate biochemistry. Through these studies, we 
trace mammalian cell metabolism of aryl amino acids to their respec-
tive aryl-pyruvates, aryl-lactates, aryl-acetates and aryl-carboxylic 
acids (but not aryl-propionates and indole, phenol and p-cresol). We 
find that the microbiome-derived, but not host-derived, indole and 
phenol metabolites decline in human patients treated with antibiotics. 
Therefore, many important indole and phenol metabolites that were 
thought to be microbiome-derived are substantially synthesized by 
the host.

Results
Germ-free mice have indole metabolites
We began by measuring indole metabolites in serum from germ-free 
or control (specific-pathogen-free) mice (Fig. 1a). Standard chow 
(PicoLab Rodent Diet 20, 5053) has an abundance of microbiome 
metabolites, including many of the indole species of interest. Com-
pared to chow, purified diets had lower levels of the indole metabo-
lites (Extended Data Fig. 1a). Consistent with increase dietary intake 
of these metabolites, chow-fed mice had significantly higher levels 
of indole-3-lactate and indole-3-propionate than mice fed with a puri-
fied diet (Extended Data Fig. 1b). Accordingly, to identify endogenous 
sources of these metabolites, all mice were fed a doubly irradiated 
purified diet (Research Diets, D11112201-1.5Vii).

Faeces were collected 10 days after initiation of the purified diet 
to confirm sterility of the germ-free mice, and serum was collected and 
analysed by liquid chromatography–mass spectrometry (LC–MS). Ste-
rility was confirmed through anaerobic and aerobic cultures of dietary 
and faecal pellets. Some indole metabolites, such as indole-acrylic 
acid and free indole, were below the detection limit in serum from all 
mice. Others were readily detected. In serum from germ-free mice, 
indole-3-propionate was significantly depleted in comparison to con-
trol mice, and indoxyl sulfate was absent (Fig. 1b). Indole-3-propionic 
acid was present in the purified diet (Extended Data Fig. 1a), which 
may explain why there is a depletion of circulating concentrations 
but not total ablation as seen with indoxyl sulfate. Notably, other 
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Our classification of metabolites as host-derived does not negate 
the known capacity of the microbiome to make these biochemicals. 
Rather, it reflects a capacity of the host, independent of the microbiome, 
to produce the metabolites in physiologically relevant quantities. Based 

on this definition, we conclude that four of the measured indole metab-
olites made from tryptophan are host-derived (indole-3-pyruvate, 
indole-3-lactate, indole-3-acetate and indole-3-carboxylic acid) and two 
are microbiome-dependent (indole-3-propionate and indoxyl sulfate).
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Fig. 1 | The host produces many circulating indole metabolites. a,b, Scheme 
(a) and measurement (b) of indole metabolites in serum of germ-free mice (n = 5 
female mice) compared to control (Ctrl) mice (n = 4 female mice). c,d, Scheme 
describing the infusion of 13C-tryptophan for 2 h (c) and 13C-enrichment of indole 
metabolites in serum normalized to serum 13C-tryptophan enrichment  
(n = 3 male mice) (d). Inset shows 13C-tryptophan in serum and faeces at 2 h. 
 e,f, Scheme showing a 14 day antibiotic treatment with 13C-tryptophan infused 

for the last 36 h (e) and 13C-indole enrichment in antibiotic-treated male mice 
(n = 4) compared to Ctrl male mice (n = 5) (f). g,h, Scheme for tracing circulating 
indoles coming from microbial digestion of dietary protein (g) and 13C-indole 
enrichment in portal vein from male mice fed a 13C-algal protein-containing diet 
for 24 h (n = 4) (h). Metabolite labels for b, d and f are the same as h. All data are 
graphed as mean values; error bars, s.e.m. P values were calculated using a two-
tailed t-test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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The host also produces phenylalanine catabolites
Similar to indole metabolites, phenol metabolites from phenylalanine 
and tyrosine are commonly considered microbiome-derived15. Other 
than changes in the aryl side group between tryptophan, phenylala-
nine and tyrosine, the enzymatic transformations needed to produce 
the phenols from phenylalanine or tyrosine mimic the transforma-
tions needed to produce indoles from tryptophan. Chow contained 
high levels of several phenols, which were present at lower levels 
in purified diet (phenylpyruvate, phenyllactate and benzoic acid; 
Extended Data Fig. 2a). Chow-fed mice also had significantly higher 
circulating levels of 3-phenylpropionate, consistent with its increased 
concentration in the chow diet (Extended Data Fig. 2a,b). Additional 
phenol metabolites such as phenylacetylglycine and hippuric acid 
are readily detected in both chow and serum from chow-fed mice but 
were depleted to near the limit of detection in mice fed a purified diet 
(Extended Data Fig. 2a,b), suggesting that diet is a major feedstock 
for these metabolites.

To explore whether there is host production of the other 
phenylalanine-derived metabolites, we analysed serum by LC–MS from 
purified diet-fed germ-free and control mice (Fig. 2a). Phenylpyruvate 
(the transamination product of phenylalanine), phenyllactate (the 
subsequent reduced product) and cinnamic acid (the associated alpha–
beta unsaturated metabolite) were not changed between germ-free and 
control mice (Fig. 2b). Phenylacetate was below detectable levels in all 
the serum samples. By contrast, benzoic acid and 3-phenylpropionate 
were significantly decreased in germ-free mice.

Similar to tracing indole metabolite production using 
13C-tryptophan, we used stable isotope labelling to measure the pro-
duction of the above phenols from 13C-phenylalanine (Fig. 2c). In a 
minimally perturbative jugular vein infusion of 13C-phenylalanine for 
2 h, there was no detectable 13C-phenylalanine in the faeces. Examining 
circulating and tissue labelling, the phenylalanine-derived phenols 
whose levels were maintained in germ-free mice (phenylpyruvate, 
phenyllactate and cinnamic acid) were robustly labelled (Fig. 2d and 
Extended Data Fig. 2c,d). Phenol metabolites that were significantly 
decreased in the germ-free mice, by contrast, were labelled modestly 
(benzoic acid, 20%) or not at all (3-phenylpropionate) (Fig. 2d and 
Extended Data Fig. 2d).

To more fully map the sources of these metabolites, we infused 
the 13C-phenylalanine tracer for 36 h. By 36 h into the infusion, the 
circulating 13C-phenylalanine enrichment reached 25% and the faecal 
enrichment reached 7% (Extended Data Fig. 2e). As with the 2 h infusion, 
there was full enrichment of phenylpyruvate and 80% enrichment of 
phenyllactate and cinnamic acid (Extended Data Fig. 2f). Even after 36 h 
of a 13C-phenylalanine infusion, however, benzoic acid was still only 
enriched by 30% and no labelled 3-phenylpropionate was detected. 
Consistent with phenylpyruvate, phenyllactate, cinnamic acid and 
benzoic acid being substantially host-derived, their labelling from 36 h 
13C-phenylalanine infusion was maintained in antibiotic-treated mice 
(Fig. 2e,f and Extended Data Fig. 2e,g,h).

The missing labelling for benzoic acid and 3-phenylpropionate 
implies that there is another upstream precursor for these metab-
olites, possibly from dietary contamination or bacterial digestion 
of dietary protein. To assess the contribution from orally delivered 
amino acids, we gavaged 13C-phenylalanine. At 15 min after the gav-
age, there was substantial labelling of phenylalanine in serum (55%) 
but minimal enrichment in the caecum (3%). Consistent with being 
host-derived, phenylpyruvate, phenyllactate, cinnamic acid and 
benzoic acid all had circulating enrichment higher than the cae-
cal phenylalanine enrichment (Extended Data Fig. 2i), but there 
was still no labelling into 3-phenylpropionate. To deliver the 
13C-phenylalanine more robustly to the caecum, we fed mice diets 
with 13C-algal protein for 24 h (Fig. 2g). Caecal enrichment of pheny-
lalanine reached 42%, while serum phenylalanine enrichment was 
12% (Extended Data Fig. 2j). The 3-phenylpropionate was extensively 

labelled, equivalent to caecal phenylalanine (Fig. 2h). The remain-
ing phenylalanine-derived metabolites (phenylpyruvate, phenyllac-
tate, cinnamic acid and benzoic acid) were labelled less than serum 
phenylalanine, further supporting their systemic concentrations 
being substantially maintained by host metabolism independent  
of the microbiome.

