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Obesity affects millions of people in the world. The gut microbiome

influences body fat accumulation, but the mechanisms remain to be
investigated. Here, we show an association between microbial aromatic
amino acid metabolites in serum and body fat accumulationin alarge
Chinese longitudinal cohort. We next identify that 4-hydroxyphenylacetic
acid (4HPAA) and its analogues effectively protect male mice from
high-fat-diet-induced obesity. These metabolites act on intestinal

mucosa to regulate the immune response and control lipid uptake,

which protects against obesity. We further demonstrate that T cells and

B cells are not vital for 4HPAA-mediated obesity prevention, and innate
lymphoid cells have antagonistic roles. Together, these findings reveal
specific microbial metabolites as pivotal molecules to prohibit obesity
throughimmune control, establishing mechanisms of host modulation by
gut microbial metabolites.

Excess body fat is one of the greatest public-health problems today".
The World Health Organization (WHO) reports that global obesity
rates have tripled since 1975, with more than 1.9 billion adults and 340
million childrenor adolescents aged 5to 19 classified as overweight or
obesein2016. Obesity increases the risk of serious diseases, including
cardiovascular disorders?, type 2 diabetes®, musculoskeletal condi-
tions*and certain cancers’.

Obesity is acomplex disease shaped by genetic, behavioural and
environmental factors®”. Studies in rodents and humans have high-
lighted the crucial role of the gut microbiome in influencing body

weight gain, exerting either protective or detrimental effects on the
host®2. Many cohort studies have examined the relationship between
the gut microbiome and obesity, yet controversy persists regarding
the specific bacterial abundance associated with obesity”"*. Certain
bacterial species, such as Akkermansia muciniphila and Parabacte-
roides distasonis” ™", have demonstrated inhibitory effects on obesity,
whereas many other species are linked to its promotion™. The exact
mechanisms through which the microbiome affects body fat accu-
mulation could be complex. The microbiome is known to affect host
energy metabolism'®"”. Studies have also shown that the microbiome
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Fig.1|Microbial AAA metabolismis associated with human body fat
accumulation. a, Diagram of the human cohort (created in BioRender: https://
BioRender.com/x34z513). LC-MS, liquid chromatography-tandem mass
spectrometry. b, The association of different microbial metabolites in human
serum samples (n = 839) with body fat accumulation was assessed and ranked on
the basis of beta coefficients. Top-ranked metabolites are shown. AAA-related
metabolites are marked inred, and cholic-acid-related metabolites are shown
inpurple. c,d, Scatter plots showing the association of serum 4HPAA levels with
whole-body fat accumulation (c) and the concentration of blood total cholesterol
(TC) (d). Multivariable linear regression was used, adjusted for age, sex, body

mass index (BMI), smoking status, alcohol status, physical activity, education,
income and total energy intake. Regression () coefficients with 95% confidence
intervals and Pvalues were calculated. All statistical tests were two-sided.

e, Schematic of the related microbial Phe and Tyr metabolic pathways in this
study. Host and microbial pathways are indicated in black and blue arrows,
respectively. Metabolites associated with body fat accumulation in the cohort
are highlighted inred. PLA, phenyllactic acid; PPA, phenylpyruvic acid; PP,
phenylpropionicacid; PAA, phenylacetic acid; 4HPPA, 4-hydroxyphenylpyruvic
acid; 4HPLA, 4-hydroxyphenyllactic acid.

affects body fat accumulation by modulating the host’s intestinal
immune system®* >, Bacterial components and/or metabolites, such as
lipopolysaccharides, short-chain fatty acids (SCFAs) and cholic acids,
are key factors that interact with the host in this process'*.
Proteolysis of food in the gastrointestinal tract generates large
amounts of aromatic amino acids (AAAs), including tryptophan, phe-
nylalanine and tyrosine, providing a rich source for gut microorgan-
isms to generate a vast number of aromatic compounds. AAAs and
their metabolites might serve as essential signals mediating host—
microbiome cross-talk?. For instance, dopamine, noradrenaline and
melanin, metabolized from Phe or Tyr, and serotonin, metabolized
from Trp, are known neurotransmitters with pleiotropic roles in the
gut-brain axis®?**. Acommon gut-microbial metabolic pathway for Phe
and Tyr is AAA aminotransferase-mediated transamination, through
which Tyr can be metabolized into several compounds, including
4HPAA, 4-hydroxyphenylpyruvic acid, 4-hydroxyphenyllactic acid,
4-methylphenol (p-cresol) and 4-hydroxyphenylethanol (tyrosol)” 7.
Here, we performed a comprehensive analysis of the physiologi-
cal index, including body fat percentage, serum and faecal microbial

metabolomics, and the gut microbiome, in a large-scale human longi-
tudinal cohort®°. We found that microbial AAA metabolism pathways
were associated with body fat accumulation. 4HPAA, as well asits struc-
turally related analogues 3-hydroxyphenylpropionic acid (3HPP) and
4-hydroxyphenylpropionicacid (4HPP), effectively protected mice from
high-fat diet (HFD)-induced obesity. Full protection against obesity was
achieved through oral administration of 4HPAA and 3HPP, indicating
that the intestinal epithelium is an important target. Transcriptomics
analysis revealed that intestinal lipid absorption and metabolism were
suppressed, whereas the B cell-related immune response was upregu-
lated in 4HPAA-treated mice. Accordingly, chronic intestinal inflam-
mation was alleviated in 4HPAA-treated, HFD-fed mice compared with
non-treated mice. Using Rag2™, l12rg”~ and double-knockout Rag2"~
I2rg”-mice, we demonstrated that T cellsand B cells are not key cells for
4HPAA-mediated prevention of obesity; instead, innate lymphoid cells
(ILCs) and 4HPAA antagonistically modulate body weight gain under the
HFD condition. Collectively, our datareveal that gut microbiome-derived
AAAsandrelated metabolites have robust anti-obesity efficacy by modu-
lating the intestinalimmune response and homeostasis.
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Fig.2|Oralintake of 4HPAA, 3HPP or 4HPP suppresses weight gainin
HFD-fed mice. a, Schematic of oral treatment in the HFD mouse model and a
representative image of normal diet (ND)-fed, HFD-fed and HFD-fed plus 4HPAA-
treated (8 weeks) mice. b, Box and whisker plots showing weight gainin ND-fed
and HFD-fed mice with or without 4HPAA treatment for 8 weeks (n =11 mice per
group). ¢, Box and whisker plots showing the body fat percentage of ND-fed

and HFD-fed mice with or without 4HPAA treatment for 8 weeks (n =5 mice per
group).d, Structural formulas of 4HPAA, 3HPP, 4HPP and tyrosol. e, Body weight
growth curve of ND- and HFD-fed mice with or without treatment with 4HPAA,
4HPP, 3HPP or tyrosol in the drinking water. Data are shown as mean + s.e.m.

f, Box and whisker plots showing the body weight gain of ND- or HFD-fed mice
with or without oral treatment of 4HPAA, 4HPP, 3HPP or tyrosol for 10 weeks.

g, Box and whisker plots showing the body fat percentage of ND- and HFD-fed
mice with or without oral treatment with 4HPAA, 4HPP, 3HPP or tyrosol for 10
weeks. Ine-g, n =5mice in the ND groups and 15 mice in other groups. In all box
and whisker plots, box limits indicate the interquartile range, centre line denotes
the median, and the upper and lower whiskers indicate maximum and minimum
values. Statistical analysis was performed using the two-tailed Mann-Whitney U
test. All experiments were repeated at least twice independently, with

similar results.

Results
Microbial AAA metabolism is associated with human body fat
Excessive fat accumulation is a clinically relevant target for prevent-
ing cardiometabolic diseases® *. We investigated the potential con-
tributions of gut microbial metabolites in body fat accumulation by
assessing the association between serum microbial metabolites and fat
percentage across various body regions, using datafromalarge-scale
human cohort* (Fig. 1a and Supplementary Table 1). Eight molecules
involvedinbile-acid metabolic pathways and seven moleculesrelated to
AAA metabolic pathways were linked to body fat accumulation (Fig. 1b
and Supplementary Table 2). Bile acids facilitate intestinal lipid absorp-
tion and help to maintain gutimmune homeostasis, and obesityis also
associated with increased synthesis of bile acids® *°. Therefore, the
presence of multiple bile-acid-related metabolites is expected.
Seven molecules in AAA metabolic pathways stood out: 4HPAA,
Phe, Tyr, hippuric acid, 5-hydroxytryptophan and Trp are negatively
correlated with obesity, whereas 4-hydroxyphenylpyruvicacid is posi-
tively correlated (Fig. 1b,c and Extended Data Fig.1a). 4HPAA is the top
serum metabolite that shows a negative correlation with whole-body
fat percentage (Fig. 1b) and different body regions, including the trunk,
android and gynoid (Extended Data Fig. 1b). Given that women typi-
cally have higher body fat percentages than men, we performed two
interaction analyses and found no interactions between 4HPAA and
sex for body fat percentage (Fig. 1c). Notably, sub- to low-millimolar
levels of 4HPAA were detected in the faecal samples from the cohort
mentioned above (Supplementary Tables 3 and 4), a finding further
substantiated by additional samples (Extended Data Fig. 2a).

Blood lipid disorders are acommonly used index for obesity. We
next conducted a cross-sectional analysis of serum metabolites and
blood lipid parameters among participants for reverse validation.
As expected, serum levels of these metabolites were also negatively
correlated with blood total cholesterol and low-density lipoprotein
cholesterol (LDL-C) levels, mirroring the patterns observed withbody
fat percentage (Fig. 1d and Extended Data Fig. 2b,c).

