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Most mammals consume small and frequent meals. By contrast, pythons
are ambush predators that exhibit extreme feeding and fasting patterns
and provide aunique model for uncovering molecular mediators of the
postprandial response' . Using untargeted metabolomics, we show that
circulating levels of the metabolite para-tyramine-O-sulphate (pTOS)
areincreased more than1,000-fold in pythons after asingle meal. In
pythons, pTOS production occurs in amicrobiome-dependent manner
viasequential decarboxylation and sulphation of dietary tyrosine. Inboth
pythons and mice, pTOS administration activates a neural populationin
the ventromedial hypothalamus (VMH). In mice, these VMH neurons are
required for the anorexigenic effects of pTOS. Chronic administration of
pTOS to diet-induced obese male mice suppresses food intake and body
weight. pTOSis also present in human blood, where its levels are increased
after ameal. Together, these data uncover a conserved postprandial
anorexigenic metabolite that links nutrient intake to energy balance.

Organismal energy homeostasis is a highly dynamic process that is
strongly influenced by nutrient availability. Nutrient consumption
induces a postprandial phase marked by the release of neuroendocrine
signals and hormones, such as insulin, which promote anabolism and
nutrient storage. Conversely, in the fasted state, the release of other
metabolic messengers, suchas glucagon, induce a shift towards mobili-
zation of internal energy reserves. To date, much of our understanding
aboutthe endocrine control of energy homeostasis during feeding or
fasting comes from studies in mammals such as humans and rodents.
While informative, mammals are nevertheless adapted to consuming

small (<1-2% of body weight) and frequent (1-3 times per day) meals.
This physiology places a fundamental limit on the degree to which
fluctuations of energy states and postprandial physiological responses
canoccur.

By contrast, the Burmese python (Python molurus bivittatus) offers
astriking example of an organism that demonstrates extreme feeding
and fasting patterns, and postprandial physiology' . Burmese pythons
areambush predators that can fast for extended periods, sometimes up
to 12-18 months. Whenthey feed, they can consume prey equal to their
ownbody weight in asingle meal'. After such ameal, Burmese pythons
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display aremarkable array of postprandial responses, including more
than40-fold increase in energy expenditure, sustained tissue protein
synthesis and more than 50% increase in the size of most organs*™.
Uponcompletion of digestion, many of these responsesrevertto levels
close to that of the original fasted state’*" ", demonstrating that these
snakes undergo an extreme and reversible postprandial responses with
every meal. Beyond Burmese pythons, many other members of the
Pythonidae family also exhibit sit-and-wait predatory lifestyles and
extreme feeding and fasting patterns, including ball pythons (Python
regius), African rock pythons (Python sebae) and reticulated pythons
(Malayopython reticulatus)™".

We hypothesized that the extreme feeding patterns and phys-
iological responses of pythons would also be mirrored by equally
extreme molecular responses. Therefore, the python could provide
aunique opportunity to discover postprandial molecules that would
otherwise be missed in more classical organisms, such as mammals,
which have more limited fluctuations in their energy states and post-
prandial physiology. Such molecules would not only be most readily
detectablein pythons but would also likely be potentially informative
for mammalian physiology.

To date, only a limited number of previous efforts have sought
to understand postprandially regulated molecules in such a physi-
ologically extreme organism**"”, For instance, metabolomic studies
revealed anincrease infatty acids and bile acidsin postprandial python
plasma*, a mixture of which was shown to be sufficient to stimulate
cardiac hypertrophy when administered to either pythons or mice®.
However, these past studies have been relatively narrowly focused
onasmallset of predefined molecules. We reasoned that an unbiased
metabolomic analysis of plasma from fasted and fed pythons might
reveal unrecognized signalling molecules that have acritical roleinthe
python postprandial response. Using untargeted metabolomics, we
identified ametabolite, para-tyramine-O-sulphate (pTOS) as the most
dramatically induced metabolite (>1,000-fold) in postprandial python
plasma. Follow-up studies in both pythons and mammals show that
pTOS functions as a conserved anorexigenic postprandial metabolite
gut-brainsignal.

Results

Metabolomics of postprandial python plasma

We used both targeted and untargeted metabolomics to identify
circulating metabolites significantly altered by feeding in Burmese
pythons. Pythons (approximately 2 years old and weighing 1.5-2.5 kg
at the start of the study) were fed once every 28 days, with each meal
amounting to approximately 25% of their body weight. Plasma samples
were collected from fasted pythons and from pythons killed 3 days
after feeding (Fig. 1a).

Inthe comparison between 3 days after feeding and fasted python
plasma samples, our targeted metabolomics platform detected sev-
eral metabolites that were increased by 4-20-fold postprandially. For
instance, we observed an increase in many circulating amino acids,
especially the non-essential amino acids glycine (20-fold) and proline
(ninefold) (Extended Data Fig. 1a). Fumarate and malate were also
increased by 4-8-fold (Extended DataFig.1b). Lastly, several species of
very-long-chain fatty acids, such as lignoceric acid (C24:0), hexa-
cosanoic acid (C26:0) and hexacosenoic acid (C26:1) were also
increased by 4-6-fold (Extended Data Fig. 1c).

In our untargeted metabolomics platform, many more metabo-
lites with even more dramatic increases after feeding were detected.
Using a cut-off of a twofold change®, we found 208 metabolite fea-
tures significantly (P,4; < 0.05) increased, and 24 metabolites signifi-
cantly decreased in plasma from 3 days after feeding versus fasted
samples (Fig. 1b and Supplementary Table 1). The metabolite feature
with the greatest fold increase after feeding (>1,000-fold) in python
plasma was an unknown molecule with a mass-to-charge ratio (m/z)
of 218.0487 in positive ionization mode (P, =2.1x107; Fig. 1c).

This exact mass enabled us to deduce a chemical formula for the par-
ent ion of CgH;;NO,S. Tandem mass spectrometry (MS/MS) of this
feature revealed two distinct fragmentions: one at m/z201.0187, indi-
cating the loss of an NH; group; and another at m/z121.0634, corre-
spondingto the neutral loss of asulphate group (SO;). This CgH;NO,S
metabolite feature was also detectable in negative ionization mode
with an m/z of 216.0331 (Extended Data Fig. 2a) and a loss of sulphate
(-80) (Extended Data Fig. 2b) upon MS/MS fragmentation. Based on
the parent chemical formula and fragmentation patterns, we sur-
mised that this metabolite contained a primary amine, a phenolic
sulphate group and two additional methylene groups. Therefore, we
tentatively assigned the structure as pTOS (Fig. 1d). This structural
assignment was confirmed when the endogenous plasma peak was
compared to an authentic pTOS standard generated via chemical
synthesis: the authentic standard matched both the fragmentation
pattern (Fig. 1d and Extended Data Fig. 2b) and the retention time
(Extended Data Fig. 2¢) of the endogenous metabolite in both positive
and negative ionization modes.

Quantitative analyses revealed that plasma pTOS concentrations
increased from 20 £ 5 nM in the fasted state to 1.0 £ 0.1 pM at 1 day
after feeding and peaked at 4.5 + 0.6 pM at 3 days after feeding in Bur-
mese pythons (Fig. 1e). To determine the generality of postprandial
pTOSincreases, we also measured plasma pTOS levels in ball pythons
(P. regius), a species that diverged from Burmese pythons approxi-
mately 21 million years ago (Fig. 1f). In ball pythons, a similar post-
prandial rise in pTOS was observed: pTOS concentrations in the fasted
statewere1.2 + 0.6 nM, increased to 1.5 + 0.4 pM by 1day after feeding
and peaked at 4.1+1.2 uM at 3 days after feeding. In ball pythons, we
collected alonger postprandial plasma time course and observed that
pTOS levels drastically decreased to submicromolar levels at 6 days
after feeding, and back tonanomolar range at 10 and 15 days after feed-
ing (Fig. 1f). The time course is similar (peak at days 1-3) to that previ-
ously reported for metabolic rate changes after ameal in pythons'®.

pTOS levels and postprandial regulation in humans and mice
pTOSisapoorly studied metabolite. Inhumans, sporadic reports have
detected pTOSinurine asarapidly excreted molecule'**. Its presence
in circulation and postprandial regulation in humans had not been
rigorously studied.

Wefirst examined public metabolomic datasets where circulating
metabolites were measured before and after ameal testin humans. We
identified three study cohorts and atotal of six meal tests where blood
pTOS measurements were available. The first‘HuMet’ study cohort con-
sisted of 15 healthy male participants who were exposed to several phys-
iological challenges, including three standardized liquid diet meals™.
The first meal consisted of a recovery meal after a 36-h fast (‘recov-
ery standardized liquid diet’); under these conditions, pTOS levels
increased by 2-8-fold (Fig.1g). The other two meals alsoled toincreases
of pTOS by anaverage of -1.5-fold and -3-fold (Extended DataFig. 3a,b).
Interestingly, in the same study, pTOS levels also decreased over the
initial 36-h fasting period (Fig.1h). The second study cohort (‘Moholdt’)
consisted of n = 24 healthy young men who followed either a habitual
diet or brief high-fat diet (HFD) feeding®. In this study, circulating pTOS
levels were measured either before breakfast or after dinner and exhib-
ited anaverage approximate fivefold increase after dinner regardless of
thediet (Extended DataFig. 3c,d). Oneindividual exhibited more than
a30-foldincreasein pTOS levels. The third study cohort (‘Agueusop’)
examined the metabolic changes before and 1 h after a standardized
mixed mealin n =30 individuals who were either healthy, prediabetic or
withtype 2 diabetes”. pTOS levels were not changed after the standard-
ized mixed meal (Extended DataFig.3e). Therefore, across the six avail-
able human meal-test datasets, five showed that pTOS increases after
ameal. The single exception involved participants with prediabetes
ortype 2 diabetes. We conclude that pTOS is presentin the circulation
in humans. In addition, a modest postprandial induction of pTOS in
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Fig.1|Postprandial pTOS increase in python and human plasma. a, Feeding
scheme of Burmese pythons (P. molurus bivittatus) and the time points of blood
plasma collection. b, Global changes in metabolites between 3 days after feeding
and 28-day fasted Burmese python plasma using untargeted metabolomics (n =6
per group). ¢, Extracted ion chromatograms of the m/z = 218.0487 from fasting
and plasma 3 days after feeding. d, Chemical structure of pTOS (top) and MS/MS
fragmentation of the endogenous m/z = 218.0487 and authentic pTOS standard
(bottom). e,f, Absolute quantitation of pTOS in Burmese (e) and ball (P. regius) ()
pythons at the indicated time point. g, Relative changes of pTOS levels in human
plasmawith the recovery standardized liquid diet meal in the ‘HuMet’ study
(n=15humans). h, Relative changes of pTOS levels in human plasma with fasting
inthe ‘HuMet’ study (n =15 humans). i, Absolute quantitation of pTOS in human
plasma after three mixed meal tests in the ‘Voldstedlund’ study (n =10 humans).
e, n=15for the fasting group, n = 2 for the 1 day after feeding group, n =11 for the
3 days after feeding group.f, n = 5 for the fasting group, n = 4 for the 1day, 3 days
and 6 days after feeding groups, n = 3 for the 10 days and 15 days after feeding

groups. e-h, Data are shown as the mean + s.e.m. b,c, Pvalues were calculated
with two-tailed ¢-tests and adjusted with the Benjamini-Hochberg method.

e, f, Pvalues were calculated using a one-way analysis of variance (ANOVA)
followed by Turkey’s multiple comparison tests. g,h, Pvalues were calculated
witharepeated measures one-way ANOVA followed by Dunnett’s multiple
comparisons test. i, Data are shown as the median + 95% confidence intervals.
Pvalues were calculated with a two-sided Friedman test followed by Dunn’s
multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001. Exact
Pvalues are as follows: e, fasting versus 3 days after feeding, P=1.5x1075;

f, fasting versus 3 days after feeding, P= 0.0006, 1 day after feeding versus

3 days after feeding, P= 0.0440, 3 days after feeding versus 6 days after feeding,
P=0.0021, 3 days after feeding versus 10 days after feeding, P= 0.0022 and 3 days
after feeding versus 15 days after feeding, P= 0.0022; g, O versus 2, P=2.5x 1078,
Oversus4,P=3.0x107%; h,12 versus 24, P= 0.0304, 12 versus 26, P= 0.0226,12
versus 36, P=0.0008;i, 0 versus 0.5,P=0.0312, 0 versus 1, P=0.0161.