Host metabolism is responsible for circulating 
hydroxyphenylpyruvate and hydroxyphenyllactate
Tyrosine is structurally identical to phenylalanine except for a hydroxyl 
group on the aryl ring. As such, we reasoned that tyrosine undergoes 
host-mediated transformation to hydroxyphenylpyruvate and hydroxy-
phenyllactate. Additionally, phenol and p-cresol are metabolites that 
are understood to come from microbial digestion of tyrosine down 
to the aryl group or aryl group plus one remaining methyl group11,26. 
These metabolites are then rapidly sulfated by the host26,27. The dietary 
content of phenol sulfate and p-cresol sulfate was higher for the tested 
purified diet than for chow (Extended Data Fig. 3a), but mice fed a puri-
fied diet had similar or lower circulating concentrations of phenol or 
p-cresol sulfate to chow-fed mice, pointing to these metabolites being 
made (either by the host or microbiome) rather than simply coming 
from diet (Extended Data Fig. 3b).

To understand the host contribution to tyrosine-derived metabo-
lites, we measured serum from purified diet-fed germ-free and control 
mice (Fig. 3a). Hydroxyphenylacetate, hydroxycinnamic acid, free 
phenol and free p-cresol were below detectable levels in all the serum 
samples. There was no change in circulating hydroxyphenylpyruvate 
and hydroxyphenyllactate in germ-free versus control mice (Fig. 3b), 
while phenol sulfate and p-cresol sulfate were significantly depleted 
in germ-free mice.

We next traced host production of tyrosine-derived metabo-
lites. The insolubility of 13C-tyrosine in saline at neutral pH limited 
the concentration at which tyrosine could be infused. At 2 h after 
infusion with 13C-tyrosine, the serum enrichment reached only 1% 
(Extended Data Fig. 3c). As tyrosine can be made from phenylala-
nine, we measured 13C-enrichment of tyrosine after a 2 h infusion of 
13C-phenylalanine. The 13C-tyrosine enrichment from a phenylala-
nine infusion reached 2%. In both male and female mice, hydroxyphe-
nylpyruvate and hydroxyphenyllactate were enriched by the tracer by 
2 h into the infusion (Fig. 3d and Extended Data Fig. 3c,d). No labelled 
phenol sulfate or p-cresol sulfate was detected. This suggests that 
hydroxyphenylpyruvate and hydroxyphenyllactate are substantially 
host-derived, whereas the carbon skeletons of phenol sulfate and 
p-cresol sulfate are microbiome-derived (with the sulfation presum-
ably done by the host).

To achieve labelling of phenol and p-cresol sulfate, we 
infused 13C-tyrosine for 36 h. By 36 h after infusion, the circulat-
ing 13C-tyrosine enrichment reached 4% and faecal enrichment was 
2% (Extended Data Fig. 3d). All tyrosine-derived metabolites were 
enriched by 36 h (Extended Data Fig. 3e). To differentiate labelling 
by host metabolism versus microbiome metabolism, we infused 
13C-tyrosine in antibiotic-treated mice (Fig. 3e). Consistent with the 
assignment of hydroxyphenylpyruvate and hydroxyphenyllactate as 
host-derived, there was no change in enrichment between control and 
antibiotic-treated mice for these two metabolites (Fig. 3f). There was, 
however, a significant decrease with antibiotics in 13C-enrichment of 
phenol sulfate and p-cresol sulfate, consistent with production of these 
metabolites requiring the microbiome. Oral gavage with 13C-tyrosine 
aligned with these assignments (Extended Data Fig. 3i).

To deliver 13C-tyrosine preferentially to the microbiome instead 
of host circulation, we fed mice a diet with 13C-digestion-resistant 
algal protein for 24 h (Fig. 3g). When normalized to caecal 13C-tyrosine 
labelling (Extended Data Fig. 3j), circulating phenol sulfate and 
p-cresol sulfate had enrichment reaching about 50% (Fig. 3h). 
Hydroxyphenylpyruvate and hydroxyphenyllactate had relative 
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enrichment matching or below circulating 13C-tyrosine enrichment 
(26%), further supporting phenol sulfate and p-cresol sulfate, but not 
hydroxyphenylpyruvate and hydroxyphenyllactate, originating from 
microbial metabolism.

Indole and phenol metabolites are also made by host 
metabolism in rats
To assess the generality of the above findings, we carried out short  
(2 h) 13C-tryptophan and 13C-phenylalanine tracer studies in 
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Fig. 2 | Most products of phenylalanine can be produced by the host.  
a,b, Scheme (a) and measurement (b) of phenylalanine-derived phenol metabolites 
in serum of germ-free mice (n = 5 female mice) compared to control mice  
(n = 4 female mice). c,d, Scheme describing the infusion of 13C-phenylalanine  
for 2 h (c) and 13C-enrichment of phenylalanine-derived metabolites in  
serum normalized to serum 13C-phenylalanine enrichment (n = 3 male mice)  
(d). Inset shows 13C-phenylalanine in serum and faeces at 2 h. e,f, Scheme showing a 
14 day antibiotic treatment with 13C-phenylalanine infused for the last 36 h (e) and 

13C-phenol enrichment in antibiotic-treated male mice (n = 3) compared to  
Ctrl male mice (n = 3) (f). g,h, Scheme for tracing circulating phenylalanine-derived 
phenols coming from microbial digestion of dietary protein (g) and 13C-phenol 
enrichment in portal vein from male mice fed a 13C-algal protein-containing diet for 
24 h (n = 4) (h). All data are graphed as mean values; error bars, s.e.m. P values are 
notated as *P < 0.05 and **P < 0.01 as calculated by a two-tailed t-test. ND,  
not detected.
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jugular-vein-catheterized Sprague Dawley rats (Extended Data Fig. 4a). 
As in mice, these tracers appear in the circulation but not faecal con-
tents over this timescale (Extended Data Fig. 4b–d). All of the metabo-
lites that were assigned as host-derived in mice (indole-3-pyruvate, 

indole-3-lactate, indole-3-acetate, indole-3-carboxylic acid, phe-
nylpyruvate, phenyllactate, cinnamic acid, benzoic acid, hydroxy-
phenylpyruvate and hydroxyphenyllactate) became substantially 
labelled, whereas those that were assigned as microbiome-dependent 
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(indole-3-propionate, indoxyl sulfate, 3-phenylpropionate, phenol 
sulfate and p-cresol sulfate) did not. These data suggest that mice and 
rats share conserved metabolic pathways for the production of indole 
and phenol metabolites.

Overall concentrations of indole and phenol metabolites are 
similar in faeces and circulation
As the gut microbiome has been thought to be required for the produc-
tion of indole and phenol metabolites, many studies measure faecal 
concentrations of these metabolites7,28–30. We measured, from mice 
on a purified diet, absolute indole and phenol metabolite concentra-
tions from blood, faeces and urine. The most abundant metabolites 
overall were p-cresol sulfate, phenylpyruvate, hydroxyphenyllac-
tate and indole-3-pyruvate (Extended Data Fig. 5). For a majority of 
metabolites, urinary concentrations significantly exceed serum ones, 
consistent with these metabolites being filtered but not reabsorbed. 
The opposite pattern was observed for p-cresol sulfate, consistent 
with its high plasma protein binding31,32. Serum and faecal concen-
trations differed significantly for only five metabolites: two indoles 
were serum-enriched, and three phenols were faeces-enriched. The 
faeces-enriched phenols included hydroxyphenyllactate, whose circu-
lating levels are substantially host-derived. This example highlights the 
potential for extensive local gut microbiome production of metabolites 
also made by the host.

Human cell lines can produce indole and phenol metabolites
The above data support many indole and phenol metabolites being 
made by the host in vivo. We next explored whether cultured mam-
malian cells can autonomously produce these metabolites. To this 
end, we cultured colorectal cancer cells (HCT116) and traced the 
metabolism of tryptophan, phenylalanine and tyrosine (Fig. 4a). In 
cells cultured with media containing 13C-tryptophan, indole-3-pyruvate 
and indole-3-lactate were labelled by the added 13C-tryptophan tracer 
(Fig. 4b; indole-3-lactate labelling is substantial but not quantitative 
owing to dilution by its presence in the media). The other host-derived 
indole metabolites (indole-3-acetate and indole-3-carboxylic acid) 
were not produced by HCT116 cells.