Oralintake of 4HPAA, 3HPP and 4HPP reduces weight gainin
mice

4-hydroxyphenylpyruvicacid, whichis metabolized from Tyr, isadirect
precursor of 4HPAA” (Fig. 1e). 4-hydroxyphenylpyruvic acid is posi-
tively correlated withbody fat accumulation, but 4HPAA is negatively
correlated; we thus conjectured that 4HPAA is a bioactive molecule
prohibiting body weight gain. To validate this, we used mouse mod-
els of HFD-induced obesity**>. Male C57BL/6) mice were fed either a
normal diet or HFD and routinely given plain water (control) or water
containing 10 mM 4HPAA for 8 weeks. Our analysis confirmed that
mouse faecal 4HPAA levels reached sub-millimolar concentrations
(meanvalue,~0.2 mM) following 4HPAA administration (Extended Data
Fig.2d). Notably, the average body weight of 4HPAA-treated, HFD-fed
mice was lower than that of the non-treated HFD-fed mice and similar to
that of the normal diet-fed mice (Fig. 2a). When comparing the HFD-fed
groups, the average gainin body weightin 4HPAA-treated mice (-7.90 g)
was ~45% less than thatin the non-treated mice (-14.31 g) (Fig. 2b). Nota-
bly, the average fat percentage of 4HPAA-treated mice (-23.6%) was
also much lower than that in non-treated mice (-36.1%) (Fig. 2c). For
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Fig. 3| The metabolites alleviate adipocyte hypertrophy and hepatic steatosis.
a-c, The average diameters of adipocytes in iBAT (a), iWAT (b) and eWAT (c) were
measured and plotted on the charts (n =15 mice per group). d, Representative
images of H&E-stained liver sections from ND- or HFD-fed mice orally treated
with or without 4HPAA, 4HPP, 3HPP or tyrosol after 10 weeks. Scale bar,100 um.

e, Fatty liver histological scores were assessed and plotted on the diagram. Data
areshownasmean *s.e.m., n=5mice in the ND groups and 6 mice in the other
groups. Statistical analysis was performed using the two-tailed Mann-Whitney U
test. All experiments were biologically repeated twice, with similar results.

the normal diet-fed mice, 4HPAA did not affect average body weight
gain (-6.40 gversus-6.64 g; Fig.2b) or fat percentage (Fig. 2c). Similar
results were obtained in the female mice (Extended Data Fig. 3a). For
consistency, we used male mice in subsequent analyses.

We also investigated the anti-obesity effects of metabolites
structurally related to 4HPAA, specifically three phenolic hydroxyl
compounds*: 4HPP, 3HPP and tyrosol (Fig. 2d). One of these com-
pounds or tyrosol was added to the drinking water at a concentration
of 1.5 mgml ™. Oralintake of 4HPP and 3HPP, but not tyrosol, effectively
reduced total body weight (Fig. 2e), body weight gain (Fig. 2f) and fat
accumulation (Fig. 2g) in HFD-fed mice. 3HPP or 4HPP had a minimal
effectonincreasing faecal4HPAA levels, and vice versa (Extended Data
Fig.3b-d). This suggests that the protective effects of 3HPP and 4HPP
are unlikely to result from their microbial conversioninto4HPAA inthe
gut.Inaddition, the faecal metabolomics analysis of samples collected
from the aforementioned mice revealed a similar metabolomic pattern
among the 4HPAA, 3HPP and 4HPP groups (Extended Data Fig. 3e,f).
This suggests that these molecules could have comparable protective
roles against obesity.

4HPAA alleviates adipocyte hypertrophy and hepatic steatosis
Because fat accumulation was drastically inhibited by 4HPAA, 3HPP and
4HPP, we assessed the effects of these molecules on different adipose
tissues through histological analysis. Interscapular brown adipose tis-
sue (iBAT), inguinal white adipose tissue (iWAT) and epididymal white
adiposetissue (eWAT) were dissected from the HFD-fed mice, sectioned
into slides, stained with hematoxylin and eosin (H&E) and examined
under the microscope. As expected, adipocytes in the iBAT, iWAT and
eWAT from the HFD-fed mice were larger than the ones from the normal
diet-fed mice. Such adipocyte hypertrophy is a typical phenotype of

obesity**. By contrast, adipocytes from the HFD-fed mice treated with
4HPAA, 3HPP or 4HPP, but not tyrosol, were smaller, more similar to
those of the normal diet-fed mice (Fig. 3a-c and Extended Data Fig. 4a).
HFD-induced obesity is normally accompanied by non-alcoholic
fatty liver, also called hepatic steatosis®. Histological analysis of liver
sections from these mice revealed that 4HPAA, 3HPP and 4HPP all
effectively alleviated HFD-induced hepatic steatosis, whereas tyrosol
had no protective effects (Fig. 3d,e). We further measured classic serum
biomarkers for liver injury and blood lipid disorder, including aspartate
transaminase (AST), alanine transaminase (ALT), LDL-C, high-density
lipoprotein cholesterol (HDL-C) and total cholesterol. The HFD-fed
mice treated with 4HPAA, 3HPP or 4HPP had lower levels of total cho-
lesterol and LDL-C than the control HFD-fed mice. No obvious differ-
encein ALT, AST or HDL levels was observed (Extended Data Fig. 4b).

Metabolic characteristics of 4HPAA- and 3HPP-fed mice
To explore why mice fed AAAs and related metabolites are slimmer
than control mice under a HFD, we measured the weekly food intake
ofthe mice treated with or without 4HPAA, 3HPP or 4HPP for 12 weeks.
No obvious difference in food intake was observed during this period
(Fig. 4a), suggesting that these metabolites do not affect appetite. In
week 12, we measured the energy expenditure of the mice. The 4HPAA-
and 3HPP-fed animals exhibited only slightly higher metabolic expendi-
ture thanthe obese control mice (Fig. 4b-d), which cannot explain the
reduced weight gain. We next measured the faecal calorie content of
the mice. The stool calories of 4HPAA-, 3HPP- and 4HPP-fed mice were
higher than those of the control mice (Fig. 4e), indicating that 4HPAA,
3HPP and 4HPP impaired nutrient absorption in the HFD-fed mice.
We next conducted an oral glucose tolerance test and an insu-
lin tolerance test to investigate whether 4HPAA, 4HPP and 3HPP can
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Fig. 4 |Metabolic characteristics of 4HPAA- and 3HPP-fed mice. a, The weekly
food intake of HFD-fed mice with or without treatment with 4HPAA, 3HPP or
4HPP for 12 weeks. b-d, The energy expenditure of HFD-fed mice treated with or
without 4HPAA (b), 3HPP (c) or 4HPP (d) for 12 weeks (n = 5 mice per group).

e, The faecal triglyceride content of HFD-fed mice treated with or without 4HPAA,
3HPP or 4HPP for 12 weeks (n = 6 mice per group). f, Oral glucose tolerance test
(OGTT) of HFD-fed mice with or without treatment with 4HPAA, 3HPP or 4HPP for

P=0.0174 P=0.0200
T £ 0'034\2 0 T T T 1
15 2.0 0.5 1.0 1.5 2.0
Time (h)

12 weeks (n =12 mice for the control group and 6 mice for other groups). g, Insulin
tolerance tesr (ITT) of the HFD-fed mice with or without treatment with 4HPAA,
3HPP or 4HPP for 12 weeks (n = 12 mice for the control group and 6 mice for

other groups). Data are shown as mean = s.d. Statistical analysis was performed
using the two-tailed Mann-Whitney U test. Experiments were repeated twice
independently, with similar results.

regulate glucose metabolism in HFD-fed mice. After 4 weeks, mice
treated with 4HPAA, 4HPP or 3HPP did not have lower blood glucose
levels than control micein either the oral glucose or insulin tolerance
test (Extended DataFig. 5a,b). After 12 weeks, mice given 4HPAA, 4HPP
or 3HPP did exhibit lower blood glucose levelsin both tests (Fig. 4f,g).

In addition, we conducted several behaviour tests, including the
elevated plus maze, open field test and Y-maze, to assess potential
pharmacological effects on the nervous system. No obvious differences
were observed between normal diet-fed mice that did or did not receive
4HPAA for 4 weeks (Extended Data Fig. 5c-e), suggesting that the oral
delivery of 4HPAA at millimolar concentrations has no overt adverse
effects on mouse behaviour.

4HPAA and 3HPP target the intestines

We next examined whether orally delivered metabolites act on the
intestinal tract or enter the circulatory systemto target distant organs,
such as the liver and adipose tissues. To this end, we intraperitoneally
injected saline, with or without 12 mg kg body weight of 4HPAA or 3HPP,
into HFD-fed mice twice per week (Fig. 5a). By intraperitoneal injection,
these compounds bypassed the intestinal epithelium and were instead
absorbed by the portal vein to first reach the liver, before circulating
throughout the body. To our surprise, intraperitonealinjection of either
4HPAA or 3HPP did notresultinareductionin body weight gain (Fig. 5b)

orfataccumulation (Fig. 5¢c) inthe HFD-fed mice. This finding was further
corroborated by histological analysis of adipocytes in the iBAT, iWAT
and eWAT (Extended DataFig. 6a). Consistent with the fat-accumulation
data, serum levels of LDL-C and total cholesterol remained unchanged
(Extended Data Fig. 6b). Examination of liver tissues from these mice
revealed thatintraperitoneal injection of 4HPAA provided slight protec-
tion, whereasintraperitoneal injection of 3HPP more effectively reduced
hepaticsteatosis (Fig. 5d,e). However, neither 4HPAA nor 3HPPimpacted
triglyceride accumulationin3T3-L1-derived adipocytes (Extended Data
Fig. 6¢). In addition, we found that 4HPAA levels became relatively
high in mouse colonic contents, but remained low in the serum and
small-intestinal contents, after 4HPAA feeding (Extended DataFig. 6d).
Together, these findings suggest that although high concentrations of
injected 4HPAA or 3HPP (-20 mM) might target the liver and reduce
hepatic steatosis, the intestine is likely to be acrucial location for these
compounds maximize their protective effects against obesity.