humans is generally observed across most studies but may be absent
in participants with impaired glucose homeostasis.
Toindependently verify postprandialinduction of pTOSin humans
and to quantitatively determine absolute concentrations of pTOS
in circulation, we used liquid chromatography (LC)-MS to measure
pTOS levels from blood samples that had been previously collected
duringameal test led by Voldstedlund et al.>* In this study, ten healthy

male participants were fasted for 6.5 h and then consumed three
mixed-nutrient meals (one solid, two liquid). Plasma was collected in
the fasted state and at several time points after initiation of the first
meal. We quantified plasma pTOS levels to be -25 nM in the fasted
state and increased by an average twofold after the meal (Fig. 1i), with
one individual exhibiting a more than 25-fold increase of pTOS and
circulating concentrations of -2 uM at 0.5 h after the meal.
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Lastly, we examined circulating pTOS levelsin mice. Surprisingly,
we did not robustly detect pTOS in mouse plasma either in the basal
state or after a meal (Extended Data Fig. 3f; limit of detection less
than 1 nM). We also surveyed publicly available datasets of human,
mouse or rat blood metabolomics. pTOS was reported in 20 of 537
humanstudies (4%) but in none of 237 mouse and none of 52 rat studies
(Extended Data Fig. 3g). Onthe other hand, the amino acid tyrosine was
detected with equal frequency inmetabolomics datasets fromall three
species (39% human, 34% mouse, 33% rat) (Extended Data Fig. 3h). We
conclude that pTOSisnot present, or at very low lessthan1-nMlevels,
inmouse blood.

Python biosynthesis of pTOS from dietary tyrosine
Tounderstand the mechanisms underlying the dramatic postprandial
induction of pTOSin pythons, we sought to understand the pathways
of pTOS biosynthesis. The structural similarity between pTOS and
the amino acid tyrosine suggests a sequential biosynthesis pathway
involving decarboxylation of the dietary amino acid tyrosine to pro-
ducetyramine, followed by sulfation to generate pTOS (Fig. 2a). When
we administered tyrosine to fasted ball pythons (1 g kg™ orally), we
observeda5.1-foldincreasein plasma pTOS levels after 24 hcompared
to vehicle controls (Fig. 2b). We conclude that dietary tyrosine can be
metabolically converted to pTOS in pythons. Thisrise, although signifi-
cant, was less pronounced than the postprandial response, probably
because the extensive gastrointestinal remodelling thataccompanies
feeding (including increased blood flow to the gut and upregulation
of amino acid transporters) probably does not occur during acute
tyrosine gavage.

We next focused on each step of the tyrosine-pTOS pathway. The
first tyrosine decarboxylationstep canbe catalysed by severalenzymes,
the most well-studied of which are bacterial tyrosine decarboxylases
(TDCs) (EC 4.1.1.25)*. These enzymes exhibit high affinity and speci-
ficity for tyrosine and are highly expressed in several gut bacterial
taxa, such as the Lactobacillus and Enterococcus species. Therefore,
we isolated and cultured fecal bacteria from ball pythons in standard
amino acid complete (SAAC) medium and examined the production of
pTOSinvitro. Addition of tyrosine (50 mM) and the cofactor pyridoxal
5’-phosphate (5 mg17) for 2 days significantly increased tyramine
production in both cells and medium compared to cells that were
not treated with tyrosine starting material (Fig. 2c). When we further
isolated and cultured bacteria from ball python small and large intes-
tines under fasted or fed conditions, we observed exclusive tyramine
production from large intestine microbes, which was further enhanced
inthe fed versus fasted condition (Fig. 2d).

Next, we examined the second step of tyramine sulfation. Sul-
fotransferases (SULTs) are aclass of enzymes that catalyse metabolite
sulfation and exhibit liver-enriched expression®. We reasoned that
python hepatic SULT activity may mediate conversion of tyramine
to pTOS. Consistent with this premise, robust production of pTOS
was observed after the addition of tyramine to liver tissue slices that
had been freshly isolated from fasted pythons (Fig. 2e). When similar
experiments were performed using liver tissue slices isolated from
pythons 3 days after feeding, pTOS production was further increased
(Fig. 2e). We performed tandem mass tag (TMT)-based quantitative
proteomics analysis on the liver from fasted, 1day after feeding and 3
days after feeding pythons (Fig. 2f,g and Supplementary Table 2). We
observed significant increases in the abundance of python hepatic
enzymes involved in metabolite sulfation reactions. For instance,
two 3’-phosphoadenosine 5’-phosphosulphate (PAPS) synthases,
which provide the sulphur donor in these reactions, were increased
by 2-20-fold inthe postprandial state (Fig.2h). In addition, four SULTs
were also increased by 2-6-fold (Fig. 2i). To determine if any of these
python SULTSs could catalyse tyramine sulfation, we expressed indi-
vidual python SULT enzymes in HEK 293T cells and tested cell lysates for
SULT activity. We confirmed expression of python SULT1A1, SULT1C4

and SULT6B1 by anti-FLAG immunoblotting, while python SULT1D1
failed to express under these conditions. Cell lysates expressing python
SULT1C4, but not SULT1A1 or SULT6BI, exhibited robust tyramine
sulfation activity (Fig. 2j). We conclude that a two-step biochemical
pathway in pythons involving decarboxylation and hepatic sulfation
converts dietary tyrosine to pTOS.

Lastly, we sought to critically test the requirement of gut bacteria
in postprandial pTOS production in pythons. Therefore, we treated
pythons with a cocktail of antibiotics (ABX) (200 mg kg™ metronida-
zole, 200 mg kg™ ampicillin, 100 mg kg™ neomycin and 100 mg kg™
erythromycin) and measured pTOS levels after a meal. ABX-mediated
depletion of the gut microbiome was confirmed by reduced gut bac-
terial content (Extended Data Fig. 4a,b). Control pythons exhibited
expected postprandial increase of pTOS (Fig. 2k). This risein pTOS was
largely abolished in ABX-treated pythons (Fig. 2k). We conclude that
gutbacteriaarerequired for postprandial pTOS inductionin pythons.

pTOS suppresses feeding behaviours in mice

No biological function has been attributed to pTOS. Its dramatic
induction in the python postprandial phase prompted us to investi-
gate whether pTOS might influence whole-body energy metabolism.
We performed gain-of-function experiments by administering pTOS
(50 mg kg™, intraperitoneally) to male mice in metabolic chambers.
Such a dose was chosen to achieve circulating pTOS levels that are
comparable to postprandial pythonlevels. Under these conditions, we
observed anincreasein plasmapTOS levels that peaked at11.4 +1.2 pM
at1h, and decreasedt02.9+0.6 uM at2hand 0.5+ 0.1pM at4 h
(Extended DataFig. 5a). Mice treated with pTOS exhibited a significant
reductionin food intake (mean * s.e.m.; vehicle: 4.39 + 0.28 g, pTOS:
3.58 £ 0.16 g, P=0.024) over the 24-h period (Fig. 3a,b). While the res-
piratory exchangeratio (RER) trended towards lower in pTOS-treated
mice, this difference was not statistically significant (Fig. 3¢,d). [t may
also be possible that other, more subtle aspects of glucose metab-
olism are concurrently altered in pTOS-treated mice, leading to an
increased RER above what would be expected from reduced feeding.
Energy expenditure (Fig. 3e,f and Extended Data Fig. 5b—-d) and loco-
motor activity (Fig.3g,h) were also not statistically different between
vehicle-treated and pTOS-treated mice. Importantly, pTOS adminis-
tration did not affect water intake (Fig. 3i), induce conditional flavour
avoidance (Fig. 3j and Extended Data Fig. 5e) or affect sucrose prefer-
ence (Fig. 3k). pTOS administration also did not alter blood glucose
levels (Extended Data Fig. 5f).

We performed additional experiments to characterize the anorexi-
geniceffectof pTOSinmice.Ina3-hfeedingexperiment, pTOS (50 mgkg™,
intraperitoneally) reduced food intake in both lean (vehicle: .01+ 0.04 g,
pT0S:0.73+0.03 g, P=5x10"*) and diet-induced obese (DIO) (vehicle:
0.64+0.07g, pTOS 0.30 £ 0.03 g, P=0.003) male mice housed in home
cages (Fig. 31,m). Oral gavage administration of pTOS (50 mg kg™, orally)
alsoincreased plasmapTOSlevels (Extended DataFig. 5g) andreduced 3-h
foodintakeinbothlean (vehicle:1.13+0.08 g, pTOS 0.90 + 0.04 g, P=0.030)
and DIO (vehicle: 0.80 £ 0.05g, pTOS: 0.60 + 0.05 g, P=0.015) male mice
(Fig.3n,0). The higherexposurelevels of pTOS after oral gavage versusintra-
peritoneal administration may be due to its partitioning to fat/mesenteric
tissues, which could slow its systemic release. The effect of pTOS on food
intake was dose-dependent (Fig.3p and Extended Data Fig. 5h). Chronic
administration of pTOS (50 mg kg™, intraperitoneally) to DIO mice dura-
bly reduced daily food intake (vehicle: 2.25+0.09 g, pTOS:2.00 £ 0.07 g,
P=0.049) (Fig.3q) and produced a—9% vehicle-adjusted reductioninbody
weight (vehicle: 2.59 + 0.68 g, pTOS: -0.87 + 0.57 g, P= 0.002) (Fig. 3r). We
concludethat pTOS non-aversively reduces foodintake and obesity without
affecting water intake, energy expenditure or movement.

Because pTOSisasulfated tyramineanalogue, and because tyramine
has been previously shown to suppress feeding”?%, we next sought to
determine whether the anorexigenicactivity of pTOS might be mediated
by a tyraminergic activity of this metabolite. Using a cyclic AMP-based
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Fig.2|pTOS production from dietary tyrosine. a, Scheme of the biochemical
reactions involved in pTOS synthesis. Dietary tyrosine is converted to pTOS
through decarboxylation and subsequent sulfation. b, Plasma pTOS levels in
fasted (28 days after feeding) ball pythons 1 day after tyrosine (1g kg™) or vehicle
oral gavage (n =3 per group). ¢, Tyramine levels in the media of anaerobic
bacterial cultures of ball python feces using the SAAC medium (control,
containing1 mM tyrosine and 0.1 mg I vitamin B,) or supplemented with 50 mM
tyrosine and 5 mg I vitamin B, (tyrosine) (n = 3 per group). d, Tyramine levels

in the Gifu medium of anaerobic cultures of the microbiome collected from

the small and large intestines of fasted (107 days after feeding) or fed (3 days
after feeding) ball pythons (n =3 per group). e, pTOS levels in the conditioned
medium of python liver slices incubated with tyramine (1 mM) or vehicle for 16 h.
Livers were freshly isolated from fasted (31 days after feeding) or fed (3 days after
feeding) ball pythons (n =3 per group). f,g, Proteomic changes in the livers of
fasted versus 1day after feeding (f) and fasted versus after 3 days after feeding
(g) ball pythons at the indicated time point. h,i, Fold changes of PAPS synthases
(h) and SULTSs (i) in livers at the indicated time point. Fasted liver samples

were normalized to 1. f-i, n = 5for the fasting and 1 day after feeding groups,
n=4forthe 3 days after feeding group. j, Sulfation activity of HEK 293T cell

lysates expressing FLAG-tagged python SULTSs, using tyramine as the substrate.
Immunoblot analysis shows the expression of the python SULTSs (anti-FLAG,

top) and loading control (anti-tubulin, bottom). k, Plasma pTOS levels in fasted
(28 days after feeding) or fed (3 days after feeding) Burmese pythons after ABX
treatment. Vehicle-treated pythons: n = 3 for fasted, n = 5 for fed; ABX-treated
pythons: n= 6 for fasted, n =2 for fed. SUMF1, sulfatase-modifying factor 1. Data
are shown as the mean + s.e.m.b,c, Pvalues were calculated with two-tailed ¢-
tests. d, Pvalues were calculated with a one-way ANOVA followed by Holm-Sidak’s
multiple comparisons test. e, Pvalues were calculated with multiple two-tailed
t-tests. f,g, Pvalues were calculated with two-tailed ¢-tests adjusted with the
Benjamini-Hochberg method. j, Pvalues were calculated with aone-way ANOVA
followed by Dunnett’s multiple comparisons test. k, P values were calculated with
aone-way ANOVA followed by Bonferroni’s multiple comparisons test. *P < 0.05,
*P<0.01,**P<0.001, ***P<0.0001. Exact P values are as follows: b, P= 0.002;
(c) P=7.5x107% d, Large intestine, fasted-control versus fasted-tyrosine,
P=0.001, fasted-control versus fed-control, P= 0.0192, fed-control versus
fed-tyrosine, P=0.001; e, fasted, P= 0.0424, fed, P= 0.0007;j, control versus
pSULTIC4, P=2.1x107"% k, fasted versus fed, P=0.0234.

