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The human gut microbiota has the potential to synthesize proteins

that may influence host metabolism. Here we report two polypeptides,
RUMTOR-derived peptide (RORDEP) 1and RORDEP2, circulating in human
blood and synthesized by specific strains of gut commensal Ruminococcus
torquesthat correlate inversely with adiposity in humans. Oral gavage
with RORDEP-expressing strains improved glucose tolerance, increased
bone density and reduced fat mass with an enhanced expression of genes
and proteins involved in thermogenesis and lipolysisinlean miceona
high-fat diet and diet-induced obese mice. Recombinant RORDEP1 given
toratsintraperitoneally decreased plasma gastric inhibitory polypeptide
butincreased glucagon-like peptide 1, peptide YY and insulin. Intestinal
delivery of recombinant RORDEP1 to rats potentiated insulin-mediated
inhibition of hepatic glucose production by downregulating genes and
proteins controlling liver gluconeogenesis, glycogenolysis and lipogenesis
but upregulating those involved in insulin signalling, glycogenesis and
glycolysis. These preclinical findings warrant the exploration of RORDEPs
for the prevention and treatment of human metabolic disorders.

Human biology is contextual on trillions of various microorganisms
that interact with their host'. Central to this interaction is the collec-
tion of microbial genes, the microbiome, whichinahumanindividual
may represent a repertoire of protein-coding genes that is more than
one order of magnitude larger than the number of genes in the human
nuclear genome>”.

Despite the daunting task of annotating this multitude of microbial
genes, large-scale computational mapping of thousands of human

microbiome genes and their predicted proteins has beeninitiated** .
Many of the annotated proteins have functions within their microbial
communities including housekeeping, microorganism-microorgan-
ism communication, adaptation and defence against other microor-
ganisms. In addition, other specific microbial compounds have been
mapped including antimicrobial peptides, antibiotics, and proteins
or lipids that in preclinical and for a few cases also in clinical settings
modaulate host biology® ™.

A full list of affiliations appears at the end of the paper.
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Among host functions thatareinfluenced by gut microbiota, those
involved in metabolism are of particular interest for developing novel
approachesto preventor treat widespread human metabolic disorders
such as obesity, diabetes and osteoporosis'®. Ruminococcus torques
(RT) is a prevalent and abundant member of the commensal human
gut microbiota', yet its functional role in host metabolic regulation
remains largely unexplored.

Here we tested the hypothesis that gut bacteria coexisting with
humans produce and release proteins thatimpact host metabolism***',
We identified multiple strains of RT, which are predicted to harbour
a known protein, RUMTOR_0018]1, the structure of which includes
two fibronectin type Il (FN3) protein domains. The two FN3 protein
domains of RUMTOR_00181share 73% amino acid residue identity, and
they have 24% and 25% amino acid residue identity with irisin,aknown
human polypeptide hormone®. We have named the two bacterial FN3
protein domains RUMTOR-derived peptide (RORDEP) 1and RORDEP2.
Inhuman epidemiological studies, we show that the abundance of RT
strains expressing RUMTOR_00181 is inversely correlated with body
massindex (BMI) and body adiposity. Followinginterventions in mice
with an RT strain expressing both RORDEPs or an Escherichia colistrain
engineered to express RORDEP1, we find an improvement of glucose
tolerance, a higher bone density and areduction of weight gain driven
by ahigh-fatdiet. Culture experiments suggest that the two RORDEPs
arereleased froma RUMTOR_00181-expressing RT straininto culture
supernatants and are presentin humanblood. Intraperitoneal delivery
of recombinant RORDEP1 (r-RORDEP1) in rodents improves glucose
toleranceand, inresponse to anoral glucoseload, elicitsanincrease of
plasmaglucagon-like peptide1(GLP1), peptide YY (PYY) and insulin but
adecline in gastric inhibitory polypeptide (GIP). Following intestinal
delivery torats, r-RORDEP1 lowers blood glucose by a potentiation of
insulin-mediated inhibition of liver glucose production.

Results

Some RT strains are predicted to synthesize RORDEPs

We undertook acomputational search by aligning RefSeq” prokaryote
representative genomes containing 285,952 sequences (as of 17 October
2018) stored at the National Center for Biotechnology Information
(NCBI)withamino acid sequences annotated to 118 human ligands and
their precursor proteins (Fig. 1aand Supplementary Table 1). Alignment
criteria are shown in the illustration of the bioinformatics pipeline in
Fig.1a.

We find a significant similarity between a sequence annotated
as human irisin and its precursor protein FN3-containing protein 5
(FNDCS), and a coding sequence annotated as RUMTOR_00181 (Uni-
Prot: A5KIYS5)in the genome of the RT Amercian Type Culture Collection
(ATCC) 27756 strain isolated from human microbiota. The bacterial
genome has been deposited at NCBI as the reference genome for the
RT species.

The identified RUMTOR_00181 s predicted to have a signal pep-
tide, two FN3 sandwich structure domains and one hydrophobic
domain, thelatter probably needed for membraneinsertion, followed
byaseven-aminoacid C-terminus (Fig. 1b,cand Supplementary Fig.1).
Moreover, within the 244 available metagenomic or culturomic RT
strain genomes, we find 161 strains isolated from Homo sapiens with a
high homology (>99%) to RUMTOR_00181 from RT ATCC 27756 (Sup-
plementary Table 2).

RORDEPs are released in cultures of RT expressing the
precursor protein

RUMTOR _00181is predicted to be proteolytically cleaved by trypsin-like
endopeptidases present within the genome of the RT ATCC 27756 strain
(Supplementary Table 3) as well asin the intestinal lumeninto two poly-
peptides. These we named RORDEP1 and RORDEP2, consisting of 87
and 88 aminoacidresidues, respectively (Fig. 1c). Phylogenetic analysis
comparing RORDEPs with 1,077 sequences of known FN3-containing

human proteins shows that both RORDEP1 (Supplementary Fig. 2a)
and RORDEP2 (Supplementary Fig. 2b) have homology to FNDC5, with
identities of 13% (28 out of 214 amino acid residues for RORDEP1 and
27 out of 214 amino acid residues for RORDEP2; Supplementary Fig. 3).
The alignment of RORDEP1 and RORDEP2 shows a 73% (65 out of 89
amino acid residues) identity (Supplementary Fig. 3).

To experimentally validate the computational predictions, we
performed liquid chromatography coupled with tandem mass spec-
trometry (LC-MS/MS). The analysis focused on identifying RORDEPs
in culture supernatants of RT ATCC 27756. As shown in Extended Data
Fig.1, for the mass spectrometric analysis of each RORDEP, two unique
proteotypic peptides were chosen as markers to unambiguously iden-
tify RORDEP1and RORDEP2. Given the molecular weights of RORDEPs
(approximately 10 kDa), we selected the 3-30-kDa fractions from cul-
ture supernatants of RT ATCC 27756 synthesizing RUMTOR_00181 to
develop the assays (Supplementary Fig. 4). The presence of RORDEPs
in culture media was confirmed by the high mass accuracy of the b-and
y-ionseries in the MS?spectra, comparing the predicted and observed
dataforthe unique proteotypic peptides (Extended DataFig.1and Sup-
plementary Table 4). The presence of RORDEP1and RORDEP2in the RT
ATCC 27756 culture supernatants therefore aligns with the predicted
proteolytical cleavage and release of the two polypeptides from the
RT ATCC 27756 strain as fragments with amolecular size below 30 kDa.

RORDEP-synthesizing RT strains associate inversely with
adiposity

It has been reported that the RT species has arelatively high preva-
lence and abundance in human gut microbiota'. In analyses 0f 1,493
intestinal metagenomes from three public datasets® ™, we confirm
the presence of the RT species in 93% of the metagenomes and with a
meanrelative abundance of 1% although the latter varies from 0 t0 22%
attheindividual level (Supplementary Fig. 5and Table 5).

We quantitated the absolute number of specific RT strains encod-
ing RUMTOR_00181 and thereby releasing RORDEPs in human stools
by integrating qPCR readouts of primers specifically targeting the
RORDEP1 sequence of RT genomes followed by flow cytometric enu-
meration and staining of faecal bacterial cell counts. In an analysis
of 59 healthy adults (Supplementary Table 6), we found RT strains
encoding RUMTOR_00181 in all examined individuals with an abso-
lute cell count that varied 10°-fold (ranging from 5.6 x 10° to 4.3 x 10"
bacterial cells per gram of faeces) (Fig. 2a). In addition, in gut micro-
biota analyses of the absolute count of RT strains carrying the gene
encoding RUMTOR_00181 from vegans and omnivores”, we find no
significant difference between the dietary groups, suggesting that
choice of diet may not be a major factor driving the abundance of
RUMTOR_00181-synthesizing RT strains (Fig. 2b and Supplementary
Table7).

In human epidemiological studies, the absolute counts of
RUMTOR_00181-synthesizing RT strains correlate inversely with BMI
and body fat percentage (Fig. 2c). To further validate our initial obser-
vations, we analysed the LifeLines DEEP 2016 cohort*® (661 females
and 471 males, aged 45 + 14 years) in which information on BMI was
publicly available. Amongthe1,135individuals, we confirmed aninverse
association between BMI and the relative abundance of the RUM-
TOR_00181gene in the 359 metagenomes where the gene was detect-
able (8=-0.151, P= 0.002; Fig. 2d).

RORDEPs are present in human plasma

We established and applied an absolute quantification (AQUA)
peptide approach combined with SureQuant targeted proteomics
(Methods, Extended Data Fig. 2a and Supplementary Table 8), using
isotope-labelled unique proteotypic peptides derived from each of
the two RORDEPs as internal standards, achieving the lowest limit of
quantification at 2.5 pM. In healthy adults (Supplementary Table 6), the
plasma concentrations of RORDEP1 and RORDEP2 after an overnight
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Fig.1|Identification of RUMTOR_00181 and RORDEPs. a, Utilization of a
bioinformatics-driven genomic alignment approach revealed the presence

of aRUMTOR_00181 protein in RT strains of human gut microbiota.

The bacterial protein contains two FN3 protein domains with modest identity to
the human FNDCS. b, Predictive modelling of the bacterial RUMTOR_00181
proteinstructure as performed in the AlphaFold Protein Structure Database

RORDEP2

(https://alphafold.ebi.ac.uk/entry/ASKIY5); this also holds for the structural
prediction of RORDEPs. The AlphaFold-predicted 3D structure was visualized using
Pymol (https://pymol.org/2/). SP,signal peptide; TD, transmembrane domain.

¢, Aschematic representation of the topology of RUMTOR_00181 protein. aa, amino
acids. The putative trypsin cleavage sites were predicted using PeptideCutter
(https://web.expasy.org/peptide_cutter/). Panel a created with BioRender.com.

fast show means of 176 pM and 210 pM, respectively, exhibiting a three-
to fourfold interindividual variation (Fig. 2e). Quantification of the two
peptides shows acceptable intra-individual coefficients of variation
(Extended Data Fig. 2b), and they show a tight positive correlation
(Fig. 2f). Circulating levels of RORDEPs and host BMI or body fat per-
centage show no relationship (Supplementary Fig. 6).

AnRT strain expressing both RORDEPs improves host
metabolism

Following a feasibility study (Supplementary Fig. 7), we conducted
interventions in high-fat-fed mice given oral gavage twice weekly with
the RT ATCC 27756 strain expressing both RORDEPs, here named RT2
in a dose of 5 x 10° colony-forming units (CFU) or heat-killed RT2 in

an equivalent amount or phosphate-buffered saline (PBS) contain-
ing 10% glycerol (Fig. 3a). At the end of the 8-week intervention, the
engraftment was quantified by qPCR. Compared with the PBS group,
the live-RT2-treated group showed a fivefold increase in faecal RT2
abundance (Extended Data Fig. 3a), while having aminimalimpact on
the overall gut microbiota composition (Extended Data Fig. 4).

The RT2 treatment results in an improved glucose tolerance and
alowering of body weight gain, fat tissue mass and fat cell size, but an
increaseinleanbody mass (Fig. 3b-g and Extended Data Fig.3b-d).In
parallel, we find an upregulation of uncoupling protein 1 (UCP1) expres-
sioninthebutterfly-shaped interscapular brown adipose tissuein the
live-RT2-treated group (Extended Data Fig. 3e,f). Thermogenic gene
markers, including Ucpl, Cidea and Dio2, show an enhanced expression
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inthe live-RT2-treated mice, whereas expression of genes involved in
lipogenesis, including Fasn, Scdl and Acaca, isreduced ininguinal white
adipose tissue. Genes involved in lipolysis are upregulated while the
expression of a key adipose inflammation marker, Tnf, is diminished
(Fig. 3h). Finally, the cortical thickness of femoral bone is increased
in the RT2-treated mice (Fig. 3i,j and Extended Data Fig. 3g). By con-
trast, mice treated with an RT ATCC 35915 strain (here called the RT3
strain) lacking RUMTOR_00181 show no change in glucose tolerance
or weight development but exhibit increased expression of markers
of lipogenesis and inflammation in adipose tissue (Supplementary
Fig. 8), probably attributable to the presence of virulence factors®.

Anengineered E. coli strain expressing RORDEP1 improves
host metabolism

To examine whether the metabolic benefits elicited by intervention
withthe RT2 strainare specifically attributable to RUMTOR_00181and
thereby expression of RORDEPs independent of the R. torques genomic

background, we engineered E. coliNissle 1917 (EcN) to express RORDEP1
(EcN-RORDEPI; Extended Data Fig. 5a-c). Diet-induced obese (DIO)
mice on a high-fat diet received a daily oral gavage of 5 x 10" CFU of
either ECN-RORDEP1 or control EcN for 4 days, with streptomycin added
to the drinking water to promote engraftment. Consistently across
two sets of independent interventions with monitoring periods of
18-21 days, mice treated with ECN-RORDEP1 showed improved glucose
tolerance and amore pronounced reductioninbody weight compared
with controls, with the weight difference persisting throughout the
study periods (Extended Data Fig. 5d-m). In one of the experiments,
engraftment levels were assessed and found to remain high, and the
E.coliabundanceintheileum, caecum and colon was similar between
groups (Extended Data Fig. 5h,i).

Differencesin animal models (Iean versus DIO mice), dosage regi-
mens and administration routes used across the RT and £. coli experi-
ments may potentially explain the observed differences in the onset
and magnitude of the RORDEP-induced metabolic responses.
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Fig. 3| The RT2 strain expressing both RORDEPs improves mouse metabolism.
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PBS containing 10% glycerol. Control groups received sterile PBS containing

10% glycerol or anequivalent dose of heat-killed RT2.b, AnipGTT was done

at week 6. ¢, Relative body weight changes in mice following the intervention.
Weightincrease was normalized to baseline at week 0. d, Body weight changes
between week 0 and 8 across the three groups of mice. e, Weights of inguinal and
epididymal white adipose tissue (measured at termination). f, Representative
H&E-stained sections of inguinal white adipose tissue from each group (n =9
images per group). The scale bar in the bottom of fapplies to allimages in

each panel. g, Surface areas of segmented adipocytes from representative

H&E-stained sections of inguinal white adipose tissue in f. Box plot elements:
the centre line represents the median; the box limits indicate the 25th and

75th percentiles; the whiskers extend from the minimum to the maximum
values. h, mRNA expression levels of genes related to thermogenesis and
browning, lipogenesis, lipolysis and inflammation in inguinal white adipose
tissue. i, 3D cross-sectional micro-CT images of femoral bone, with red sections
indicating regions selected for cortical thickness analysis. j, Cortical thickness
measurements derived from 3D images (n = 5 or 6 mice per group). Data are
presented as mean + s.e.m. Unless otherwise stated, n = 8 or 9 mice per group.
Statistical analysis used two-way ANOVA with Bonferroni post hoc correction for
b and ¢, and one-way ANOVA with Dunnett’s post hoc correction for e, g, handj.
Panel acreated with BioRender.com.

RORDEP1 induces arise of plasma GLP1, PYY and insulinbut a
decline of GIP

To further explore the metabolic roles of RORDEPs, both were
recombinantly produced in an £. coli culture using standard pro-
tein expression protocols (Methods and Supplementary Fig. 9a,b).

Small-angle X-ray scattering experiments show that RORDEP1 is a
monomer (Methods and Supplementary Fig. 9c). However, thermal
stability tests indicate that heat exposure induces dimerization of
r-RORDEP1 aligning with some degree of thermal instability (Sup-
plementary Fig. 9d).
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As irisin was the lead protein in the discovery of RORDEPs, and
asirisin is reported to bind to integrin receptors in adipocytes and
osteocytes®, weinvestigated the potentialinteraction of r-RORDEP1with
variousintegrin receptors. However, we observed no binding between
r-RORDEP1and any of the tested integrins (Supplementary Figs.10-13).

Next we assessed the potential bioactivity of r-RORDEP1in various
human cell cultures, including white adipocytes, osteoblasts, skeletal
muscle cells, the enteroendocrine NCI-H716 cellline and rat INS-1cells.
However, r-RORDEP1 in various supraphysiological concentrations
does not per se elicit consistent effects in any of the cellular experi-
ments (Extended Data Fig. 6).