We next investigated whether these metabolites alter the gut
microbiome to achieve their anti-obesity effects, because the gut
microbiome is animportant factor in regulating body weight gain®*°,
Toexaminethis, we first conducted a7-day treatment experiment with
the mice, monitoring their microbiomes. Our analysis revealed no overt
microbiome differences before and after treatment with 4HPAA or
3HPP, regardless of diet (normal diet or HFD) (Fig. 6a), indicating that
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HFD-fed mice injected intraperitoneally with saline, 4HPAA or 3HPP after

12 weeks. Scale bar, 100 pm. e, Histological fatty liver scores of miceind. Data
areshownasmean s.e.m.Inb-e, n=5mice per group. Statistical analysis
was performed using the two-tailed Mann-Whitney Utest. Experiments were
independently repeated twice, with similar results.

the directeffects of these metabolites on the gut microbiome are mini-
mal. Then, we analysed the microbiome compositionin faecal samples
from mice subjected to long-termtreatment (6 weeks). Because allmice
were purchased from the same vendor, their initial gut microbiomes
were similar. Principal component analysis revealed a distinct shiftin
their microbiome composition, clustering them into three groups:
normal diet-fed mice; control and tyrosol-treated HFD-fed mice; and
HFD-fed mice treated with 4HPAA, 3HPP or 4HPP. Notably, the micro-
biome composition was similar across all HFD-fed mice, but a consid-
erable difference was observed between HFD- and normal diet-fed
mice (Fig. 6b). Analysis of the microbiomes of HFD-fed mice revealed
some differences at the genus and family levels: Coriobacteriaceae
levels werereduced, whereas levels of Rikenellaceae, Parabacteroides
and Muribaculaceae were slightly increased, in the mice treated with
4HPAA, 3HPP or 4HPP compared with placebo-treated mice. (Extended
Data Fig. 6e). These results demonstrate that diet is a major factor
affecting the gut-microbiome composition, whereas 4HPAA, 3HPP or
4HPP alone have minimal impact.

Next, we used continuous antibiotic treatment to deplete the
intestinal microbiota of the mice. Notably, these mice also responded
totreatment with4HPAA or 3HPP under the HFD condition (Fig. 6¢,d),
indicatingthat 4HPAA and 3HPP caninfluence body weight gaininde-
pendently of the gut microbiome.

We then successfully isolated bacteria from faeces from lean
humans and monitored 4HPAA, 3HPP and 4HPP levels in the culture
supernatants using ultra-performance liquid chromatography-tan-
dem mass spectrometry (UPLC-MS). Many isolates exhibited low
production of these compounds, but one Clostridium argentinense
isolate demonstrated decent levels of 4HPAA and 3HPP productionin
culture (Fig. 6e). Although colonization efficacy was not tested, orally
delivered C. argentinense (once every 3 days) caused less weight gainin
pseudosterile mice than did other tested gut micro-organisms (Fig. 6f).

4HPAA feedingrestrains chronic inflammation

Tounderstand how these AAAs and related metabolites functionin the
intestinal tract to prevent obesity, we compared the transcriptomes of
intestinal tissue from HFD-fed mice treated with or without 4HPAA for
a3-monthperiod. RNA sequencing (RNA-seq) revealed 42 upregulated
and 64 downregulated transcriptsin the colontissue, with afold-change
of more than two (Fig. 7a). Gene set enrichment analysis*’ showed that
pathways involved in lipid metabolism, including monocarboxylic
acid catabolism, fatty acid catabolism, triglyceride metabolism, fatty
acid metabolism and lipid oxidation, were suppressed (Fig. 7b). The
transcription of multiple genes that function in lipid absorption and
metabolism, including Scdl, Lpl,Aqp7, Fabp2 and Cd36 (refs.48,49), was
reduced inthe colon of HFD-fed mice treated with 4HPAA (Fig. 7aand
Extended DataFig.7a). Thein vivo transcription of Cd36 and Scd1 was
further validatedin these colonsamples (Extended Data Fig. 7b). How-
ever,inmouse intestinal organoids treated with 4HPAA or 3HPP, there
were no overt changes in Cd36, Scdland Agp7transcription (Extended
DataFig.7c,d), suggesting that the intestinal epithelial cells might not
be the direct targets of these metabolites.

Gene setenrichment analysis also revealed that B cell-mediated
response and signalling were enhanced (Fig. 7b), given that nearly all
top-upregulated genes were found to encode immunoglobulins or
B cellsignalling factors (Fig. 7a and Extended Data Fig. 7a). We meas-
ured the B cell compartmentin the colon of HFD-fed mice with or with-
out4HPAA treatment over time and observed an obvious difference
between the two groups around day 16 of treatment (Extended Data
Fig. 8a-c). However, the transcription of lipid-absorption-related
genes, such as Cd36 and Scd1, in the mouse colonic and small intes-
tinal epithelia remained unchanged after 30 days of treatment
(Extended Data Fig. 8d,e), indicating that the intestinal immune
response occurs before any epithelial changes in lipid absorption
following 4HPAA treatment.
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Fig. 6| 4HPAA and 3HPP prevent obesity independently of the microbiome.

a, The f diversity of the microbiome in HFD- and ND-fed mice treated with 4HPAA
or 3HPP for 7 days (short term). n =10 mice per group. b, The  diversity of the
microbiome in different long-term treatment groups, calculated by principal
component analysis (based on weighted UniFrac distances).n = 6 mice per
group.c,d, HFD mice that did or did not receive oral 4HPAA or 3HPP treatment
were simultaneously treated with an antibiotic cocktail (ABX) for 4 weeks (n=5
mice per group) and body weight (c) and fat percentage (d) were determined.

e, 4HPAA, 3HPP and 4HPP contents in bacterial culture supernatant measured
using UPLC-MS; cps, counts per second. f, The ABX-treated pseudosterile mice
were administered the indicated bacteria through oral gavage every 3 days for
8weeks. Violin plots show the body weight gain (n = 4 for C. argentinense group
and n =5for other groups). Data are shown as mean + s.e.m. Statistical analysis
was performed using the two-tailed Mann-Whitney U test. Experiments were
independently repeated twice, with similar results.

AHFD gradually disruptsintestinal homeostasis, causing chronic
inflammation as well as epithelial leakage’°. To determine whether
the AAAs and their metabolites curtail HFD-induced chronic intes-
tinal inflammation, we analysed the histopathology of the intes-
tines of normal diet-fed, HFD-fed, HFD-fed plus 4HPAA-treated, and
HFD-fed plus 3HPP-treated mice. The HFD-fed mice exhibited fol-
licular lymphoid hyperplasia, compromised epithelial integrity and
inflammatory cell infiltration in the intestines—hallmarks of chronic
inflammation. By contrast, the HFD-fed mice treated with 4HPAA mice
demonstratedimproved epithelial integrity and reduced inflammation
(Fig. 7c,d). In addition, serum levels of interleukin-17A (IL-17A), IL-27
and granulocyte-macrophage colony-stimulating factor were lower
in 4HPAA-treated mice than in controls; no differences in IL-6, IL-10,
IL-1f, tumour necrosis factor (TNF) or interferon-y (IFNy) levels were
detected (Extended Data Fig. 8f).

4HPAA and ILCs antagonistically modulate body weight gain
Given that 4HPAA treatment enhanced colonic B cells, we sought
to determine its effects on other intestinal immune cell profiles.

Toinvestigate this, we analysed the distributions of majorimmune cell
types in mouse colons, including B cells, T cells (CD4" T, CD8" T, type
17 T helper (T,17) and regulatory T (T,.) cells), natural killer (NK) cells,
ILCs (ILC1, ILC2 and ILC3), macrophages and dendritic cells (DCs), on
day 16 of treatment. All three ILC compartments were reduced in the
4HPAA-treated mice. No overt difference in the frequencies of CD4"
Tcells,CD8"T cells, T,17 cells, T, cells, NK cells or DCs was observed
between the control and 4HPAA-treated groups (Fig. 8a and Extended
DataFig.9). We also examined the T cell, B celland ILC compartmentsin
the mouse intestines. ILCs were slightly increased in the 4HPAA-treated
mice, and no obvious differences in T cells and B cells were detected
(Fig. 8b and Extended Data Fig. 10).