cellular assay, we were unable to detect pTOS-dependentactivation of the
trace amine-associated receptor TAAR1 (ref.29) (Extended Data Fig. 5i).
In addition, administration of pTOS (50 mg kg™, intraperitoneally) to
mice did not increase blood pressure (Extended Data Fig. 5j), whereas
tyramineitself (50 mg kg™, intraperitoneally) was, as expected, vasoac-
tivein this assay (Extended Data Fig. 5k)*°. We conclude that pTOS does
not exhibit tyraminergic activity.

pTOS may also affect feeding by regulating the levels of other
hormones previously implicated in food intake control. How-
ever, we did not detect any changes in plasma ghrelin (Extended
Data Fig. 51), leptin (Extended Data Fig. 5m), adiponectin (Extended
DataFig. 5n), insulin (Extended Data Fig. 50), glucagon-like-peptide-1
(GLP-1) (Extended Data Fig. 5p) or GDF15 (Extended Data Fig. 5q) lev-
els at either 1 h or 3 h after pTOS administration. pTOS did not affect
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Fig.3 | Effects of acute pTOS administration to mice. a-h, Metabolic
parameters measured with 24-h fasted 16-week-old male mice treated with pTOS
(50 mg kg™, intraperitoneally) or vehicle control. a,b, Cumulative food intake

(a) and food intake during the light and dark cycles (b) (n = 8 per group). ¢,d, RER
over time (c) and during the dark and light cycles (d) (n =7 per group). e,f, Energy
expenditure (adjusted for body mass) over time (e) and during the dark and light
cycles (f) (n=7 per group). g,h, Locomotor activity over time (g) and during the
darkandlight cycles (h) (n =7 per group). i, Water intake (24 h) in 16-week-old
male mice treated with pTOS (50 mg kg™, intraperitoneally) or vehicle control
(n=9 pergroup).j, Conditioned flavour avoidance ratio in paired solution for
8-week-old male mice treated with pTOS (50 mg kg™, intraperitoneally) or vehicle
control (n=10 per group). k, Sucrose preference ratio in 14-week-old male mice
treated with pTOS (50 mg kg™, intraperitoneally) (n = 7) or vehicle control (n = 6).
I,m, Three-hour food intake inlean (I, fed ad libitum, 12-14-week-old) and DIO
(m, fed ad libitum, 14-15-week-old, 8-9 weeks on an HFD; body weights were:
vehicle37.0 2.5 g, pTOS 37.4 + 0.7 g) male mice treated with pTOS (50 mg kg™,
intraperitoneally) or vehicle control (n = 5 per group). n,0, Three-hour food

Days

intake inlean (n, n =5, 11-13-week-old) and DIO (0, n = 7 for vehicle, n = 8 for
pTOS, 13-15-week-old, 7-9 weeks on HFD, body weights were: vehicle 34.1+1.2 g,
pTOS 34.1+1.0 g) male mice (fed ad libitum) treated with pTOS (50 mg kg™,
orally) or vehicle control. p, Three-hour food intake in lean (fed ad libitum,
14-week-old) male mice treated with pTOS or vehicle (intraperitoneally) at the
dosesindicated (n=7for 0and 50 mg kg™, n=8for12.5and 25 mg kg™). q,r, Daily
food intake (q) and body weight change (r) of DIO mice (16 weeks old, 8 weeks

on HFD, body weights were: vehicle 37.8 + 3.3 g, pTOS 40.0 + 3.0 g) with daily
pTOSinjections (50 mg kg™, intraperitoneally) over a 28-day period. Dataare
shownasthe mean +s.e.m.a,c,e,g,q,r, Pvalues were calculated using a two-way
ANOVA.b,d fh,ij k1, m,n,o, Pvalueswere calculated using two-sided ¢-tests.

p, Pvalues were calculated using a one-way ANOVA followed by Sidak’s multiple
comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001. Exact P values are as follows:
a,P=0.041;b, all, P=0.0236, dark, P= 0.0499, light, P= 0.0741;1, P= 0.0005;
m,P=0.0031;n,P=0.0303;0,P=0.0150; p, 0 versus 25, P=0.0034, O versus 50,
P=0.0013;q,P=0.0494;r, P=0.0062.

systemic nutrient absorption after oralglucose, lipid or protein admin-
istration (Extended Data Fig. 6a—f). pTOS also did not affect gastric
emptying, whereas exenatide, a GLP-1R agonist and positive control,
showed the expected delayed emptying effect (Extended DataFig. 6g).
We conclude that the anorexigenicactivity of pTOS is not dependent on
changes in other known feeding-regulating hormones or on changes
to gastricemptying or nutrient handling.

VMH neurons mediate the anorexigenic activity of pTOS

Feeding behaviours are controlled centrally. To determine if pTOS
might act directly on the brain, we measured metabolite levels in
cerebrospinal fluid (CSF) and whole-brain lysates after administra-
tion of either pTOS or tyramine control (50 mg kg™, intraperito-
neally) to mice. Unlike tyramine administration, which led to low
peak plasma levels (Extended Data Fig. 6h) and low accumulation
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of tyramine in either CSF (Extended Data Fig. 6i) or brain lysates
(Extended Data Fig. 6j), pTOS was robustly detected after pTOS
administration both in the CSF (at 12.6 uM; Extended Data Fig. 6k)
andintotal brainlysates (at 1.2 uM; Extended Data Fig. 61) 30 min after
administration. We conclude that pTOS exhibits enhanced plasma
stability and penetrates the central nervous systemto levels that may
affect feeding pathways.

To understand the neural populations that might be modu-
lated by pTOS, we performed activity mapping using the tar-
geted recombination in active populations (TRAP) approach.
We generated TRAP2/Rosa26-LSL-tdTomato mice® (Methods),
which enable cFos-dependent recombination and genetic label-
ling of pTOS-activated neural populations with a tdTomato fluo-
rescent reporter. TRAP2/Rosa26-LSL-tdTomato mice were treated
with vehicle or pTOS (50 mg kg™, intraperitoneally) followed by
4-hydroxytamoxifen (4-OHT) (50 mg kg™, intraperitoneally) to
induce recombination. Two weeks later, we collected the brains
and examined multiple hypothalamic and brainstem regions for
tdTomato* signals (Extended Data Fig. 7). pTOS treatment increased
the number of tdTomato* cells in both the VMH (Fig. 4a,b) and the
paraventricular hypothalamus (PVH) (Extended Data Fig. 7b). On
the other hand, the number of tdTomato* cells was not statisti-
cally different between groups in the other brain regions examined
(Extended Data Fig. 7c-m).

Next, we sought to determine whether the activation of VMH or
PVH neurons was functionally relevant for the anorexigenic activity of
pTOS. Therefore, we used viral approaches to enable chemical silenc-
ing of pTOS-activated neuronsinthese brain regions with the synthetic
ligand clozapine-N-oxide (CNO) (Fig. 4c). Tofirst target pTOS-activated
neurons in the VMH, we stereotaxically injected a Cre-dependent
adeno-associated virus (AAV) carrying theinhibitory designer receptors
exclusively activated by designer drugs (DREADD) hM4Di-mCherry*>*
bilaterally into the VMH of TRAP2 mice. Two weeks later, DREADD
expression was induced in pTOS-activated VMH neurons (hM4Di"™")
using sequential administration of pTOS (50 mg kg™, intraperitoneally)
and 4-OHT (50 mg kg™, intraperitoneally) (Fig. 4d) As controls, simi-
lar procedures were performed in wild-type (WT) littermates. In an
acutefeedingassay, pTOS, as expected, suppressed food intakein three
groups: control mice pretreated with saline (mean + s.e.m., vehicle:
1.55+0.11g,pTOS:1.14 £ 0.05 g, P=0.007), control mice pretreated with
CNO (vehicle:1.56 +0.12 g, pT0OS:1.22 + 0.12 g, P= 0.036) and hM4Di*M"
mice pretreated with saline (vehicle: 1.60 + 0.14 g, pTOS:1.20+0.11 g,
P=0.048;Fig.4e).Onthe other hand, the anorexigenic effect of pTOS
administration was blunted in CNO-pretreated hM4Di*™" mice (vehicle:

1.54+£0.12g, pTOS:1.36 £ 0.08 g, P=0.093; Fig. 4f). We conclude that
pTOS-activated VMH neurons are required for the anorexigenic effects
of pTOS.

To determine whether pTOS activates hM4Di"™" neurons via a
directorindirect mechanism, we used post hocslice electrophysiology
toexaminethe activity of pTOS on these neuronsin vitro. As a positive
control, we first validated that in vitro treatment of hM4Di"™" neurons
with CNO reduced activity as expected (Fig. 4g). Next, we observed
that pTOS treatment (1 pM) of hM4Di"™" neurons in vitro increased
neuronal firing (vehicle:1.88 + 0.55 Hz; pTOS: 2.46 + 0.61 Hz), an effect
that was reduced after pTOS removal during the washout period
(1.67 + 0.60 Hz; Fig. 4h). Furthermore, pTOS-dependent activation of
hM4Di"M" neurons persisted in the presence of a cocktail of synaptic
blockers (Fig. 4i). We conclude that pTOS directly activates hM4Di*™"
neuronsin vitro.

Wenextturnedto examinetherole of pTOS-activated PVH neurons.
We performed similar experiments to those described above, but via
stereotaxicinjection ofhM4Di-mCherry virus bilaterally into the PVH of
TRAP2or WT control mice, rather than the VMH (Extended Data Fig. 8a).
In this experiment, pTOS administration equally suppressed food
intake in all four groups of mice (Extended Data Fig. 8b,c). We con-
firmed the efficiency of hM4Di-mediated inhibition of hM4Di"*" neu-
rons using post hoc slice electrophysiology (Extended Data Fig. 8d-f).
Thus, the targeted subset of PVH neurons, although activated by pTOS,
arenot required to mediate the effect of pTOS on feeding behaviours.

Effect of pTOS on VMH neurons in pythons

Lastly, we sought to examine the effects of pTOS administration in
pythons. Pythons eatinasingle bout; consequently, the rate of feeding
isdifficult to directly measure in these animals. As a surrogate molecu-
lar marker of pTOS activity, we examined brain cFos levels using immu-
nofluorescence 90 min after administration of pTOS (50 mg kg™, orally)
or vehicle to ball pythons. The brain of the ball python is elongated
along the sagittal plane, adapting to its narrow skull and predatory
lifestyle (Fig. 4j). The python VMH was easily identifiable as a distinct
oval cluster of neurons located in the hypothalamus, near the third
ventricle (Fig. 4k)**. pTOS administration increased cFos staining in
the VMH of ball pythons (Fig. 41,m). We conclude that pTOS activation
of VMH neurons is a conserved activity across species.