Similarly, intravenous infusion of r-RORDEP1 in rats does not
result in any alterations of blood glucose levels over a 3-h monitoring
period (Supplementary Fig. 14). The latter finding together with the
lack of direct cellular effects made us hypothesize that RORDEPs exert
their metabolic effects through indirect mechanisms and primarily
when administered via the intestinal or peritoneal route. Therefore,
we explored the potential effects of rRORDEP1 on therelease of intes-
tinal and pancreatic hormones following an oral glucose load in lean
rats (Fig. 4a). We find that a single intraperitoneal dose of -RORDEP1
induces adecline of blood glucose compared with aplacebo (Fig. 4b).
Notably, r-RORDEP1 causes a 50% decline in the plasma GIP concen-
tration while the plasma concentration of GLP1, PYY and insulin is
increased (Fig. 4c-f). Plasma glucagon remains unaltered (Fig. 4g).

To extend studies of the biological in vivo effects of -RORDEP1 on
apathological condition, anintraperitonealinjection of r-RORDEP1was
givenonce daily for 10 days to high-fat-fed db/db mice. The rr-RORDEP1
interventionresulted inanimproved glucose tolerance compared with
aplacebo (Fig. 4h,i). To confirm that these metabolic effects were spe-
cifically attributable to r-RORDEP1 and not due to non-specific effects
of peptide administration, additional experiments were performed
in lean mice comparing bioactivities of r-RORDEP1 and a scrambled
sequence of RORDEP1 (Extended Data Fig. 7a-d). Following an oral
glucose load combined with asingle intraperitoneal injection of pep-
tide, mice treated with r-RORDEP1 show improved glucose tolerance,
whereas mice treated with the scrambled peptide have unchanged
glucosetolerance compared with a placebo (Extended DataFig. 7e,f).

To further compare the in vivo potency of r-RORDEP1 and
r-RORDEP2, we administered each peptide in a similar dose via intra-
peritonealinjection tolean normal chow-fed mice once daily for 7 days
(Fig. 4j). Compared with the PBS injection, -RORDEP1 and RORDEP2
show equal potency in enhancing the expression of thermogenesis-
and browning-related genes (Ucpl, Prdm16 and Dio2) ininguinal white
adipose tissue (Fig. 4k).

RORDEP1 enhances insulin sensitivity of hepatic glucose
production
To mimic the natural intestinal release of RORDEPs in humans and
to further investigate the role of gut luminal r-RORDEP1 in glucose
homeostasis, we infused r-RORDEP1into the rat duodenumunder aeug-
lycaemic pancreatic clamp (Fig. 5a). Before these experiments, the sta-
bility of r-RORDEP1 was assessed inin vitro experiments with simulated
intestinal fluid (SIF) showing a calculated half-life of approximately
3 h (Extended Data Fig. 8a). Further experiments using a gut-on-chip
model, complemented by ultra-performance liquid chromatogra-
phy (UPLC) that was validated for r-RORDEP1 specificity, showed that
r-RORDEP1traverses anintestinal epithelial monolayer without impair-
ing cell viability or tight junction integrity (Extended Data Fig. 8b-g).
Moreover, following intraperitoneal injection of r-RORDEP1in lean
mice, therelative abundance of r-RORDEP1in peripheral blood circula-
tion declines to 50% within 45 min (Extended Data Fig. 8h,i).
Intestinal administration of r-RORDEPI in rats under a eug-
lycaemic pancreatic clamp leads to a dose-dependent increase in
glucose infusion rate. The infusion of r-RORDEP1 at the highest infu-
sion rate of 200 pmol kg™ min~ increases the glucose infusion rate

about fourfold (8.1+ 0.7 mg kg™ min™ for -RORDEP1 compared with
2.0 + 0.1 mg kg™ min™ for PBS; P < 0.0001 (Fig. 5b,c). On the basis of
these findings, an infusion rate of 200 pmol kg™ min™ of rrRORDEP1
was chosen for subsequent experiments.

Next we administered isotopically labelled glucose intravenously
toratsunder pancreatic clamp conditions, allowing us to concurrently
monitor changes in both hepatic glucose production and peripheral
glucose uptake (Fig. 5d). Following intestinal infusion of r-RORDEP1,
we find that the hepatic glucose production (HGP) rate declines by
about 40%, whereas glucose uptake into peripheral tissues remains
unaltered (Fig. 5e-g).

To understand the underlying molecular mechanisms of the
RORDEP-reduced HGP, another cohort of leanrats received intestinal
infusion of -RORDEP1 at 200 pmol kg™ min™ (Fig. 6a) for 3 h. Blood
glucoselevels decrease significantly (Fig. 6b) and liver transcriptome
and proteome profiling show clear separation betweenr-RORDEP1-and
control-treated rats (Fig. 6¢c and Extended Data Fig. 9a,b). Univariate
statistical analysis returns 2,145 significantly differentially expressed
genes between r-RORDEP1- and control-treated groups, of which 966
genes are upregulated and 1,179 are downregulated (Fig. 6d) that fur-
ther annotate to 85 Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (Supplementary Fig. 15). Proteome analyses show that 379
liver proteins are differentially expressed between r-RORDEP1-treated
and control groups (Extended Data Fig. 9¢). Collectively, these tran-
scriptome and proteome data, combined with phosphoproteomic
and pathway analyses, show a downregulation of genes and proteins
controllingliver gluconeogenesis, glycogenolysis and lipogenesis but
anupregulation of key genes and proteinsinvolved ininsulinsignalling,
glycogenesis and glycolysis (Fig. 6e, Extended DataFig. 10, Supplemen-
tary Table 9 and Supplementary Fig. 16).

Discussion

The human microbiome is hypothesized to be a potentially rich but
untapped resource for the discovery of novel compounds that may
have a regulatory impact on human biology'*"*'*". Investigating this
concept, we applied a genomic alignment approach to mine a public
database for similarities between coding nucleotide sequences of 118
human ligands and their precursor proteinsinvolved in metabolismand
285,952 representative reference genomes of prokaryotes. Insome RT
strains, we identified agene that encodes the RUMTOR_00181 protein
consisting of 1,271 amino acid residues including two FN3 domains
and asignal peptide, the latter suggesting asecreted protein. The two
FN3-domain-containing bacterial peptides, RORDEP1 and RORDEP2,
with 24% and 25% amino acid identity, respectively, to the human hor-
mone irisin, are predicted to be proteolytically cleaved and continu-
ously released to the gut lumen.

The RORDEP-synthesizing bacteria are prevalent and abundant
in the human intestinal microbiota, and the presented human epi-
demiological studies, as well as our preclinical studies, suggest that
these bacterial strains may impact host metabolism. We find that the
abundance of RORDEP-synthesizing RT strains correlates inversely
withBMIand body fat. In addition, interventions in high-fat-fed mice
with an RT strain synthesizing both RORDEPs or in DIO mice withan E.
colistrain, engineered to express RORDEP], elicit animproved glucose
tolerance, a higher bone density and aless high-fat-diet-driven weight
gain. The impact on weight reduction is related to an enhanced adi-
pose tissue expression of genes involved in thermogenesis, browning
and lipolysis, and a diminished expression of lipogenic and inflam-
matory genes.

Next, we focused on RORDEPs. Peritoneal administration of
r-RORDEP1 in mice induces an improved glucose tolerance and an
increase of thermogenesis markers while peritoneal injection in
rats after an oral glucose load induces an increase in plasma GLP1,
PYY and insulin but a decline in plasma GIP. On the basis of previous
knowledge® *, the effects of r-RORDEP on the release of the mentioned
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Fig. 4| Peritoneal delivery of r-RORDEP1improves the metabolism of rats
and mice. a, Schematic representation of the experimental design evaluating
the effects of an oral glucose load and intraperitoneal injection of rr-RORDEP1
on plasma concentrations of glucose, GIP, GLP1, PYY, insulin and glucagon in
rats. Lean Sprague Dawley male rats 10 weeks of age were administered an oral
glucoseload (1 g kg™) over 0-2 min, followed by anintraperitoneal injection of
r-RORDEP1 (0.8 mg kg™) or PBS as control (n =12 per group). b-g, Levels of blood
glucose (b), plasma GIP (c), plasma GLP1 (d), plasma PYY (e), plasmainsulin (f)
and plasma glucagon (g) measured at designated timepoints after glucose load
and r-RORDEP1 injection. h, Experimental workflow for testing the effect of
r-RORDEP1 on glucose tolerance in db/db mice. High-fat-fed db/db mice were
administered daily intraperitoneal injections of -RORDEP1 (2 mg kg ™) or PBS
(control) for 10 days (n =6 or 7 per group). i, Results of the ipGTT. Blood glucose

levels were measured at baseline and at designated timepoints following glucose
administration. j, Experimental design evaluating the effect of intraperitoneal
injections of r-RORDEP1in mice. Lean C57BL/6 male mice 10 weeks of age were
daily administered with an intraperitoneal injection of -RORDEP1 (1.0 mg kg ™) or
saline as control (n = 6 per group) for 7 days. k, Daily intraperitoneal injection of
r-RORDEP1 or r-RORDEP2 in mice (n = 6 per group) for 7 days induces increased
expression of genes involved in thermogenesis and browning of inguinal white
adipose tissue. The mRNA levels of indicated genes were analysed by qRT-PCR.
Data were analysed using Student’s t-test. For b-g, i and k, data are expressed as
mean + s.e.m. Statistical significance was determined using two-way ANOVA with
Bonferroni’s post hoc test for b-g and i and one-way ANOVA with Dunnett’s post
hoctest for k. Panels a, handj created with BioRender.com.

hormones are expected toresultin a diminished food intake and arela-
tive protection against obesity driven by a high-fat diet. Furthermore,
intestinal infusion of r-RORDEP1 improves hepatic insulin sensitiv-
ity by a marked reduction in insulin-mediated inhibition of liver glu-
cose production coupled with downregulation of genes and proteins
controlling gluconeogenesis, glycogenolysis and lipogenesis, but
an upregulation of key genes and proteins involved in glycogenesis,
glycolysis and hepatic insulin signalling.

Irisin, the lead human peptide hormone in our discovery of
RORDEPs, shares only modest amino acid residues with the two
FN3-domain-containing bacterial polypeptides. Still, irisin and
RORDEPs have in preclinical studies similar in vivo effects on adipose

and bone tissues?*°. However, unlike irisin, RORDEPs do not interact
withintegrin receptors.

Our report comes with limitations. Effects of intestinal or intra-
venous delivery of rr-RORDEP1 were tested only for a few hours and
targeting rat liver and blood glucose homeostasis. Experiments with
intestinal or parenteral infusion of r-RORDEPs for weeks are needed
toexplore the long-term effects of these peptides on multiple targets
of rodents and non-human primatesincluding adipose tissue, skeletal
muscle, bone and brain. In addition, we have not explored whether
RORDEPs being continuously secreted and released into both the
intestines and the bloodstream primarily have their effects medi-
ated via the enteric nervous system, via blood circulation or both.
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Fig. 5|Intestinal delivery of r-rRORDEP1 enhances the insulin sensitivity

of hepatic glucose outputinrats. a, Experimental schematic showing that
lean male Sprague Dawley rats (8 weeks old) were cannulated on day 1and
subjected to a 4-h euglycaemic pancreatic clamp on day 5. From 60 min to
240 min, the rats received intraduodenal infusions of either PBS or r-RORDEP1
(60-200 pmol kg™ min™), alongside constant duodenal infusion of insulin
and somatostatin. Glucose was infused intravenously as needed to maintain
euglycaemia. ID, intraduodenal. 1V, intravenous. b, Blood glucose levels (top)
and cumulative glucose infusion rates (bottom) over time during the clamp
procedure; P < 0.001 indicates significant differences in at least one RORDEP1-
treated group compared with PBS. ¢, Ascatter plot depicting the AUC for the
glucose infusion rates needed to sustain euglycaemiain rats (n = 6 per group)

receiving varying concentrations of r-RORDEP1 during a euglycaemic pancreatic
clamp. d, Experimental schematic of additional intervention arms comparing
ID PBS, IV r-RORDEP1 and ID r-RORDEP1 delivery. [3-3H]glucose was infused

to monitor hepatic glucose production throughout the clamp procedure. e,
Glucose infusion rates required to maintain euglycaemia during the clamp for
the conditions shown ind.f, Bar graph showing glucose clearance rates across
the study conditions described ind. g, Bar graphillustrating glucose production
rates under the conditions outlined ind. Data are presented as mean + s.e.m.
Statistical significance was assessed using two-way ANOVA with Dunnett’s post
hoc test (b), one-way ANOVA with Dunnett’s post hoc test (c and f) and two-sided
unpaired Student’s ¢-test (g). For b, cand e-g, n = 6 rats per group.

Furthermore, experiments are warranted to explore the mode of action
of RORDEPs including the discovery of their receptor. Hypothetically,
RORDEPs may exert permissive synergistic effects together with a
variety of hormones and metabolites targeting organs such as enter-
oendocrine cells, liver, fat tissue, skeletal muscle, bones and brain, as

well as enteric neuronal signalling directed at target tissues. Finally,
randomized clinical trials are now awaited exploring the physiological
role of RORDEPs in healthy individuals and the potential of RORDEPs
in native or engineered forms for the prevention and treatment of
common human metabolic disorders.
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Fig. 6 | Intestinal delivery of -RORDEP1 to rats changes the expression of

key liver genes involved in metabolism and insulin signalling. a, A total of

12 8-week-old lean male Sprague Dawley rats fed standard chow were randomized
toreceive either intraduodenal infusion of r-RORDEP1 (200 pmol kg™ min™)
(n=6inthe RORDEP1group) or sterile PBS for 3 h (n = 6 in the control group).

b, r-RORDEP1 administration resulted ina13% reduction in blood glucose levels at
180 minrelative to the baseline at timepoint O min. Significance was determined
using paired Student’s ¢-test. ¢, PCA score plot showing 12 rat liver RNA samples
from r-RORDEP1 or control infusion groups, based on 13,453 normalized gene
expressions after variance stabilizing transformation. The plot illustrates all
genes projected onto the first and second principal components. d, Volcano
plotillustrating the results of univariate analysis of differentially expressed

-2-10 1 2

genes (DEGs) in the liver. Each point represents one gene, plotted withiits
log,(fold change) on the x-axis and -log,,-adjusted Pvalue on the y-axis. Genes
significantly upregulated (P,4; < 0.05 and log,(fold change) > 1) are showninblue,
significantly downregulated genes (P,q < 0.05 and log,(fold change) < -1) are in
orange, and non-significant genes or those not meeting the fold change criteria
areingrey. e, Heatmap showing gene expression profiles (z-score of normalized
expression levels) associated with gluconeogenesis, glycogenolysis, lipogenesis,
glycogenesis, glycolysis and the insulin-PI3K-AKT signalling pathway. All genes
shown are significantly differentially expressed between the two experimental
groups. Ford and e, the Pvalues were adjusted using the Benjamini-Hochberg
method for multiple corrections. Panel a created with BioRender.com.

Methods

Bioinformatics analyses

A database encompassing 118 human proteins and their precursors
(Supplementary Table 1) related to human metabolism was curated
through a manual search in the UniProt database (https://www.uni-
prot.org/) using the keywords ‘human peptide hormones’, ‘human

neuropeptides’ and ‘human cytokines’. The prokaryotic genome
sequences downloaded from the NCBI database (ftp://ftp.ncbi.nlm.
nih.gov/blast/db) were searched for the protein and peptide sequences
reported in Supplementary Table 1 with a threshold e-value < 0.05
and identity > 10% using tBLASTn (2.2.27+). Mapping results are pro-
videdin https://github.com/fjw536/RORDEP. An additional follow-up
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bioinformatics alignment (Supplementary Table 2) was performed by
tBLASTn to query the protein sequence of RUMTOR_00181 against 244
available metagenomic or culturomic [Ruminococcus] torques strain
genomes (as of 4 June 2025; https://www.ncbi.nlm.nih.gov/datasets/
genome/?taxon=33039).

Alignment between the amino acid sequences of RORDEP1
and RORDEP2 and 1,077 sequences of available human
FN3-domain-containing proteins (https://github.com/fjw536/
RORDEP) were performed using NCBIBLASTp (2.2.27+), and phyloge-
netic trees were built by BLAST pairwise alignments (Supplementary
Fig. 2; tree method, neighbourhood joining; maximal sequence dif-
ference, 0.8; and distance, Grishin (amino acid)). The high-quality
protein structures of RUMTOR_00181 were modelled using the artifi-
cial intelligence algorithm AlphaFold2 (ref. 36). Following AlphaFold
modelling, the predicted structures were visualized using Pymol2.5
software (https://pymol.org/2/). Multiple sequence alignment was
performed with Clustal Omega (available at https://www.ebi.ac.uk/
Tools/msa/clustalo/) to identify the positions of cysteine residues
andto countbothidentical and conserved residues. Protein sequence
identity is calculated by dividing the number of identical positions
withinthe alignment by the total length of the alignment region. Poten-
tial virulence-associated factors in the genomes of RT strains ATCC
27756 and ATCC 35915 were identified through homology mapping
against the core dataset of the Virulence Factors of Pathogenic Bacteria
(VFDB)¥, using NCBI BLASTn (version 2.12.0).

Thesearch for potential proteases and peptidasesinthe genome
of RT ATCC 27756 was carried out using the MEROPS database®®. This
database serves asacomprehensive resource forinformation on pepti-
dases (also known as proteases, proteinases and proteolytic enzymes)
and their inhibitors. The classification of peptidases in the MEROPS
database is hierarchical and based on structural characteristics.