To further investigate whether 4HPAA mitigated HFD-induced
weight gain through immune regulation, we used immunodeficient
mouse models. Because alterations in the B and ILC compartments
were observed after about 2 weeks of 4HPAA treatment in HFD-fed
mice, we compared weight gain among male wild-type, Rag2”- (lack-
ing mature T cells and B cells), /[2rg”~ (lacking ILCs and NK cells) and
Rag2™112rg”- (lacking ILCs, NK cells, T cells and B cells) C57BL/6] mice
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Fig. 7| 4HPAA treatment reduces chronic inflammation in colonic epithelium.
a, Volcano plot of colon transcripts. Dashed lines denote the cut-off values: fold-
change >2 and log,;,(P) <-3.5. The top upregulated genes for B cell response and
downregulated genes for lipid absorption and metabolism are highlighted in red
andblue, respectively. b, Gene set enrichment analysis based on the upregulated
and downregulated gene hits. ¢, Representative images of H&E-stained mouse

colontissue sections. Arrows denote enlarged lymphoid follicles. Scale bar,

100 pm. d, Histological scores for H&E-stained colon sections were assessed on
the basis of epithelial disruption, inflammatory cell infiltration and follicular
lymphoid hyperplasia (n = 5 mice per group). Data are shown as mean + s.e.m.
Statistical analysis was performed using the two-tailed Mann-Whitney U'test. For
candd, experiments were independently repeated twice, with similar results.

under the HFD condition that were or were not treated with 4HPAA.
No overt difference in body weight gain was observed between the
wild-type and Rag2 mice, and 4HPAA treatment had a similar effect
inthese mice (-30.1% and 33.4% in weight gain reduction) (Fig. 8c), sug-
gestingthat T cellsand B cells are not key cellsin 4HPAA-mediated obe-
sity prevention. The /[2rg”-mice were less susceptible to HFD-induced
weight gain, in line with a previous report®, and more sensitive to
4HPAA treatment (-37.3% in weight gain reduction). Notably, the
Rag2-12rg”-mice were most sensitive to 4HPAA (-59.3% in weight gain
reduction) (Fig. 8c). We also injected the wild-type mice with IgG2a
control or an anti-NK1.1 antibody, to deplete NK and ILC1 cells, and
found that depletion of both cell types slightly reduced body weight
gainin HFD-fed mice following 4HPAA treatment (Fig. 8d).

Finally, we tested immunodeficient mice with different genetic
backgrounds. Both NOD-scid and M-NSG mice are derived from
non-obese diabetic mice. As expected, these mice were resistant to HFD
and 4HPAA (Fig. 8e). BALB/c mice are partly tolerant to diet-induced

obesity*, and their rate of body weight gain is lower than that of
C57BL/6) mice. Nevertheless, the BALB/c Rag2™-112rg”~mice were also
more sensitive (-65% versus 12.79% in weight gain reduction) to 4HPAA
treatment than the wild-type mice under the HFD condition (Fig. 8f).

Discussion

The gut microbiomeis strongly implicated inthe disease progression of
obesity, as evidenced by studies in both humans and rodents®***, Gut
microbes mightinfluence the development and progression of obesity
through their metabolites'. Many of them serve as ‘bad’ players; few
are ‘good’ ones that can inhibit obesity. For example, SCFAs enhance
lipolysis and inhibit lipid synthesis by activating AMP-activated protein
kinase (AMPK) in the liver**; they also participate in insulin-mediated
fat accumulationin adipocytes through G-protein-coupled receptor
43 (GPCR43)>. The variability of microbial metabolites can vary among
taxa, species or even strains, explaining the inconsistent associations
observed between the microbiome and obesity across various cohorts.
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Fig. 8| 4HPAA regulates body weight gain through immune control.

a, Frequencies of B cells, T cells, NK cells, ILCs, macrophages and DCs in the colon
of HFD-fed mice with or without 4HPAA treatment in drinking water, measured
onday16.b, Frequencies of ILCs, B cells and T cells in the small intestine of
HFD-fed mice treated with or without 4HPAA in drinking water, measured on day
16. ¢, Rates of body weight gain, measured on week 6, in HFD-fed C57BL/6) wild
type (WT), Rag2™, I12rg”~and Rag2 I12rg”~ mice that did or did not receive oral
4HPAA treatment. d, The rate of body weight gain, measured on week 4, in HFD-
fed mice treated with IgG2a as a control, or an anti-NK1.1antibody to deplete NK
and ILCl cells, that did or did not receive oral 4HPAA treatment; n = S mice per

group. e, The rate of body weight gain, measured on week 6, in NOD-scid (n =5
mice per group) and M-NSG (n = 6 mice per group) mice fed a HFD that did or

did not receive oral 4HPAA treatment. f, The rate of body weight gain, measured
onweek 6,in BALB/c wild-type (n = 6 mice per group) and Rag2” ll2rg”~ (n=3
mice per group) mice fed a HFD that did or did not receive oral 4HPAA treatment.
The percentages of the relative reduction in weight gain between the control
and 4HPAA-treated mice are highlighted in red. Data are shown as mean + s.e.m.
Statistical analysis was performed using the two-tailed Mann-Whitney U'test.
Experiments were independently repeated twice, with similar results.

Several studies have suggested a potential link between AAAs
and obesity**%; however, the exact pathways and active moleculesin
AAA metabolism remain undefined. In this study, we discovered that
three microbial AAAs and their metabolites—4HPAA, 3HPP and 4HPP—
exhibit substantial protective effects against obesity in HFD-fed mice.
Faecal metabolomicanalysis, derived from the cohort study, revealed
low millimolar concentrations of 4HPAA, 4-hydroxyphenylpyruvic
acid, Phe, Tyr and Trp in human faecal samples; however, there
were individual variations, suggesting that dietary AAAs could be
amajor source of 4HPAA in the gut. Furthermore, dietary phenolic

compounds could be sources of microbial metabolites, such as
4HPAA, 3HPP and 4HPP>*"%2,

Butyrate (arepresentative SCFA) has gained attention for its ability
toinhibit obesity; a 5% sodium butyrate supplement in food prohibits
body weight gainin HFD-fed mice®**. However, achieving a 5% concen-
trationinahumandiet isimpractical and could suppress appetite®. By
contrast,10 mM (-0.15%) of 4HPAA, 3HPP or 4HPP indrinking water led
to comparable effects on obesity preventionin mice, without affecting
food intake. This 10 mM supplement of 4HPAA, 3HPP or 4HPP could be
physiologically reasonable; the average faecal 4HPAA concentrationin
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4HPAA-fed mice wasincreased to ~-0.2 mM, falling into the range of our
findings in human faecal samples. Notably, long-term 4HPAA, 3HPP or
4HPP treatment further improved insulin resistance in HFD-fed mice.
Thus, these molecules could serve as dietary supplements to enhance
human health.

Although AAA-4HPAA, AAA-3HPP and AAA-4HPP metabolic path-
ways exist in many bacteria, high-yield producers of these metabolites
might be limited owing to the complexity of AAA metabolism, in which
4HPAA, 3HPP, and 4HPP are normally intermediate metabolites®. For
instance, 4HPAA can be readily converted into tyrosol and p-cresol®®.
We measured several human gut bacteria and found that C. argentin-
ense produces decent amounts of 4HPAA and 3HPP. This bacterium
could be a potential probiotic for anti-obesity therapy, warranting
furtherinvestigation.

Ithasbeenreported that 4HPAA has antiplatelet properties® and
could protect the liver against acute injury®®®. A very recent study
has shown that 4HPAA protected mice from HFD-induced hepatic
steatosis by activating hepatic AMPK signalling’. In that work, 4HPAA
demonstrated poor liver-targeting ability when delivered through the
circulationsystem, necessitating abnormal delivery methods with high
chemical doses, such asintraportal infusion surgery and subcutaneous
implantation’®”", This could be attributed to the short blood half-life
of 4HPAA’. Consistently, our mouse intraperitoneal injection assay
showed that 4HPAA administered through the portal vein had minimal
liver-protective effects. Notably, we found that intraperitoneal injected
3HPP better protected the mice from HFD-induced hepatic steatosis.
Therefore, 3HPP could serve as abetter drug candidate for preventing
and treating liver injury and hepatic steatosis. Nevertheless, neither
4HPAA nor 3HPP reduced body weight gain or alleviated adipocyte
hypertrophy wheninjected intraperitoneally into the mice, suggesting
thatblood-circulating metabolites are insufficient for obesity preven-
tion. Thus, we suggest that the intestinal mucosa is the physiological
target of microbial AAAs and related metabolites that routinely modu-
late body fat accumulation.

The microbiomes of HFD-fed mice, regardless of whether they
were treated with4HPAA, 3HPP or 4HPP, were similar to each other but
different from those of the ND-fed mice, indicating that changesin the
microbiome are notakey driver of obesity prevention. A previous study
has shown that some Clostridia species can inhibit CD36-mediated
lipid absorption?. We showed that C. argentinense has high yields of
4HPAA and 3HPP, which might partly explain why a Clostridia consor-
tium can suppress lipid uptake. In addition, whether other bacterial
species produce high levels of 4HPAA and 3HPP is aninteresting topic
for further exploration.

Combined analyses of food intake, energy expenditure and faecal
calorie contentindicate that 4HPAA feeding (3 months) restrained lipid
absorptionin HFD-fed mice. Inline with this finding, intestinal transcrip-
tome analysis reveals two major features in the HFD-fed mice after 3
months of 4HPAA treatment: suppressed lipid absorption and metabo-
lism and upregulated B cell-related immune responses. However, only
alterationsinimmune responses, but not inexpression of genesrelated
to lipid uptake, were observed after 16 days of 4HPAA treatment.

The alteration of intestinal B cells and ILCs after 4HPAA treatment
could partly explain how these metabolites reduce chronic intestinal
inflammation and control body weight gain. Studies have shown that
a HFD alters the intestinal epithelial functions, and inflammation is a
sign of obesity and other metabolic disorders®”*”*, probably owing to
upregulation of the lipid-absorption pathway in the intestine following
microbial-stimulation-induced inflammation®”®. B cell-mediated immu-
noglobinproduction constrains the outgrowth of certain microorgan-
isms and diversifies the microbiome, which helps to reduce intestinal
inflammation and epithelial leakage’”’. However, several studies also
demonstrated thatILCsare closelyrelated tointestinalinflammationand
obesity induction®**, Usingimmunodeficient mice helped us to better
understand the sequential regulatory processes triggered by 4HPAA

treatment. The HFD-fed wild-type and Rag2”~ mice exhibited compa-
rable body weight gain, regardless of whether they were treated with
4HPAA, suggesting that T cellsand B cells are not key to 4HPAA-mediated
obesity prevention. Theboost ofintestinal B cellsupon4HPAA treatment
is likely to be a consequence of initial immune regulation. Under the
HFD condition, /[2rg”-mice are more sensitive to 4HPAA treatment than
wild-type mice, and the Rag2”-/[2rg”- mice are most sensitive. Therefore,
ILCsand 4HPAA might antagonistically regulate the shared targets, such
asmyeloid cells, to control HFD-induced body weight gain. However, we
think that two possibilities could hinder our ability to identify specific
cell subsets: (1) 4HPAA might target multiple cell subsets to achieve its
effects; and (2) separating and depleting ILC and NK subsetsis still techni-
cally challenging and could easily disrupt other processes. In addition,
we postulate that T cells or B cells could have complementary roles once
ILCs are depleted, which might explain why 4HPAA treatment is more
effective in Rag2”-12rg”~ mice thanin /2rg”~mice.