In addition to the VMH, we also examined cFos staining after
pTOStreatmentinotherbrainregions. These otherregions wereiden-
tified using standard anatomical markers**. We observed that many
other brainregions showed similar cFosimmunoreactivity between
vehicle and pTOS groups (Extended Data Fig. 9). We also observed

Fig. 4 |Role of VMH neurons in the anorexigenic effects of pTOS.

a, Anatomical location (left) and representative immunofluorescence section
(right) of pTOS-activated neurons in the VMH in 10-week-old male TRAP2/
Rosa26-LSL-tdTomato mice after treatment with vehicle or pTOS (50 mg kg™,
intraperitoneally, n =3 per group). b, Quantification of pTOS-activated neurons
ina.c, Schematicillustration of using hM4Di-DREADD to suppress pTOS-
activated VMH neurons in TRAP2 mice. Cre-dependent AAVs carrying hM4Di-
mCherry DREADD were targeted to the VMH of TRAP2 mice for chemogenetic
silencing. d, Representative image of hM4Di-mCherry expression in the

VMH of male hM4Di™" mice; the experiment was repeated seven times with
similar results. e,f, Food intake (4-h) in 13-14-week-old control or hM4Di*™"
mice pretreated with saline (e) or CNO (f), followed with pTOS (50 mg kg™,
intraperitoneally) or vehicle administration (n = 7 per group). g, Representative
image for electrophysiological recordings (top), representative action potential
traces (middle) and quantitation of firing rate and resting membrane potential
(bottom) of hM4Di*™" neuronsin response to CNO (10 uM, nn = 6 neurons).

h,i, Representative action potential traces (top) and quantitation of firing rate
and resting membrane potential (bottom) of hM4Di"™ neurons after treatment
with pTOS (1 uM) in the absence (h) or presence (i) of synaptic blockers (30 pM
cyanquixaline (CNQX), 30 pM 5-phosphono-D-norvaline (D-AP5) and 50 uM
bicuculline) (n =10 neurons per group). j, Schematic drawing of the sagittal

view of a ball python brain (adapted fromref. 52). k, Coronal view of the brain
section showing the VMH region. I, Representative cFos staining in the VMH of
fasted ball pythons treated with pTOS (50 mg kg™, orally) or vehicle control.

m, Quantitation of cFos* neurons in the VMH of ball pythons treated with pTOS
(50 mg kg™, orally) or vehicle control (n =4 per group). Data are shown as the
mean +s.e.m. b,m, Pvalues were calculated using two-sided ¢-tests. e,f, Pvalues
were calculated using one-sided paired t-tests. g, Pvalues were calculated using
two-sided paired Wilcoxon signed-rank tests. h,i, Pvalues were calculated using
aone-way ANOVA followed by Turkey’s multiple comparisons tests. *P < 0.05,
**P<0.01,**P<0.001. Exact P values are as follows: b, P= 0.0464; e, control,
P=0.0070, hM4Di"™", P=0.0483;f, control, P= 0.0358, hM4Di*"*, P= 0.0929;
g, firing rate, P= 0.0312, membrane potential, P= 0.0312; h, firing rate, baseline
versus pTOS, P=0.0369, pTOS versus washout, P= 0.0107, membrane potential,
baseline versus pTOS, P=0.0052, pTOS versus washout, P= 0.0220; i, firing rate,
baseline versus pTOS, P=0.0124, pTOS versus washout, P= 0.0264, membrane
potential, baseline versus pTOS, P= 0.0002, pTOS versus washout, P= 0.0132;
m, P=0.0020. Ch, cerebral hemisphere; cr, cerebellum; DAPI, 4’,6-diamidino-2-
phenylindole; hypo, hypothalamus; mo, medulla oblongata; ob, olfactory bulb;
ot, optic tectum; p, pituitary; Il, second cranial nerve. j, Scale bar,1 mm. k, Scale
bar, 500 pm.1, Scale bar,100 pm.
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that pTOS significantly inhibited neurons in the dorsal cortex, piri-
form cortex and spinal trigeminal nucleus (Extended Data Fig. 9b,c,I).
Therefore, pTOS-dependent activation of python VMH neurons is
specific to neurons in that region rather than reflecting a global
increase in cFos activity after administration of this metabolite.

Discussion

Pythons exhibit extreme feeding and fasting patterns and pro-
vide a unique model system for uncovering molecular regulators
of the postprandial response. Using pythons as a discovery tool,
we provide multiple lines of evidence that pTOS is a postprandial
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anorexigenic metabolite that links nutrient intake to feeding con-
trol: (1) circulating pTOS levels are induced by more than 1,000-fold
after feeding in pythons; (2) python pTOS can be produced from
microbiome-dependent metabolism of dietary tyrosine; (3) admin-
istration of pTOS to pythons activates a neural population in the
VMH, a key region that controls feeding and energy homeostasis; (4)
pTOS-dependent activation of VMH neurons in mice drives suppression
of food intake, demonstrating conserved activity across species; and
(5) pTOS is detectable in the circulation in humans and its levels are
alsoincreased after ameal. The discovery of the postprandialinduction
and central activity of pTOS underscores the power of extreme model
organisms to uncover molecules that might otherwise be missed in
more classical organisms, such as mammals, which exhibit more limited
fluctuations of energy states and postprandial physiology.

Many other gut-derived peptide and proteinhormones have been
previously studied in the context of mammalian postprandial metabo-
lism, including cholecystokinin, GLP-1, gastric inhibitory peptide, pep-
tide YY and gastrin, and regulate diverse aspects of digestion, nutrient
absorption, glucose regulation and feeding®*~¢. A growing body of
recent work also suggests that gut-derived metabolites, such as bile
acids andshort-chain fatty acids, can have similarly important roles®,
Our datanominate pTOS as a gut-derived metabolite with a critical role
inthe python postprandial response. Inthe future, it willbe important
to understand the time course of pTOS induction relative to the other
known postprandial peptide hormonesin pythons. It willalsobe impor-
tantin the future to determine if pTOS might also interact with any of
these other peptide hormone pathways, including GLP-1. Lastly, we
showthat pTOS activates aneural populationinthe VMH, aregion that
is integral to many neuroendocrine functions, including feeding and
energybalance®. Projecting forward, the precise molecular identity of
pTOS-activated VMH neurons, and the identity of specific downstream
receptors withinthis cellular populationthat can be directly liganded by
pTOS, stillneed to be identified. In addition, itis also possible that pTOS
has additional bioactivity beyond feeding regulation alone.

Because pTOS is derived from dietary tyrosine, this metabolite
can be considered a circulating sensor of tyrosine ingestion. It is pos-
sible that other dietary components, metabolic stimulior endogenous
secretions can also increase circulating pTOS levels. Currently the
mechanisms responsible for the differing basal circulating levels of
pTOS between Burmese and ball pythons, and humans, is unknown, but
couldreflect differencesin production, tissue distribution, catabolism
or clearance.

Chemically, pTOS is structurally related to tyramine, a mono-
amine metabolite and trace amine. Despite this structural similarity,
sulfation functions as achemical switch that fundamentally alters the
pharmacological and physiological properties of tyramine to both
inactivate tyraminergic activity and to confer neo-activities to pTOS,
such as enhanced plasma stability and improved brain penetration.
This chemical switch mechanism for tyramine and pTOS parallels
that of acetylation and methylation for serotonin and melatonin and
hydroxylation for dopamine and norepinephrine. All these chemical
modifications and metabolite pairs underscore how small chemical
changes can lead to profound effects on downstream function. The
possibility that sulfation modifications may function as a general
molecular switch for other metabolites is an interesting possibility
that remains largely unexplored.

While pythons consistently exhibit the most dramatic induction
of pTOS after ameal, we also observed postprandial induction of pTOS
inhumans. On average, pTOS levels were increased by ~2-5-fold after
meals in most human cohorts examined. Nevertheless, we also found
individuals with outlier pTOS responses: in the Mohold cohort study,
oneindividualincreased pTOS levels by more than 30-fold; in our own
analysis of the Voldstedlund cohort study, another individual increased
pTOS levels by more than 25-fold and reached python-level concentra-
tions (-2 pM at 0.5 h after the meal). Therefore, postprandial regulation

of pTOS is conserved in pythons and humans. In the future, it would
be interesting to determine whether postprandial pTOS levels can
be further augmented with larger, protein-enriched meals that more
closely resemble the meals provided to pythons. Itis also possible that
the observed difference in induction levels reflects other physiologi-
cal changes after feeding, given that humans do not undergo exten-
sive gastrointestinal remodelling. In addition, the absence of pTOS
in mice was surprising, considering its conservationin other species.
We speculate that mice might instead produce a chemically related
pTOS-like metabolite, which is analogous to how mice lack cortisol
but use corticosterone as the functional equivalent®.

Lastly, this work builds on the long tradition of harnessing reptiles
for natural products and drug discovery. Snake venoms, for example,
haveyielded alarge number of bioactive molecules with clinical signifi-
cance, including peptide modulators of blood pressure (for example,
angiotensin-converting enzyme inhibitors and angiotensin receptor
antagonists) and potent antithrombotic proteins (for example, flavori-
din and echistatin)*°~*%. Similarly, the Gilamonster peptide exendin-4
paved the way for the development of exenatide, a first-generation
GLP-1receptor agonist®. Although these previous discoveries primarily
focused on snake venom, our data show that snake blood can also be
arich source of new molecular entities. Dynamic physiological regu-
lation, such as after a meal, can further help to identify high-priority
candidates for downstream functional testing.

Methods

Python husbandry

Theanimal protocols and proceduresinvolving pythons were approved
by the Institutional Care and Use Committee of the University of Colo-
rado Boulder. Captive-bred Burmese pythons (P. molurus bivittatus)
and Ball pythons (P. regius) were purchased from Bob Clark Reptiles,
Oklahoma City. Pythons were single-housed in the University of Col-
orado Boulder vivarium in 12-h light-dark cycles at 30 °C with 50%
relative humidity. Pythons were then subjected to fasting and feeding
schedules asin Fig. 1a, consisting of a28-day fasting period followed by
feeding with ameal equal to 25% of their body weight. Burmese pythons
were approximately 2 years old and weighed 1.5-2.5 kg at the start of
the study. Ball pythons were approximately 1year old at the start of the
experiments and weighed 400-500 g.

pTOS synthesis and purity

pTOSwas synthesized according tothe schemein Supplementary Fig. 1.
To asolution of compound 1 (40 g, 291.6 mmol, 1.0 eq) in tetrahydro-
furan (THF) (2.01) at 0 °C, FmocCl was added (75.43 g, 291.6 mmol,
1.0 eq) in THF (1.0 ml). The mixture was stirred for 16 h. Once compound
1was consumed completely, the mixture was adjusted topH1with1N
HCI. The mixture was extracted with ethyl acetate (800 ml x3). The
organic phase was washed with brine and dried over sodium sulfate,
filtered and concentrated. The residue was triturated with dichlo-
romethane, filtered and dried to afford compound 2 (49 g, 47%) as white
solid. To asolution of compound 2 (10.0 g, 27.8 mmol, 1.0 eq) in diox-
ane (10 ml) indimethylformamide (100 ml), SO;-dimethylformamide
(12.8 g, 83.4 mmol, 3.0 eq) and pyridine (20 ml) were added. The
mixture was stirred for 16 h. Once compound 2 was consumed com-
pletely, the residue was adjusted to pH 8 with 5% aqueous NaHCO,
solution. The mixture was concentrated and diluted with water
(100 ml). The precipitate was filtered to afford white solid. The solid
was purified using C18 (50% acetonitrile in water) and freeze-dried
to obtain compound 3 (10.0 g, 78%) as white solid. To a solution of
compound 3 (17.0 g, 36.9 mmol, 1.0 eq) in dioxane and water (1:1,
35mL), Pd(OH),/C (1.7 g) was added under N, atmosphere. The mix-
ture was stirred under hydrogen atmosphere for 48 h (15 psi). Once
compound 3 was consumed completely, the mixture was filtered
through a pad of Celite and the filtration was concentrated. The resi-
duewastriturated with ethyl acetate, filtered and dried to afford pTOS
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(7.7 g, 87%) as white solid with more than 95% purity using 'H NMR
(400 MHz) (Supplementary Fig. 2) and more than 96% purity using
high-performance LC (Supplementary Fig. 3).