Bacterial strains and culture conditions
Foruseinmouseinterventionstudies,aRUMTOR_00181gene-carrying
RT strain (Holdeman and Moore 27756 with strain designation VPI B2-51
(ATCC) and in our study protocol named RT2) was purchased from
ATCC Bacteriology Collection (https://www.atcc.org/). The bacterial
strains were cultured under anaerobic conditions (95% N,, 5% H,) fol-
lowing handling instructions from ATCC. When the optical density at
600 nm (OD,,,) of the bacterial culture reached 0.8, an aliquot of the
culture was serially diluted and then plated onto brain heart infusion
agar (BHI agar, Millipore, 70138) to determine the bacterial load. For
oralgavageinmice, cultures of bothstrains were centrifuged at 6,000 g
for10 min, washed twice with PBS and concentrated with20% (vol/vol)
sterile glycerol anaerobically to 5 x 10'° CFU per 100 pl. Optionally,
concentrated RT2 strains at 5 x 10 CFU per 100 pl were diluted to
5x10°CFU per100 pl, autoclaved at 121 °C for 15 min and aliquoted to
have ‘heat-killed RT2". Before oral administration to mice, live bacte-
rial solution stocks were thawed and diluted to 5 x 10° CFU per 100 pl.
Inthe genetically modified organism (GMO) study, we used engi-
neered E. coli Nissle 1917 called the EcN (Mutaflor) strain, previously
established as a chassis strain for advanced microbiome therapeutics™®.
This strain was modified to include a green fluorescent protein (GFP)
gene at the transposon Tn7 attachment site and the aadK gene for
streptomycin resistance, enhancing cultivation and engraftment in
mouse models. The strain’s native pMUT1 plasmid was removed and
replaced with are-engineered version of pMUT], including the kanR
gene for strain selection and expression of RORDEPL. For the expression
andrelease of RORDEP1 by the Gram-negative chassis, the sequence of
the OmpA secretion signal was fused downstream to the start codon
in the open reading frame of RORDEPI (ref. 40). For detection and
semi-quantification of the secreted RORDEP], a bioluminescence
signalwasintroduced downstream of the secretion-tag OmpA (ref. 41).
To clone the fragments on pMUT]I, the gBlocks containing the secre-
tion and bioluminescence signal upstream of the coding sequence of

RORDEP1were flanked with a25-30-nucleotide sequence (Integrated
DNA Technologies) complementary to the primer’s tails designed to
amplify the vector. For recombinant expression in the E. coli Nissle
1917 strain, the codon optimized gene fragments were cloned into the
native cryptic plasmid pMUT1 under the control of previously charac-
terized constitutive promoter MS8 (Pyss)*. A ribosomal binding site
(RBS) library was generated insilico to tune the expression levels of the
peptides using the EMOPEC software* (Empirical Model and Oligos
for Protein Expression Changes; http://emopec.biosustain.dtu.dk).
Four Shine-Dalgarno sequence variants (RBS1to 4) were generated
with different predicted expression levels. Thus, four different reverse
primers were designed to amplify the backbone plasmid, each one
flanked with a different RBS variant. PCRs for cloning were performed
using the Phusion High-Fidelity PCR Master Mix with HF Buffer (Thermo
Fisher Scientific, F531L). All PCR products were treated with Dpnl (New
England Biolabs, R0176S) and purified (GeneJET Gel Extraction Kit,
Thermo Fisher Scientific, K0691) according to instructions from the
vendors. Fragments were assembled using Gibson Assembly Master
Mix (New England BioLabs, E2611L) as recommended by the vendor.
A volume of 2 pl of the cloning mixture was transformed into 50 pl of
NEB10-beta competent £. coli cells (New England BioLabs, C3019H), by
gentle mixing, followed by incubation for 30 min onice and heat-shock
for 30 s at 42 °C and subsequently onice for 5 min. A total of 950 pl of
super optimal broth with catabolite repression medium (NEB10-beta/
Stable Outgrowth Medium, B9035S) wasadded and incubated at 37 °C
for1hat250 rpm.A100-plaliquot was spread on pre-warmed LB agar
plates supplemented with 50 pg ml™kanamycin, which wereincubated
at 37 °C overnight. Colony PCR to confirm positive clones was per-
formed using OneTaq2x Master Mix with Standard Buffer (New England
BiolLabs, M0482S). The cloning was verified by Sanger sequencing
(Eurofins Genomics Europe Shared Services). Four different plasmid
vectors were generated for recombinant expression of RORDEP1.

Plasmids were purified (NucleoSpin Plasmid EasyPure,
MACHEREY-NAGEL, 740727.250) and transformed into electrocom-
petent cells of the ECN strain. Briefly, an overnight culture of wild-type
EcN was 100-fold diluted in LB broth media and incubated at 37 °C,
shaking until cells reached an OD, of 0.4-0.6. Cells were washed
(5min, 4,000 g, 4 °C) with an equal volume of ice-cold 10% glycerol
(Honeywell, 15523), three times in total, and concentrated 250x in
ice-cold 10% glycerol. A 50-plaliquot of ECN competent cells was mixed
with1 pl (50 ng pl™) of appropriate engineered plasmid, electroporated
(MicroPulser Electroporator, Bio-Rad Laboratories) and recovered in
950 pl of super optimal broth with catabolite repression medium for
atleast1h. A100-pl aliquot was spread on pre-warmed LB agar plates
supplemented with 50 pg ml” kanamycinand 50 pg ml™ streptomycin,
which were incubated at 37 °C overnight. Engineered strains were
saved in 25% glycerol at =80 °C until further analysis. Whole-plasmid
nanopore sequencing (Unveil Bio ApS) was performed for all plasmids
purified by the engineered EcN strains.

Growth profile analysis of allengineered strains was performed by
kinetic studies on cell growth (temperature: 37 °C; run: 24 h; interval:
10 min; shake: linear (continuous); read: sfGFP (F) 485, 528 and optical
density (A) 600) using an Epotech 2 microplate reader (BioTek, Agilent
Technologies) under anaerobic conditions. Individual colonies of
all strains were inoculated in pre-reduced 2xYT broth medium sup-
plemented with 50 pg ml™ streptomycin and 50 pg ml™ kanamycin
in a deep-well 96-well plate (Agilent Technologies, 204751) and incu-
bated at 37 °C, shaking (250 rpm), anaerobically (BD GasPak EZ anaer-
obe pouch system, 260683), overnight. A Nunc Replication System
(Thermo Fisher Scientific) was used to inoculate the strains in fresh
pre-reduced 2xYT media with antibiotics. Growth curves were gener-
ated, and growthrates were estimated using Quantitative Growth Curve
Evaluation software* (QurvE; https://www.qurveanalysis.com/app/
qurve). All anaerobic procedures were performed in a Coy anaerobic
chamber (Coy Laboratory Products), and all the reagents, media and
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consumables used were pre-reduced for at least 24 h. Allexperiments
were performed inthreebiological replicates. The fitness cost of pep-
tide secretion on cellgrowth was calculated by dividing the growth rate
ofthe control strain with the growth rate of the respective engineered
strain. The experiment was performed in biological triplicates.

For the detection and semi-quantification of bioluminescent-
tagged RORDEP1 in the spent bacterial fraction, individual colonies
of the engineered strain and the negative control were inoculated
in 2xYT broth medium supplemented with 50 pg ml™ streptomycin
and 50 pg ml™ kanamycin and incubated at 37 °C, shaking (250 rpm),
overnight. Cultures were diluted 100-fold in the same fresh media and
incubated at 37 °C, shaking, overnight. The Nano-Glo HiBiT Extracel-
lular Detection System (Promega, N2420) bioluminescent assay was
performed on the bacterial spent fraction following the instructions
provided by the vendor. Briefly, appropriate volumes of the LgBiT
Protein and the Nano-Glo HiBiT Extracellular Substrate were diluted
100- and 50-fold, respectively. The detection mixture was added to
the spentbacterial fractioninal:1ratio. Luminescence (1 sintegration
time) was measured in an opaque 96-well plate after 5 min of incuba-
tion. A 20-uM HiBiT control protein (Promega, N3010) was used as
positive control to generate the standard curve for semi-quantification
ofthe secreted peptidesinthe spent media. An E. coliNissle 1917 strain
harbouring theempty pMUT1vector was used as negative control. The
experiment was performed in biological triplicates.

Preparation of bacterial supernatant filtrates and proteomics
analysis

The supernatant was collected from a 150-ml culture of RT2 and fil-
tered using filters with several differing pore sizes and molecular-mass
cutoffs. Swing-bucket centrifugation (Eppendorf 5415R centrifuge;
Eppendorf)was applied forallthe procedures. The supernatants were
centrifuged at 7,000 gfor10 minat4 °C and then passed through poly-
ethersulfonefilters (0.22 um; Merck Millipore) to remove the residual
bacterial cells. The derived filtrates were passed through 100-kDa
filters (Vivaspin 20 polyethersulfone ultrafiltration unit; Sartorius)
at 6,000 gfor 10 min. The 100-kDa filtrates were loaded onto 30-kDa
filters (Sartorius) and centrifuged at 6,000 g for a further 10 min.
The 30-kDa filtrates were then passed through 3 kDa (Pall Microsep
Centrifugal Device; Pall) at 3,200 g for 10 min. The 3-30-kDa filtrate
(500 pl) was frozen at —80 °C until it was assayed.

Methanol and chloroform precipitation of the crude protein
extract was performed as follows: 100 pl of the protein extract was
combined with 400 pl of methanol. Then, 100 pl of chloroform was
added, and the mixture was vortexed. Subsequently, 300 pl of LC-
MS-grade water was added, followed by another round of vortexing.
The mixture was then centrifuged at the maximum speed for 1 min,
after which the methanol and water layer was carefully removed. Next,
300 pl of methanol was added, and the mixture was vortexed to dis-
lodge the protein pellet. After spinning at maximum speed for 5 min,
the chloroform and methanol layer was cautiously removed without
disturbing the pellet. The pellet was then allowed to dry in tubes with
open lids for approximately 5 min at room temperature. Finally, the
protein precipitates were redissolved in100 pl of denaturation buffer,
which contained 8 M urea in a1l0-mM Tris buffer.

Inthe process of preparing for trypsin digestion and determining
therequired concentration of trypsin, several key steps were under-
taken. Initially, the proteins in the sample were reduced using 5 mM
dithiothreitol (DTT) for 1h at room temperature. This was followed
by the alkylation of the proteins with 10 mM iodoacetamide, also
for an hour, but conducted in the dark to maintain the reactivity of
iodoacetamide. Then the sample was first diluted to a concentration
oflessthan1Mureausing 900 pl of 20 mM ammonium bicarbonate.
Subsequently, LC-MS-grade trypsin was added in a 1:50 weight/
weight ratio. The sample was then left to digest overnight at 37 °C
with slow shaking.

After the digestion process, the sample was dried downinaSpeed-
Vac (Eppendorf, Concentrator Plus) under the ‘V-HV’ mode. This drying
was conducted atroomtemperature without heating for1h, after which
the liquid level was checked. The process continued under the ‘V-AQ’
setting until the sample was just dry. The protein extracts were resus-
pended by vortexing for 1 min in 0.1% formic acid (FA) before adding
0.1% trifluoroacetic acid (TFA) to a final volume of 25 pl.

The concentration of peptides was determined usingaNanoDrop
spectrophotometer. Following this, eluted peptides were desalted
using C18 Stage Tips, as previously described**. C1I8 Empore disk mem-
branes (3M) were packed into the bottom of 200-pl pipette tips. The
purification process involved washing the peptides with 0.1% TFA and
5% methanol in Milli-Q water and repeating this step three times. This
washing was performed by centrifugation at 1,500 g using a specially
designed three-dimensional-printed centrifugal block. For elution,
60 plof solution consisting of 0.1% TFA and 50% acetonitrile in Milli-Q
water were used, and this step was repeated three times. The eluted
peptides were subsequently dried at 60 °C in a SpeedVac centrifuge.
Thedried peptides were thenreconstituted and sonicatedin asolution
of 5% acetonitrile and 0.1% FA. The peptide concentration was again
measured using the NanoDrop, and a quantity of 500 ng of the puri-
fied peptides was prepared for injection into the LC-MS/MS system
for analysis.

Desalted and normalized protein samples were analysed on Orbit-
rap Exprolis 480 MS (Thermo Fisher Scientific) coupled to a Evosep One
LCsystem (Evosep Biosystems). Inthe analysis of each sample, peptides
werefirstloaded onto a columnwith 15 ¢cm x 150 pminner diameter (ID)
with 1.9-um C18 beads (PepSep) heated at 60 °C coupled to a20-pm-ID
electrospray emitter (Bruker Daltonics). The elution of peptides was
performed over a standard 21-min gradient, with buffer A (0.1% (v/v)
FA inwater) and buffer B (0.1% (v/v) FAin acetonitrile), at a flow rate of
1pl min™ The Q-Exactive instrument (Thermo Fisher Scientific) was
operated in a data-independent acquisition (DIA) method for this
process. Full MS spectrawere acquired at aresolution of 60,000 with
either an automatic gain control (AGC) target of 300% or a maximum
injection time of 100 ms, covering a scan range from 300 to 1,650
m/z. The collection of MS2 spectra was conducted at a resolution of
30,000. This process used an AGC target set to 300%; alternatively, it
used a maximum injection time capped at 100 ms. In addition, these
spectraincorporated the use of higher-energy collisional dissociation
(HCD) fragmentation, which was calibrated to a normalized collision
energy level of 30%.

The raw files were analysed using DIA-NN 1.8.1 in direct mode
and visualized using Skyline (version 23.1, 64-bit). The spectra
were matched against the UniProt database of RT ATCC 27756
(UP000003577). Cysteine carbamidomethyl was set as a static modi-
fication. The false-discovery rate was set to 0.01 for both proteins and
peptides withaminimumIength of sixamino acids and was determined
by searching areverse database.

Human study participants
For quantification of RUMTOR_00181-carrying strains in human stools
and estimation of the abundance of RORDEP1and 2 in human plasma,
respectively, 59 healthy adult men were phenotypically characterized
(Supplementary Table 6). The study was approved by the Ethical Com-
mittees of the Capital Region of Denmark (H-16021787). Height was
measured with the participants not wearing shoes, and weight was
measured to the nearest 0.1 kg, with the participants in underwear.
Plasma glucose was measured using a colourimetric slide test, and
plasma insulin was measured using immunoassay. The homeostatic
model of insulin resistance was calculated from fasting insulin and
glucose concentrations as reported previously®.

For the assessment of the potential impact of dietary habits on
the abundance of RT strains releasing RORDEPs in faecal samples,
the absolute cell counts of RUMTOR_00181-carrying strains were
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measured in 27 healthy adults eating a vegan diet and in 27 healthy
adults eating an omnivorous diet (Supplementary Table 7). The study
was approved by the Ethical Committees of the Capital Region of Den-
mark (H32012-145).

All human studies were performed in accordance with the prin-
ciple of Helsinki Declaration II, and written informed consent was
obtained from each participant before they could enter the study.

Microbial genomic DNA extraction

In human and mouse faecal samples, and in cultures of RT strains,
metagenomic DNA extraction was performed using the NucleoSpin soil
kit (Macherey-Nagel) according to the manufacturer’sinstructions. A
NanoDrop 2000 spectrophotometer (Thermo Scientific) was used to
measure DNA purity and concentration.

Quantification of the abundance of RUMTOR_00181-carrying
strains in human faecal samples

This protocol consists of two parts: ameasurement of the faecal bacte-
rial load and a quantification of RUMTOR_00181-carrying strains. For
microbial load determination, 80-120 mg of frozen (-80 °C) stool
aliquots were used as reported*®*’.

For the quantitation of RUMTOR_00181-carrying strainsin human
stools, metagenomic DNA was extracted from 250 mg stool using
the protocol described before”. Primer pairs targeting universal
16S rDNA or RORDEP1 gene sequence were applied for the detection
of total amounts of bacteria and RUMTOR_00181-carrying strains,
respectively, using qPCR assay conditions described in the above
section (Supplementary Table 10). A standard curve ranging between
3 x10° CFUand 3 x 10’ CFUwas included in the qPCR assay by diluting
the standard DNA from a pure culture of RT2. Absolute abundance of
RUMTOR_00181-carrying strains for each sample was estimated by
normalizing the relative abundance of RUMTOR_00181-carrying strains
to thebacterial cell load of the individual faecal sample.

Insilico analysis of the RUMTOR_00181 gene in the human gut
metagenomes of study participants in the LifeLines DEEP 2016
cohort

To elucidate the prevalence and abundance of the RUMTOR_00181
gene within the human gut microbiome, in silico sequencing analy-
sis was performed using metagenomic data from the LifeLines DEEP
2016 cohort®. This analysis leveraged the curatedMetagenomic-
Data* repository (version 3.6.2), which encompasses a comprehen-
sive dataset of 7,772,785 UniProt Reference Clusters (UniRef) gene
families derived from the cohort’s metagenomic sequencing. The
amino acid sequence of RUMTOR_00181from/Ruminococcus]torques—
also known as the FN3-domain-containing protein (NCBI accession
number WP_004845365.1)—was used as the query for screening the
metagenomic data. Protein-level searches were conducted against the
UniRef90 gene family database using the BLASTP algorithm (version
2.7.1+) with stringent parameters: an e-value threshold of 1x 107 and
a minimum sequence identity of 40% over at least 90% of the query
proteinlength. These criteria were selected to ensure high-confidence
identification of homologous sequences corresponding to RUM-
TOR_00181 within the diverse and complex metagenomic landscape
ofthe human gut. Following the BLASTP screening, we quantified the
presence and relative abundance of sequences homologous to RUM-
TOR_00181using the curated gene family abundance tables provided
by curatedMetagenomicData.