Similarly, we cultured HCT116 cells in media containing either 
13C-phenylalanine or 13C-tyrosine. The cells produced phenylpyruvate, 
phenyllactate and cinnamic acid from the added 13C-phenylalanine, 
further supporting these being host-derived metabolites. The micro-
biome metabolite 3-phenylpropionate was, as expected, not made 
from the added tracer (Fig. 4c). Benzoic acid, which comes at least 
partially from host metabolism in mice, was not produced by HCT116 
cells. From 13C-tyrosine, HCT116 cells produced labelled hydroxyphe-
nylpyruvate and hydroxyphenyllactate but not phenol or p-cresol 
sulfate (Fig. 4d). The HCT116 cells were confirmed to be negative for 
Mycoplasma contamination (Extended Data Fig. 6a,b). Production of 
these metabolites was also observed in various other common cell lines 
(Extended Data Fig. 6c–q). Overall, these cultured mammalian cells 
exhibited a subset of the in vivo transformations observed in rodents, 
with cells in culture converting aryl amino acids to their respective 
aryl-pyruvates, aryl-lactates and cinnamic acid.

The metabolic pathways from aryl amino acids to the indole and 
phenol metabolites could logically proceed initially through transami-
nation to the respective pyruvate analogues. To assess whether 
transaminase inhibition could block production of the downstream 
products, we treated HCT116 cells with the pan-transaminase inhibitor 
aminooxyacetic acid and traced production of indoles and phenols 
through the addition of 13C-aryl amino acids (Fig. 4e). Aminooxyacetic 
acid was cytostatic at the given dose (500 µM). Upon treatment with 
aminooxyacetic acid, production of indole and phenol metabolites 
by HCT116 cells decreased (Fig. 4f–h). Therefore, isolated mammalian 
cells can autonomously produce many indole and phenol metabolites 
through transamination followed by subsequent metabolic reactions.

Characterization of the reactions in cell and tissue lysates
To further characterize the mammalian synthetic pathway to indoles 
and phenols, we performed biochemical assays in crude lysates from 
HCT116 cells and from mouse liver. The conversion of the amino acid 
to aryl-pyruvate is probably through a transaminase, which typically 
requires the cofactor pyridoxal 5′-phosphate (PLP) as well as a nitro-
gen acceptor such as alpha-ketoglutarate (α-KG). With the addition of 
PLP and α-KG, both types of lysates had robust transaminase activity, 
converting tryptophan to indole-3-pyruvate and phenylalanine to 
phenylpyruvate (Fig. 4i and Extended Data Fig. 7a–c). Both lysates also 
reduced the aryl-pyruvates to aryl-lactates with the addition of NADH 
(Fig. 4j and Extended Data Fig. 7d,e) and converted phenylpyruvate to 
cinnamic acid (Fig. 4l and Extended Data Fig. 7f). Interestingly, when 
phenyllactate was added, no cinnamic acid was formed, suggesting 
that cinnamic acid production proceeds directly from phenylpyruvate 
and not through phenyllactate (Extended Data Fig. 7f). Furthermore, 
when indole-3-pyruvate was added to the lysates (without any further 
cofactor requirement), the liver lysates, but not cell lysates, produced 
indole-3-acetate and indole-3-carboxylic acid. Similarly, liver lysates 
converted phenypyruvate into benzoic acid (Fig. 4k). Therefore, liver 
lysates can make all the host-derived indole and phenol metabolites.

GOT1 produces indole-3-pyruvate and phenylpyruvate
To understand what enzymes may be responsible for the conversion of 
aryl amino acids to their downstream products, we started by assessing 
IL4I1 activity, an enzyme initially discovered as being induced by IL-4 in 
B cells, but since found to be expressed and excreted predominantly 
by monocyte lineage cells. IL4I1 reportedly converts phenylalanine to 
phenylpyruvate and tryptophan to indole-3-pyruvate in vitro19–21. When 
comparing plasma concentrations from Il4i1−/− and wild-type mice, 
there were no significant changes in any of the host-derived indole or 
phenol metabolites, suggesting that IL4I1 is not required for these host 
pathways (Extended Data Fig. 8a–d).

To find additional host enzymes capable of tryptophan or phe-
nylalanine transamination, we tracked these activities in mouse liver 
lysates as they were fractionated sequentially by size exclusion (SEC), 
anion exchange and cation exchange chromatography. The resulting 
fractions were assayed for indole-3-pyruvate and phenylpyruvate 
production, with the most active fraction from each step selected for 
further fractionation. Both activities co-eluted consistently through 
SEC, anion exchange and cation exchange (Fig. 5a–f). To find candi-
date enzymes responsible for the activity observed in these lysates, 
we performed proteomics on fractions exhibiting a wide range of 
activities from the final cation exchange separation and correlated the 
abundance of all measured proteins with phenylalanine transaminase 
enzymatic activity. Out of the top 20 best-correlated proteins (all Spear-
man correlation > 0.96), keratin 79 (KRT79) had the highest abundance 
in the most active fraction assayed (Fig. 5g). Glutamate oxaloacetate 
transaminase 1 (GOT1), one of the most abundant mammalian transami-
nases, was the next highest abundance. Given that KRT79 does not have 
known enzymatic activity and GOT1 is a well-characterized amino acid 
transaminase, we selected GOT1 for further biochemical characteriza-
tion. With the addition of PLP and α-KG, recombinant purified GOT1 
efficiently converted both tryptophan and phenylalanine to their 
respective aryl-pyruvates (Fig. 5h). Therefore, GOT1 can initiate the 
host pathways to indole and phenol metabolites.

Alignment with clinical data involving antibiotic therapy
The above data differentiate indole and phenol metabolites into 
host-derived and microbiome-dependent classes. We next asked 
whether this categorization would align with metabolic responses 
in humans to antibiotics. To this end, we analysed the abundance of 
indole and phenol metabolites in a publicly available metabolomics 
dataset of serum from patients in general admissions at Boston Chil-
dren’s Hospital33,34. The original purpose of this dataset was to compare 
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metabolic profiles of generally healthy individuals (ages 2 months 
to 55 years) against a cohort of paediatric patients with a variety of 
rare metabolic or genetic diseases. Although the intention was not 
to study the effect of antibiotics, many patients had detectable levels 
of antibiotics in their serum. Out of the 169 patients in the dataset, 

13 had detectable circulating levels of one of the following antibiot-
ics: moxifloxin, clindamycin, erythromycin, ciprofloxin (or its sulfate 
metabolite sulfociprofloxacin), doxycycline, metronidazole or sul-
famethoxazole, and three patients had multiple of these antibiotics 
detected in circulation (Fig. 6a).
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When comparing serum from patients who had detectable lev-
els of antibiotics (single or multiple) to those without, there was 
no change in any of the host-derived metabolites (indole-3-lactate, 
indole-3-acetate, indole-3-carboxylic acid, phenylpyruvate, phenyl-
lactate and hydroxyphenyllactate; Fig. 6b–d). Indole-3-propionate and 
phenylpropionate were both significantly decreased in patients with 
one circulating antibiotic, and all microbiome-dependent metabolites 
(indole-3-propionate, indoxyl sulfate, 3-phenylpropionate, phenol 
sulfate and p-cresol sulfate) were depleted in patients with multiple 
circulating antibiotics. This dataset did not include levels of the other 
metabolites of interest.