We also note that most experiments were performed using
C57BL/6) mice or animals derived from them, which are prone to
HFD-induced overweight. We found that 4HPAA had little to no vis-
ible effect on non-obese mouse models, such as NOD-derived mice or
normal diet-fed C57BL/6) mice. Inboth HFD-fed C57BL/6) and BALB/c
mice, Rag2-112rg” mice were more sensitive to 4HPAA than were the
wild-type mice, indicating the phenomenon is not strain-specific in
mice. However, strains prone to HFD-induced obesity, such as C57BL/6),
are recommended for further investigations into 4HPAA-induced
immune regulation.

Together, our results fill a major knowledge gap in understand-
ing the relationship between gut microbial metabolites and obesity,
illustrating how gut microbiome modulates host physiology through
metabolism-dependent immune control. The discovery of microbial
AAAs and related metabolites with activity protecting against chronic
intestinal inflammation could be valuable for developing new prevention
strategies and treatments for obesity and related metabolic disorders.

Methods

Description of the cohort study population

The Guangzhou Nutrition and Health Study (GNHS) is a
community-based prospective cohort including 4,048 participants
of Han Chinese ethnicity®. Inbrief, a total of 4,048 participants, 40-75
yearsold and living in southern China, Guangzhou City, were recruited
into the GNHS between 2008 and 2013 (ref. 82). We excluded partici-
pantswho (1) had no measured serum metabolomics data (n =3,034);
(2) did not have valid body fat distribution data (n=10); (3) had
self-reported cancers, chronic renal dysfunction, cirrhosis or type 2
diabetes (n =164); and (4) had missing covariates (age, sex, BMI, educa-
tion, income, smoking status, alcohol status, total energy intake and
physical activity) (n =1).Finally, 839 participants were included in this
analysis (Supplementary Table1). The study protocol for the GNHS was
approved by the Ethics Committee of the School of Public Health at
Sun Yat-sen University and the Ethics Committee of Westlake Univer-
sity (ClinicalTrials.gov identifier: NCT03179657), and all participants
provided writteninformed consent.

Metadata collection in the GNHS

For the GNHS, during the on-site face-to-face questionnaireinterviews,
we collected information onsocio-demographics, lifestyle, dietary fac-
torsand medical history. Anthropometric parameters, including weight,
height, waist circumference and hip circumference, were measured by
trained staff. Total energy intake was calculated according to the Chinese
Food Consumption Table®. Physical activity was assessed as the total
metabolicequivalent for the task hours per day based onaquestionnaire
for physical activity®*. Fasting venous blood samples were taken at the
recruitment and follow-up visits and were aliquoted and stored in a
-80 °C freezer before analysis. Fasting total cholesteroland LDL-C levels
were measured using colorimetric methods withaRoche Cobas 8000
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€702 automated analyser (Roche Diagnostics). Microbial metabolites
inserumsamples (n = 839) were measured with a UPLC-MS/MS system
(ACQUITY UPLC-Xevo TQ-S) at Metabo-Profile Biotechnology.

Materials

Reagents and antibodies used in this study are listed in Supplemen-
tary Tables 5 and 6, respectively. 3T3-L1 cells (CL-173) were originally
obtained from the American Type Culture Collection. The cells tested
negative for mycoplasma contamination and were authenticated
through short tandem repeat profiling. Cells were cultured routinely
inDulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) at 37 °C with 5% CO,.

Mice

Specific pathogen-free (SPF) grade C57BL/6) and BALB/c mice (male
and female, aged 6-8 weeks) were purchased from the Laboratory
Animal Resources Center at Westlake University. SPF-grade NOD-scid,
M-NSG and C57BL/6) Rag2”- mice were purchased from Shanghai Model
Organisms Center. SPF-grade BALB/c Rag2-I12rg”- mice were originally
from The Jackson Laboratory. All mice were housed at 20-24 °C with
40-60% humidity and had a12-hour cycle of light-darkness (07:00 to
19:00). All animal protocols were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of Westlake University (IACUC
protocol AP 21-050-TL).

Mice were fed either aHFD (60% fat, OpenSource Diets, D12492) or
anormal diet (10% fat, OpenSource Diets, D12450)). For oral delivery,
plain drinking water (pH 6.5) or drinking water containing 1.5 mg m|™
4HPAA (pH 3.5), 3HPP (pH 3.7), 4HPP (pH 3.7) or tyrosol (pH 6.4) was
provided for the specified duration. For intraperitoneal injection,
100 pl4HPAA (20 mM) or 3HPP (20 mM) wasinjected intraperitoneally
twice aweek for 8 weeks. For the oral glucose tolerance test, mice were
fasted for 12 h and then given glucose (2 g kg™ body weight) by oral
gavage. For theinsulin tolerance test, mice were fasted for 6 hand then
injected intraperitoneally withinsulin (0.6 Ukg ' body weight). Blood
glucose levels were measured before and after the glucose or insulin
administration (at 30, 60,90 and 120 min). For the energy-expenditure
assay, mice treated with or without 4HPAA, 3HPP or 4HPP for 12 weeks
were placed inmetabolic cages under appropriate humidity for 6 days.
The metabolic characteristics of the mice were measured using the
customized indirect calorimetric system (Promethion). To track faecal
calorie content, faecal energy was assessed using the oxygen bomb
calorimeter (SE-KC5401L, ChangshaKaiyuan Instrument). Faeces were
dried using a vacuum centrifugal dryer (CT02-50a, Beijing Changliu
Scientific Instrument) until a consistent weight was achieved. For the
NK cell depletion assay, 200 pg of anti-NK1.1 or anti-lgG2a antibodies
wasinjectedintraperitoneally into eachmouse every 3 days throughout
the experiment (4 weeks).

Mouse fat mass values were assessed at the endpoint of each
experiment using the EchoMRI 100H Body Composition Analyzer
(EchoMRI). Serum samples were collected at the terminal experiment
and biochemical parameters, including AST, ALT, LDL-C, HDL-C and
total cholesterol levels, were measured using an automatic biochemical
analyzer (Hitachi3100). Mouse serum cytokine levels were determined
using the LegendPlex Mouse Inflammation Panel (13-plex, Biolegend,
740446), and data were analysed using the LegendPlex Data Analysis
Software Suite.

Bacterial isolation and culture

Thebacteriaused inthis study, including B. uniformis, C. innocuum, C.
argentinense, B. eggerthii, C. perfringens, E.faecalis and E. coli, were orig-
inally isolated from frozen human faeces or fresh mouse faeces from
leanindividuals, as previously described®. In brief, frozen faeces were
transferred to an anaerobic workstation (A35, Don Whitley Scientific),
homogenized insterilized 0.9% NaClsaline and then diluted and spread
on agar plates with different growth medium. Plates were incubated

under an anaerobic condition (90% N,, 5% CO,, and 5% H,) at 37 °C for
2-3 days. Single colonies were picked, streaked onto new plates and
identified through 16S rRNA sequencing. Allisolates were then stored
inaglycerol suspension (20% vol/vol) at —-80 °C for long-term storage.
Allbacteria were later cultured with the Brain Heart Infusion medium
under an anaerobic condition (90% N,, 5% CO,, and 5% H,) at 37 °C.

Analysis of 4HPAA, 3HPP and 4HPP in bacterial culture
supernatants

The presence of 4HPAA, 3HPP and 4HPP in the bacterial culture was
assessed by UPLC-MS analysis, as previously described®, In brief, bac-
teriawere allowed to grow until the optical density at 600 nmreached
0.2.Then, 100 pl of the bacterial culture supernatant was transferred
to a new tube, and 300 pl of acetonitrile was added. The tubes were
vortexed for 10 s and placed at —20 °C for 60 min to precipitate the
proteins. The samples were lyophilized by speed vacuumdrying. Before
UPLC-MS analysis, the lyophilized samples were centrifuged and dis-
solvedin 50 plof 50% acetonitrile. Quantification of 4HPAA, 3HPP and
4HPP levels was done using the SCIEX QTRAP 6500+ mass spectrometer
connected with Exion LC system and a Waters ACQUITY UPLC BEH C18
column (2.1x50 mm, 1.7 pm particle size). The mobile phase consisted
of solvent A, 0.1% (vol/vol) formic acid in water, and solvent B, 0.1%
(vol/vol) formic acid in acetonitrile, at a flow rate of 0.4 ml min™. The
column temperature was set at 40 °C, and the injection volume was
1pl. The mass spectrometer was operated in negative ion mode with
the following settings: curtain gas, 35 psi; ion spray voltage, —4.5kV;
ion source temperature, 500 °C; ion source gas 1, 55 psi; ion source
gas 2, 50 psi. Quantification was conducted with multiple reaction
monitoring modes. The multiple reaction monitoring transitions used
were m/z150.9 > 106.9 for 4HPAA, m/z165.0 - 93.0 for 3HPP and m/z
165.0 > 59.0 for 4HPP. The dwell time was set at 100 ms. Calibration
curves were obtained for each metabolite.