'HNMR (400 MHz,D,0) 6 7.35(d,/=8.1Hz,2H),7.29(d,/=8.3 Hz,
2H),3.00 (t,/= 6.9 Hz, 2H),2.85(t,/ = 7.0 Hz, 2H).

Mouse husbandry

All mouse experiments were performed according to procedures
approved by the Institutional Care and Use Committee of Stanford
University and Baylor College of Medicine. Mice were maintained in
12-h light-dark cycles at 22 °C with 50% relative humidity. Mice were
fed with a standard rodent chow diet (18% protein and 6% fat; Envigo
Teklad 2018) or an HFD (60% kcal fat; cat. no. D12492, Research Diets),
as specified.

Acute mouse feeding studies

Male mice aged 12-14 weeks (C57BL/6), strain no. 000664) and
14-15 weeks (C57BL/6) DIO, strain no. 380050) were obtained from
The Jackson Laboratory. DIO mice were placed on an HFD for 8-9
weeks since 6 weeks old. Standard rodent chow (18% protein, 6% fat;
Envigo Teklad 2018) or an HFD (60% kcal from fat) were provided to
lean or DIO mice, as specified. Mice were single-housed 3 hbefore the
onset of the dark cycle with ad libitumaccess to food and water. At the
onset of thedark cycle, micereceived apTOSintraperitonealinjection
(50 mg kg™ or as indicated in the figures) or oral gavage. Food weight
was recorded at baseline (0 h) and after 3 h. The body weights of DIO
mice were: intraperitoneal vehicle 37.0 + 2.5 g, pTOS 37.4 + 0.7 g; oral:
vehicle34.1+1.2g,pT0OS34.1+1.0g.

Chronic pTOS treatment in DIO mice

For the chronictreatment, WT C57BL/6) 8-week-old male mice were fed
with an HFD (60% kcal from fat) for 8 weeks. The initial body weights
of mice were: vehicle 37.8 £ 3.3 g, pTOS 40.0 + 3.0 g. Mice were then
single-housed and administered pTOS (50 mg kg™, intraperitoneally)
or vehicle daily 3 h before the onset of the dark cycle for 28 executive
days. The mixture of 18:1:1 (by volume) of saline was Kolliphor EL (cat.
no. C5135, Sigma-Aldrich). Dimethyl sulfoxide (DMSO) (Kolliphor) was
used as vehicle. Daily food and body weight were recorded.

Python feeding studies

Pythons were randomly assigned to different endpoint groups. They
were then fasted for 28 days, after which they received a rat meal
equivalent to 20-25% of their body weight. At each pre-assigned
endpoint, pythons were euthanized via rapid decapitation under
deepisoflurane-induced anaesthesia. Sufficient anaesthetic depth
was confirmed by lack of response to physical stimuli. Blood
was collected in BD Vacutainer Lithium Heparin tubes (Thermo
Fisher Scientific), immediately mixed by inversion, placed on ice
for 10 min and then plasma was separated by centrifugation at
3,000g for 15 min to pellet red blood cells. The supernatant was
collected, flash-frozeninliquid nitrogen and stored at =80 °C until
further analysis. Dissected tissues were rinsed inice-cold PBS and
then flash-frozen in liquid nitrogen and stored at =80 °C until
further analysis.

Python oral gavage studies

Ball pythons were randomly assigned to experimental or control
groups and then fasted for 28 days. Tyrosine, water or pTOS were then
delivered by oral gavage using a 5 Fr.16-inch rubber Sovereign Sterile
Feeding Tube (MWI). Tyrosine was administered at 1g kg™ dissolved
in water. pTOS was administrated at 50 mg kg™ in an 18:1:1 mixture of
water. Pythons that received pTOS or vehicle control were euthanized
and dissected 90 min after gavage. Pythons that received tyrosine were
euthanized and dissected 24 h after gavage. Plasma and tissues were
collected as described above.

Human meal-test study (Voldstedlund study)

Arterial plasma samples were obtained from a meal-test study that was
approvedbytheResearchEthics Committee of Copenhagenandpublished
previously*. Briefly, ten young male individuals (age: 26.7 + 1.3 years;
BMI: 22.6 + 0.6 kg m™) first performed a 60-min one-legged dynamic
knee extensor exercise 90 min after asmallbreakfast (18 k) perkg) inthe
morning. Four hours later (time ‘O min’), individuals received a mixed
solid meal (30 kJ per kg body weight), followed by two mixed liquid meals
(20 kJ per kg body weight; Nutridrink, Nutrica) 30 min and 60 min after
the solid meal. The mixed meals were composed of (energy intake) 50%
carbohydrates, 35% fat and 15% protein.

Tyramine production from fecal samples

Fecalsamples from ball pythons (21 mg) were dispensed in 500 pl SAAC
medium, described previously**. The mixture was centrifuged at100g
for 5 minto pellet undigested materials. Then, 100 plof the supernatant
was mixed with 300 pl SAAC medium and incubated in an anaerobic
chamber (Coy Laboratories) at 37 °C for 2 days, in an atmosphere of
5% hydrogen, 10% carbon dioxide and 85% nitrogen. Control SAAC
medium contained 1 mM tyrosine and 0.1 mg I vitamin Bg. Testing
medium contained 50 mM tyrosine and 5 mg I vitamin B,. Cells were
pelleted by centrifugation at 3,381g to separate bacteria from the
conditioned medium. Then, 150 plof 2:1:1acetonitrile:methanol:water
mixture was added to extract metabolites from the bacteriaand 50 pl
of medium were mixed with 150 pl 2:1acetonitrile:methanol to extract
the metabolites from medium.

Tyramine production from the python microbiome

Intestinal content was collected from the small and large intestines
of afed (3 days after feeding) and a fasted (107 days after feeding)
python and stored at —80 °C. The intestinal content was then washed
inreduced PBS supplemented with 0.05% cysteine and centrifuged at
100g for 5 min to pellet undigested materials. The supernatant was
then centrifuged at 5,000g for 5 min to pellet bacteria. Bacteria were
resuspended in 10 ml of reduced Gifu medium. A final concentration
of 10 g1 tyrosine and 500 mg I vitamin B, was used in the experi-
mental group. Bacteriawere cultured for48 hat30 °Cinananaerobic
chamber. At the end of the incubation period, cells were pelleted by
centrifugation at 5,000g for 5 min. The medium was collected for
further LC-MS analysis.

Python ABX treatment

A cocktail of ABX containing 200 mg kg™ metronidazole, 200 mg kg™
ampicillin, 100 mg kg™ neomycin and 100 mg kg™ erythromycin was
delivered tojuvenile Burmese pythons (weighing 125-200 gat the time
of'the study) via oral gavage over a 7-day period. The ABX cocktail was
administrated to pythons via oralgavage ondays1,2,3,5and 7. Control
pythonsreceived oral gavage of vehicle (water) atan equivalent volume.
Concurrently, ABX-treated pythons also received metronidazole,
ampicillin, neomycin and erythromycin (each at 0.1g1™) in the drink-
ing water. Seven days after the first dose of ABX, pythons were either
euthanized or fed a mouse meal equal to 25% of their body weight.
ABX-treated pythons received a germ-free mouse meal, whereas
vehicle-treated pythons received aspecific pathogen-free mouse meal.
ABX-treated pythons continued to receive the antimicrobial cocktail
via drinking water after their meal. Pythons were euthanized with or
without ABX treatment at 3 and 28 days after feeding. Plasma was col-
lected as described above.

Large intestinal content DNA quantification and gel
visualization

Thelargeintestinal contents of fasted and 3 days after feeding pythons
were emptied; from them, DNA was isolated using the ZymoBIOMICS
DNA MiniprepKit. DNA from 5 mg of intestinal contents was mixed with
3 plof Novex Hi-Density TBE Sample Buffer and electrophoresed using
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a10% (w/v) Novex TBE Gel for 1.5 h at 145 V. The gel was stained using
0.8 pug ml™” ethidium bromide in water for 5 min; the gel was imaged
using the UV setting on a Cytiva IQ 800 gel imager. Lanes within the
gel were quantified using Fiji (ImageJ) and normalized to the average
intensity of fasted, vehicle-treated pythons.

TMT-based proteomics of livers from ball pythons
Liversfromfasted (n=5),1day after feeding (n = 5) and 3 days after feed-
ing (n=4) ball pythons were collected as outlined above. Liver samples
were homogenized with metal beads in lysis buffer 200 mM EPPS, pH
8.5,8 Murea, 0.1% SDS, 1x protease inhibitors and 1x phosphatase inhib-
itors). The supernatant was collected after centrifugation at 21,130g
for10 min. Then, 25 pg of protein from each sample was reduced with
tris(2-carboxyethyl)phosphine, alkylated withiodoacetamide and then
further reduced with dithiothreitol. Proteins were precipitated onto
SP3 beads and digested with Lys-C (1:25) overnight at room tempera-
ture, followed by trypsin (1:25) for 6 h at 37 °C. Peptides were labelled
with TMT 18plex reagents. The, 2 pl of each sample was pooled and used
toshootaratio check to confirm complete TMT labelling and to allow
for normalization of each sample. All14 TMTPro-labelled samples were
pooled according to the ratios determined from the ratio check. Pep-
tides were desalted using a Sep-pak and fractionated into 24 fractions
using basicreverse-phase high-performance LC. Twelve fractions were
solubilized, desalted by stage tip and analysed on an Orbitrap Eclipse
mass spectrometer with a field asymmetric waveform ion mobility
spectrometry device enabled. MS/MS spectra were searched using
the COMET algorithm against a Python UniProt composite database
containingits reversed complement and known contaminants. Peptide
spectral matches were filtered to a 1% false discovery rate using the
target-decoy strategy combined with linear discriminant analysis.
The proteins were filtered to a less than 1% false discovery rate and
quantified only from peptides with asummed signal-to-noise threshold
greater than140. A total of 6,389 proteins were quantified and usedin
the further analysis.

pTOS production with python liver slices

Fed (3 days after feeding) and fasted (31 days after feeding) ball pythons
were euthanized via rapid decapitation while under anaesthesia and
the liver wasimmediately collected and washed in sterile PBS. Freshly
isolated liver was transferred to a sterile fume hood and 0.5 g of total
liver mass was diced into fine segments (-2 x 2 mm) and then placed
into one well of a 6-well plate containing 2 ml William’s E medium sup-
plemented with1% non-essentialamino acids, 1% GlutaMAX, 2% fasted
python plasma, 100 nM dexamethasone, 100 nM insulin and 0.375%
fatty-acid-free bovine serum albumin. Tyramine (1 mM final concen-
tration) or vehicle control was added to the medium and incubated
at 30 °C, 5% CO, for 16 h. The medium was collected and clarified by
centrifugation at21,130g for 10 min. The supernatant was flash-frozen
inliquid nitrogen and stored at —80 °C until further analysis.

Python SULT expression in HEK 293T cells and enzymatic assay
Aryl SULTs with higher abundance in postprandial python livers were
codon-optimized for expressionin HEK293T cells and synthesized by
Integrated DNA Technologies. The sequences were then cloned into
a pCMV5-mCherry vector with a 3x FLAG tag on the C terminal. For
simplicity, we named the python SULTs with the following annotations
based onthe sequence similarities: SULT1A1 (AOA9F5SIVDO), SULT1C4
(AOA9F2QWK4), SULT1D1(AOA9F2REM3) and SULT6B1 (AOA9F2R4U1).
HEK 293T cells were transiently transfected with Polyfect; 24 h later,
cells were washed with ice-cold PBS and scraped into an Eppendorf
tube. Cells were pelleted using centrifugation at 845gfor 5 minat4 °C
andlysed in 50 mM potassium phosphate buffer (pH 7.4) using sonica-
tion. The protein concentration of the soluble fraction was determined
using a BCA assay. Tyramine SULT activity was determined with cell
lysates containing 100 pg total protein, supplemented with 100 uM

tyramine, 100 pM PAPS (cat. no. ES019, R&D Sytems) and 1 mM par-
gyline (cat. no. 10007852, Cayman), a monoamine oxidase inhibitor.
Theassay was initiated by incubationat 30 °C for 30 min and stopped by
addingice-cold acetonitrile:methanol. SULT expression was validated
using immunoblotting. SULT1D1 was not expressed in HEK 293T cells
because of its incomplete sequence in UniProt. The activity was also
indistinguishable from non-transfected controls. Heat-inactivated cell
lysates exhibited non-detectable enzymatic activity.