To complement these data, we sought a second dataset with heavy 
antibiotic exposure, serum metabolite measurements and paired stool 
samples to enable full microbiome sequencing. We identified three 
patients with acute myeloid leukaemia (AML) who had faecal and serum 
samples taken before and after receiving broad-spectrum antibiotics 

(Fig. 6e and Table 1). In each patient, gut microbial diversity and rela-
tive abundance of obligate anaerobic taxa were dramatically lower in 
stool samples during the broad-spectrum antibiotic treatment. One 
patient demonstrated loss of diversity (Fig. 6f), one showed recov-
ery of diversity after stopping antibiotics (Fig. 6g) and one exhibited 
recovery followed by loss upon re-initiation of antibiotics (Fig. 6h). 
Serum concentrations of the host-derived indole and phenol metab-
olites (indole-3-lactate, indole-3-acetate, indole-3-carboxylic acid, 
phenylpyruvate, phenyllactate and hydroxyphenyllactate) were not 
affected by microbiome compositional changes (Fig. 6i). By contrast, 
the microbiome-dependent metabolites indole-3-propionate and 
p-cresol sulfate were decreased in low-diversity, antibiotic-exposed 
samples. Other indoles and phenols were not detected in these patient 
samples. Therefore, from mouse to human, the circulating levels of 
many indole and phenol metabolites are robust to drastic changes in 
gut microbiota composition.
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Fig. 6 | Metabolites produced by host metabolism are insensitive to antibiotics 
in clinical samples. a, Scheme depicting the analysis of serum indole and phenol 
metabolites in patients with or without antibiotics detected in serum by LC–MS. 
b–d, Relative (log2-transformed fold change) serum tryptophan-derived (b), 
phenylalanine-derived (c) or tyrosine-derived (d) metabolites in patients without 
detectable levels of antibiotics (n = 153), patients with a single antibiotic detected 
(n = 13) or patients with multiple antibiotics detected in circulation (n = 3). 
*P < 0.05; ***P < 0.001; ****P < 0.0001 by Kruskal–Wallis test (non-parametric 
ANOVA). NS, not significant. e, Scheme depicting the analysis of serum indole 
and phenol metabolites in patients with AML with or without the treatment of 

broad-spectrum antibiotics. Control denotes samples collected while patients 
were not receiving broad spectrum antibiotics. f–h, Microbial composition, as 
measured by Shotgun sequencing, and alpha diversity (inverse Simpson iIndex), 
for the three patients with AML. i,j, Relative indole (i) and phenol (j) metabolites 
for patients on days with standard or low alpha diversity. *P < 0.05 and **P < 0.01 
as calculated by a two-sided Welch t-test. Abx, broad-spectrum antibiotics; Ctrl, 
control; ILA, indole-3-lactate; IAA, indole-3-acetate; ICA, indole-3-carboxylic 
acid; IProp, indole-3-propionate; IS, indoxyl sulfate; PLA, phenyllactate; 3PA, 
3-phenylpropionate; HLA, hydroxyphenyllactate; PS, phenol sulfate; CS, p-cresol 
sulfate.
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Table 1 | Clinical details for patients with AML receiving antibiotics

Clinical details Antibiotic treatment

Sex Age Race/
ethnicity

First sample Second sample Third sample

Patient 1 F 59 White

Day 0 Day +19

Not applicable
6 days of levofloxacin 12 days of cefepime

9 days of vancomycin
9 days of metronidazole
6 days of piperacillin/tazobactam

Patient 2 F 19 Hispanic

Day 0 Day +74

Not applicable20 days of piperacillin/tazobactam
5 days of doxycycline
3 days of vancomycin

Cefidinir prophylaxis

Patient 3 M 63 Other

Day 0 Day +120 Day +135

24 days of piperacillin/tazobactam
10 days of daptomycin
6 days of cefdinir
3 days of vancomycin
1 day of metronidazole

Cefdinir prophylaxis 3 days of metronidazole
3 days of cefepime
2 days of fidaxomicin
Clostridium difficile diagnosis on 
day of sample
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Fig. 7 | Metabolism of aryl amino acids to indole and phenol metabolites. 
Mammals encode the metabolic capacity to transaminate tryptophan, 
phenylalanine and tyrosine to their respective aryl-pyruvates and reduce to 
aryl-lactates. Additionally, indole-3-acetate, indole-3-carboxylic acid and 
cinnamic acid (Cin) are produced by host metabolism. Benzoic acid can also 
be made through host metabolism but is probably primarily a microbially 

derived metabolite, as isotope tracing of host metabolic pathways could only 
account for about 30% of benzoic acid production. Bacterial metabolism is 
required to make aryl-propionates, indole, phenol and p-cresol. Solid arrows 
represent reactions that we have directly shown in the tissue lysates or that are 
known in the literature. Dashed arrows represent proposed pathways. HPA, 
hydroxyphenylpyruvate; IAcA, indole-acrylic acid.
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Discussion
We demonstrate, by isotope tracing, that many physiologically impor-
tant circulating indole and phenol metabolites are derived from endog-
enous metabolism in mice, rats and cultured human cells. We conclude 
that there is a conserved metabolic pathway for all three aryl amino 
acids in mammalian cells that can convert tryptophan, phenylalanine 
and tyrosine to their respective aryl-pyruvates and aryl-lactates (Fig. 7).

Additionally, there is a mammalian metabolic pathway that can 
convert phenylalanine to cinnamic acid. Cinnamic acid appears to be 
made from phenylpyruvate directly, as there was no production of 
cinnamic acid from added phenyllactate. Although benzoic acid was 
not made in cell culture, it was produced in the mouse liver lysates and 
labelled from 13C-phenylalanine over 2 h in vivo, which suggests that 
benzoic acid is at least partially derived from host metabolism.

Host metabolism is also capable of making indole-3-acetate and 
indole-3-carboxylic acid from tryptophan. Although the responsible mam-
malian enzymes are not known, indole-3-acetate was produced in mouse 
liver lysates from indole-3-pyruvate, the precursor of indole-3-acetate 
in bacteria and plants35,36. The pathway to indole-3-carboxylic  
acid remains an open question in both mammals and bacteria37.

Furthermore, there is probably a similar metabolic pathway 
in humans, given that the indole and phenol metabolites that are 
host-derived in rodents are not affected by antibiotic-mediated deple-
tion of the gut microbiome in humans. This conclusion is based on two 
studies. One is a retrospective analysis of metabolomics data from a 
cohort of 169 patients, of whom only 13 had antibiotics detected in cir-
culation. The other involves three patients with cancer who went on or 
off broad-spectrum antibiotics. Although the findings of these studies 
are consistent, studies with larger patient populations are merited to 
validate the hypothesis that host metabolism is sufficient to maintain 
the circulating levels of these metabolites.

Not all indole and phenol metabolites can be made through host 
metabolic pathways. Bacterial metabolism is required for fully freeing 
the aryl group into indole, phenol or p-cresol. Additionally, the gut 
microbiome is necessary for reducing the amino acid all the way to 
indole-3-propionate or 3-phenylpropionate.

Indole-3-lactate and indole-3-acetate are frequently studied 
metabolites as they mediate important anti-inflammatory effects, 
with supplementation, in mouse models, ameliorating diseases ranging 
from inflammatory bowel disease to extreme nearsightedness2,7,38,39. 
Changes in the levels of these indoles have been correlated with micro-
biome composition changes in patient populations or mouse mod-
els. These correlations are classically interpreted as evidence that 
the microbiome metabolism is responsible for the production of the 
metabolites. Our data argue for caution in this interpretation. Although 
it is clear that the microbiome has the capacity to produce all the indole 
and phenol metabolites12,28,40, and introducing bacteria with the abil-
ity to produce metabolites such as indole-3-lactate has been shown to 
increase circulating levels28,41, we show that the contribution of host 
metabolism also needs to be considered in these correlations. For 
example, correlations may arise owing to diet or disease state affecting 
both microbial composition and host indole metabolite production or 
through crosstalk between host and microbiome metabolism.

Overall, an understanding of the source of indole and phenol 
metabolites is the fundamental step both to developing tools to control 
their circulating concentrations and to understanding the physiologi-
cal factors controlling their levels and functions. Our data argue for 
host metabolism being a major source for physiologically important 
circulating metabolites such as indole-3-lactate, indole-3-acetate and 
cinnamic acid.

Methods
Mouse and rat studies
All mouse and rat studies were completed in compliance with pro-
tocols approved by the Princeton University Animal Care and Use 

Committee. Unless otherwise indicated, all mice were C57BL/6NCrl 
mice (Charles River Laboratories, strain 027). Sprague Dawley 
jugular-vein-catheterized rats were used (Charles River Laboratories, 
strain 001). Both mice and rats were 8–12 weeks old and fed a standard 
purified diet (Research Diets, D11112201). Mice were group-housed on 
a normal light–dark cycle (08:00–20:00 h), and rats were individually 
housed on a reverse light–dark cycle (20:30–08:30 h). The rats were 
acclimated to human handling for 2 weeks before experiments began. 
All rodents had ad libitum access to food and water.

Germ-free mouse model
C57BL/6N wild-type female germ-free or Murine Pathogen Free mice 
(Taconic, strain B6-F GF or MPF) were housed in individually vented 
cages (Allentown Sentry Sealed Positive Pressure system) under a 12 h 
light and 12 h dark cycle. All mice were 9–10 weeks old, group-housed 
and had free access to water and doubly irradiated standard purified 
diet (D11112201-1.5Vii). Contamination quality checks were performed 
on mouse faecal pellets, cage samples and research diet pellets using 
aerobic and anaerobic cultures. Samples were collected 10 days after 
initiation of the purified diet.