Preparation of human plasma samples and proteomics-based
absolute quantification of RORDEP1 and RORDEP2
concentrations

Atotal of 20 pl of plasmawas diluted with three volumes of buffer Aand
filtered using 0.2-pm AcroPrep filter plates (Pall). The filtered plasma
was loaded onto a Multiple Affinity Removal Column (4.6 x 50 mm,

Hu-14, Agilent) coupled to a1260 Infinity Il bio-inert high-performance
liquid chromatography (HPLC; Agilent) according to the manufac-
turer’s instructions, and the flow-through fraction (500 pl) collected
inatime-dependent manner. Subsequently, 50 pl of depleted plasma
was mixed with 50 pl of 2x lysis buffer (100 mM Tris-HCI (pH = 8.5),
10 mM TCEP,40 mM CAA), incubated for 10 minat 95 °C and digested
withtrypsinand Lys-C (0.5 pgeach) at 37 °C overnight. The digest was
inactivated by the addition of TFA (1% final concentration).

AQUA peptide stock solutions were prepared by dissolving iso-
topically labelled RORDEP peptides (Supplementary Table 9) in 5%
acetonitrile (ACN) to a final concentration of 5 pmol pl™. These AQUA
peptides contain a labelled amino acid, allowing them to behave like
natural peptides during chromatography and electrophoresis while
being easily distinguishable by mass spectrometry. For the measure-
ment of RORDEP in plasmasamples, AQUA peptides were each further
diluted and combined in a mix of 5 fmol pl™. Then 6 pl of the peptide
digest and 2 pl of the ACQUA peptide mix were loaded onto Evotips
(Evosep) following the manufacturer’s instructions.

For the absolute quantification of RORDEPs in the plasma pool
of RORDEP-positive subjects, r-RORDEP1 and r-RORDEP2 were
diluted in the depleted plasma digest derived from a pool of plasma
RORDEP-negative subjects and measured alongside the negative-
and positive-pooled plasma samples. The amounts of the spiked-in
peptides were adjusted according to theirionization capacities: to 3 pl
of peptide digest, 20 fmol of peptides1,2 and 5-8; 40 fmol of peptide
4;and 400 fmol of reduced and alkylated peptide 3 were added (Sup-
plementary Table 9).

Peptides were then separated on a Pepsep 15-cm, 150-uM-ID col-
umn packed with C18 beads (1.5 pm) using an Evosep ONE HPLC system
applying the default 30 samples per day method. The column tempera-
ture was maintained at 50 °C. Uponelution, peptides were injected via
a NanoSpray source and 30 um stainless steel emitter (Evosep) into
an Orbitrap Ascend Tribrid mass spectrometer (Thermo) operated in
SureQuant mode. Briefly, starting from the ‘Users Custom Panel Sure
Quant’ template, builtin Thermo Excalibur software (v.4.7), spray volt-
age was set to 2,200 V, MS data were collected over a400-1,200 m/z
range (120,000 resolution, 251 ms maximum injection time and AGC
target 250%). MS/MS scans were triggered by a list of heavy labelled
peptides of interest (Supplementary Table1) and acquired using 15,000
resolution, 27 ms maximum injection time, AGC target1,000%,1.4 Th
isolation window and 30 normalized collision energy. MS/MS spectra
having aminimum of n =4 expected targetion fragments (Supplemen-
tary Table 9), defined by unique peptide sequences that do not share
more thanaminimal degree of homology (typically less than30% over
any seven-amino acid stretch) with other proteins, were triggering a
second MS/MS scan for the endogenous light peptide. Isolation offset
wassetto—4 Thor-2.67 Th, respectively, foradouble-or triple-charge
precursor. Other settings include Orbitrap resolution 60,000,123 ms
maximuminjection time, AGC target1,000% and HCD collision energy
30. The total fixed cycle time, switching between all 3 MS scan types,
wassetto3s.

Aspectral library was generated with MaxQuant (v1.6.15.0). Peak
lists were searched against the human UniProt FASTA database com-
bined with RORDEP 1-2 sequences and 262 common contaminants
by the integrated Andromeda search engine. The false discovery rate
was set to 1% for both peptides (minimum length of seven amino acids)
and proteins. Carbamidomethylation of cysteine was specified as
fixed modification, heavy lysine (+8 Da), oxidation of methionine and
acetylation at the protein N-terminus as variable modifications. ‘Match
between runs’ was disabled.

SureQuant raw files were analysed using Skyline 23.1.0.268 soft-
ware following developer tutorials and guidelines. Briefly, in ‘Peptide
Settings’, heavy isotope modifications for lysine (+8 Da) were activated,
while carboamidomethyl (C) was set as structural modifications. In
‘Transition Settings’, ion charges were set to +1 and +2 and ion types
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to ‘p, y, b’. Product ion selection was set from m/z >precursor to last
ion-1. lon match tolerance was 0.1 m/z, and up to eight product ions
were allowed tobe selected from the spectral library. The mass analyser
was set to ‘Orbitrap’ and resolving power to 60.000 for MS1 filtering.
In MS/MS filtering options, acquisition mode was set to ‘SureQuant’
and mass analyser to ‘Centroided’. Only scans within 5 min of spectral
library MS/MS retention time ID were selected. After an attentive visual
inspection of the correct Skyline peptidesintegration, amatrix contain-
ing the light and heavy total area of fragments for each target peptide
was exported and used for quantification. Peptide fragments used for
quantification are listed in Supplementary Table 9.

Mouse gut microbial DNA extraction, 16S rRNA gene
sequencing and bioinformatics analysis

Microbial DNA was extracted from approximately 250 mg of mouse
stool samples using the NucleoSpin Soil Mini Kit (Macherey-Nagel)
following the manufacturer’s protocol. The extraction process began
with the lysis of stool samples through a combination of chemical
treatment and mechanical disruption, which involved adding lysis
buffer to zirconium bead tubes containing the samples and perform-
ing bead beating with a specialized vortex adaptor. The crude lysate
was subsequently treated to eliminate inhibitors, ensuring thorough
sample purification. The purified lysate was then combined with a
DNA-binding solution and passed through a silica-based spin filter.
After atwo-step washing procedure, the DNA bound to the membrane
was eluted using 10 mM Tris buffer. The concentration of the extracted
DNA was quantified using a Qubit Flex Fluorometer with the Qubit
dsDNA HS Assay Kit (Thermo Fisher Scientific).

For sequencing, DNA libraries were constructed using the
Quick-16S Plus NGS Library Prep Kit (Zymo Research). The V3 and V4
regions of the 16S rRNA gene were amplified via PCR using primers 341F
(amixture of CCTACGGGDGGCWGCAG and CCTAYGGGGYGCWGCAG)
and 806R (GACTACNVGGGTMTCTAATCC). Dual eight-nucleotide indi-
ces compatible with lllumina sequencing were added in a subsequent
PCR step. Following quantification with the Qubit fluorometer, the DNA
libraries were circularized using the Element Adept Library Compat-
ibility Workflow and sequenced on the Element AVITI platform using
the AVITI 2 x 150 Cloudbreak Sequencing Kit.

Bioinformatics analysis commenced with the removal of primer
sequences from the raw sequencing data using Cutadapt. Quality
trimming was performed with DADA2, in which sequences were fil-
tered based on a predefined Phred quality score threshold, and both
forward and reverse reads were trimmed to uniformlengths according
totheir quality scores, retaining higher-quality reads for longer lengths.
DADA2 used amachine learning-based parametric error model to esti-
mate error rates for the reads, operating under the assumption that
true sequences are more abundant than erroneous variants. The core
sample inference algorithm was then applied to the filtered data, fol-
lowed by the merging of paired-end reads that shared at least 12 bases
of identical overlap. Chimeric sequences, identified as combinations
of more abundant parent sequences, were removed. The cleaned and
trimmed reads were subsequently clustered into amplicon sequence
variants (ASVs) with 97-99% similarity.

Taxonomic classification of the ASVs was conducted using the
naive Bayesian classifier of DADA2 in conjunction with the RDP train-
set 18 database. To assess differences in gut microbial composition
between baseline and follow-up samples, taxonomic abundances at
the family level were visualized using stacked bar plots. Alphadiversity
was evaluated using the Shannon index, and statistical comparisons
were made using a two-sided Wilcoxon test. All data analyses were
performed using R (version 4.3.2).

Expression of 6xHis-tagged RORDEP1 or RORDEP2in E. coli
Target DNA sequences of RORDEPs were codon optimized for E. coli
strain BL21 (DE3). The synthesized DNA sequences were cloned into

the pET-30a (+) vector for protein expression. The vector products
were transformed into the E. coli strain BL21 Star (DE3). The E. coli
containing RORDEPs in plasmids were cultured on an agar plate sup-
plemented with ampicillin (50 pg ml™) at 37 °C overnight. A single
colonywas theninoculated into terrificbroth medium containing the
same antibioticand incubated at 37 °C with shaking at 200 rpm. When
0D, reached 0.8, the bacterial culture was induced with isopropyl-
B-p-1-thiogalactopyranoside (IPTG) at 37 °C for 4 h. Bacteria were col-
lected by centrifugation and the resulting pellets resuspended in lysis
buffer. After sonication, the supernatants containing the target protein
were separated by centrifugation and purified using aone-step purifica-
tion on aNicolumn (GenScript Biotech). The final products were kept
in50 mM Tris-HCI, 150 mM NaCland 10% glycerol, pH 8.0, followed by
sterilization using a 0.22-umfilter, before being stored in aliquots. The
concentration was determined using abicinchoninicacid (BCA) protein
assay. Protein purity and molecular weight were assessed using stand-
ard SDS-PAGE and intact mass spectrometry. An endotoxin test was
performed using the ToxinSensor Chromogenic LAL Endotoxin Assay
Kit (LOO350C, GenScript Biotech), usinga modified Limulus Amebocyte
Lysate and a synthetic-colour-producing substrate to quantitatively
detect endotoxin chromogenically in a broad range (0.01-1EU mI™).
The endotoxin levels of recombinant RORDEPs were <0.1 EU ml ™.

Small-angle X-ray scattering analysis of rrRORDEP1

The r-RORDEPI protein was dialysed against a 20-mM Tris buffer at
pH 8.0, using Slide-A-Lyzer dialysis cassettes (G2, 3.5-kDa molecular
weight cutoff). The protein solution was concentrated using Amicon
Ultra-0.5 centrifugal filter units with a 3.5-kDa cutoff, to achieve final
concentrations of1.0,2.0 and 6.6 mg ml™, respectively, for subsequent
SAXS experiments.

SAXS data collection was conducted at the BM29 BIOSAXS beam-
line at the European Synchrotron Radiation Facility, on 15 April 2021.
Theinstrument was equipped withaPilatus 2M detector, setat2.83 m
from the sample, to cover a g-range of 0.044-5.205 nm™. The X-ray
wavelength was fixed at 0.998 nm. A 500 x 100 mm? beam was used
for all measurements. The samples were irradiated in a quartz glass
capillaryat20 °C,and datawere collected in10-s exposures to minimize
radiation damage, with frame-by-frame comparison for monitoring.

Two modes of SAXS analysis were used: batch mode and a flow cell
that was connected to a size-exclusion column (SEC-SAXS) mode. For
batch mode, protein concentrations of 1.0 g I and 2.0 g I were used.
In SEC-SAXS, RORDEP1 was injected at a concentration of 6.6 mg ml™
into an AdvanceBio SEC 130-A column pre-equilibrated with buffer
andrunataflowrate of 0.16 ml min™., Absolute scaling was achieved by
comparing with scattering from sterile water, and normalization was
based on transmitted intensity by beam-stop counter.

SAXS data reduction was performed using PRIMUSqt from the
ATSAS package (2.8.32). Basic analyses to determine parameters such
as Guinier, p(r), and Vp were also conducted within the same software
environment. Molecular graphics were generated using PyMOL (ver-
sion1.8.2.3, Schrodinger), and figures were produced using the Spyder
software within the Anaconda 3 environment. Theoretical scattering
curves foramonomeric and dimeric humanirisin structure (PDB entry:
41SD), which shares 29% sequence identity with RORDEP1, were cal-
culated using CRYSOL. Fits to the experimental data allowed for the
determination of the oligomeric state of RORDEP1 in solution. The
radius of gyration (R,) and the maximum particle dimension (D,,,,)
were calculated from the SAXS data. Molecular weights were estimated
using the pair distribution function (MW,,) and Porod’s law (MW ,;,4).
For batch SAXS, R, values were determined as 1.53 nm and 1.51 nm
for the1.1g1™and 2.0 gl concentrations, respectively, both with a
D, of 5.0 nm. Molecular weight estimates were 12.1 kDa and 11.7 kDa
(MW,,),and 7.8 kDaand 8.3 kDa (MW,,,,4). For SEC-SAXS, ataprotein
concentrationof 6.6 g1, the R, was measured at1.50 nm, D,,,at 5.0 nm
and MW,,,4at 8.5 kDa.
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Thermostability characterization of -RORDEP1 by SEC-MALS
and nano differential scanning fluorimetry analysis

The oligomeric state of r-rRORDEP1 after heat treatment was analysed
using SEC with multi-angle static light scattering (SEC-MALS). The
analysis was performed using an Agilent system equipped with a Wyatt
Optilab pT-rEX refractive index detector and a Wyatt uDAWN TREOS
MALS detector. Data acquisition and analysis were conducted with
Astrasoftware version 7.3.2.19. Each run used a 20-pl sampleinjection
volume, witha proteinload of 15-20 pg. Separation was achieved using
anAdvancedBio SEC300A column (2.7 pm, 4.6 x 150 mm), with 20 mM
Hepes and 150 mM NaCl as the mobile phase. Nano differential scan-
ning fluorimetry was conducted on a Pantasystem (NanoTemper) ata
concentration of 3 mg ml™ with atemperature ramp from20 °Cto 95 °C
with a gradient of 1.5 °C min™. Unfolding was detected by monitoring
the fluorescence at 330 nm, 350 nm and the 350:330 ratio.

Cell culture experiments

Humanwhite preadipocytes (PromCell, C-12732, lot number 456Z005.1,
isolated from human omentum) were cultured until 80% confluentin
preadipocyte growthmedium (PromCell, C-27410, basal medium sup-
plemented with 0.05 ml ml™fetal calf serum, 0.004 ml mI endothelial
cellgrowth supplement, 10 ng ml™ epidermal growth factor, 1 pg ml™
hydrocortisone, 90 pg ml” heparin) and switched to preadipocyte dif-
ferentiation medium (PromCell, C-27436, basal medium supplemented
with 8 pg ml™ p-biotin, 0.5 pg ml™insulin, 400 ng ml™ dexamethasone,
44 ng ml*3-isobutyl-1-methylxanthine (IBMX), 9 ng ml™ L-thyroxine,
3 pg ml™ ciglitazone). The differentiation process to mature adipo-
cytes was considered completed after 12-14 days. The treatment of
r-RORDEP1 and PBS started from the third day of differentiation to
the end withrefreshmentat every other day. Cells were collected after
14 days of differentiation, and thermogenic and lipogenic genes were
quantified by qPCR.

Human osteoblasts (Promocell, C-12720, lot number 4457012.2,
isolated from human femoral heads) were cultured in growth media
(Promocell, C-27001, basal medium supplemented with 10% fetal
calf serum) until 80% confluent and switched into differentiation
media containing differentiation-promoting supplements of 10 mM
B-glycerophosphate and 50 pg ml™ ascorbic acid in a-MEM (Fisher
Scientific, 15430584). On days 3, 6 and 9 of differentiation, cells were
treated with r-RORDEP1 and PBS in the presence of 3-glycerophosphate
and ascorbic acid. Cells were collected on day 10. Transcription regu-
lators and osteoblast differentiation marker genes were quantified
by qPCR.

Human skeletal myoblasts (PromocCell, C-12530, lot number
4517031.15, isolated from human musculus pectoralis major) were
cultured in growth media (PromocCell, C-23060, basal medium sup-
plemented with 5% fetal calf serum, 50 pg ml™ fetuin, 10 ng ml™ epider-
mal growth factor, 1 ng ml™ basic fibroblast growth factor, 10 pg ml™
insulin, 0.4 pg ml™ dexamethasone) until 80% confluent and switched
into differentiation media (PromocCell, C-23061, basal medium supple-
mented with10 pg mi™insulin) developed to induce the fusion of myo-
blasts to form myotubes with typical multinucleated syncytia. After
4 days, extensive formation of multinucleated syncytiawas observed.
Forastable differentiation of skeletal muscle cells, after 5 days of incu-
bationin differentiation medium, cells were switched back to growth
medium. Treatment of r-RORDEP1 and PBS started from the third day
of differentiation. Cells were collected after 10 days of differentiation
and myogenesis genes were quantified by qPCR.