Pseudosterile mouse experiments

To establish the pseudosterile mouse model, mice were given drink-
ing water supplemented with an antibiotic cocktail consisting of
1mg ml™ neomycin, 1 mg ml™ streptomycin and 1 mg ml™ bacitracin
for 7 days. For the 4HPAA and 3HPP treatment assay, mice were fed
4HPAA or 3HPP and repeatedly injected intraperitoneally with the
above antibiotic cocktail every 3 days. For the bacteria inoculation
assay, mice were given 100 pl of bacterial suspension in PBS contain-
ing ~1x10° colony-forming units every 3 days through oral gavage.

Feacal microbiome analysis

To characterize the mouse faecal microbiome communities, fae-
cal DNA samples were extracted using the E.Z.N.A. soil DNA kit
(Omega Bio-Tek), according to manufacturer instructions. Using
the extracted DNA as a template, the upstream primer 338 F
(5’-ACTCCTACGGGAGGCAGCAGCAG-3’) carrying barcode sequence
and downstream primer 806 R (5-GGACTACHVGGGTWTCTAAT-3’)
were used to target the V3-V4 variable region of 16S rRNA gene. After
16S rDNA amplification, the NEXTflex Rapid DNA-Seq Kit was used to
construct the library of the purified PCR products, and sequencing
was performed using Illumina’s Miseq PE300/NovaSeq PE250 plat-
form (Shanghai Majorbio Bio-pharm Biotechnology.). Fastq files were
demultiplexed by the MiSeq Controller Software (Bcl2fastq version
2.20, lllumina). The sequences were trimmed for amplification prim-
ers, and sequencing adapters, merge-paired, and quality filtered by
QIIMEsoftware (version 2-2020.2). DADA2 (version 1.26) was used for
amplicon sequence variants clustering equaling 100%. A representa-
tive sequence was picked for eachamplicon sequence variantand the
Slivareference database (version138) was used to annotate taxonomic
information. The absolute abundance table was extracted from the
pipeline and converted to relative abundances by normalizing for
analyzing the composition of the gut microbiome by QIIME2.
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RNA isolation, qPCR and RNA-seq analysis

Mouse colon tissues were freshly collected and washed for RNA isola-
tion (and were stored in liquid nitrogen if not immediately subjected
toRNAisolation). Total RNA was extracted using the MolPure Cell/Tis-
sue Total RNAKit (Yeasen), following the manufacturer’s instructions.
Reverse transcription was performed using the ABScript Il RT Master
Mix Kit for gPCR with gDNA Remover (ABclonal, RK20429). qPCR
was conducted using the Universal SYBR Green Fast qPCR Mix with a
thermal cycler (Jena Qtower3G). The following primers were used for
indicated genes: Cd36 (cd36_RT-F:5-TCATATTGTGCTTGCAAATCCA-3,
¢d36_RT-R: 5-TGTAGATCGGCTTTACCAAAGATG-3), Scd1 (scd1_RT-F:
5-CTTCTTCTCTCACGTGGGTTG-3’, scd1_RT-R: 5’-CGGGCTTGTA
GTACCTCCTC-3'),Aqp7 (aqp7_RT-F:5-TCGGTGTCAACTTGGGTTTTG-3,
aqp7_RT-R:5’-CCAGGTCATTCGGCCTAGTG-3’) and Gapdh (Gapdh_RT-F:
5’-CTCACGGCAAATTCAACG-3’, Gapdh_RT-R: 5-GACTCCACGA
CATACTCAG-3’). Gene expression levels were normalized to Gapdh
mRNA as aninternal control. For the RNA-seq experiments, DNA library
construction and next-generation sequencing were conducted by a
commercial vendor (Shanghai Majorbio Bio-pharm Biotechnology).
Dataanalysis was conducted using the DESeq2 software (version 3.16).

3T3-L1adipocyte differentiation and triglyceride
measurement

3T3-L1cellswere cultured to 100% confluence and further maintained
for additional 48 h to induce growth arrest. The culture medium was
replaced with differentiation-induction medium (DMEM, 10% FBS,
0.5 mM IBMX, 10 pg mlinsulin, 1 pM dexamethasone and 0.1 mM
indomethacin) and maintained for 48 h. The mediumwas thenreplaced
with DMEM supplemented with 10% FBS and 10 pg ml™ insulin and
maintained for 48 h to enhance the differentiation efficiency. Meas-
urement of triglyceride in 3T3-L1-derived adipocytes was performed
using a triglyceride colorimetric assay kit (ApplyGen), according to
the manufacturer’sinstructions.

Mouse smallintestinal organoid experiments

Mouse small intestine organoids were grown in complete medium
(Advanced DMEM/F12, 1% GlutaMax, 1 mM N-acetylcysteine, 10 mM
HEPES, 1x B27,1x N2, 50 ng ml* epidermal growth factor, 100 ng ml™
noggin, 500 ng ml™ R-spondin-1and 1% penicillin and streptomycin).
For organoid passage, the medium was replaced with cold PBS to melt
the dunes, and the organoids were disrupted through vigorous pipet-
ting (30-40 times) and collected following centrifugation at 300g for
3 min. After being washed with cold DMEM/F12 twice at 300g for 3 min,
organoids were seeded as above. Forty-eight hours after seeding, the
medium was replaced with fresh complete medium containing 100 pM
4HPAA or 3HPP. Following 72 h of treatment, organoids were collected
for total RNA isolation and qPCR experiments.

H&E staining and histopathological analysis

Mice were euthanized, and their liver, colon and adipose tissues were
dissected, fixed informalinfor 12 h, dehydrated with gradient alcohol,
cleared withxylene and embedded in paraffin. Paraffin blocks were cut
into 5-um-thick sections and stained with H&E. Images were captured
using an upright Nikon motorized fluorescence microscope. Pathology
was assessed and scored by two blinded pathologistsonascaleof 0to 4,
representing normal, minimal, mild, moderate and severe.

Flow cytometry analysis

Toisolate the intestinal lamina propria cells, tissues were cut into small
piecesandincubatedinapredigestionsolution consisting of PBS buffer
supplemented with 5% fetal bovine serum,1 mMdithiothreitoland10 mM
ethylenediaminetetraaceticacid. The mixture was maintained at 37 °Cin
ashaker for30 min. Tissues were washed in a dish with PBS containing 5%
FBSatroomtemperature. The remaining tissue was cutinto 0.3-0.5-mm
pieces and digested using a Tumor Dissociation Kit (Miltenyi Biotic,

130-096-730). After complete digestion, the cell suspension was passed
through a100-pm strainer, and then centrifuged at 300g for 5 min. The
isolated lamina propria cells were collected for downstream purposes.
Cells were stained with respective antibodies for 30 min at 4 °C using
Fixable Viability Stain 700 (BD Biosciences) for live cell staining and
Transcription Factor Buffer Set (BD Pharmingen) forintracellular stain-
ing, accordingto the manufacturer’sinstructions. Samples were analysed
by flow cytometry (BD LSRFortessaand Cytek Aurora), and subsequent
data analysis was performed using FlowJo software (Tree Star).

Statistical analysis

For cohort data analysis, we calculated descriptive statistics of the
study population using the chi-square test for categorical variables
and analysis of variance for continuous variables. With the cohort
data from GNHS, we examined the association of serum microbial
metabolites with the fat percentage across different body regions using
amultivariable linear regression, adjusted for age, sex, BMI, smoking
status, alcohol status, physical activity, education, income and total
energy intake without multiple comparisons. The association of 4HPAA
withbody fataccumulation was examined using amultivariable linear
regression, adjusted for the same covariates as the above model. The
associations between 4HPAA and blood lipid parameters (triglyceride,
total cholesterol, LDL-C and HDL-C) were examined using a multivari-
ablelinearregression, adjusted for the same covariates asin the above
model. Interaction analysis by sex was conducted to examine potential
heterogeneity inthe associations between 4HPAA and body fat, as well
asbetween 4HPAA and total cholesterol. For other experiments, a Stu-
dent’s t-testor Mann-Whitney Utest was used for comparisons between
two groups. For multigroup comparisons, an analysis of variance fol-
lowed by Tukey’s test between groups was performed. All tests were
two-tailed, and P<0.05was considered statistically significant, unless
otherwise stated. Animals and samples were assigned to different
groups randomly, and data collection was randomized. No statistical
methods were used to predetermine sample sizes but our sample sizes
aresimilar to those reported in previous publications”**, The histologic
sections were scored by two blinded pathologists. Data distribution
was assumed to be normal but not formally tested. Data were plotted
and analyzed using R (version 3.6.3) and GraphPad Prism (version 9.0).

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

Data availability

The serum metabolomics data have been deposited in the Metabo-
lomics Workbench at study ID STO01669. The 16S rRNA sequencing
data have been deposited in the NCBI Sequence Read Archive (SRA)
under accession number PRJNA1213269. The RNA-seq data have been
deposited in the Genome Sequence Archive under accession number
CRA022541. The data associated with this study are presented in the
main text and figures, supplementary information and source data
files. Source data are provided with this paper.