Human subject details
Patients with a diagnosis of AML who were receiving treatment at 
the University of Chicago Medicine were recruited to the protocol 
(IRB23-1365). Written informed consent was obtained, and there was 
no compensation for participation. Serial collection of serum and stool 
was performed while hospitalized. Patient samples with examples 
of microbiome diversity loss and gain were selected to determine 
whether key metabolites correlate with microbiome composition. 
All serum–faecal sample pairs were taken within 24 h of each other. 
Information requests regarding the samples can be directed to Chris-
topher J. Lehmann.

In vivo sample collection and metabolite extraction
Serum samples were collected by tail bleed. Blood was placed on ice 
immediately following collection, centrifuged at 4 °C, 14,000g for 
10 min and moved to another tube to be stored at −80 °C. Faeces were 
collected fresh, immediately placed on dry ice and stored at −80 °C 
until processing.

Serum samples were extracted with methanol (40× dilution) and 
incubated for 10 min on ice. Samples were then centrifuged at 15,000g 
for 30 min at 4 °C, and the resulting supernatant was transferred to a 
mass spectrometry vial. Faecal samples were collected fresh and placed 
on dry ice. Faecal and dietary samples were ground at liquid nitro-
gen temperature with a cryomill (Restch). The resulting powder was 
extracted with 40:40:20 methanol:acetonitrile:water (40× dilution) 
for 10 min on ice and centrifuged at 15,000g for 30 min. The resulting 
extract was moved to LC–MS vials (Thermo Fisher Scientific, 200046; 
caps, Thermo Fisher Scientific, 501313).

Metabolite measurement
An Orbitrap Exploris 240 or Q Exactive Plus hybrid quadrupole-Orbitrap 
mass spectrometer (Thermo Fisher Scientific) coupled with hydrophilic 
interaction chromatography (HILIC) was used. For LC, an XBridge BEH 
Amide column (150 mm × 2.1 mm, 2.5 μM particle size; Waters) was used 
with gradient solvent A (95%: 5% H2O: acetonitrile with 20 mM ammonium 
acetate, 20 mM ammonium hydroxide, pH 9.4) and solvent B (100% ace-
tonitrile). The gradient ran as follows: 0 min, 90% B; 2 min, 90% B; 3 min, 
75% B; 7 min, 75% B; 8 min, 70% B, 9 min, 70% B; 10 min, 50% B; 12 min, 50% 
B; 13 min, 25% B; 14 min, 25% B; 16 min, 0% B, 20.5 min, 0% B; 21 min, 90% 
B; and 25 min, 90% B with a flow rate of 150 μl min−1. Injection volume 
was 10 μl and column temperature was 25 °C. A negative-ion mode was 
used for the MS scans with a resolution of 140,000 at m/z 200. Automatic 
gain control target was 5 × 106, and scan range was m/z 75−1,000. Xcalibur 
(v.4.3; Thermo Fisher Scientific) was used to collect raw data.
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All LC–MS data were analysed using El-Maven (v.0.12.1)42. All 
13C-labelling data were corrected for natural 13C abundance using the 
Accucor package43 (https://github.com/XiaoyangSu/AccuCor). All 
reported measurements are based on relative ion counts.

Metabolite assignment by LC–MS/MS
LC–MS/MS spectra were collected for sample metabolites and stand-
ards using the targeted MS2 scan function on an Orbitrap Exploris 
240 at higher-energy collisional dissociation energy of 30 eV. Mass 
resolution of 15,000, m/z isolation window of 2, automated gain con-
trol of 5 × 105 and a maximum injection time of 200 ms were used. 
Unlabelled standards were from Sigma-Aldrich: tryptophan, phenylala-
nine, tyrosine, indole-3-pyruvate, indole-3-lactate, indole-3-carboxylic 
acid, indole-3-propionate, indoxyl sulfate, phenylpyruvate, phenyl-
lactate, cinnamic acid, 3-phenylpropionate, hydroxyphenylpyru-
vate, hydroxyphenyllactate and phenol sulfate. D5-Benzoic acid 
(DLM-122), D7-Indole-3-acetic acid (DLM-8040) and D7-p-cresol sul-
fate (DLM-9786) were from Cambridge Isotope Laboratories. LC–
MS/MS spectral data for compounds and standards can be found in 
Supplementary Table 1.

13C-amino acid compounds
All amino acids were from Cambridge Isotope Laboratories 
(13C9-phenylalanine, CLM-2250-H; 13C9-tyrosine, CNLM-439-H; and 
13C11-tryptophan, CLM-4290-H). Upon suspicion of contamination of 
the 13C-tryptophan with 13C-indole-3-acetate, the 13C-tryptophan was 
further purified by Lotus Separations using a Phenomenex Luna NH2 
column (100 Å, 5 µm, 150 mm (length) × 21 mm (internal diameter, 
i.d.)). Isocratic conditions with 60% A (20 mM ammonium acetate, 
20 mM ammonium hydroxide, 95:5 water:acetonitrile, pH 9.6) and 
40% B (acetonitrile) at 45 °C and a flow rate of 15 ml min−1 were used.

Jugular vein and carotid artery catheterization
For jugular-vein-catheterized mice, using aseptic surgical techniques, 
a vascular access button (Instech, VABM1B/25, 25 gauge, one-channel 
button) was implanted under the back skin and connected to a catheter 
(Instech, C20PV-MJV1301, 2 French, 10 cm) placed in the right jugular 
vein. Jugular-vein-catheterized rats were purchased from Charles 
River Laboratories, with externalized catheters secured by a wound 
clip. Mice and rats were allowed at least 5 days to recover from surgery 
before any tracer infusion. Catheters were flushed with sterile saline 
and refilled with sterile heparin glycerol locking solution (SAI, HGS) 
at least once per week.

2 h 13C-amino acid infusions
Mice were fed ad libitum for all infusions. At 18:00 h, mice were 
attached to the infusion line with a swivel and tether (Instech, swivel, 
SMCLA; line, KVABM1T/25) and acclimated for 1 h. With an infusion 
pump (SyringePump, NE-1000), the infusate was advanced at a rate of 
0.1 μl min−1 per gram mouse weight starting at 19:00 h. Infusates were 
5 mM 13C-tryptophan, 2 mM 13C-tyrosine or 15 mM 13C-phenylalanine 
in sterile saline. For rat infusions, infusion lines were connected by a 
blunt needle at 07:00 h (during light phase). The lines included a swivel 
and tether (Instech, swivel, CM375KRP; line, KVABR1T/22 modified 
by removal of the vascular access button connector). Infusions were 
started at 08:00 h at a rate of 0.5 μl min−1 per gram weight using the 
SyringePump pump. Infusates were 5 mM 13C-tryptophan and 30 mM 
13C-phenylalanine. After 2 h of infusions, serum was collected by tail 
snip and faeces were collected fresh. All collected samples were stored 
at −80 °C.

36 h infusion with and without antibiotic treatment
The antibiotic cocktail (1 g l−1 ampicillin, 1 g l−1 neomycin, 1 g l−1 met-
ronidazole, 0.5 g l−1 vancomycin and 0.5% aspartame) was admin-
istered through drinking water. Infusion of the 13C-tracers (5 mM 

13C-tryptophan, 2 mM 13C-tyrosine, 15 mM 13C-phenylalanine) was ini-
tiated on day 12 with or without antibiotics at 19:00 h, and mice were 
maintained on antibiotics throughout the infusion. Serum and faeces 
were collected before infusion started and 2, 12 and 36 h after initia-
tion of the infusion. Mice were fed ad libitum throughout the infusion.

Alpha diversity measurements in antibiotic-treated mice
Bacterial DNA was extracted from faecal samples with the Power Soil 
DNA Isolation kit (QIAGEN). The V4 region of the 16S rRNA gene was 
amplified using the primers 27F (AGRGTTYGATYMTGGCTCAG) and 
1492R (CGGYTACCTTGTTACGACTT) and LongAmp Taq 2X Master 
Mix (New England Biolabs, M0287L). Thermocycler conditions were 
94 °C for 3 min, 30 cycles of 94 °C for 30 s, 55 °C for 30 s, 65 °C for 90 s, 
followed by 10 min hold at 65 °C. The amplified V4 region DNA was 
isolated by AMPure XP beads. Correct amplicon size was confirmed 
by gel electrophoresis. Amplicons were quantified using the Qubit 
dsDNA HS assay kit (Life Technologies, Q32854) and concentrations 
were standardized to 15 ng µl−1. Library preparations were prepared 
using the Native Barcoding Kit 96 V14 (SQK-NBD114.96). Sequencing 
was completed using full-length 16S rRNA gene amplicon sequencing 
using an Oxford Nanopore MinION sequencer. Species-level taxonomic 
annotation was assigned to reads with Emu (v.3.4.5) using default 
settings and database44–46. Phyloseq47 was used for alpha diversity 
(Shannon index) analysis.