GLP1-secreting human cell line NCI-H716 (ATCC, CCL-251)
cells were seeded at a concentration of 1 x 10° cells per well onto a
poly-D-lysin-coated plate (Sigma-Aldrich, P8920). The cells were cul-
turedin RPMI1640 medium (Thermo Fisher, 11875093) supplemented
with 10% (v/v) heat-inactivated newborn calf serum (Thermo Fisher,
16010167), with the medium being refreshed every other day until
the cells reached 80-85% confluence. After reaching confluence, the

cellswereincubated for 2 hin KRH buffer for baseline secretion or KRH
buffer supplemented with either (1) 10 mM glucose and 10 puM forskolin
(Sigma-Aldrich, F6886)/IBMX (Sigma-Aldrich, 15879) as positive stimu-
lants or (2) r-RORDEP1 at concentrations of 1.5 nM, 15 nM and 150 nM.
The KRH buffer was madein house, consisting of 138 mM NaCl, 4.5 mM
KCl, 4.2 mM NaHCO,, 1.2 mM NaH,PO,, 2.5 mM CaCl,, 1.2 mM MgCl,
and 10 mM HEPES, supplemented with 0.1% (wt/vol) fatty-acid-free
BSA (Sigma-Aldrich, catalogue number A-603-10G), adjusted topH 7.
Supernatants were collected and centrifuged at 1,500 gfor 5 minat4 °C
to remove any floating cells or debris. GLP1levels in the supernatants
were then quantified using a GLP1 EIA Kit (Sigma-Aldrich, RAB0201),
following the manufacturer’sinstructions.

Ratinsulin-secreting INS-1E 832/13 cells (a gift from B. Emanuelli,
Novo Nordisk Foundation Center for Basic Metabolic Research, Fac-
ulty of Health and Medical Sciences, University of Copenhagen) were
growninamonolayer at 37 °Cinahumidified incubator gassed with 5%
CO,,inRPMI1640 medium containing 2 mM glutamine supplemented
with 10% heat-inactivated fetal bovine serum, 100 IU mI™ penicillin,
100 pg ml™ streptomycin, nonessential amino acids (all from Life Tech-
nologies, Invitrogen), 10 mM HEPES (pH 7.4), 1 mM sodium pyruvate
and 50 uM of 2-mercaptoethanol. At 70% confluence, the cells were
treated with r-RORDEP1 and PBS for 24 h. After the treatments, the
supernatant mediawere collected for enzyme-linked immunosorbent
assay (ELISA) measurement (Sigma-Aldrich, RAB0904) of secreted
insulinlevelsatl1hand 24 h.

In all listed cell culture experiments, r-RORDEP1 was added at
concentrations listed in Extended Data Fig. 6.

Assessment of the binding between r-RORDEP1 and integrin
receptors using SPR assay

In the surface plasmon resonance (SPR) assay on a Biacore 8K instru-
ment (Cytiva) assessing the binding interactions between Fc-tagged
RORDEP1 (Fc-RORDEP1) and various human integrin receptors,
Fc-RORDEP1 was diluted to 10 pg ml™ in running buffer containing
10 mM HEPES, 150 mM NaCl, 3 mM EDTA and 0.005% Tween-20 at pH
7.4.Each of the 24 humanintegrin subunits was prepared at 1,000 nM
inthe same buffer. At 25 °C, Fc-RORDEP1 was captured onto a Series S
Sensor Chip Protein Aby injectingitat10 pl min~ until approximately
1,000 response units (RU) were achieved. Integrin analytes were then
injected over theimmobilized Fc-RORDEP1at 1,000 nM, with an asso-
ciation phase of 60 s and a dissociation phase of 150 s at a flow rate of
30 ul min™. Thesensor surface was regenerated after each cycle using
10 mMglycine-HCI (pH1.5) at 20 pl min™for 30 s. Binding interactions
were monitored in real time and processed by referencing against a
blank flow cell to correct for non-specific binding. Interactions were
evaluated qualitatively based on response units during the association
and dissociation phases. Negative controlsincluded injections of run-
ning buffer over the Fc-RORDEP1 surface and integrin analytes over a
reference surface withoutimmobilized Fc-RORDEPI. All experiments
were conducted induplicate.

Inthe SPR assay assessing affinity between r-His-RORDEP1, echista-
tin TFA and biotinylated human ITGAV&ITGBS5 heterodimer protein
in the presence of three running buffer solutions, the biotinylated
integrin aVP5 heterodimer was immobilized onto a streptavidin (SA)
sensor chip by injecting 20 pg ml™ of the protein in running buffer at
10 pl minuntil approximately 4,000 RU were achieved. Four running
buffers were prepared: buffer A: 1x HBS-N (10 mM HEPES, 150 mM
NaCl) and 0.05% Tween-20, pH 7.4, supplemented with1 mM CaCl, and
1 mM MgCl,; buffer B: buffer A with 1 nM Hsp90aal; buffer C: buffer
A with1 mM MnCl,; and buffer D: buffer B with 1 mM MnCl,. Analytes
(r-His-RORDEP1 and echistatin TFA) were prepared in each running
buffer immediately before injection. The analytes were injected over
the immobilized integrin at a flow rate of 30 pl min™, with an asso-
ciation phase of 60 s and a dissociation phase of 150 s. The sensor
surface was regenerated between runs as needed using appropriate
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regeneration conditions. Binding interactions were monitored inreal
time and processed using the Biacore control software, referencing
againstablank flow cell to correct for non-specific binding. Responses
were evaluated based on the magnitude of RU during association and
dissociation phases. All experiments were performed in duplicate to
ensure reproducibility.

ELISA-based evaluation of binding affinity between r-RORDEP1
and integrin heterodimers

An ELISA-based assay was conducted to evaluate the binding affin-
ity between RORDEP1 and various integrin heterodimers. In the
first setup, ELISA plates were coated with recombinant His-tagged
RORDEPI1 or His-tagged fibronectin at a concentration of 5 ug ml™
(100 pl per well) and incubated overnight at 4 °C. Gradient dilutions
(0.001-10 pg ml™) of integrin heterodimers (Acro Biosystems)—includ-
ing aVP1 (IT1-H82W6), a4p1 (IT1-H82W1), a5B1 (IT1-H82Wa), a8f31
(IT1-H82Wb), aVB3 (IT3-H82W9), aVB5 (IT5-H82Wa), aVB6 (IT6-H82E4)
and aVPB8 (IT8-H82W5)—were added to the wellsand incubated for2 h
atroomtemperature. Bound integrins were detected using astreptavi-
din-horseradish peroxidase conjugate (Thermo Fisher, 21126) diluted
1:10,000. In the second setup, ELISA plates were coated with the inte-
grin heterodimers at 5 pg ml™, and gradient dilutions of Fc-tagged
RORDEP1 (0.001-10 pg ml™) were added to the wells. Detection was
performed using an anti-human IgG, Fcy fragment-specific antibody
diluted 1:10,000. After incubation with detection antibodies in both
assays, 3,3’,5,5'-tetramethylbenzidine substrate was added for colour
development, and the reaction was stopped with 2 N sulfuric acid.
Absorbance was measured at 450 nm, and binding affinities were deter-
mined by plotting absorbance values against protein concentrations
to generate binding curves and calculate ECs, values.

Fluorescence polarization assay for recombinant RORDEP1-
integrin binding

Toassess the binding of -RORDEP1 tointegrins, a fluorescence polari-
zation (FPOL) assay was used. r-RORDEP1 was first labelled with either
TAMRA-NHS ester or sulfo-Cy5-NHS ester (Lumiprobe). For this, 100 pl
of r-RORDEP1 at a concentration of 130 M was incubated with a 1.5x
molar excess of therespective dye for 4 hatroom temperature, target-
ing preferential labelling at the N-terminus. The labelled protein was
thensubjected to buffer exchange with20 mMHEPES and 150 mM NacCl,
pH 7.4, to remove unreacted dye. The final protein concentration was
70 uM, with a degree of labelling estimated at 0.6.

The FPOL assay was performed with an r-RORDEP1 tracer concen-
tration of 70 nM in a buffer containing 20 mM HEPES, 150 mM NacCl,
0.05% Tween-20 and 2 mM MnCl,, at pH 7.4. Integrin aVf33 was used
at a concentration of 340 nM, and integrin aV35 at 500 nM. Samples
were incubated for up to 3 h at 22 °C, making sure that equilibrium
was attained. FPOL was measured on a Tecan Spark fluorescence plate
readerin a384-well plate (Greiner 784900). For detecting TAMRA fluo-
rescence,a535/25 nmexcitation filter and a595/35 emission filter were
used; for detecting Cy5 fluorescence, a 620/20 nm excitation filter and
a680/30 nmemission filter were used. The data were not corrected for
different detection efficiencies of the parallel and perpendicular detec-
tors (G-factor 1), which is justified as the focus is on relative changes.

Stability assessment of r- RORDEP1 in simulated intestinal fluid
SIF was prepared as recommended®. In brief, 25 mg of pancreatin (8
United States Pharmacopeiaactivity) was dissolved in 20 ml of KH,PO,
(6.8 mg ml™, pH 6.8) to afford 1x UPS activity SIF. The resulting mixture
was vortexed for 1 min, followed by sonication for15 minat25°C.The
final suspension (pancreatin does not dissolve fully) was centrifuged
and syringe filtered before use.

Atotal of 520 pl of freshly prepared SIF was preincubated at 37 °C
for15 min. The r-RORDEP1 stock solution (80 pl of 375 uM) wasadded to
thefluid, and the mixture was gently stirred by pipetting andincubated

at37°C (600 pl total volume; 30 pM final -RORDEP1 concentration).
Control experiments were performed in parallel in a KH,PO, buffer
(520 pl) by spiking it with 80 pl of RORDEP1 and incubating at 37 °C
(30 uM final r-RORDEP1 concentration). A total of 75 pl of sample was
drawnat0, 15, 30, 60,120, 240 and 480 minand quenched by ice-cold
5% TFA in H,O solution (75 pl). All samples were centrifuged, filtered
and analysed with UPLC (to determine the amount of ligand left) and
LC-MS (to identify cleavage products of r-RORDEP1).

Transport of rrRORDEP1 across a monolayer of epithelial cells
usinga gut-on-chip model

Caco-2 cells (ATCC, HTB-37) were cultured in Dulbecco’s modified
Eagle medium (DMEM, Gibco) supplemented with 20% fetal bovine
serum (Gibco) and 1% penicillin-streptomycin (Gibco) to prepare
the Caco-2 culture medium. The cells were maintained in T25 culture
flasks within a humidified incubator at 37 °C with 5% CO,, and 5 mL of
the culture medium was replaced every 2 days. Once the cells reached
over 85% confluence, they were passaged at a1:2 ratio using standard
trypsinization techniques.

For the construction of the gut-on-chip model, high-throughput
membrane barrier chips (Avatarget) were transferred into a laminar
flow hood to ensure sterility. Caco-2 cells at >85% confluence was
detached using1 mltrypsin (Gibco) and resuspended in1 mlof Caco-2
culture medium, followed by cell counting. A suspension containing
2 x10° cells per cm*was prepared by adding 200 pl of the resuspended
Caco-2 cells to the upper channel of each chip. The chips were then
placed in a cell culture incubator at 37 °C with 5% CO, and allowed
to adhere for 2 h. After the adhesion period, microscopic examina-
tion confirmed that the majority of Caco-2 cells had firmly attached
to the membrane. Subsequently, 600 pl of Caco-2 culture medium
was added to both the upper and lower channels of each chip, and
the chips were returned to the incubator. The culture medium was
refreshed every 48 h. After 7 days of incubation, the integrity of the
epithelial monolayer was verified by measuring the transepithelial and
transendothelial electrical resistance (TEER)*°, with values > 500 Q cm™
indicating successful construction of the gut-on-chip model, suitable
for subsequent peptide permeability assays.

TEER measurements were conducted using a WPl EVOM2 STX2
meter. The chopstick electrodes were first equilibrated in PBS for
15 minuntil the instrument stabilized at 0 Q. The electrodes were then
carefully inserted into the designated detection wells of the membrane
barrier chip and the upper channel, ensuring that both electrodes were
submerged in the culture medium. Once the readings stabilized, the
TEER value was recorded and calculated using the formula TEER=T
(Q) x A (cm?), where Trepresents the measured resistance and A is the
area of the model.

For the peptide permeability assay, r-RORDEP1 was prepared
in DMEM at final concentrations of 75 pM, 150 uM and 300 pM.
FITC-Dextran4000 (Biotiny) at1 mg ml” was used as a positive control.
The experimental setup included four groups: 75 pM for 12 h, 150 uM
for12 h,300 pMfor12 hand a positive control with FITC-Dextran 4000
for 12 h, each with triplicate wells. For each experiment, 200 pl of the
respective peptide or positive control solution was added to the upper
channel, and 500 pl of DMEM culture mediumwas added to the lower
channel. The chips were incubated under the specified conditions,
and after the incubation periods of 12 h, the culture medium from
the lower channel was collected and stored at -80 °C for subsequent
chromatographic analysis.

Cell viability was assessed using the CellTiter-Glo 2.0 Assay (Pro-
mega). The assay reagent was equilibrated to room temperature and
mixed with Caco-2 culture medium in a 1:1 ratio. After aspirating the
culture medium from both channels of the chip, 200 pl of the mixed
reagentwas added to the upper channel. The chip was then placed on
ashaker plate and gently agitated for 5 min to ensure thorough mixing,
followed by a20-minincubation at room temperature. Subsequently,
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100 pl of the luminescent solution from the upper channel was trans-
ferred to a96-well plate with transparent bottoms (Corning) and meas-
ured using a Tecan PRO M200 microplate reader. Cell viability was
expressed as a percentage relative to control samples, calculated by
comparing the OD values.

Chromatographic detection of peptide samples was performed
using an HPLC system (Agilent 1260) equipped with a NanoChrom
BioCore SEC-150 column (7.8 x 300 mm, 5 um). The mobile phase
consisted of 50 mM phosphate buffer and 300 mM sodium chloride
in 10% acetonitrile, with isocratic elution at a flow rate of 1ml min™.
The column temperature was maintained at 30 °C, and detection was
carried out using a variable wavelength absorbance detector set to
209 nm. Samples were injected in volumes of 10 pl using an autosa-
mpler. In addition, analysis of the positive control was conducted
using an ultra-high-performance liquid chromatography system
(Agilent 1290) with the same type of column. The mobile phase and
column temperature were identical to the peptide analysis, but the
flow rate was adjusted to 0.7 ml min™. Fluorescence detection was
performed with an excitation wavelength of 492 nm and an emission
wavelength of 520 nm, and samples were similarly injected at 10 pl
using an autosampler. To validate the specificity of the UPLC detec-
tion peak corresponding to r-RORDEP1, PBS alone was analysed as a
negative control, followed by analysis of PBS spiked with increasing
concentrations of purified rr-RORDEPI1. Dose-dependent changes in
peak intensity and consistency in retention times were monitored to
confirmsignal specificity.

Experiments in mice
Male mice with a C57BL/6 background (specific pathogen-free grade)
and with varying ages as detailed below were purchased from Janvier
Labs. All experiments in mice were conducted in accordance with
approved protocols. The intervention study involving the RT strain
and the GMO1 study were approved by the Danish Animal Experiments
Inspectorate (license numbers 2018-15-0201-01491 and 2020-15-0201-
00568, respectively) and by the University of Copenhagen (project
numbers P20-392 and P23-145, respectively). The comparative study
assessing the effects of rr-RORDEP1 and scrambled r-RORDEP1 on glu-
cosetolerance, conducted at WuXi AppTec, was approved under ethical
approval ID GP01-QD112-2024v1.2 (https://www.wuxiapptec.com). All
mouse experiments were performed in accordance with Institutional
Animal Care and Use Committee (IACUC) guidelines and in compliance
with the Animal Welfare Act, the Guide for the Care and Use of Labora-
tory Animals and the Office of Laboratory Animal Welfare.
Allmicewerehousedat23 +1°Conal2-hlightand12-hdark cycle
with ad libitum access to food and purified water. Mice were allowed to
acclimatize onthe different diet as described for 7-14 days before the
experiments. Group assignments were based on their baseline body
weights, and mice were typically housed in groups, except otherwise
specified. In the mouse studies, no typical side effects such as vomit-
ing, diarrhoea, constipation or physical activity behaviour were noted.
Inan 8-week feasibility study, we investigated the potential impact
oftwo doses of RT strainon glucose tolerance in mice, all of which were
8 weeks old at the start of the intervention. The mice that were fed with
normal chow diet (63.9% kcal% carbohydrate, 20.3% kcal% protein and
15.8% kcal% fat) were randomized into groups of 3 or 4 mice. They were
administered oral gavage twice weekly (3-4 days apart), with sterile
PBS containing10% glycerol, live RT2 at doses of 5 x 107 (low dose) and
5x10% (high dose) CFU per 100 plin sterile PBS containing10% glycerol
and heat-killed RT2 at a dose of 5 x 10% CFU per 100 pl in sterile PBS
containing10% glycerol, respectively. At week 7 of the experiment, an
intraperitoneal glucose tolerance test (ipGTT) was performed. The
mice were fasted for 4 h followed by an intraperitoneal injection of
glucose (2 g kg™ body weight) dissolved in sterile PBS. Blood samples
from thetail veinwere takenat¢ = 0,30, 60,90 and 120 min for measure-
mentofblood glucose applying glucose strips (Bayer, 84167836) and a

CONTOURNEXT EZ meter. All measures were performed on the regular
laboratory bench to avoid noise and additional stress to the mice.