Code availability

This paper contains no custom code.
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Extended Data Fig. 6| 4HPAA, 4HPP, and 3HPP target intestines to maximize
anti-obesity effects. a, Representative images of H&E-stained adipose tissues,
including iBAT, iWAT, and eWAT, from ND/HFD-fed mice IP injected with saline,
4HPAA, and 3HPP for 12 weeks. b, Box and whisker plots showing the measured
LDL-C and TC in HFD-fed mice IP injected with 4HPAA (n = 6),3HPP (n=7), or
saline (n =3). The maxima, upper quartiles, medians, lower quartiles, and minima
areshown. ¢, The triglyceride concentrations in the 3T3L1-derived adipocytes
after 4HPAA, 3HPP, or 4HPP treatment, respectively (n = 5per group).d, The
4HPAA concentrations in the contents of the jejunum, ileum, cecum, and

colon (feces), as well as in the serum of mice after aseven-day 4HPAA feeding
were measured and shown. For fecal samples, n =10 mice per group. For other
samples, n = 6 (control) or n =8 (4HPAA-fed) mice per group. e, The gray-shaded
section represents the proportion of each bacterial family in the gut microbiota
before treatment with small molecules, while the white-shaded section shows
the change in the proportion of the specific bacterial family after one month of
treatment (n =3 for ND group, n = 6 for other groups). For b-e, error bars indicate
mean + SEM, statistical analysis was assessed by the two-tailed Mann-Whitney
test. Experiments in a-d were repeated twice independently with similar results.
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Extended Data Fig. 7| Transcriptomics analysis of mouse colons in mice
treated with and without 4HPAA. a, The heat maps display a total of 42
upregulated genes and 64 downregulated genes. Genes related to lipid
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related genes are marked with red labels. b, RT-PCR analysis shows that the
colonic transcription of Cd36 and Scd1 was drastically inhibited in the 4HPAA-
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Extended Data Fig. 8| 4HPAA treatment reduces chronic inflammation in gut
and serum. a, Measured B cell compartmentsin the colons of tested mice over
time. For measurement at day 3, 6, and 11, n = 2 mice per group; for day 14, 18,
and 20, n =4 mice per group; for day 16, n = 6 mice per group. b, Representative
flow plots of the B cell compartment in the colons of HFD-fed mice treated

with or without 4HPAA on the day 16. ¢, Quantification of percentages of B cell
compartments on 16th days (n = 6 mice per group). d-e, Transcription of lipid

absorption genes, including Cd36 and Scd1 in the colonic (d) and small intestinal
(e) epithelia of tested mice after one month treatment (n = 6 mice per group).

f, Serum concentrations of individual cytokines in HFD-fed mice treated with

or without 4HPAA (n = 6 mice per group). For a, ¢, d, and e, error bars indicate
mean + SD, two-tailed Mann-Whitney test. For f, error bars indicate mean + SEM,
two-tailed Student’s t-test. All experiments were repeated twice independently
with similar results.
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Extended Data Fig. 9| Compartments of B cells, T cells, Macrophages, DCs,
NKs, and ILCs in mouse colons. a, Frequency of memory B (n = 7 mice per
group), follicular B(n=7),CD4" T(n=8),CD8' T (n=8), Th17 (n=4), Treg
(n=4),ILC1(n=5),ILC2(n=5),and ILC3 (n =5) cell populations in the colon
of HFD-fed mice treated with or without 4HPAA on day 16. Error bars indicate
mean + SEM, two-tailed Mann-Whitney test. b, Representative images of flow
cytometric plots of B cells (CD45'B220"), follicular B cells (CD45'B220"IgA”

CD21'CD23%), memory B cells (CD45'B220*IgA"CD38'GL7 1gMIgD"), T cells
(CD45'CD3"),CD4"' T(CD45'CD3'CD4'CD8"),CD8" T (CD45'CD3'CD8'CD4"),
Th17 cells (CD45'CD3'CD4'CD8 FOXP3 RORYt"), Tregs (CD45'CD3'CD4'C

D8 FOXP3*), NK cells (CD45"CD3 NK1.1), ILC cells (CD45'Lin"CD90.2%), ILC1
(CD45'Lin"CD90.2'KLRGI'RORYT"), ILC2 (CD45'Lin"CD90.2'KLRGI'RORYT"),
ILC3 (CD45'Lin"CD90.2'RORYT'KLRGI"), DCs (CD45'CD11c*MHCII'CD64"), and
Macrophages (CD45°CD11b*CD64" SiglecF").
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Extended Data Fig. 10 | Compartments of subtypes of ILCs and T cells in

mouse smallintestines. a, Representative frequency of total ILCs, ILC1, ILC2,

ILC3,CD4" T cells, CD8' T cells populations in the colon of HFD-fed mice treated
with or without 4HPAA on day 16. Error bars indicate mean + SEM, n = 5 mice per
group, two-tailed Mann-Whitney test. Experiments were repeated twice with
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similar results. b, Flow cytometric analysis of ILC cells (CD45'Lin"CD90.2%),ILC1
(CD45'Lin"CD90.2'KLRG1” RORYT"), ILC2 (CD45*Lin" CD90.2'KLRG1'RORYT"),
ILC3 (CD45'Lin"CD90.2"RORYT*KLRGI"), CD4* T (CD45'CD3*CD4'CDS87),CD8'T
(CD45'CD3*CD8'CD4") populations.
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Software and code

Policy information about availability of computer code

Data collection  Roche Cobas 8000 c702 automated analyzer was used for human blood parameters data collection.
ACQUITY UPLC-Xevo TQ-S was used for human serum/fecal metabolites data collection.
EchoMRI 100H Body Composition Analyzer was used for mouse fat mass values data collection.
HITACHI Automatic Analyzer was used for mouse serum sample data collection.
Oxygen bomb calorimeter (5E-KC5401L) was used for mouse fecal energy data collection.
SCIEX QTRAP 6500+ mass spectrometer was used for MS data collection.
Illumina's Miseq PE300/NovaSeq PE250 was used for NGS data collection.
Nikon Motorized Fluorescence Microscope and Nikon Spinning-disk Confocal Microscope were used for image data collection.
Flow Cytometer (BD LSR Fortessa) and Spectral Flow Cytometry (Cytek Aurora) for flow cytometry data collection.

Data analysis MiSeq Controller Software (Bcl2fastq version 2.20), QIIME (version 2-2020.2), and DADA?2 (version 1.26) were used for microbiome data
analysis.
DESeq?2 (version 3.16) was used for RNAseq data analysis.
GraphPad Prism (version 9.0) and R (version 3.6.3) were used for statistical data analysis.
FlowJo (version 10.8.1) was used for flow cytometry data analysis.
LegendPlex Data Analysis Software Suite (cloud version) for mouse inflammation panel data analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The serum metabolomics data have been deposited in the Metabolomics Workbench at study ID STO01669. The 16S rRNA sequencing data have been deposited in
the NCBI at accession number PRINA1213269. The RNA-seq data have been deposited in the Genome Sequence Archive at accession number CRA022541. China
food composition table (Version 1, 2002). Beijing: Peking University Medical Press (https://www.directtextbook.com/isbn/7810711806). This paper contains no
original code. The data associated with this study are presented in the main text and figures, supplementary information, and source data files. Source data are
provided in the paper. Correspondence and requests for materials should be addressed to Liang Tao.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The study includes both male and female participants. The sex of participants was determined based on self-report. There
were 585 females and 254 males in the present study. In addition, we performed additional interaction analysis by sex to
explore potential heterogeneity for the 4-hydroxyphenylacetic acid (4HPAA)-body fat association and the 4HPAA-total
cholesterol association.

Reporting on race, ethnicity, or  The present study didn't use socially relevant categorization variables.
other socially relevant
groupings

Population characteristics In the present study, we excluded participants who were (1) without measurement of serum metabolomics data (n=3034);
(2) without valid information of body fat distribution data (n=10); (3) with self-reported cancers, chronic renal dysfunction,
cirrhosis or type 2 diabetes (n=164); and (4) with missing covariates (age, sex, body mass index (BMI), education, income,
smoking status, alcohol status, total energy intake, and physical activity) (n=1). Finally, 839 participants were included in the
present analysis. The median age and BMI of participants in the GNHS were 64.3 years and 23.5 kg/m2, respectively. More
population characteristics were presented in the Supplementary Table 1.

Recruitment The GNHS was a community-based prospective cohort including 4048 participants of Han Chinese ethnicity. Briefly, a total of
4048 participants, 40-75 years old and living in southern China, Guangzhou City, were recruited into the GNHS between 2008

and 2013. All participants provided written informed consent.

Ethics oversight The study protocol for the GNHS was approved by the Ethics Committee of the School of Public Health at Sun Yat-sen
University (2018048) and the Ethics Committee of Westlake University (20190114ZJS0003).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size No sample size calculation was performed, but our sample sizes are similar to those reported in previous publications (Petersen et al., Science,
2019; Bae et al., Nature, 2022). Each sample size was selected thus a reasonable researcher would conclude that the size is sufficient to draw
a statistical conclusion. For in vitro studies, at least three biological replicates were performed.
Data exclusions  No data exclusions.

Replication All experiments were replicated at least two times. All attempts at replication are successful.