Bacterial load quantification
Bacterial density was estimated using universal 16S qPCR with primers 
515F (GGACTACNVGGGTWTCTAAT) and 806R (GTGYCAGCMGCCGCG-
GTAA). Reaction mixture included 1 μl of template DNA, 12.5 μl PerfeCTa 
SYBR Green SuperMix Reaction Mix (QuantaBio), 6 μl nuclease-free 
H2O and 2.25 μl of each primer. Thermocycler conditions were 95 °C 
for 10 min, 40 cycles of 95 °C for 15 s, 60 °C for 40 s and 72 °C for 30 s. 
Reactions were performed in triplicate. Bacterial DNA concentra-
tions were normalized to whole-genome equivalents based on a mean 
genome size of 4.50 Mbp, then multiplied by the total template DNA 
volume (50 μl). DNA concentrations were normalized by the grams of 
faeces used for DNA isolation.

Gavage with 13C-amino acids
Mice were fasted for 7 h before a gavage (10 ml kg−1) with 15 mM 
13C9-phenylalanine, 5 mM 13C11-tryptophan and 2 mM 13C9-15N-tyrosine. 
Serum and caecal content were collected at 15, 45, 90 or 180 min fol-
lowing the gavage.

Feeding with 13C-digestion-resistant algal protein
Mice were fed a diet with 20% overall protein (10% 13C-algal protein 
(Sigma-Aldrich, 642878) and 10% rice protein isolate (NAKED Sup-
plements)). Rice protein was used as both rice and algal protein are 
digestion-resistant. Blood from the portal vein and caecal contents 
were collected 24 h after diet initiation (08:00 h). For portal vein col-
lection, mice were anaesthetized with isoflurane, and the portal vein 
was exposed by carefully displacing the intestines. The portal vein 
was nicked with dissection scissors, and pooled blood was collected 
from the peritoneal cavity by pipette and transferred to an Eppendorf 
tube on ice.

Cell culture
All cell lines were obtained from ATCC. Stock cells were maintained in 
either DMEM (HCT116, CCL-247; A549, CCL-185; HepG2, HB-8065; and 
HEK293, CRL-1573) or RPMI (THP-1, TIB-202; Jurkat, CRL-2899) with 10% 
complete FBS. All cell lines were cultured at 37 °C and 5% CO2. Cells were 
grown to approximately 70–80% confluence. Comparable cell density 
was confirmed visually and by cell count with a Countess II Hemocytom-
eter. Cells were routinely tested for Mycoplasma contamination using 
the PlasmoTest Mycoplasma Detection Kit (Invivogen).
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13C-tracing in cell culture
All cell lines were plated into six-well plates. Then, 24 h after plating, 
the media was aspirated and switched to media containing 10% dia-
lyzed FBS and one of the 13C-aryl amino acids added (DMEM: 16 mg ml−1 
13C-tryptophan, 66 mg ml−1 13C-phenylalaine or 80 mg ml−1 13C-tyrosine; 
RPMI: 5 mg ml−1 13C-tryptophan, 15 mg ml−1 13C-phenylalaine or 
29 mg ml−1 13C-tyrosine). Cells were collected by scraping in 500 μl 
ice-cold 80% methanol after media aspiration. To inhibit transami-
nases, HCT116 cells were treated with 500 μM aminooxyacetic acid 
(Sigma-Aldrich, C13408) or sterile water in DMEM with dialyzed media 
for 24 h.

Il4i1−/− plasma samples
Plasma samples from three female (22–23 weeks old) and two male 
(16 weeks old) whole body Il4i1-knockout mice and three female  
(22–23 weeks old) and two male (16 weeks old) wild-type mice were  
provided by C. Opitz. All mice were fed ad libitum with irradiated 
extruded chow pellets (KLIBA, 3437), and at 14 days of age, they also 
began receiving autoclaved oat flakes. Plasma samples were stored at 
−80 °C and prepared for MS analysis in the same way as serum samples.

Tissue lysates
Freshly collected mouse tissues were homogenized using a KIMBLE 
Dounce tissue grinder set (Sigma-Aldrich, DWK885300-0000) in a 1:4 
ratio of tissue to assay buffer (100 mM Tris NaCl, 1 mM dithiothreitol 
(DTT) and 1× Halt Protease Inhibitor Cocktail, EDTA-Free (Thermo Sci-
entific)). After homogenization, the sample was centrifuged at 4,000g 
for 5 min. The supernatant was diluted further 1:1 with assay buffer 
containing the relevant substrates and cofactors, and a baseline sample 
was taken immediately (and diluted by 500× in ice-cold methanol).

Cell lysates
HCT116 cells at 50–70% confluence were trypsinized, pelleted and 
washed twice in ice-cold PBS before resuspending in lysis buffer (150 mM 
NaCl, 20 mM Tris-HCl at pH 8, 1 mM beta-mercaptoethanol and 1× com-
plete mini protease inhibitor cocktail with ethylene-diaminetetraacetic 
acid (Thermo Fisher, 78429)). Pelleted cells were lysed with Emulsiflex 
(Avestin). Lysed cells were spun for 60 min at 4 °C at 10,000 rpm and 
allocated into 100 μl aliquots with 20% glycerol, then snap-frozen with 
liquid nitrogen.

In vitro activity assays
For all in vitro transaminase reactions, including isolated GOT1 (from 
porcine heart; Sigma-Aldrich 9000-97-9), activity was assessed by 
the addition of either phenylalanine or tryptophan (2 mM) with PLP 
(200 µM) and α-KG (20 mM). For dehydrogenase and downstream reac-
tion conditions, 2 mM indole-3-pyruvate or phenylpyruvate was added 
to lysates, and, except for indole-3-acetate and indole-3-carboxylic 
acid producing reactions, 20 mM NADH was added to the reaction 
mixtures. All lysates were placed at 37 °C and protected from light. 
At the designated times, samples from the lysates were taken and 
diluted 500× in ice-cold methanol. Reactions were run in duplicate, and 
metabolite concentrations were quantified by LC–MS using internal 
spike-in standards.

Protein fractionation
Protein fractionation was completed on an ӒKTA pure chromatogra-
phy system at 4 °C at a flow rate of 1 ml min−1. For SEC, a HiPrep 16/60 
Sephacryl S 200 HR column with a column volume (CV) of 120 ml was 
equilibrated with 2 CVs of running buffer before the application of 1 ml 
of sample. Proteins were eluted isocratically over 1.5 CVs of running 
buffer, and 5 ml fractions were collected. The running buffer composi-
tion was 150 mM NaCl, 25 mM Tris (pH 8.0), 1 mM TCEP and 10% glycerol.

For anion exchange chromatography, a HiTrap Capto Q ImpRes 
column (CV of 1 ml) was equilibrated with 5 CVs of 2.5% buffer B before 

application of 1 ml of sample. The gradient conditions were as follows: 
2.5% buffer B, 5 CVs; ramp to 100% buffer B over 20 CVs; 100% buffer B, 
5 CVs; 2.5% buffer B, 5 CVs. Next, 1 ml fractions were collected starting 
at the ramp step. Buffer A was 25 mM Tris-HCl (pH 8.0), 1 mM TCEP, 
10% glycerol, and buffer B was 1 M NaCl, 25 mM Tris (pH 8.0), 1 mM 
TCEP, 10% glycerol.

For cation exchange chromatography, a HiTrap Capto SP ImpRes 
column (CV of 1 ml) was used under the same chromatography condi-
tions as for anion exchange, except for the buffer composition. Buffer 
A was 25 mM Bis-Tris (pH 6.0), 1 mM TCEP, 10% glycerol and buffer B was 
1 M NaCl, 25 mM Bis-Tris (pH 6.0), 1 mM TCEP, 10% glycerol.