In the intervention testing the effect of the RT strain at 5 x 10°
CFUper100 plinsterile PBS containing 10% glycerol, 8-week-old mice
were randomized to groups of 8-10 mice. The mice were then fed a
high-fat diet (HFD, 45% kcal% fat, 35% kcal% carbohydrate and 20%
kcal% protein; Research Diet D12451i) and provided purified water ad
libitum. For 8 weeks, the animals received oral gavage twice weekly
(3-4 days apart) with either sterile PBS containing 10% glycerol, live
RT2or heat-killed RT2 at 5 x 10° CFU per 100 pl in sterile PBS with 10%
glycerol. At week 7 of the experiment, anipGTT was performed. Faecal
samples were collected before gavage and at the end of the experiment,
thenimmediately stored at —-80 °C until further analysis. Body weights
wererecorded using Analytical Balance Kern ADB 200-4 weight scales.
Leanand fat mass were determined by quantitative magnetic resonance
using Echo-MRI4-in-1Body Composition Analyser (EchoMRI) at week 6.

Atthe end of eachmouse study, the animals were fasted for 4 hand
euthanized with cervical dislocation. Depending on the specific study
objective, various tissues (liver, brown adipose tissue, inguinal white
adiposetissue and epididymal white adipose tissue) were immediately
dissected onice. The mass of the freshly dissected inguinal or epididy-
malfat tissues was recorded using Analytical Balance Kern ADB 200-4
weight scales. Inguinal white adipose tissue depots were fixed in 4%
paraformaldehyde and 1x PBS overnight at 4 °C, followed by immer-
sioninto ethanol (100% w/v) for 24 h before paraffin embedding. The
remaining tissues were stored at =80 °C for further analysis. For the
determination of adipocyte size, adipose tissue paraffin sections were
stained with haematoxylin and eosin (H&E staining; n =3 in each of the
three groups). Images were obtained under bright-field microscopy
with x100 magnification. A representative image for each group was
shown in our study. Fat cell size was quantified and compared in the
three intervention groups using AdipoCount®, whichis an automated
system for counting adipocytes, using image processing algorithms
togreatly enhance the efficiency of adipocyte quantification. Femurs
were precisely dissected and fixed in 4% paraformaldehyde and 1x PBS
at 4 °C before the microcomputed tomography (micro-CT) analysis.
Faecal samples from the mice were collected before they were killed.
Microbial DNA extraction and qPCR assay were performed as previously
described using primer pairs specifically targeting the RORDEP1 gene
(Supplementary Table 10) for the assessment of the engraftment of
RT2 after the intervention.

For mRNA expression analysis by qPCR of thermogenesis, brown-
ing and inflammation markers, tissue samples were homogenized
with a steel bead (Qiagen, 69989) and 500 pl of QlAzol Lysis Reagent
(Qiagen, 79306) per 50 mg of frozen tissue. Post-homogenization,
the samples were centrifuged at 12,000 g for 15 min at 4 °C, and the
supernatant was collected. RNA was extracted according to the instruc-
tions provided by the manufacturer of the RNeasy mini kit (Qiagen,
74106), followed by measurements of RNA purities and concentra-
tions by NanoDrop 2000/2000c spectrophotometers (Thermo Fisher,
ND200O0OCLAPTOP). Reverse transcriptionwas done on RNA (1 pg) from
last step using the High-Capacity RNA-to-cDNA Kit (Thermo Fisher
Scientific,10704217), following the provided protocol and heating pro-
cess. Theresulting cDNA was then analysed by real-time PCR using the
LightCycler 480 System (Roche Diagnostics), combined with Precision
PLUS Master Mix (Primer Design, PPLUS- Roche Diagnostics).Foreachg
eneofinterest, the PCR was performed in white 384-well plates, using
the AACt method to quantify RNA expression levels. Primer sequences
for the gPCR are listed in Supplementary Table 10.

Proteins were extracted from 50-100 mg of brown adipose tis-
sue using RIPA lysis buffer (Millipore, 20-188) with added protease
inhibitor (Thermo Fisher Scientific, A32953). Protein concentrations
were quantified using the Pierce BCA Protein Assay kit (Thermo Fisher
Scientific, A55864). The proteins were then diluted with 4x Laemmli
protein sample buffer (Bio-Rad, 1610747), heated at 95 °C for 5 minand
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separated ona4-15% Criterion TGX Precast Midi Protein Gel (Bio-Rad,
5671084). For immunoblotting, anti-UCP1 (Abcam, ab10983) and
anti-B-actin antibodies (Abcam, ab115777) were used, the latter serv-
ing as the housekeeping control. The Gel Doc XR+ System (Bio-Rad) was
used tovisualize the membranes according to the guides from Bio-Rad.

High-resolution desktop microcomputed tomography imaging
(Bruker, Skyscan 1172) was applied for micro-CT analysis of mouse
distal femurs of HFD-fed mice. The parameters for the scan are as fol-
lows: X-ray voltage of 50 kV, X-ray current of 200 pA, filter of 0.5 mm
aluminium, image pixel size of 4-5 pm, camera resolution of 1,280
pixel field width, tomographic rotation 0f180°/360°, rotation step of
0.3-0.5°, frame averaging of 1-2 and scan duration of 30-50 min. The
cortical boundaries (metaphyseal-diaphyseal) were selected with
reference to the growth plate. A cross-sectional slice was selected as a
growth platereferenceslice, in the following way: moving slice by slice
towards the growth plate from the metaphysis-diaphysis, a point is
reached where a clear ‘bridge’ of low-density cartilage (chondrocyte
seam) becomes established from one corner of the cross-section to
another. Thisbridgeis established by the disappearance of the last band
of fine primary spongiosa bone interrupting the chondrocyte seam.
This landmark allows a reference level to be defined for the growth
plate: cortical volumes of interest are then defined relative to this refer-
encelevel. The cortical region commenced about 2.15 mm (500 image
slices) fromthe growth platelevelinthe direction of the metaphysis and
extended from this position for a further 0.43 mm (100 image slices).
Three-dimensional (3D) morphometric parameters were calculated for
the cortical selected regions of interest. The 3D parameters were based
on the analysis of a marching-cubes-type model with arendered sur-
face.Structure thicknessin 3D was calculated using the local thickness
or ‘sphere-fitting’ method, and the structure modelindex (anindicator
oftherelative prevalence of plates and rods) was derived according to
the method of Hildebrand and Ruegsegger. The degree of anisotropy
was calculated by the mean intercept method. Rendered 3D models
were constructed for 3D viewing of cortical analysed regions. Model
construction was by the ‘double time cubes’ method, a modification
of the marching cubes method. The 3D cortical thicknesses (Ct.Th,
mm) of the femurs collected from the HFD-fed mice were compared
inthis study.

Theintervention testing the effects of the engineered EcN strains
included 24 HFD-fed DIO mice, aged 20 weeks (initial 8 weeks of age
plus12 weeks on the HFD). Each mouse was single housed. From accli-
matization to the end of the intervention, the mice were fed a HFD (60%
kcal% fat, 20% kcal% carbohydrate and 20% kcal% protein; Research
Diets, D12492i) and provided purified water ad libitum. Body weight
was recorded in the morning of every third day on a Precision Scale
KERN EMB weight scale. On day —4 of the study (the 13th day of acclima-
tization), regular water was replaced with streptomycin water (5g 17).
Onday 0 of the study, faecal samples were collected from each mouse.
This marked the beginning of a 4-day oral gavage intervention (days
0-3 of the study, 100 pl of the engineered strains (5 x 10'° CFU per
100 pl)) with freshly prepared EcN strains administered daily. On day
4, post-gavage, additional faecal samples were collected and analysed
to confirm stable colonization. To monitor the engraftment during
and at the end of the study, faeces and intestinal contents were col-
lected and dissolved ina pre-weighted 1.5 ml Dulbecco’s PBS solution
(pH7.0-7.3,Gibco, 14190144) on ice and manually homogenized. The
weight of faecal sample wasrecorded. Solids were spundownat 500 g
and the supernatants (in two technical replicates) were serially diluted
(108 dilution) in the same solvent. Dilutions were spotted on lysogeny
brothagar supplemented with 50 pg ml™ streptomycinand 50 pg ml™
kanamycin. After an overnight incubation at 37 °C, engraftment was
estimated as CFU mI™ per gram of faeces. On day 20, the mice under-
went an ipGTT. On day 21 of the study, the mice were euthanized in a
4-6-hfasted state. Blood, tissue and intestinal contents were collected
for further analysis.

Effects onexpression thermogenesis marker genes (inguinal white
adipose tissue) following daily intraperitoneal injections of -RORDEP1,
r-RORDEP2 (both at1 mg kg™ body weight) or physiological saline for
7 days were explored in mice fed with chow diet at the age of 8 weeks
(n=6 mice per group). Tissues were collected on ice at the time of
death of themice and stored at =80 °C until analyses. The mRNA levels
of indicated genes were analysed by qPCR as described in the gene
expression analysis above.

Toinvestigatetheimpact of r-RORDEPlinregulating blood glucose
in the diabetic mouse model, male BKS-Leprdb/db/JOrIRj mice (Mus
musculus) were obtained from Janvier Laboratories at 8 weeks of age,
with initial body weights ranging from 30 g to 45 g. Upon arrival, the
mice were singly housed to meet scientific requirements and were
maintained onaPurina5008 (FormuLab Diet) regimen. After a2-week
acclimation period, the study commenced when the mice reached
10 weeks of age. Allanimals were kept under acontrolled 12:12-h light-
dark cycle, with lights turned off at 3 pm daily. Before treatment, mice
underwent randomization based on their 4-h fasted blood glucose
levels measured 3 days before the study (day -3). Only mice showing
fasting blood glucose concentrations exceeding 10 mM were included.
These mice were then assigned to receive daily intraperitoneal injec-
tions of rr-RORDEP1 at a dosage of 2 mg kg™ or PBS as a control for a
duration of 10 days (n =6 or 7 per group). Throughout the treatment
period, body weights and blood glucose levels were monitored to assess
metabolic changes. On day 11, an IPGTT was performed to evaluate
glucose tolerance.

In the comparative study of the effects of r-RORDEP1 and scram-
bled r-RORDEP1 on glucose tolerance, the scrambled r-RORDEP1
sequence was generated using GenScript’s peptide screening tools
(https://www.genscript.com/peptide_screening_tools.html),inwhich
permutations of the original RORDEP1 amino acid sequence were
performed to create multiple scrambled variants. The final scrambled
sequence, illustrated in Extended Data Fig. 7a, was selected based onits
maintained similarity inidentity, secondary structure, hydrophobicity
and water solubility to the native r-RORDEP1, as shown in Extended
DataFig.7b. The scrambled RORDEP1 was recombinantly synthesized
using the pET30a expression vector with Ndel (CATATG) and HindlII
(AAGCTT) restriction sites, without biotinylation, using an identical
expression protocol as used for r-RORDEP1. A total of 45 male C57BL/6)
mice at 8 weeks of age were obtained from Gempharmatech. Upon
arrival, the mice were singly housed in cages with unique cage numbers
foridentification. The housing environment was maintained under spe-
cific pathogen-free conditions with controlled temperature (20-24 °C)
and relative humidity (30-70%), monitored daily. An electroniclighting
system provided a12-hlight and 12-h dark cycle. Enrichment toys were
supplied to promote well-being. Mice had ad libitum access to astand-
ard chow dietand fresh water. The animals were acclimated in the test-
ingfacility for 2 weeks before the study. After acclimation, 36 mice were
selected based on body weight and fasting blood glucose levels and
randomly assigned to 3 groups of 12 mice each. The groupsincluded a
vehicle control group receiving PBS, agroup receivingr-RORDEP1 ata
dose of1mg kgandagroup receiving scrambled RORDEP1 at the same
dose.Onday1, following a 6-h fasting period, each mouse received an
oral glucose load of 2 g kg™ body weight. Immediately thereafter, the
mice were administered their respective treatments viaintraperitoneal
injection according to the dosing protocol. Tail vein blood glucose
levels were measured at O (baseline), 30, 60 and 120 min post-glucose
load using ahand-held glucometer (Lifescan, Johnson &Johnson Medi-
cal Equipment). Measurements were performed in duplicate at each
timepoint for eachmouse to ensure accuracy, and the mean value was
used for further analysis.

Inthe assessment of the plasma half-life of rr-RORDEP1, 8-week-old
chow-diet-fed lean male C57BL/6) mice (n =4 per group) were intra-
peritoneally injected with either r-RORDEP1 (1 mg kg™) or sterilized
PBS, and blood was collected from the tail vein atindicated timepoints.
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The r-RORDEP1 in plasma was measured by immunoblotting, using
an anti-His-Tag Antibody (Cell Signal Technology, 2365) to detect
the 6xHis-tag on r-RORDEPI. The pixel intensity of the immunoblot-
ting bands of 6xHis-tag RORDEP1 and the adjacent background were
measured using ImageJ*.

Experiments in rats
All rat experiments were conducted in accordance with national and
international guidelines for the care and use of laboratory animals
and were approved by the relevant regulatory authorities. Studies
involving intravenousinfusion (approval ID: 2023-15-0201-01508) and
assessment of r-RORDEPI1 effects onincretin release (approval ID: 2023-
15-0201-01393) in rats were approved by the Danish Animal Experi-
mentation Council. The intraduodenal infusion study was reviewed
and approved by the Animal Ethics Committee of Chongqing Medical
University (approval ID: IACUC-CQMU-2024-0036).
Intheintravenousinfusion study testing the effect of -RORDEP10on
glucose homeostasisinrats, 12 male lean chow-fed 8-week-old Sprague
Dawley rats were randomized based on body weight (measured on study
day 7). In study week -1, intravenous (IV) catheters were implanted
in the jugular vein (for infusion) and carotid artery (for blood sam-
pling). Onstudy day 1, the rats were infused with either vehicle (PBS) or
r-RORDEP1 (200 pmol kg min™) ataflow rate of 0.25 ml h™. Blood glu-
cose concentrationwasmeasuredatt=0,15,30,60,90,120 and 180 min.
To assess the impact of r-RORDEP1 on rat incretin release,
48 8-week-old lean male Sprague Dawley rats were randomly assigned
to 4 groups, with 12 rats per group. Each rat received an oral glucose
load of 1 g kg™, administered over a2-min period. Immediately follow-
ing glucose administration, rats in the two experimental groups were
intraperitoneally injected with r-RORDEP1 at a dosage of 0.8 mg kg ™. By
contrast, ratsin the two control groups received an equivalent volume
of PBS asavehicle control. Blood glucose levels were measured at base-
line, 30 minand 45 min post-glucose administration to evaluate the gly-
caemicresponse. At designated timepoints of either 30 min or 45 min
after glucose administration, rats were humanely killed. Cardiac blood
was collected using asyringe and transferred into Microvette/Vacuette
tubes containing an anticoagulant. To preserve the integrity of the
analytes, dipeptidyl peptidase-4 and protease inhibitors wereadded to
theblood samplesimmediately upon collection. The tubes were then
inverted five times to ensure thorough mixing and kept at 4 °C until
centrifugationat 3,000 gfor 10 min. Following centrifugation, plasma
supernatants were carefully transferred to new tubes and promptly
frozen on dry ice. The plasma samples were subsequently stored at
=70 °C until further analysis. Incretin hormones, including GIP, GLP1
and PYY, insulin, and glucagon were quantified using ELISA-based
methods. Specifically, rat plasma GIP levels were measured following
the manufacturer’s protocol using the Rat/Mouse GIP (Total) ELISA kit
(EZRMGIP-55K; Merck Millipore), while the plasma GLP1 levels were
quantified using the MSD V-PLEX Plus GLP1 Total Kit (catalogue number
K1503PG). PYY concentrations were determined using acommercially
available ELISA kit (Alpco, Mouse/Rat PYY ELISA, catalogue number
48-PYYRT-EOL.1). Rat insulin levels were measured using a homoge-
neous LOCI/AlphaLISA assay. This assay involved the formation of a
concentration-dependent bead-analyte-immune complex, resulting
inluminescent output measured using a PerkinElmer Envision reader.
The assay used anti-ratinsulinmonoclonal antibody D3E7-conjugated
acceptor beads and biotinylated monoclonal antibody D6C4, both
specifictoratinsulin, inconjunction with generic streptavidin-coated
donorbeads. Rat glucagon levels were assessed using LOCI/AlphaLISA
technology, similarly forming bead-analyte-immune complexes that
emit luminescence measured by the PerkinElmer Envision reader.
The assay used in-house-produced anti-glucagon monoclonal anti-
body GLU 1F20-conjugated acceptor beads and biotinylated mono-
clonal antibody GLU 2F7, both targeting glucagon, along with generic
streptavidin-coated donor beads.

Inthe duodenalinfusion study, we applied the following protocol:
male Sprague Dawley rats, 9 weeks old and weighing around 300 g,
were purchased from the Experimental Animal Center of Chongqing
Medical University. During the experiments, rats were housedonal2-h
light and 12-h dark cycle with ad libitum access to purified water and
arodent chow diet (63.9% kcal% carbohydrate, 20.3% kcal% protein
and 15.8% kcal% fat). All rats were acclimatized to the environment for
7 days before any designated surgical procedures.