Tyramine and pTOS extraction from cultured medium for
LC-MS

To extract metabolites from the medium of cultured hepatocytes
or bacteria, 200 pl of 1-butanol was added to 500 pl of medium. The
mixture was vortexed for 1 minand then centrifuged at4 °C for 10 min
at 21,130g. The top layer was carefully transferred to mass spec vials
for LC-MS analysis.

Mouse blood and plasma sample preparation for LC-MS

Blood from mice was collected by submandibular bleedinginto lithium
heparin tubes (cat.no.365985, Becton Dickson) and immediately kept
onice. Blood was then centrifuged at 4 °C for 5 min at 2,348g. Plasma
was transferred into new Eppendorf tubes and stored at -80 °C if not
used immediately. Metabolites were then extracted by adding 150 pl
of a2:1 mixture of acetonitrile:zmethanol to 50 pl of serum or plasma.

CSF collection and preparation for LC-MS

Mice were anaesthetized using isoflurane (cat. no. R510-22, RWD Life
Science), with a 5% concentration for induction and 2% for mainte-
nance. Once properly anaesthetized, the mouse’s head was secured
onto a custom-made surgical frame in a vertical downward position
to locate the cisterna magna. A sagittal incision was made along the
midline of the skin, and the subcutaneous tissue and neck muscles were
carefully separated to expose the cisterna magna. A 34 G needle (cat.
no. 207434-10, Hamilton), connected to a Hamilton syringe (cat. no.
7643-01), was carefully inserted into the cisternamagna after piercing
the atlanto-occipital membrane. CSF was slowly withdrawn from each
mouse. Then, 30 pl2:1acetonitrile:methanol was added to 10 pul CSF to
extract the metabolites in CSF.

Tyramine and pTOS measurements in the mouse brain

WT C57BL6/) 11-12-week-old male mice were injected with pTOS
(50 mg kg™ or tyramine (28.7 mg kg™) or vehicle at the same molarity.
Mice were anaesthetized 30 min after the administration and the brain
was perfused withice-cold PBS via cardiac perfusion. The brainwas care-
fully dissected out and water was added at 2:1volume-to-weight ratio
(thatis, 800 pl water added to 400-mg brain). After homogenization,
50 plofthe supernatant was mixed with 150 pl 2:1acetonitrile:methanol
to extract metabolites for LC-MS.

LC-MS analysis

Untargeted metabolomics measurements were performed using an
Agilent 6545 Quadrupole time-of-flight LC-MS instrument. MS analy-
sis was performed using electrospray ionization in both positive and
negative modes. The dual electrospray ionization source parameters
were set as follows: the gas temperature was set at 250 °C withadrying
gas flow of 12  min™and the nebulizer pressure at 20 psi; the capillary
voltage was set to 3,500 V; and the fragmentor voltage was setto 100 V.
Separation of metabolites was conducted usingaLuna 5 pmNH,100 A
LC column (cat. no. 00B-4378-E0Q, Phenomenex) with normal phase
chromatography. Mobile phases in positive mode were: buffer A, water
with 0.1% formic acid; buffer B, acetonitrile with 0.1% formic acid.
Mobile phasesin negative mode were: buffer A, 95:5 water:acetonitrile
with 0.1% ammonium hydroxide and 10 mM ammonium acetate; buffer
B, acetonitrile. The LC gradient started at100% buffer Bwith aflowrate
of 0.7 ml min~* from 0 to 2 min. The gradient was then linearly increased
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to 50% buffer Aand 50% buffer B ata flow rate of 0.7 ml min™ from 2 to
20 min. From 20 to 25 min, the gradient was maintained at 50% buffer
Aand 50% buffer B ataflow rate of 0.7 ml min™.

Quantification of metabolite concentration was performed by gen-
erating a standard curve with known concentrations of each metabo-
lite. Metabolite standards were analysed alongside the samples using
the same method. A standard curve generated from the metabolite
concentrations and the extracted ionintensities was used to calculate
the concentrations of each metabolite.

TSE PhenoMaster metabolic studiesin mice

Sixteen-week-old C57BL6/) male mice were acclimated into the TSE
PhenoMaster Metabolic Cage system. In the TSE PhenoMaster cages,
mice were maintained onachow diet for the first 3 days and then fasted
for24 hfollowed by injection with vehicle or pTOS (50 mg kg™, intraperi-
toneally) and refeeding at 5:30 before the start of the night cycle, while
foodintake, RER, energy expenditure and locomotion were continuously
monitored. Energy expenditure data were analysed with each animal’s
bodyweight asa covariate using the online CalR tool . A mixture of 18:1:1
(by volume) of saline:Kolliphor EL:DMSO was used as vehicle.pTOS was
dissolvedinthe mixture, thenaliquoted and stored at —-80 °C before use.

Conditioned flavour avoidance

Eight-week-old mice were habituated to restricted water access for
2 h per day (6:30 to 8:30) for 7 days. Food was available ad libitum.
Training consisted of two training days. On each training day, mice
had access to two burettes containing the same flavour of Kool-Aid
(cherry or grape) during the fluid access period of 2 h. Immediately
after,each mousereceived anintraperitoneal injection of saline, pTOS
(50 mg kg™ or LiCl (95 mg kg™). LiCl (cat. no. L9650, Sigma-Aldrich)
was dissolved in saline and used as the positive control. The order of
drug/saline exposure and paired flavours was counterbalanced on
different days. Each training day was followed by a non-injection day
when water was available during the 2-h fluid access period. Two days
after the final training day, animals were provided with both flavours
(one flavour per burette) during the 90-min fluid access period. Fluid
intake wasrecorded for 2 h. Th pTOS or LiCl preference was calculated
by dividing the consumption of pTOS or LiCl-paired flavour by the total
consumption of cherry-flavoured and grape-flavoured water.

Sucrose preference test

Twelve-week-old C57BL6/) male mice were habituated with two bottles
of water for 2 days. Mice were then water-deprived for 24 h and then
provided with a free choice of either drinking 1% sucrose solution or
double-distilled water for 2 h (6:30 to 8:30). Sucrose preference was
calculated by dividing the consumption of sucrose by the total con-
sumption of water and sucrose.

Hormone measurements

Twelve-to-fourteen-week-old DIO male mice were administered pTOS
(50 mg kg, intraperitoneally) or vehicle controlin the light phase (Zeit-
geber time 6), with ad libitum access to food and water during the
experiment. Blood was collected from mice at the 1-h and 3-h time
points. The following hormones were measured with commercially
available enzyme-linked immunosorbent assay kits according to the
manufacturers’ instructions: ghrelin (cat. no. EZRGRT-91K, Merck
Millipore), leptin (cat.no. 90030, Crystal Chem), adiponectin (cat. no.
80569, Crystal Chem), insulin (cat.no. 62100, Crystal Chem), GLP-1(cat.
no. 81508, Crystal Chem) and GDF15 (cat. no. MGD150, R&D Systems).

Measurement of blood glucose levels after pTOS injection
Male C57BL/6 mice aged 8-10 weeks were fasted for 6 hfrom10:00 to
16:00 and then given intraperitoneal injections of pTOS (50 mg kg™,
n=7) or vehicle (n=7). Blood glucose levels were measured at 0, 20,
40, 60,90 and 120 min after the injections with aglucometer.

Blood pressure measurements

Mice were anaesthetized withisoflurane and placed in the supine posi-
tion with the fur removed in the chest area. Blood pressure was meas-
ured with a 1.4-F pressure sensor mounted Millar catheter (SPR-671,
ADInstruments) inserted into theright carotid artery. Blood pressure
was recorded with LabChart 7 Pro (ADInstruments) and annotated with
the BP_annotate package in MATLAB**,

Oral glucose tolerance test with pTOS injection

Male C57BL6/) mice aged 15 weeks were fasted for 4 h from 10:00 to
14:00. Mice received intraperitoneal injections of pTOS (50 mg kg™,
n=>35)orvehicle (n=5) at13:30 and then received glucose by oral gav-
age (1.5 gkg™) at 14:00. Blood glucose levels were measured at 0, 20,
40, 60,90 and 120 min after glucose oral gavage with a glucometer.

Orallipid tolerance test with pTOS injection

Male 13-week-old C57BL6/) mice were fasted for 4 h from 9:30 am to
13:30. Mice received intraperitoneal injections of pTOS (50 mg kg™,
n=>5)orvehicle (n=5)at13:00,and thenreceived corn oil by oral gavage
(15l g at13:30.Blood plasmawas collected at 0,1,2,4, 6 and 8 h after
oralgavage and triglyceride levels were measured with a colorimetric
assay kit (cat.no.10010303, Cayman).

Oral protein tolerance test with pTOS injection

Male C57BL6/) mice aged 15 weeks were fasted for 4 h from 9:30 to
13:30. Mice received intraperitoneal injections of pTOS (50 mg kg™,
n=>5) or vehicle (n=5) at 13:00, and then received ISOPURE protein
powder by oral gavage (1.5 kcal kg™) at 13:30. Blood plasma was col-
lected at 0, 0.5,1, 2 and 4 h after oral gavage. Branched chain amino
acids (that is, leucine, isoleucine and valine) were used as markers of
proteinintake and measured with LC-MS.

Gastric emptying assay

Male C57BL/6 mice aged 12 weeks were fasted for 12 h and then given
intraperitoneal injections of pTOS (50 mg kg™, n=5), exenatide
(100 pg kg™, n=4) or vehicle (n=5). After a 30-min interval, animals
received 300 pl of a phenol-red-based test meal (50 mg phenol red
dissolved in 100 ml of 1.5% carboxymethylcellulose, maintained at
37 °Cwith gentlestirring) via oral gavage. Mice were euthanized either
immediately after gavage (t = 0) or 30 min after gavage (t = 30). Stom-
achs were excised, homogenized in 25 ml of 0.1 N NaOH and allowed
tostand for1hatroomtemperature. Fromthe resulting mixture, 8 ml
of supernatant was combined with 1 ml of 33% trichloroacetic acid,
followed by centrifugation at 845g for 30 min at 4 °C. The clarified
supernatant was then neutralized with2 mlof 2 NNaOH and the phenol
red content was quantified by measuring absorbance at 560 nm. Gastric
emptying was calculated according to the following equation: gastric
emptying =100x(1-X/Y), where X represents the mean absorbance from
animals euthanized at t =30 and Y represents the mean absorbance
fromanimals euthanized att=0.

TRAP2mice

We crossed TRAP2 mice (cat.no. 030323, The Jackson Laboratory) with
Rosa26-LSL-tdTomato mice (cat.no. 007905, The Jackson Laboratory)
to generate TRAP2/Rosa26-LSL-tdTomato or TRAP2 mice. Mice were
housedinatemperature-controlled environment using a12-hlightand
12-h dark cycle. Mice were individually housed at least 1week before the
study. Mice were fed astandard chow diet (19.0% protein, 6.5% fat, 2.7%
crudefibre,12.3% neutral detergent fibre, by weight, Harlan Teklad, cat.
no.2920). Water was provided ad libitum.