For sequential fractionation, the fraction of interest from the first 
chromatographic run was exchanged into the initial buffer composi-
tion for the second run using a HiTrap Desalting column (CV of 5 ml). 
The column was equilibrated with 1.5 CVs of the target buffer before 
application of 1 ml of the sample. Protein was eluted isocratically in 
1.5 CVs of the target buffer, and 0.5 ml fractions were collected. Frac-
tions containing >90% of the protein according to the absorbance 
readings at 280 nm were pooled for the second round of fractionation. 
SEC fractions were first concentrated from 5 ml to 1 ml using Amicon 
Ultra-15 spin filter tubes with a 10 kDa cutoff.

Proteomics
Fraction 6 from the anion column and fractions 1, 3, 5 and 7 following 
the cation column were used for proteomic analysis. For each tested 
fraction, a 10 µg sample was diluted with RIPA buffer (125 µl). DTT was 
added to a final concentration of 10 mM, and lysate was heated at 95 °C 
for 5 min. Then, iodoacetamide was added to a final concentration 
of 15 mM and tubes were incubated in the dark with rotation. After 
30 min, an additional 10 mM DTT was added (final DTT concentration 
of 20 mM) and incubated at room temperature with rotation. After 
15 min, 2 μl of a prepared 50 μg μl−1 Sera-Mag bead stock was added, 
followed by 450 µl ethanol, and the samples were incubated at room 
temperature for 5 min with shaking at 1,000 rpm. Beads were then 
pelleted on a magnetic rack and supernatant was discarded. The beads 
were washed three times with 200 µl 80% ethanol before being resus-
pended in 50 mM ammonium bicarbonate. 0.5 µg trypsin was added to 
each tube and sonicated for 30 s in a water bath, followed by incubation 
for 18 h at 37 °C with rotation. Then, 1 µl Optima LC–MS formic acid was 
added, and supernatants were passed through a 0.22 µm spin filter 
column (CoStar, 98231-UT-1). The resulting sample was transferred 
to an LC–MS vial.

Label-free, data-independent acquisition (DIA) proteomics was 
performed on Bruker TimsTOF Pro 2 connected to a nanoElute LC. A 1 µl 
aliquot of each sample was injected onto a trap column (C18 Pepmap, 
5 µM particle size, 5 mm length, 300 µM i.d.), followed by separation 
by an analytical column (C18 ReproSil AQ, 1.9 µM particle size, 100 mm 
length, 75 µM i.d.). Peptides were eluted by an acetonitrile/water gradi-
ent at a column temperature of 40 °C (buffer A, 0.1% formic acid/water; 
buffer B, 0.1% formic acid/acetonitrile; flow rate of 0.5 µl min−1; gradi-
ent: start at 2% B, increase to 35% B over 20 min, then increase to 95% B 
over 0.5 min, hold at 95% for 2.25 min). Scans were performed in posi-
tive ion, diaPASEF mode over a m/z range of 100–1,700 and ramp time of 
100 ms, accumulation time of 100 ms and duty cycle of 100%, ramp rate 
of 9.43 Hz, MS averaging set to 1. Absolute thresholds were set to 5,000 
for mobility peaks and 10 for MS peaks; data were collected with Bruker 
Compass HyStar v.6.2. Resulting raw data (.d files) were processed using 
DIA-NN v.1.8.1 with the following parameters: trypsin/P digestion, three 
missed cleavages, three max. variable modifications, N-term M exci-
sion, Ox(M), Ac(N-term) and C-carbamidomethylation, peptide length 
range of 7–30, precursor charge range 1–4, m/z range 300–1,800, 
fragment ion range 200–1,800, mass accuracy and MS accuracy both 
set to ten, precursor false discovery rate set to 1%. Within the DIA-NN 
algorithm, the following settings were applied: ‘Use isotopologues’, 
‘MBR’ (match between runs), ‘No shared spectra’ and ‘Heuristic protein 
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inference’. A spectral library generated in DIA-NN from all known Mus 
musculus proteins was used (in silico spectral library, generated in 
DIA-NN using FASTA of Uniprot M. musculus proteome UP000000589, 
options selected were ‘FASTA digest for library-free search/library 
generation’ and ‘Deep learning-based spectra, RTs and IMs prediction’; 
other parameters same as described above). After processing, matrix.
pg files were analysed in Perseus (v.2.0.7.0)48; intensities are inputted 
as ‘main’ while the other descriptors are listed as ‘categorical’. Data are 
presented as raw ion counts in each chromatography fraction obtained 
during purification.

Boston Children’s patient dataset
Patient sample data were obtained from a study completed at Bos-
ton Children’s Hospital33. The metabolomics dataset from this study 
was deposited in MetaboLights33,34. A missing value imputation was 
performed, allowing for samples in which the metabolite was below 
detectable limits to be filled with the minimally detected ion count 
for that metabolite. Out of this dataset, patients with antibiotics were 
selected based on antibiotics detected in serum.

Metabolomics and microbiome sequencing of samples from 
patients with AML
For metabolic analysis details, methods can be accessed under MassIVE 
MSV000099027. In brief, for extraction, four volumes of extraction 
solvent (100% methanol spiked with 500 nM (acetyl-)D3-melatonin 
(Cambridge Isotope Laboratories, DLM-7101-0 as internal standard)) 
were added to one volume (200 µl) of plasma. Samples were incubated 
at −80 °C for at least 1 h to overnight. Indole metabolites were analysed 
on an Agilent 1290 Infinity II liquid chromatography system coupled 
to an Agilent 6470 triple quadrupole mass spectrometer, operating 
in positive mode, with an Agilent Jet Stream Electrospray Ionization 
source. Data analysis was performed using MassHunter Quant software 
(v.B.10, Agilent Technologies) and confirmed by comparison with 
authentic standards (Supplementary Table 2). For phenol metabolites, 
plasma samples and standards were analysed on a Thermo Fisher 
liquid chromatography system coupled to an Orbitrap IQ-X mass spec-
trometer, operating in positive mode. Raw data files were analysed in 
Thermo Freestyle software. Peak integration using the ICIS algorithm 
in Freestyle was done on extracted ion chromatograms for the m/z of 
each compound within 3 ppm of the m/z in each standard compound 
injection (Supplementary Table 3). A missing value imputation was 
performed, allowing for samples in which the metabolite was below 
detectable limits to be filled with the minimally detected ion count 
for that metabolite.

For sequencing, shotgun DNA sequencing was used for the faecal 
samples from patients with AML. A bead beater (BioSpec Product) was 
used for mechanical disruption, followed by sample purification with 
QIAamp mini spin columns (Qiagen). Purified DNA was quantified by 
a Qubit 2.0 fluorometer, and an Illumina HiSeq platform was used for 
sequencing. A total of 7–8 million paired-end DNA sequencing reads 
(read length of 150 bp) were produced per sample. Adaptors were 
trimmed from the raw reads, and quality was assessed using Trimmo-
matic (v.0.39)49. Human genome reads were removed by kneaddata 
(https://github.com/biobakery/kneaddata, v.0.7.10), and taxonomy of 
the resultant high-quality reads was profiled with metaplan4 (ref. 50). 
MEGAHITS (v.1.2.9)51 was used to assemble microbial reads with genes 
called by prodigal (https://github.com/hyattpd/Prodigal, v.2.6.3).

Statistical analysis and figure production
A P value of <0.05 was used to determine statistical significance using 
a two-tailed, unpaired Student’s t-test. No statistical methods were 
used to pre-determine sample sizes. Data collection and analysis were 
not performed blind to the conditions of the experiments, and there 
was no randomization. Unless otherwise stated, data distribution was 
assumed to be normal, but this was not formally tested. No animals were 

excluded unless the infusions did not reach their desired endpoint, 
either through technical error or death of the mouse. Figures were 
made with GraphPad Prism (v.10.2.3), ChemDraw (v.23.1.1) and NIH 
BioArt (https://bioart.niaid.nih.gov).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in this arti-
cle and its Supplementary Information files. The datasets supporting 
the findings are available from the corresponding author upon reason-
able request. MS metabolomics data for the Boston Children’s study 
are available from MetaboLights (MTBLS948). Microbiome sequencing 
and metabolomic data from the patients with AML have been deposited 
on Zenodo (https://doi.org/10.5281/zenodo.18829320)52. All MS prot-
eomics data have been deposited to the MassIVE database (accession 
no.: MSV000100980), including an in silico spectral library generated 
in DIA-NN using FASTA of Uniprot mouse proteome UP000000589. 
Source data are provided with this paper.
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Extended Data Fig. 1 | Assessing host contribution to indole metabolites.  
(a) Indole metabolites in PicoLab Chow (n = 3) vs a standard purified diet 
(n = 3). (b) Indole metabolites in mice fed PicoLab Chow (n = 5) vs a standard 
purified diet (n = 4). (c-d) 13C-enrichment of indole metabolites in serum (c) and 
tissues (d) following a 2-hour infusion of 13C-tryptophan in female mice (n = 3). 
(e) 13C-enrichment of tryptophan in serum and feces after a 36-hour infusion 
in antibiotic treated or control male mice (both n = 3 serum and feces). (f) 
13C-enrichment of indole metabolites in serum at the end of a 36-hour infusion of 
13C-tryptophan, which allows for microbially derived metabolites to be enriched. 