Onday1, duodenal cannulations were performed inrats as previ-
ously reported™. In brief, a catheter was inserted into the proximal duo-
denum (approximately 1.5-2 cm downstream of the pyloric sphincter)
andindwelling catheters were placed into the internal jugular vein for
duodenuminfusion, andintravenous infusion, respectively. Recovery
from surgery was estimated by monitoring a normalization of food
intake and body weight stabilization to pre-surgery levels. To ensure
similar nutritional status, rats were restricted to 20 g of food on the
night preceding the euglycaemic pancreatic clamp experiments. Rats
wererandomized into six different intervention groups, each consist-
ing of six animals. On day 5 after surgery, a euglycaemic pancreatic
clamp was performed for 4 h. In the euglycaemic pancreatic clamp,
endogenous secretion of insulin and glucagonis suppressed by intra-
venous infusion of somatostatin while blood glucose is maintained at
euglycaemiaand plasmainsulinis kept constant at study basal level by
continuous infusion of exogenousinsulin. Aninfusion of concentrated
glucose is given intravenously, the infusion rate being dynamically
regulated according to frequent monitoring of blood glucose. Thus,
continuous intravenous infusions of somatostatin (at 3 pg kg™ min,
Kunming Jida Pharmaceutical) and short-acting human insulin
(at1.2mU kg™ min™, Novolin R, Novo Nordisk) via the right internal jugu-
lar vein were given from ¢ = 0-240 min. r-RORDEP1 was administered
through duodenalinfusion with infusion rates of 0, 60, 90,120,150 and
200 pmol kg™ min™, respectively at t = 60-240 min of the euglycaemic
pancreatic clamp. Blood samples from the tail vein were taken every
10 min for measurement of blood glucose using a portable glucometer.
To maintainblood glucose at normoglycaemia, 25% (w/v) glucose solu-
tion was infused at the dynamic infusion rate of t = 0-240 min.

To explore theimpact of rrRORDEP1 on blood glucose control and
liver transcriptomic and proteomic alterations under physiological
conditions, we administered r-RORDEP1 via intraduodenal infusion
at arate of 200 pmol kg min™ for 3 h. Blood glucose levels were
measured before and after infusion (¢ =0 and 180 min). Following
the infusion, rats were euthanized, and liver tissues were harvested
for bulk RNA sequencing analysis, bulk proteomics and phosphopro-
teomics analyses.

Total RNA was extracted from tissues using Trizol (Invitrogen)
according tomanualinstructions. Subsequently, total RNA was quali-
fied and quantified using a NanoDrop and Agilent 2100 bioanalyzer
(Thermo Fisher Scientific). The RNA library construction and sub-
sequent RNA sequencing were performed by BGI-Shenzhen, China.
First-strand cDNA was generated using random hexamer-primed
reverse transcription, followed by a second-strand cDNA synthesis.
Afterwards, A-Tailing Mix and RNA Index Adapters were added by incu-
bating to end repair. The cDNA fragments obtained from the previous
step were amplified by PCR, and products were purified by Ampure
XPBeads, thendissolved in EB solution. The product was validated on
the Agilent Technologies 2100 bioanalyzer for quality control. The
double-stranded PCR products from the previous step were heated,
denatured and circularized by the splint oligo sequence to get the
final library. The single-strand circle DNA (ssCir DNA) was formatted
as the final library. The final library was amplified with phi29 to make
DNA nanoballs, which had more than 300 copies of one molecule, DNA
nanoballs were loaded into the patterned nanoarray, and single-end
50-base reads were generated on the BGIseq500 platform (BGI).

The sequencing data were filtered with SOAPnuke (v1.5.2),
and the clean reads were mapped to the reference genome of the
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GCF_000001895.5_Rnor_6.0 genome using HISAT2 (v2.0.4). Bowtie2
(v2.2.5) was applied to align the clean reads to the reference coding
gene set, then expression level of gene was calculated by RSEM (v1.2.12).

Downstream analysis of RNA sequencing data was executed using
an in-house-developed script in Rstudio (v4.3.0). In multivariate sta-
tistical analysis, dimensionality reduction was conducted via principal
component analysis (PCA) using the ‘prcomp’ function in R (v4.3.0).
This facilitated the discrimination of sample clusters and identifica-
tionof outliers. Prior to PCA, avariance stabilizing transformation was
applied tonormalize count datadistribution across samples, ensuring
PCA outputs more accurately reflected biological rather than extreme
values introduced by technical variance. Univariate statistical differ-
ential analysis was quantified using DESeq2 (v1.40.2). The ‘IfcShrink’
function of DESeq2 invoked the adaptive shrinkage method to miti-
gate the impact of low counts and high variance on log,(fold change)
estimates. All reported fold changes were thus shrunken log, values,
with differentially expressed genes defined by an adjusted P< 0.05
and an absolute log,(fold change) over 1. For the data processing and
visualization, packaged including dplyr (v1.1.4) and tidyr (v1.3.0) and
ggplot2 (v3.4.4) were used.

In the sample preparation for bulk proteomics and phospho-
proteomics analyses, rat liver tissues were collected following a 3-h
intraduodenal infusion of r-RORDEP1. Approximately 10-25 mg of
liver tissue was used for each sample. The tissues were transferred
into 2-ml centrifuge tubes containing two steel beads. For proteomics
samples, 10 mg of tissue was homogenized in an appropriate volume of
SDS L3 lysis buffer supplemented with a1x protease inhibitor cocktail
containing EDTA. For phosphoproteomics samples, 25 mg of tissue
was homogenized in 300 pl of Milli-Q water. Homogenization was
performed using a grinder.

For proteomics samples, the homogenate was centrifuged at
25,000 gfor 15 minat4 °Cto collect the supernatant. DTT was added
tothe supernatanttoafinal concentration of 10 mM, and the samples
were incubated in a water bath at 37 °C for 30 min. For phosphopro-
teomics samples, 50 pl of 10% SDS was added to the homogenate,
followed by DTT, to a final concentration of 10 mM. The samples were
incubated at 95 °Cin ametal bath for 10 min.

Subsequent steps were identical for both sample types. lodoaceta-
mide was added to each sample to afinal concentration of 55 mM, and
the mixtures were incubated in the dark for 45 min. Proteins were pre-
cipitated by adding cold acetone at aratio of 1:5 (protein solution) and
incubating at -20 °C for 2 h. The precipitated proteins were collected
by centrifugation at 25,000 g for 15 min at 4 °C, and the supernatant
was discarded. The protein pellets were air-dried and resuspended in
an appropriate volume of SDS-free lysis buffer L3. The samples were
homogenized again using agrinder to promote protein solubilization.
Finally, the samples were centrifuged at 25,000 g for 15 min at 4 °C,
and the supernatants containing the protein solutions were collected.
Protein concentrations were measured using the Bradford assay.

For each sample, 100 pg of protein solution was diluted fourfold
with50 mMammoniumbicarbonate (NH4HCO3). Trypsinwasadded ata
protein-to-enzymeratio of40:1(2.5 pg of trypsin per 100 pg of protein),
andthe mixtures wereincubated for digestionat 37 °Cfor 4 h. Theresult-
ing peptides were desalted using Strata X columns and vacuumdried.

For library generation, a high-pH reverse-phase fractionation was
performed. Equal amounts of peptides from all samples were pooled
and diluted with mobile phase A (5% ACN, pH 9.8). The pooled sam-
ple was subjected to high-pH reverse-phase chromatography using a
Shimadzu LC-20AB HPLC system coupled with a Gemini C18 column
(5 um, 4.6 x 250 mm). Peptide separation was performed at aflow rate
of 1 ml min~ using the following gradient: 5% mobile phase B (95% ACN,
pH 9.8) for 10 min; 5% to 35% B over 40 min; 35% to 95% B over 1 min;
maintained at 95% B for 3 min; and equilibrated at 5% B for 10 min. The
elution was monitored at 214 nm, and fractions were collected every
minute. Ten fractions were combined and freeze-dried.

The LC-MS/MS analysis involved two main steps: data-dependent
acquisition (DDA) for spectral library construction and DIA for peptide
quantification. The nano-LC protocol used for both DDA and DIA modes
was identical. Dried peptide samples were reconstituted in mobile
phase A (2% acetonitrile, 0.1% FA) and centrifuged. The supernatants
were injected into an ultra-high-performance liquid chromatography
system for separation. Peptides were first trapped and desalted on a
pre-column, then separated on an analytical column at a flow rate of
500 nL/min using a specified gradient.

For DDA library construction in bulk proteomics analysis, pep-
tides were ionized using a nano-electrospray ionization source and
analysed on an Orbitrap Exploris 480 mass spectrometer operated in
DDA mode. Mass spectrometry parameters were optimized to enhance
peptideidentification. For DIA quantification, the mass spectrometer
wasoperated in DIAmode to acquire comprehensive peptideion data
across the mass range. Instrument settings were adjusted to achieve
high-resolution MS/MS scans suitable for accurate quantification.

Inthe phosphoproteomics analysis, the separated peptides were
analysed using a timsTOF Pro mass spectrometer (Bruker Daltonics)
operated in DDA mode for spectral library construction. This instru-
ment combines trapped ion mobility spectrometry with time-of-flight
mass spectrometry, providing enhanced separation and identification
of phosphopeptides due toits high-resolution and ion mobility capa-
bilities. Specific acquisition parameters were optimized to maximize
the detection and characterization of phosphorylated peptides.

DDA data were processed using the Andromeda search engine
within MaxQuant software toidentify peptides and proteins, construct-
ingspectrallibraries for bothbulk proteomics and phosphoproteomics
analyses. DIA datawere analysed using retention time calibration with
indexedretention time peptides. A target-decoy approach was used to
control the false discovery rate at 1%, ensuring reliable identification
and quantification.

For phosphoproteomics data, phosphorylationsites were filtered
based onthelocalization probability reported by MaxQuant, retaining
only those sites with alocalization probability of at least 0.75 to ensure
confidence in site-specific phosphorylation analysis.

Differential expression analysis was conducted using the
MSstats package in R, which applies a linear mixed-effects model
to evaluate significant differences in protein or phosphoprotein
abundance between samples. Data were preprocessed according
to predefined comparison groups, and significance testing was
performed based onthe model. Proteins and phosphoproteins with
an adjusted P value of less than 0.05 were considered significantly
differentially expressed.

Lastly, to further evaluate the effect of r-RORDEP1 on glucose
metabolism in vivo, titrated glucose was used as a tracer to observe
alterationsin hepatic glucose production and peripheral glucose dis-
posalin aseparate experiment under euglycaemic pancreatic clamp.
[3-H*]-glucose was administered with a primary intravenous bolus of
6 uCi at time O min followed by a continuous intravenous infusion of
0.2 pCi min™throughout the experiment of 240 minvia the right inter-
naljugular vein. Recombinant RORDEP1 at arate 0of 200 pmol kg™ min™
or PBSwasinfused into the duodenum from O to 240 min. Blood sam-
plingwas performed from the carotid artery at t = 60-90 and t = 220-
240 min. These samples were subsequently centrifuged to separate
plasmaand stored at 80 °C for the analysis of [3-H*]-glucose specific
activity. Hepatic glucose production rate and whole-body glucose
uptake rate were calculated using specific activity of the [3-H*]-glucose
and the recordings of the dynamic 25% glucose infusion rates**.

The tracer dilution principle is central to the isotope calcula-
tions. Whenintroducing aknown quantity of alabelled tracer (incase,
[3-H%]-glucose) into the bloodstream, it mixes with the body’s existing
glucose. Asthe body produces glucose (endogenous glucose produc-
tion) plus exogenous infusion of glucose, these glucose compartments
dilute the concentrationof thelabelled tracer inthe blood. Inthe steady
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phase of a euglycaemic pancreatic clamp, the rate of this dilution
reflects the rate of endogenous glucose production plus exogenous
infusion of glucose. The equal removal of labelled and unlabelled
glucose from the bloodstream by tissue uptake minimally affected the
dilution of the labelled tracer.

Thus, the calculation of hepatic gluconeogenesis was based on
three formulas: formulal, calculation of the glucose appearance rate
as the sum of endogenous glucose production and glucose infusion
rate; formula2, equation of the glucose appearance rate to the glucose
disappearance rate, equal to the glucose uptake rate; and formula 3,
estimation of the tracer infusion rate + glucose appearancerate = spe-
cific activity of the tracer in blood. In formula 3, the tracer infusion
rateisthe known component at which we infused the isotope-labelled
glucoseinto the bloodstream. Specificactivity is defined as the ratio of
thelabelled glucose ([3-H]-glucose) to the totalamount of the glucose
(bothlabelled and unlabelled glucose) in the blood.

Finally, the following two formulas were used in the calculation
of the whole-body glucose uptake rate and hepatic glucose produc-
tion: (1) the whole-body glucose uptake rate was calculated as tracer
infusion rate + specific activity of [3-H*]-glucose in blood and (2) the
HGP rate was calculated as whole-body glucose uptake rate + glucose
infusion rate.

Statistical analysis

All the presented data were obtained from biologically independent
samples. Graphing and statistical analysis were performed using Graph-
Pad Prism (version10.1.0). Area under the curve (AUC) was calculated
using the composite trapezoidal method as described previously®. Full
descriptions of statistical tests were provided in the figure legends.
For two-group comparisons, two-tailed Student’s ¢-test was applied.
For multiple group comparisons, one-way ANOVA was performed. For
comparisons at each timepoint, two-way ANOVA was used, followed by
correction for multiple testing. Data were presented as mean £ s.e.m.
unless otherwise stated. P values less than 0.05 were considered sta-
tistically significant.

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

Data availability

Anonymized clinical data of participants included in this study are
provided in Supplementary Tables 6 and 7. Raw proteomics data that
support the findings of this study have been deposited in the Pro-
teomeXchange Consortium with the dataset identifier PXD057146
(human plasma) and MassIVE database (https://massive.ucsd.
edu) with identifiers MSVO00093785 (bacterial supernatants) and
MSV000097951 (ratliver). The raw RNA-seq reads of rat liver tissue are
available at the European Nucleotide Archive with accession number
PRJEB89704. The predicted protein structure of RUMTOR_00181 is
available at AlphaFold Protein Structure Database via identifier ASKIYS5.
Source data are provided with this paper.

Code availability
Code associated with the data analysis and visualization is available
via GitHub at https://github.com/fjw536/RORDEP.
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Extended Data Fig. 1| Proteomics identification of selected proteotypic

peptides that are unique to RORDEPs in supernatants of bacterial cultures
using liquid chromatography-mass spectrometry (LC-MS). In each panel,
theleft section displays the selected proteotypic peptides (underscored and
highlighted in red) that are unique to sequences of RORDEPs. In the central

section, the left graph displays the fragmentation patterns for the unique

peptidesin the identification of RORDEPs, with b- and y- ions indicating that
the fragmentation occurs in away that the charge is retained on the N-terminus

the N-terminus (the beginning of the peptide chain). The y-ions contain the

carboxyl-terminal end of the peptide and are numbered starting from the
C-terminus (the end of the peptide chain). The right graph shows the extracted
ion chromatograms (EIC) for b- and y-ions and the retention time for the

selected proteotypic peptides in the 3-30 kDa fractions collected from cultural
supernatants of RT ATCC 27756 containing RUMTOR_00181. The EICs of b-and

y-ions are labeled according to the fragmentation patterns shown in the left
section. Inthe right section, observed tandem mass spectrometry (MS2) spectra

and C-terminus, respectively, of the respective peptide. The b-ions contain
the amino-terminal end of the peptides and are numbered starting from

are depicted. Theillustrations detail their MS? with mass accuracy expressedin
parts per million (ppm).
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Extended Data Fig. 2| Absolute quantification of RORDEP1 and RORDEP2
peptides in human plasma samples applying liquid chromatography tandem
mass spectrometry (LC-MS). In panel (a), the left section shows the selected
proteotypic peptides (underscored and highlighted in red) that are unique to the
sequences of RORDEP1 or RORDEP2. In the central section, the left graph displays
the fragmentation patterns for the unique peptides in the identification of
RORDEPs. b- and y- ions indicate that the fragmentation occurs in away that the

charge is retained on the N-terminus and C-terminus, respectively, of the peptide.

The b-ions contain the amino-terminal end of the peptide and are numbered
from the N-terminus (the beginning of the peptide chain) and the y-ions
contain the carboxyl-terminal end of the peptide and are numbered from the

S1 S2 S3 S4 S5

Intra-individual variation by coefficient of
variation of 0.13

C-terminus (the end of the peptide chain). The middle graph shows the extracted
ion chromatograms for b- and y-ions, and the retention time for the selected
proteotypic peptides in human plasma. The extracted ion chromatograms (EICs)
ofb-andy-ions arelabeled according to the fragmentation patterns that are
shownintheleft graph. In the right section, observed tandem mass spectrometry
(MS?) spectra using a Q Exactive mass spectrometer is depicted. The section
details their MS 2 with mass accuracy expressed in parts per million (ppm).

(b) Bar graphs representing the coefficient of variation for intra- individual
variability in signal intensity of RORDEP1 (blue) and RORDEP2 (orange). Each bar
represents one individual sample out of five independently examined samples
from the same plasma pool.
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Extended Data Fig. 3 | Intestinal engraftment, body composition, brown
adipose tissue expression of uncoupling 1 (UCP1) protein, and femoral cortical
thickness in mice following eight weeks of oral gavage twice weekly of RT
ATCC 27756 strain (RT2) expressing the RUMTOR_00181 gene. C57BL/6N mice
were eight weeks old at start of intervention and were given a high-fat diet for a
further eight weeks. The dose of RT2 was 5 x 10°in 100 pl of sterile phosphate-
buffered saline (PBS) with with 10% glycerol or heat-killed RT2. (a) Engraftment
testing atend of intervention at week eight (n =9 per group). Abundance of

RT strains expressing the RUMTOR_00181 gene was measured by quantitative
PCR-normalized 16S rDNA in faecal DNA from mice treated with PBS or the live
RT2strain. (b) Segmented adipocytes from representative hematoxylin- and
eosin-stained sections of inguinal white adipose tissue are depicted in Fig. 3f
and analyzed using AdipoCount®. (c) Magnetic resonance imaging scanning of

UCP1 protein

(log10-transformed, a.u.)