TRAP induction

We dissolved 4-OHT (cat. no. H6278, Sigma-Aldrich) at 20 mg ml™
in ethanol by sonication at 37 °C for 15 min. The dissolved 4-OHT
was then stored in aliquots at —80 °C for up to several weeks or used
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immediately. Before use, 4-OHT was dissolved by shaking at 37 °C
for 10 min, then sunflower seed oil and castor oil (4:1) was added for
afinal concentration of 10 mg ml™. After evaporating the ethanol in
avacuum (845g, 15 min), the final 4-OHT solution was injected intra-
peritoneally at 50 mg kg™. To TRAP pTOS-activated neurons, TRAP2/
Rosa26-LSL-tdTomato 10-week-old male mice were fasted from 12:00
t017:00, thenreceived intraperitoneal injection of pTOS (50 mg kg™),
followed by 4-OHT injection (50 mg kg™, intraperitoneally) 30 min
after; 2 weeks later, mice were perfused with saline followed by 10%
formalin. As controls, another group of TRAP2/Rosa26-LSL-tdTomato
male mice received intraperitoneal injection of vehicle, followed
by 4-OHT injection (50 mg kg™, intraperitoneally) 30 min after;
2 weeks later, mice were perfused. A mixture of 18:1:1 (by volume) of
saline:Kolliphor EL:DMSO was used as vehicle. Coronal brain sections
were cut at 30 um and collected into five consecutive series. Sections
were cover-slipped and analysed using a fluorescence microscope. The
numbers of tdTomato-labelled (TRAPed) neurons were counted and
quantified manually. Briefly, for each mouse brain structure analysed,
anatomically defined reactive oxygen species (ROIs) were selected
based on the Allen Mouse Brain Atlas. The same ROl boundaries were
consistently applied across all mice and sections. To ensure consist-
ency, a single coronal brain section per region was analysed for each
mouse, selected at matched anterior-posterior coordinates based on
anatomical landmarks. Three mice were included in each group.

Chemogenetic approaches

Eight-week-old Male TRAP2 mice were anaesthetized (with 2% isoflu-
rane) and placed inastereotaxicinstrument. Artificial eye ointment was
applied to prevent corneal drying, and a heat pad was used to hold the
body temperature at 37 °C. To chemogenetically inhibit pTOS-activated
PVH or VMH neurons, we injected AAV8-DIO-hM4Di-mCherry (titre:
5x102GC perml, 0.2 pl, cat.no. 44362, Addgene) into the PVH or VMH
of TRAP2 mice (PVH: -0.82 mm; mediolateral: 0.25 mm; dorsoven-
tral: —4.75 mm; VMH: -1.7 mm; mediolateral: 0.3 mm; dorsoventral:
-5.6 mm), respectively. After allowing 2 weeks for virus expression,
mice were housed singly before they were subjected to any studies.
Mice were fasted overnight (from17:00 to 9:00), then received saline
or CNO (intraperitoneally, 3 mg kg™, cat. no. 16882, Cayman) injec-
tions. After saline or CNO injection, pre-weighed regular chow (6.5%
fat; cat. no. 2020, Harlan Teklad) was put back into the cages. Food
intake was monitored for 3 h. At the end of the experiments, all mice
were perfused with saline followed by 10% formalin. Brain sections
were collected and sectioned at 30 pm. The expression of mCherry
was examined with histology; only those with accurate targeting were
included in the data analyses.

cFos mapping of pTOS-activated neurons in python brains

To process python brains, we adapted the approach as previously
described for in vivo fixation of the lizard brain*. One hour after deliv-
eryof 50 mg kg™ pTOS via oral gavage, ball pythons were anaesthetized
viaisoflurane inhalation for 30 min. Sufficient anaesthetic depth was
determined by lack of response to a physical stimulus. The thoracic
cavity and rostral ~5 cm were then opened with surgical scissors to
expose the heart and carotid arteries. Fine incisions were made in the
ventricleandright atrium, and a perfusion needle was inserted into the
ventricular incision, through the right aorta and into the left carotid
artery. The needle was clamped in place with a haemostat and 50 ml
of heparinized PBS (10 units per litre) was perfused using a peristaltic
pump to clear blood from the brain. Brain fixation was performed by
perfusion with 50 ml of 4% paraformaldehyde (PFA). The brain was then
extracted using a corneoscleral punch and submerged overnightin 4%
PFA at4 °C.Thebrainwasremoved from PFA, carefully rinsed twice with
PBSandthenaddedtoa30%sucrose PBS solutionand stored at4 °C for
2 days todehydrate the tissue. Coronal brain sections were cutat 30 pm
and collected into five consecutive series. One series of the sections

was blocked for 1 hin 0.3% PBS with Tween 20 with 5% normal donkey
serum. To detect cFos expression, a Rabbit anti-cFos antibody (1:500
dilution, cat. no. 226008, Synaptic System) was added and incubated
at 4 °C overnight on shaker. The cFos antibody recognizes the amino
acid sequence ‘MFSGFNADYEASSSR'. Three of the 15 amino acids in
this sequence differ from those in the corresponding sequence in the
python sequence. The following day, slices were rinsed with 0.1% PBS
withTween 20 for 6x10 minand thenincubated with donkey anti-rabbit
Alexa Fluor 488 (1:500 dilution, cat. no. A21206, Invitrogen) at room
temperature for 2 h. Sections were cover-slipped and analysed using a
fluorescence microscope. The numbers of cFos-labelled neurons were
counted and quantified manually. The ROIs for each ball python brain
structure were selected using the most reliable anatomical landmarks
available from the limited existing references. For each ball python,
3-4 coronal brainsections per VMH were analysed. Four pythons were
includedin each group. Thelocations of cFos*neuronsin the VMH and
other brainregions were mapped onto the standard anatomical brain
sections of P. regius®*. Furthermore, brain sections fromboth the same
species of red-sided garter snake***° and different species with similar
brainstructures, such as the tree lizard Urosaurus ornatus™, revealed
consistent VMH locations. Within the Squamata order, the VMH is
one of the brain regions having the least variation, as determined by
calculating the log-transformed coefficient of variation for each brain
region to assess individual differences®’.

Slice electrophysiology

Electrophysiologyrecordingswere performedasdescribed previously >,
Briefly, mice were deeply anaesthetized with isoflurane and transcardi-
ally perfused with amodified ice-cold sucrose-based cutting solution
(pH7.3) containing 10 mM NaCl, 25 mM NaHCO,, 195 mMsucrose, 5 mM
glucose, 2.5 mM KCl, 1.25 mM NaH,PO,, 2 mM Na-pyruvate, 0.5 mM
CaCl,and 7 mM MgCl,, bubbled continuously with 95% O, and 5% CO,.
Mice were then decapitated and the entire brain was removed and
immediately submerged in the cutting solution. Coronal brain slices
(220 pm) containing the PVH or VMH were cut withaMicrom HM 650V
vibratome (Thermo Fisher Scientific) in oxygenated cutting solution.
Slices were thenincubated in oxygenated artificial CSF (126 mM NacCl,
2.5 mMKCl, 2.4 mM CacCl,, 1.2 mM NaH,PO,, 1.2 mM MgCl,, 11.1 mM
glucose and 21.4 mM NaHCO;, balanced with 95% 0,/5% CO,, pH 7.4)
torecover ~-25 minat 32 °C and subsequently for 1 h at room tempera-
turebeforerecording. Slices were transferred to arecording chamber
and allowed to equilibrate for at least 10 min before recording. Slices
were superfused at 32 °C in oxygenated artificial CSF at a flow rate of
1.8-2 ml min™. mCherry or tdTomato-labelled neurons were visualized
using epifluorescence and infrared differential interference contrast
imaging on an upright microscope (Eclipse FN-1, Nikon) equipped
with amovable stage (MP-285, Sutter Instrument). Patch pipettes with
resistances of 3-5 MQ were filled with intracellular solution (pH 7.3)
containing 128 mM K-Gluconate, 10 mM KCI, 10 mM HEPES, 0.1 mM
EGTA, 2 mM MgCl,, 0.05 mM Na-GTP and 4 mM Mg-ATP. Recordings
were made using a MultiClamp 700B amplifier (Axon Instrument),
sampled using Digidata 1440A and analysed offline with the pClamp
10.3 software (Axon Instruments). Series resistance was monitored
during the recording; values were generally less than 10 MQ and were
not compensated. The liquid junction potential was +12.5 mV and was
corrected after the experiment. Data were excluded if the series resist-
anceincreased dramatically during the experiment or without overshot
for action potential. Currents were amplified, filtered at 1kHz and
digitized at 20 kHz. The current-clamp mode was engaged to measure
the neural firing rate and resting membrane potential at the baseline
orinresponse to CNO (10 uM). To measure the effects of pTOS on VMH
and PVH neurons, the current-clamp mode was engaged to test the
neural firing rate and resting membrane potential at the baseline and
after bathapplication of pTOS (1 pM concentration asindicated inthe
figures). Totestif pTOS directly activated VMH neurons, VMH neurons
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were pretreated with a cocktail of synaptic blockers containing 30 pM
CNQX, 30 pM D-AP5 and 50 uMbicucullineto block the excitatory and
inhibitory synapticinputsintherecorded VMH neurons; pTOS-induced
responses were recorded as described above.

Statistics

The minimum sample size was predetermined by the nature of the
experiments. For the biochemical measurements, at least 3-4 dif-
ferent mice or pythons per group were used. For the behavioural
measurements, 7-9 different mice per group were included. For the
histology studies, the same experiment was repeated in at least three
different mice or pythons. For the electrophysiological studies, at
least six different neurons from three different mice were included.
The data are presented as the mean + s.e.m. or as individual data
points. Statistical analyses were performed using Prism (GraphPad
Software) to evaluate the normal distribution and variations within
and among groups. The methods of the statistical analyses were
chosenbased on the design of each experiment and are indicated in
the figure legends.

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
article and its supplementary Information files. Source data are pro-
vided with this paper.
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Extended Data Fig. 1| Additional characterization of postprandial python
metabolites. (a) Plasma levels of amino acids in 3DPF Burmese pythons
compared to Fasted pythons. (b) Plasma levels of TCA intermediates in 3DPF
Burmese pythons compared to Fasted pythons. (c) Plasmalevels of free fatty
acids in 3DPF Burmese pythons compared to Fasted pythons. Data are shown as

P <0.0001.

mean + SEM. P values were calculated using two-way ANOVA followed by Turkey’s

TCA intermediates
154 % o Fast
8 o 3DPF
S 104
=
e
[8)
kel
£ 51
oA

N R
&2 @@ ,bé,b >0 Q@@ 0
FEP N £

<~ PO <
& of

&

00 Hkkk

A5 X H O N4 X H 0O .N K O
IS RS BN LA SN S S T g o R S R S S S8
PP P PRI P PP P PP PP PP SF

o QO N

multiple comparisons test. * P < 0.05.**P < 0.01, **** P < 0.0001. Exact P values
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P <0.0001, Pro, P <0.0001, Thr, P=0.029; (b) Fumarate, P < 0.0001, Malate,
P=0.005; (c) C10:0, P =0.022,C24:0,P < 0.0001,C26:0, P < 0.0001, C26:1,
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Extended Data Fig. 2| Additional characterization of pTOS. (a) Detection and
relative quantification of pTOS in negative ionization mode. (b) Tandem mass
spectrometry fragmentation from endogenous m/z = 216.0331 (left, up) and
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synthesized pTOS standard (left, down), and the chemical structural of pTOS
(right). (c) Co-elution of the endogenous peak and synthesized pTOS standard.
Data are shown as mean + SEM.
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Extended DataFig. 3 | Plasma pTOS levels in mouse, human, and rat.