Enrichment was normalized to serum 13C-tryptophan enrichment and data is 
from control male mice (n = 3). This data is used as the comparison to antibiotics-
treated (ANVM) animals as seen in Fig. 1f. (g) Alpha diversity as calculated by 
Shannon index (n = 3) and (h) fecal bacterial load for the control and ANVM 
treated mice (both n = 3). (i) Enrichment of tryptophan and indole metabolites 
in portal vein serum following a gavage with 13C-trytpophan (n = 3-4 per time 
point). (j) Cecal tryptophan enrichment following 24 hours of feeding with 
13C-algal protein (n = 4). All bar graphs represent mean ± SEM. ns= not significant, 
*p < 0.05, **p < 0.01, and ***p < 0.001 by a two-tailed t-test.
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Extended Data Fig. 2 | Assessing host contribution to phenylalanine-derived 
metabolites. (a) Phenylalanine-derived metabolites in PicoLab Chow (n = 3) vs 
a standard purified diet (n = 3). (b) Phenylalanine-derived metabolites in mice 
fed PicoLab Chow (n = 5) vs a standard purified diet (n = 4). (c-d) 13C-enrichment 
of phenol metabolites in serum (c) and tissues (d) following a 2-hour infusion of 
13C-phenylalanine in female mice (n = 3). (e) 13C-enrichment of phenylalanine in 
serum and feces after a 36-hour infusion in antibiotic treated (n = 3) or control 
male mice (n = 3). (f) 13C-enrichment of phenol metabolites in serum at the 
end of a 36-hour infusion of 13C-phenylalanine, which allows for microbially 
derived metabolites to be enriched. Enrichment was normalized to serum 

13C-phenylalanine enrichment and data is from control male mice (n = 3). This 
data is used as the comparison to ANVM treated animals as seen in Fig. 2f.  
(g) Alpha diversity as calculated by Shannon index (n = 3) and (h) fecal bacterial 
load for the control and ANVM treated mice (both n = 3). (i) Enrichment of 
phenylalanine and phenol metabolites in portal vein serum following a gavage 
with 13C-phenylalanine (n = 3). (j) Cecal phenylalanine enrichment following 
24 hours of feeding with 13C-algal protein (n = 4). All bar graphs represent 
mean ± SEM. ns= not significant, *p < 0.05, **p < 0.01, and ***p < 0.001 as 
calculated by a two-tailed t-test.
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Extended Data Fig. 3 | Assessing host contribution to tyrosine-derived 
metabolites. (a) Tyrosine-derived metabolites in in PicoLab Chow (n = 3) vs 
a standard purified diet (n = 3). (b) Tyrosine-derived metabolites in mice fed 
PicoLab Chow (n = 5) vs a standard purified diet (n = 4). (c-d) 13C-enrichment of 
phenol metabolites in serum (c) and tissues (d) following a 2-hour infusion of 
13C-phenylalanine in female mice (n = 3). (e) 13C-enrichment of tyrosine in serum 
of male mice infused either 13C-tyrosine (n = 3) or 13C-phenylalanine (n = 3) at 
2 hours. (f) 13C-enrichment of tyrosine in serum and feces after a 36-hour infusion 
in antibiotic treated (n = 3) or control male mice (n = 3). (g) 13C-enrichment of 

phenols in serum at the end of a 36-hour infusion of 13C-tyrosine in control male 
mice (n = 3). Enrichment was normalized to serum 13C-tyrosine enrichment. This 
data is used as the comparison to antibiotics-treated (ANVM) animals as seen in 
Fig. 3f. (h) Fecal bacterial load for the control and ANVM treated mice (n = 3). (i) 
Enrichment of tyrosine and phenol metabolites in portal vein serum following 
a gavage with 13C-tyrosine (n = 3-4 per time point). (j) Cecal tyrosine enrichment 
following 24 hours of feeding with 13C-algal protein (n = 4). All bar graphs 
represent mean ± SEM. ns= not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001 as calculated by a two-tailed t-test.
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Extended Data Fig. 4 | Rats also produce many indole and phenol metabolites. 
(a) Scheme describing the infusion of 13C-amino acids for two hours in rats. 
(b) 13C-enrichment of indole metabolites in serum normalized to serum 
13C-tryptophan enrichment (n = 3 male rats). Inset showing 13C-tyrptophan 
in serum and feces at 2 hours. (c) 13C-enrichment of phenylalanine-derived 

metabolites in serum normalized to serum 13C-phenylalanine enrichment (n = 3 
male rats). Inset showing 13C-phenylalanine in serum and feces at 2 hours.  
(d) 13C-enrichment of tyrosine-derived metabolites in serum normalized to 
serum 13C-tyrosine enrichment. Inset showing 13C-tyrosine in serum and feces at 
2 hours (n = 3 male rats). All bar graphs represent mean ± SEM.
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Extended Data Fig. 5 | Absolute serum, fecal, and urine concentrations 
of indole and phenol metabolites. (a) Indole metabolite concentrations in 
serum, feces, and urine of male mice fed a control purified diet. (b) Same for 

phenylalanine-derived and (c) Tyrosine-derived phenols. For all metabolites, 
n = 5 serum samples, n = 4 fecal samples, n = 3 urine samples. Statistical analysis 
was completed by two-way ANOVA with *p < 0.01.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Synthesis of indoles and phenols is conserved in many 
different cell lines. (a) Plate layout for the PlasmoTest Mycoplasma Detection 
Kit. (b) Results showing no Mycoplasma contamination of the HCT116 cells.  
(c-q) Enrichment of indole, phenylalanine-derived, and tyrosine-derived 
metabolites in cells treated with 13C-tryptophan, 13C-phenylalanine, or 

13C-tyrosine for 20 hours in (c-e) A549 lung cancer cells, (f-h) HepG2 liver cancer 
cells, (i-k) HEK-293 immortalized human embryonic kidney cells, (l-n) THP-1 
leukemia cells, and (o-q) Jurkat T cell lymphoma cells. All metabolite enrichment 
was normalized to their respective 13C-amino acid enrichment. All measurements 
are represented as the mean ± SEM with an n = 3 biological replicates.
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Extended Data Fig. 7 | Aryl-amino acid transaminase and dehydrogenase 
activities are present in mammalian cell lysates. (a) Scheme describing the 
reactions observed and cofactors needed in HCT116 lysates. (b-c) The conversion 
of tryptophan to indole-3-pyruvate (b) and phenylalanine to phenylpyruvate (c) 
occurs with the addition of pyridoxal phosphate (PLP) and alpha-ketoglutarate  
(aKG). No reaction occurred in lysates without the addition of PLP and aKG.  
(d-e) The production of indole-3-lactate (d) from the addition of indole-3-pyruvate 

(IPyr) and phenyllactate, and cinnamic acid (E) from phenylpyruvate (PPyr) with 
NADH. No reaction occurred without the addition of NADH. (f) Cinnamic acid 
production from phenylpyruvate or phenyllactate and NADH in the HCT116 
lysates. NADH was required for conversion. All measurements were performed 
with an n = 2 independent lysate reactions. Mean ± SEM is graphed for all  
data points.
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Extended Data Fig. 8 | IL4I1 is not the main contributor to indole or phenol 
circulating metabolites. (a) Schematic showing the metabolic reactions  
of IL4I1 and the comparison of plasma from IL4I1−/− vs wild type (WT) mice.  
(b-d)Plasma metabolite abundances in whole body IL4I1−/− mice (n = 3 

female and 2 male mice) compared to WT mice (n = 3 female and 2 male mice). 
Mean ± SEM is graphed for all data points. *p < 0.05 as calculated by a  
two-tailed t-test.
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