Randomization  Mice of the same age and similar body weight were randomly selected to experimental and control groups. Other experimental allocation was
random.
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Blinding The stained tissue sections were scored blinded by two pathologists.
For other experiments, blinding was not performed as virtually those data are quantitative and would not easily subject to operator bias.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants
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Antibodies

Antibodies used BUV395 Rat Anti-Mouse CD45, BD Pharmingen, #564279 (1:200)
BV510 Rat Anti-Mouse B220, BD Pharmingen, #563103 (1:200)
BV605 Rat Anti-Mouse IgA, BD Pharmingen, #743295 (1:200)
APC Rat Anti-Mouse IgD, BD Pharmingen, #560868 (1:200)

FITC Anti-Mouse IgM, Biolegend, #406506 (1:200)

Fixable Viability Stain 700, BD Pharmingen, #564997(1:2000)

Perp cy5.5 Anti-Mouse CD23, Biolegend, #101618 (1:200)

BV711 Rat Anti-Mouse CD21, BD Pharmingen, #740703 (1:200)
BUV496 Rat Anti-Mouse CD3, BD Pharmingen, #741117 (1:200)
FITC Rat Anti-Mouse CD4, BD Pharmingen, #553046 (1:200)
BV510 Rat Anti-Mouse CD8a, BD Pharmingen, #563068 (1:200)
BV605 Rat Anti-CD11b, BD Pharmingen, #563015 (1:200)

APC Hamster Anti-Mouse CD11c,BD Pharmingen, #550261 (1:200)
FITC Rat Anti-Mouse I-A/I-E, BD Pharmingen, #562009 (1:200)
BV786 Mouse Anti-Mouse CD64 a and b Alloantigens, BD Pharmingen, #741024 (1:200)
PE Mouse Anti-Mouse NK-1.1, BD Pharmingen, #553165 (1:200)
BV605 Anti-Mouse CD90.2, Biolegend, #140317 (1:200)

FITC Anti-Mouse/Huamn KLRG1, Biolegend, #138409 (1:200)

PE Anti-Mouse CD3g, Biolegend, #152304 (1:200)

PE Anti-Mouse CD5, Biolegend, #100608 (1:200)

PE Anti- Mouse CD19, Biolegend, #152407 (1:200)

PE Anti-Mouse CD11b, Biolegend, #101207 (1:200)

PE Anti-Mouse CD11c, Biolegend, #117307 (1:200)

PE Anti-Mouse Gr-1, Biolegend, #108408 (1:200)

PE Anti-Mouse TCRy/S, Biolegend, #118107 (1:200)

PE Anti-Mouse FceRla, Biolegend, #134307 (1:200)

PE Anti-Mouse TCR B, Biolegend, #109207 (1:200)

BV786 Anti-Mouse RORyt, BD Pharmingen, #562009 (1:200)
Anti-Mouse/Rat FoxP3, Thermo Fisher Scientific, #17-5773-82 (1:200)
InVivoMab anti-IgG2a, BioXCell, #BE0090

InVivoMab anti-NK1.1, BioXCell, #BEO036

Validation All the antibodies were commercially available and validated by the manufacturers. Validation information can be found on their
respective website as below:
BUV395 Rat Anti-Mouse CD45
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
buv395-rat-anti-mouse-cd45.564279
BV510 Rat Anti-Mouse B220
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
bv510-rat-anti-mouse-b220-cd45r.563103
BV605 Rat Anti-Mouse IgA
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
bv605-rat-anti-mouse-iga.743295
APC Rat Anti-Mouse IgD
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
apc-rat-anti-mouse-igd.560868
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FITC Anti-Mouse IgM

https://www.biolegend.com/en-gb/products/fitc-anti-mouse-igm-2334

Perp cy5.5 Anti-Mouse CD23

https://www.biolegend.com/en-gb/products/percp-cyanine5-5-anti-mouse-cd23-antibody-9118

BV711 Rat Anti-Mouse CD21
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
bv711-rat-anti-mouse-cd21-cd35.740703

BUV496 Rat Anti-Mouse CD3
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
buv496-rat-anti-mouse-cd3-molecular-complex.741117

FITC Rat Anti-Mouse CD4
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
fitc-rat-anti-mouse-cd4.553046

BV510 Rat Anti-Mouse CD8a
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
bv510-rat-anti-mouse-cd8a.563068

BV605 Rat Anti-CD11b
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
bv605-rat-anti-cd11b.563015

APC Hamster Anti-Mouse CD11c
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
apc-hamster-anti-mouse-cd11¢.550261

FITC Rat Anti-Mouse I-A/I-E
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
fitc-rat-anti-mouse-i-a-i-e.562009

BV786 Mouse Anti-Mouse CD64 a and b Alloantigens
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
bv786-mouse-anti-mouse-cd64-a-and-b-alloantigens.741024

PE Mouse Anti-Mouse NK-1.1
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
pe-mouse-anti-mouse-nk-1-1.553165

BV605 Anti-Mouse CD90.2
https://www.biolegend.com/en-gb/products/brilliant-violet-605-anti-mouse-cd902-thy12-antibody-7866

FITC Anti-Mouse/Huamn KLRG1

https://www.biolegend.com/en-gb/products/fitc-anti-mouse-human-klrg1-mafa-antibody-6865

PE Anti-Mouse CD3e

https://www.biolegend.com/en-gb/products/fitc-anti-mouse-cd3epsilon-antibody-13685

PE Anti-Mouse CD5

https://www.biolegend.com/en-gb/products/pe-anti-mouse-cd5-antibody-160

PE Anti- Mouse CD19

https://www.biolegend.com/en-gb/products/pe-anti-mouse-cd19-antibody-13641

PE Anti-Mouse CD11b

https://www.biolegend.com/en-gb/products/pe-anti-mouse-human-cd11b-antibody-349

PE Anti-Mouse CD11c

https://www.biolegend.com/en-gb/products/pe-anti-mouse-cd11c-antibody-1816

PE Anti-Mouse Gr-1

https://www.biolegend.com/en-gb/products/pe-anti-mouse-ly-6g-ly-6¢-gr-1-antibody-460

PE Anti-Mouse TCRy/6

https://www.biolegend.com/en-gb/products/pe-anti-mouse-tcr-gamma-delta-antibody-2421

PE Anti-Mouse FceRla

https://www.biolegend.com/en-gb/products/pe-anti-mouse-fcepsilonrialpha-antibody-5950

PE Anti-Mouse TCR B

https://www.biolegend.com/en-gb/products/pe-anti-mouse-tcr-beta-chain-antibody-272

BV786 Anti-Mouse RORyt
https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
fitc-rat-anti-mouse-i-a-i-e.562009

Anti-Mouse/Rat FoxP3
https://www.thermofisher.cn/cn/zh/antibody/product/FOXP3-Antibody-clone-FJK-16s-Monoclonal/17-5773-82

InVivoMab anti-NK1.1

https://bioxcell.com/invivomab-anti-mouse-nk1-1-be0036

InVivoMab anti-IgG2a

https://bioxcell.com/invivomab-rat-igg2b-isotype-control-anti-keyhole-limpet-hemocyanin-be0090
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 3T3-L1 cells (CL-173) were originally obtained from ATCC.
Authentication 3T3-L1 cells were authenticated via STR profiling (Shanghai Biowing Biotechnology Co. LTD, Shanghai, China).

Mycoplasma contamination These cells were tested negative for mycoplasma contamination.




Commonly misidentified lines  No commonly misidentified lines were used in this study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals SPF grade C57BL/6J (6-8 weeks old) and BALB/c mice (6-8 weeks old) were purchased from Laboratory Animal Resources Center at
Westlake University (Hangzhou, China). SPF grade NOD-scid (6-8 weeks old), M-NSG (6-8 weeks old), C57BL/6J Rag2—/— (6-8 weeks
old), C57BL/6J I12rg—/— (6-8 weeks old), and C57BL/6J Rag2—/—/112rg—/— mice (6-8 weeks old) were purchased from Shanghai Model
Organisms Center, Inc. (Shanghai, China). SPF grade BALB/c Rag2—/—/112rg—/— mice (6-8 weeks old) were originally from The Jackson
Laboratory (CT, U.S.).

All mice were housed at 20—-24°C with 40-60% humidity and had a 12-hour cycle of light/darkness (7a.m. to 7p.m.).

Wild animals No wild animals were used in this study.
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Reporting on sex The mice used in this study are all male, except for a 4HPAA treating assay on the HFD-fed mice (Extended Data Fig. 3a). Since the
weight gain rates of the male and female mice are partly different. For data consistency, male mice were used in the rest of the
experiments.

Field-collected samples  No field-collected samples were used in this study.

Ethics oversight All animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of Westlake University (IACUC
Protocol AP#21-050-TL).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A

Flow Cytometry

Plots
Confirm that:
g The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation To isolate the colonic and small intestinal lamina propria cells, gut tissue was cut into small pieces and incubated in a pre-
digestion solution including PBS buffer supplemented with 5% fetal bovine serum, 1 mM DTT, and 10 mM EDTA at 37°C
shaker for 30 min. To get rid of EDTA, tissues were washed in a dish with room temperature wash solution supplemented
with PBS buffer and 5% fetal bovine serum. The remaining colon pieces were cut into 0.3-0.5 mm pieces and digested by a
Tumor Dissociation Kit (130-096-730, Miltenyi Biotec). After complete digestion, the cell suspension was passed through a
100 um strainer, and then cell suspension was centrifuged at 300 g for 5 minutes.

Instrument Flow Cytometer (BD LSR Fortessa); Spectral Flow Cytometry (Cytek Aurora)

Software FlowJo software (Tree Star Inc., San Carlos, CA, USA)

Cell population abundance The surface of intestinal lamina propria cells were stained for 30 min at 4°C using Fixable viability stain 700 (564997, BD

Pharmingen) for live cell staining.




Gating strategy B cells (CD45+B220+), follicular B cells (CD45+B220+IgA-CD21+CD23+), memory B cells (CD45+B220+IgA-CD38+GL7-IgM-
IgD-), T cells (CD45+CD3+), CD4+ T (CD45+CD3+CD4+CD8-), CD8+ T (CD45+CD3+CD8+CD4-), Th17 cells (CD45+CD3+CD4
+CD8-FOXP3-RORyt+), Tregs (CD45+CD3+CD4+CD8-FOXP3+), NK cells (CD45+CD3-NK1.1+), ILC cells (CD45+Lin-CD90.2+), ILC1
(CD45+Lin-CD90.2+KLRG1-RORYT-), ILC2 (CD45+Lin-CD90.2+KLRG1+RORyT-), ILC3 (CD45+Lin-CD90.2+RORyT+KLRG1-), DCs
(CD45+CD11c+MHCII+CD64-), and Macrophages (CD45+CD11b+CD64+ SiglecF-).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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