(a, b) Relative changes of pTOS levels in human plasma with two additional
standardized liquid diet (SLD) meals in the ‘HuMet’ study (n =15 human subjects).
(c, d) Relative levels of pTOS before breakfast and after dinner with habitual diet
(c) or high-fat diet (d) in the ‘Moholdt’ study (n = 24 human subjects). (e) Relative
levels of pTOS before and 1 hr after the mixed meal test in the ‘Agueusop’ study
(n=90 human subjects). (f) Integrated ion counts of pTOS in mouse plasma

after al6-hour fast and following 1 or 4 hours of refeeding. One out of 27 samples
yield anon-zeroion count. (g) A survey of the NIH Metabolomics Workbench
(accessed 31July 2025) showed that p-tyramine-O-sulfate (pTOS) isreported in

humanblood datasets but notin mouse or rat blood. (h) The same survey in (g)
showed that tyrosine is roughly equally reported in human, mouse, and rat blood.
In (g, h), detection frequency was calculated as the proportion of blood studies in
which the analyte wasreported. Datain (a-e) are shown as mean + SEM. P values
were calculated with Repeated Measures One-Way ANOVA followed by Dunnett’s
multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001.
ExactP valuesare (a) Ovs1,P=0.0371,0vs1.5,P<0.0001,0vs2,P=0.0001,0
vs3,P=0.0029;(b) Ovs1,P=0.0329,0vs2,P<0.0001,0vs 3,P<0.0001,0vs 4,
P <0.0001; (c) P=0.016; (d) P<0.0001.

Nature Metabolism


http://www.nature.com/natmetab

Letter

https://doi.org/10.1038/s42255-026-01485-0

a
15
€
I°RC)
2o
B
-1 o
0 ®
27305
© =2
v &
4
0.0
& & P&
LG
&

Extended Data Fig. 4 | Additional effect of antibiotics (ABX) treatment.

(a) Relative quantities of DNA from large intestinal contents in fasted and 3DPF
pythons with or without ABX treatment, normalized to the average DNA content
of fasted, vehicle-treated pythons. Data are mean + SEM. P values were calculated

[ I
Aé\\§7+ \\é}\?‘i;\‘
FES S
o
with two-way ANOVA with Tukey’s post-hoc test. N = 3 for vehicle fast (Fast),n=6
for ABX fast (ABX-Fast), n =5 for vehicle 3DPF (Fed), n =2 for ABX 3DPF (ABX-Fed).
(b) Representative gel image showing DNA content from large intestinal contents
in fasted and 3DPF pythons with or without ABX treatment.

Nature Metabolism


http://www.nature.com/natmetab

Letter

https://doi.org/10.1038/s42255-026-01485-0

a b C d _
o ANCOVA 24 h ANCOVA _dark ANCOVA _light
i.p. injection
15+ ~ 08+ ) — 0.8 ) — 0.8 )
< P=0.7519 —— Vehicle < P =0.6970 —— Vehicle < P=0.8251 —— Vehicle
§, 0.6 — pTOS §, 0.6 — pTOS § 0.6 — pTOS
< 104 [ [} ° [}
2 804 T S04 = e . o4t
9 5] t:1=0.47hr é)_ ° 0 zé)_ é;_ C -
a ® 3} o
> 0.2 > 0.2 > 0.2
g g =)
[} [} [}
[ {= {=
0 T T T g Woo ; ; ; Woo ; ; T Woo T T T
0 1 2 3 4 24 28 32 36 24 28 32 36 24 28 32 36
Time (hr) Body weight (g) Body weight (g) Body weight (g)
— oral gavage i.p. injection
e R f g | h t
X 1001p = 40- 15+
08 P =0.0012 300 — Vehicle mglkg
c o —
3 g pTOS 304 125
S E 200 s S 101 25
© ° /x = =2
] 2 o 204 —— 50
% 8 o) t,=0.71hr 38
= 100+ o . S 5
g 8 10
S 8 Two-way ANOVA
% o Vehicle vs pTOS P =0.79
5 oL . ; . . 0 . ; ; Y 0 . - ; *
o 0 30 60 90 120 0 1 2 3 4 0 1 2 3 4
Time (min) Time (hr) Time (hr)
i k | .
- pTOS . pTOS = Tyramine f::)e;gm
1007 —— Tyramine T 2007 E 2001 47 ’
S : E E
9; 80+ o 150 o 1504
=1 2 diastolic
2 £ 100 diastolic 5 100 |
§ 404 ECyp = 0.63 uM 3 3 /\
= e} kel =t systolic
% A ) ]
< 204 @ 50 systolic 5 90
= '§ oS
0 2 0 : . 3 0 ; :
R @ a
3 2 1 0 1 2 3 0 5 10 0 5 10 o
Log,, concentration (UM) Time (min) Time (min) Post injection (hr)
m n 0 p q
Leptin Adiponectin Insulin GLP-1 GDF15
40, P=06135 25, P=06872 10, P =04766 g0y P =00556 4000 P=04488 | \erice
o e - ° o pTOS
- 204 4 o p
E ° ~ 8 . . = 3001
= 5 2 2
£ £ = =1
5] p= < o 2004
Q = o ~
g Z 3 5
§ = O 100+
04

Post injection (hr) Post injection (hr)

Extended Data Fig. 5| Additional characterization of pTOS administration
tomice. (a) Plasmalevels of pTOS in C57BL6/) male mice (11-12 weeks old) post
pTOS administration (50 mg/kg, i.p., n=5). Half-life (t,,) was calculated with
aone phase exponential decay model (R?= 0.95). (b-d) No change in energy
expenditure with pTOS administration (50 mg/kg, i.p.) using body mass as a
covariate. ANCOVA, analysis of covariance. (e) Conditioned flavor avoidance
ratio in paired solution for male mice treated with LiCI (95 mg/kg, i.p.) or vehicle
control. (n=9/group). (f) Plasma glucose levels in C57BL6/) male mice (11-12
weeks old) post pTOS administration (50 mg/kg, i.p., n =5). (g) Plasmalevels of
pTOS in C57BL6/) male mice (11-12 weeks old) post pTOS administration (50 mg/kg,
p.o.,n=>5). Half-life (t,,) was calculated with a one phase exponential decay

Post injection (hr)

1

Post injection (hr) Post injection (hr)

model (R? = 0.95). (h) Plasma levels of pTOS in C57BL6/) male mice (14 weeks old)
post pTOS administration at doses indicated (i.p., n = 5 per group). (i) Human
TAAR1activation utilizing acAMP-based cellular assay. (n = 2/condition).

(j, k) Blood pressures measured with the pressure sensor inserted into the right
carotid artery of C57BL6/) male mice (10-12 weeks old) with pTOS (j, 50 mg/kg,
i.p.,n=4),or tyramine (k, 50 mg/kg, i.p., n =3). Dash line indicates the time of
injections. (I-q) Plasma levels of indicated hormones in male C57BL6/J DIO mice
(12-14 weeks old) at 1 hour or 3 hours after pTOS administration (50 mg/kg, i.p.,
n = 8) or vehicle control (n = 7). Data are shown as mean + SEM. P values were
calculated with ANCOVA (b-d), two-tailed paired t test (e), two-way ANOVA
(f,1-q). Exact P values are provided in the figure.
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Extended Data Fig. 6 | Additional characterization of pTOS administration
tomice. (a) Plasmaglucose levels in male C57BL6/) mice (15 weeks old) during
oral glucose tolerance test followed by ip injections of pTOS (50 mg/kg,n=5),
orvehicle (n=5). (b) Area-under-curve (AUC) of glucose levels in (a). (c) Plasma
triglyceride levels in male C57BL6/) mice (13 weeks old) during oral lipid
tolerance test followed by ip injections of pTOS (50 mg/kg, n =5), or vehicle
(n=5).(d) AUC of triglyceride levelsin (c). (e) Plasmabranched chain amino acid
(BCAA) levelsin male C57BL6/) mice (15 weeks old) during oral protein tolerance

test followed by ip injections of pTOS (50 mg/kg, n = 5), or vehicle (n = 5). (f) Area-

under-curve (AUC) of BCAA levelsin (e). (g) Gastric emptying rate in 12-week-old
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male C57BL/6 mice injected (i.p.) with vehicle (n = 5), pTOS (50 mg/kg, n=5), or
exenatide (100 pg/kg, n =4). (h) Plasma levels of tyramine in C57BL6/) male mice
(11-12 weeks old) post tyramine administration (28.7 mg/kg, i.p.,n =4),adose
equimolar to 50 mg/kg of pTOS. (i-1) Tyramine and pTOS levels in CSF (i, k) or the
brainlysates (j, I) 30 min after tyramine (28.7 mg/kg, i.p.) or pTOS (50 mg/kg,
i.p.) injections at equimolar doses. ‘n.d., not detected. In (i) and (k), n = 5/group.
In (j) and (1), n = 4 for vehicle, n = 5 for tyramine, n = 3 for pTOS. Data are shown
as mean + SEM. P values were calculated with two-way ANOVA (a, ¢, e), two-tailed
ttests (b, d,f,j, k, 1), one-way ANOVA followed by Sidak’s multiple comparisons
test (g). Exact Pvalues are provided in the figure.
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Extended Data Fig. 7| Mapping of pTOS-activated neurons in the mouse
brain. (a) Schematic of locations for the indicated coronal sections across

the mouse brain. (b-m) Representative images and quantifications of pTOS-
activated neuronsin the brain regions as indicated in male TRAP2/Rosa26-LSL-
tdTomato mice (10 weeks old, n = 3). ARH, arcuate nucleus of the hypothalamus;
BNST, bed nucleus of the stria terminalis; LH, lateral hypothalamus; LPAG,
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lateral periaqueductal gray; LPBN, lateral parabrachial nucleus; LS, lateral
septum; NTS, nucleus of the solitary tract; POA, preoptic area; PSTh, posterior
subthalamic nucleus; PVH, paraventricular nucleus of the hypothalamus; SCN,
suprachiasmatic nucleus; VTA, ventral tegmental area. Scale bars, 100 pm. Data
areshown as mean = SEM. P values were calculated by two-tailed t-tests. Exact P
valuesare: (b) P=0.0324.
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Extended Data Fig. 8 | PVH neurons do not mediate the anorexigenic effects
of pTOS. (a) Representative image of hM4Di-mCherry expression in the PVH of
male hM4Di™ mice, experiment repeated 7 times with similar results obtained.
(b, ¢) Three-hour food intake in control or h(M4Di**" mice pretreated with saline
(b) or CNO (c), followed with pTOS (50 mg/kg, i.p.) or vehicle administration
(n=8-9/group, 13-16 weeks old). Vertical black bars indicate the difference in
food intake between vehicle- and pTOS-treated mice. (d-f) Representative image

for electrophysiological recordings (d, top) and representative action potential
traces (d, bottom) and quantitation of firing rate (e) and resting membrane
potential (f) of h(M4Di"*" neurons in response to CNO (10 uM, n = 6 neurons). Data
areshown as mean = SEM. P values were calculated using one-sided paired t-test
(b, ¢), two-tailed Wilcoxon tests (e, ). *P < 0.05, **P < 0.01, ***P < 0.001. Exact

P values are: (b) Control: P = 0.0153, hM4Di™" P = 0.0002; (c) Control: P = 0.003,
hM4Di"*"P =0.001; (e) P = 0.0312; (f) P= 0.0312.
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Extended Data Fig. 9 | cFos mapping of pTOS-activated neuronsinthe
pythonbrain. (a) Schematic of locations for the indicated coronal sections
across the python brain (adapted from ref. 52). (b-1) Anatomical location

(left), representative images (middle), and quantifications (right) of cFos
immunofluorescencein the indicated brain regions in ball pythons after
administration of pTOS (50 mg/kg, p.o.). BNST, bed nucleus of the stria
terminalis; DC, dorsal cortex; Hab, habenular nucleus; LH, lateral hypothalamus;
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Ob, olfactory bulb; POA, preoptic area; PC, piriform cortex; PVH, periventricular
nucleus of hypothalamus; SCN, suprachiasmatic nucleus; SN, spinal trigeminal
nucleus; VN, vestibular nucleus; VPM, ventral posteromedial nucleus. Scale bars,
100 pm. Data are shown as mean + SEM. In (b, d-j), n = 4/group. In (c), n =4 for
vehicle,n=3for pTOS.In (k, 1), n =3 for vehicle, n = 4 for pTOS. P values were
calculated by two-tailed t-tests. *P < 0.05, **P < 0.01, ***P < 0.001. ****P < 0.0001.
Exact P values are: (b) P=0.0304; (c) P = 0.0152; (n) P = 0.0006.
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