Heat-killed RT2

RT2

mouse body composition (n =10 for PBS and heat-killed RT2 groups,andn=9
for RT2 group). (d) The frequency distribution of adipocyte cell surface area
(inarbitrary units, a.u.) in inguinal white adipose tissue across the three specified
groups. (e) Immunoblotting result of UCP1- and housekeeping B-actin proteins
ininterscapular brown adipose tissue (n=six mice in each of four groups).

(f) Quantifications of theimmunoblottings of UCP1and B-actinin panel c are
givenasratios (n = 6 per group). (g) High-resolution 3D reconstructions of
femoral bones (5-6 mice per group), with red sections indicating the regions
selected for cortical thickness analysis. In panel a, significance was obtained

by Student’s t-test (two-sided). In panels ¢ and f, statistical analysis was
performed using one-way ANOVA with Dunnett’s post hoc correction for multiple
comparisons. For panels a, ¢, and f, data are presented as mean + SEM.
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Extended DataFig. 4 | Impact of R. torques ATCC 27756 (RT2) intervention non-significant. Box plot elements: centre line represents the median; box limits
on the 16S rRNA gut microbiota profile of mice. (a) Bar plots representing the indicate the 25th and 75th percentiles; whiskers extend from the minimum to
relative abundance of bacterial families in the gut microbiota of mice treated with  the maximum values. (c) Principal coordinate analysis (PCoA) plot visualizing
RT2 (n=9) and control mice receiving sterile phosphate-buffered saline (PBS) the Bray-Curtis dissimilarity at the amplicon sequencing variants (ASVs) level,
containing 10% glycerol (n = 9) over an 8-week period via oral gavage. (b) Box comparing the gut microbial communities of RT2-treated and control mice.
plotsillustrating the Chaolrichness estimator and Shannon diversity index for PERMANOVA analysis (two-tailed) based on Bray-Curtis dissimilarity was
the gut microbiota of RT2-treated and control mice (n =9 per group). Statistical conducted to assess differences between groups.

significance was calculated using the two-sided Wilcoxon test; ns denotes
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Extended Data Fig. 5| Mouse interventions with Escherichia coli Nissle1917
(EcN) engineered to express RORDEPL. (a) Luciferase reporter assay showing
the signal intensity of secreted RORDEP1in the spent culture supernatant

ofthe engineered EcN strain and the negative control. Analyzed at 20-fold

and 200-fold dilutions. Culture medium alone (lank; 2 x YT) was included

to assess background signal. Bars represent the mean luciferase signal from
three biological replicates. (b) Quantification of secreted RORDEP1 from the
engineered strain using a standard curve generated with a HibiT-tagged control
protein. (c) Bacterial load of the engineered EcN strains expressed as colony-
forming units per milliliter (CFU/mL) of diluted culture media. (d) Inindependent
experiment #1, twenty-four 20-week-old C57BL/6 N male mice, which had been
onahigh-fat diet for 12 weeks prior to the start of interventions, were assigned
to each group receiving either 5 x 10" CFU of live ECN-RORDEP1/100 pl of sterile
phosphate-buffered saline (PBS) or 5 x 10*° CFU of live EcN-Control /100 pl of
sterile PBS for four consecutive days. The timeline details the protocol for mice
acclimatization and subsequent administration of EcN strains. From day minus
four and until termination (day 21), streptomycin was added to drinking water to
ensure a consistently high level of bacteria engraftment. (e and k) Blood glucose
levels measured during intraperitoneal glucose tolerance test (ipGTT) in two
independent experiments. (fand I) The area under the curve (AUC) for the ipGTT

intwoindependent experiments. (g and m) Graphs illustrating the body weight
alterations over time for both groups in two independent experiments. (h) This
plotdisplays the engraftment profiles in mouse stools of the two different ECN
strains; analyses were done at day 4, 8,12 and 18, respectively, during a 20-day
periodintheindependent experiment #1 as shown in panel a. The CFU per gram
of feces are plotted on alogarithmic scale. Two groups are compared: the control
group (EcN-Control, black circles) and the group treated with ECN- RORDEP1
(green circles). Data points represent mean CFU values, and error bars indicate
standard deviations. (i) Distribution of £. coli expressed in CFU per gram of
intestinal contents from various regions of the intestinal tract (ileum, cecum,
and colon) on day 20 (termination) in the independent experiment #1 as shown
in panel (d). Each data point represents an individual sample from either ECN-
Control (black) or ECN-RORDEP1 group (green), with the mean values indicated
by the horizontal lines. (j) Overview of the second experiment lasting for 18 days.
Statistical assessments for blood glucose levels and body weight changes were
conducted using two-way ANOVA with Bonferroni post hoc adjustments. The
significance of differences in AUC (panels fand 1) and colonization (panel i) was
determined with a two-sided unpaired Student’s t-test. Panels d and j created
with BioRender.com.
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Extended DataFig. 6 | Assessments of in vitro effects of recombinant
RORDEP1 in human and mammalian cellular models applying gene expression
profiling. In human white adipocytes, the expression of key adipogenic genes,
including Ppary (peroxisome proliferator-activated receptor gamma), Hsl
(hormone-sensitive lipase), Gpat3 (glycerol-3-phosphate acyltransferase 3),

Zbtb7 (zinc finger and BTB domain-containing protein 7A), Dgat2 (diacylglycerol

O-acyltransferase 2), and Cd137 (tumor necrosis factor receptor superfamily
member 9), was measured. In human osteoblasts, markers of osteogenic
differentiation were assessed, including Osterix (transcription factor Sp7),
ALP (alkaline phosphatase), CCL1(x) (chemokine ligand 1), SOST (sclerostin),
RUNX2 (runt-related transcription factor 2), and COL1A1 (collagen type l alpha

1chain). In human skeletal muscle cells, the expression of genes related to
muscle differentiation and growth, such as Desmin (intermediate filament
protein), MyoD (myogenic differentiation 1), SXI (Sarcobox), MyoGI1,and MyoG2
(myogenin isoforms), were evaluated. For human NCI-H716 enteroendocrine
cells, theresponse to r-RORDEP1 treatment did not result in any significant
transcriptional changes in the GLP-1release. Similarly, in rat INS-1 pancreatic
beta cells,amodel commonly used for studying insulin secretion, r-RORDEP1
exposure for one hour at varying concentrations showed no significant effects.
rat INS-1cellline, n = 6 biological replicates; for the remaing, n = 3 replicates per
condition. Error bars are the SEM of 3-6 independent replicates.
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Iso-electric point pH4.79 Iso-electric point pH 479 "
Net charge at pH 7: 21 Net charge at pH 7 21
Estimated solubility Good water solubility. Estimated solubility Good wiater solubility.
Hydropath Hydropathy ds

Top is hydrophilic

Top is hydrophilic

Bottom is hydrophobic Bottom is hydrophobic
Color codes: Bas Polar Color codes: Bas Polar
d e f
O Control (n=12) p <0.001
Oral glucose load 151 © Scrambled RORDEP1 (n=12) 19007~ —
Intraperitoneal injection of PBS g © -RORDEP1 (n = 12) = e 8°°—§e§¢°
or RORDEP1 T £ ST
or scrambled RORDEP1 ;’ < 10004 000 o
at dose of 1 mg/kg 2 104 E 3
o [ )
= 73
-~ 0 0 © ©® 3 °
0 30 60 120 8 p<0.001 9
C57/BJ6mice  minute  minutes minutes minutes @ p=003 2
10-week old
D @ r r o ol Il
n =12 per group %) & =) %) 0 30 60 120 S NN
. . . . Time (min) S K
Blood glucose o o<2~ oQ'
& &
measurement L ¢
N
S
s
Extended Data Fig. 7| Synthesis of scrambled recombinant RORDEP1 injection of either PBS, r-RORDEP1 or scrambled r-RORDEP1; the two peptides
and testing of its potential effect on blood glucose over two hoursinlean were given ata dose of 1 mg/kg. (e) Curves of the glucose tolerance test at the
male C57BL/6) mice. (a) Amino acid sequences of r-RORDEP1 and scrambled indicated time points for the two peptides showing no effect of scrambled
r-RORDEPL. (b) Comparison of predicted physicochemical properties of native r-RORDEPL. (f) Area under the curve (AUC) analysis of glucose tolerance test
RORDEP1 and scrambled RORDEPL. (c) AlphaFold2-predicted 3-dimentional (n=12per group). PBS denotes phosphate-buffered saline. Data are expressed as
structure of the two RORDEP1 peptides. (d) Experimental workflow of mouse mean + SEM. Statistical significance was determined using two-way ANOVA with
experiment evaluating effects of the two RORDEP1 peptides on blood glucose in Dunnett’s post hoc test for panel e and one-way ANOVA with Dunnett’s correction
mice (n =12 mice per group) for two hours. Aninitial oral glucose load for panel f. Panel d created with BioRender.com.

(2 g/kg) was givenin the fasting state immediately followed by an intraperitoneal

Nature Microbiology


http://www.nature.com/naturemicrobiology
https://BioRender.com

Article

https://doi.org/10.1038/s41564-025-02064-x

a b g
100+ .l PBS Blank cell culture medium
< 75 e 5
kel RORDEP1 buffer N Spd |
2 T1/2 > 480 min el 5o it
s RORDEP1 SIF ) oo
£ 50 Ti2 = 1825 +27.8 min T T 3 1 % § 7§ % ®om kB on o T B P S S YN S S AN N YO N O N % b »
2 ] 15 ug/mL RORDEP1 in PBS i RORDEP1 reference ™
257 o . i1 standard
i g #: incell culture
0 i M o] medium
T T T T ) o
0 100 200 300 400 500 ? ) b ]
Time (min) T T A N T T T 2 T T 7 5 5 7 F 5 % % b i R
c -5 30 pg/mL RORDEP1 in PBS os1 75 uM for 12 hours ‘
320 : IR
< e i .
o 157 ¢
[a] -
m ! : 3 ! > ° ‘ s ? s ! L 0 2 3 4 H] 6 7 8 9 10 n 12 13 " 15 6 17 18 19 20
g 10 | 60 ug/mL RORDEP1 in PBS g
= Hg/m e 24 150 uM for 12 hours
© = ¥ ‘
o 5 = (i
© Lo 3 05 |
X 0.5 0.4
3 o.0f o3 2
a 0- 0. o ¥
45 80 = 60 S S I B E S N R B T T R a
RORDEP1 concentration (ug/mL) S T S B R T R T R I I T
added to PBS Time (minutes) Ll i
. 300 uM for 12 hours |
N \
Time (minutes)
h
d e f 15 kDa—
10 kDo —— S
8 8 i
2 8+ 150 £ 1500+ e
3 % §20—
= > 3 3
ES 61 N £ s H
53 g g 100 _§&_\ 1000 § 154
2834 B 85 £
OB N T2 @ 40
4 5 é 50 5 500 §s
8 527 3 2 = )
8¢ 5 S o 5 e 3
7] §
£ o o- 5o L. 2
a 75 150 300 75 150 300 = 75 150 300 2 o " . , ! . X
RORDEP1 concentration (uM) RORDEP1 concentration (uM) RORDEP1 concentration (uM) £ 5 15 30 60 120 240
added to Caco-2 cells added to Caco-2 cells added to Caco-2 cells - Time (min)

Extended Data Fig. 8 | Stability of recombinant RORDEP1 inintestinal fluid,
gut epithelial permeability of r-RORDEP1, and in vivo half-life of -RORDEP1.
(@) Invitro stability of -RORDEP1 (dark blue) in simulated intestinal fluid (SIF)
including buffer control (light blue). Absorption that were measured at 214 nm
illustrates r-RORDEP1 degradation upon exposure to SIF; data were recorded

at various time points. Amount of left -RORDEP1 upon the exposure to SIF or
buffer were expressed as normalized area under the curves (AUCs) relative

to 0 min. (b) Representative UPLC chromatograms of purified r-RORDEP1
spiked into phosphate-buffered saline (PBS) at increasing concentrations,
demonstrating consistent retention time and concentration-dependent signal.
(c) Quantification of -RORDEP1 peak areas at increasing concentrations,
expressed in arbitrary units (a.u.). (d) Quantitative analysis of -RORDEP1in the
basolateral compartment following apical application of -RORDEP1 at various
concentrations during an incubation for 12 h. A dose-dependent increase in
r-RORDEPI1 concentration was observed. (e) Assessment of Caco-2 cell viability
by 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) viability
assay after exposure to varying concentrations of r-RORDEP1. No significant
impact on cell viability was observed compared to control. (f) Measurements
oftransepithelial electrical resistance (TEER) in Caco-2 monolayers following
r-RORDEP1 exposure, indicating that tight junction integrity remained intact.

(g) Representative chromatograms illustrating the presence and abundance

of r-RORDEP1 in the basolateral compartment after transepithelial transport.
Theblank controlin the chromatogram represents basolateral cell culture
medium without r-RORDEP1 treatment, while the other chromatograms display
either r-RORDEP1reference standards or penetrated r-RORDEP1 detected in the
basolateral medium. (h) Immunoblot analysis showing the presence 6xHis-
tagged-RORDEP1 polypeptide in plasma samples collected from four chow-fed
lean eight weeks-old C57BL/6N mice at 5,15,30, 60,120 and 240 min after
intraperitoneal injection of -RORDEP1 at a dose of 1 mg/kg. The expected size of
the r-RORDEP1 protein (-12.5 kilodalton (kDa)) is indicated on the left. The blot
lanes correspond to time points after administration by immunoblotting assay
using anti-His-Tag Antibody (Cell Signal Technology, #2365). The experiment was
performed once. (i) The relative abundance of plasma RORDEP1 was quantified
by calculating the ratio of the pixel intensity for each band to the intensity of the
adjacent background at various time points following the injection of 6xHis-
tagged r-RORDEP1 (n = 4 per group). This measurement was conducted using
Image] software. Each data point represents an individual measurement from
one mouse. Box-and-whisker plots display the median, quartiles, and range of
protein abundance for each time point, with individual data points overlaid. For
panels a, and c-f, data are presented as mean + SEM, and n = 3 per group.
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Extended Data Fig. 9| Changes of the rat liver proteome following intestinal
infusion of recombinant RORDEPL. (a) Twelve 8-week-old lean male Sprague-
Dawley rats (six after rr-RORDEP1 and six after infusion of phosphate buffered
saline (PBS)) were included. r-RORDEP1 was infused into duodenum with a rate of
200 pmol/kg/min for three hours. The analysis involved profiling a total of 7,678
proteins from theratliver. (b) Principal Component Analysis (PCA) plot displays
the distribution of samples based on the first and second principal components

¥rXreoeoeo
(PCland PC2), capturing 24.2 % and 17.3 % of the total variance, respectively.
Each point represents anindividual sample, categorized by treatment group
(r-RORDEP1 or PBS). (c) Heatmap visualizes 379 proteins that exhibit significant
differential expression (277 up- and 109 down regulated) between the control
and r-RORDEP1-treated groups. Differential expression was determined using
athreshold g-value < 0.05. Expression of the differential proteome was z-score
transformed for data visualization. Panel a created with BioRender.com.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Phosphoproteomics analysis of rat liver following
intestinal infusion of recombinant RORDEPI. (a) Twelve 8-week-old lean male
Sprague-Dawley rats (six after r-RORDEP1 and six after infusion of phosphate
buffered saline (PBS)) were included. r-RORDEP1 was infused into duodenum
witharate of 200 pmol/kg/min for three hours. The analysis involved profiling
atotal of 4,877 phosphoproteins. (b) Principal Component Analysis (PCA) plot
displays the distribution of samples based on the phosphoryl proteomein

the group treated with PBS (P_Control) and the group treated with r-RORDEP1
(P_RORDEP1). (c) Visualization of the number of significantly differential (log2
fold change (log2FC) > 1and adjusted p < 0.05) phosphoryl proteins between the

two groups; up-and down-regulated features were colored with red and blue,
respectively. (d) Volcano plot visualizing the changed phosphoryl proteins in
panel b; proteins involved in hepatic glucose- and lipid metabolism are labeled.
(e) Differential pathway enrichment analysis showing that phosphorylation of
PPAR pathway was activated following in vivo exposure to r-RORDEP1. Up- and
down-regulated phosphoryl proteins are marked with red and blue boxes,
respectively. For panels c and d, the significance was determined using two-sided
Student’s t-test, with post hoc correction using the Benjamini-Hochberg method.
Panelacreated with BioRender.com.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Software and code

Policy information about availability of computer code

Data collection No specific software was used for the data collection.

Data analysis All analyses in this study were conducted using tools that are publicly accessible. Specifically, GraphPad Prism (version 10.1.0) was utilized for
both graphical representation and statistical evaluation of data derived from animal experiments. For the Small-Angle X-ray Scattering data
reduction, PRIMUSqt from the ATSAS package (version 2.8.32) was used. For processing RNA sequencing data, a suite of software including
SOAPnuke (version 1.5.2), HISAT2 (version 2.0.4), Bowtie2 (version 2.2.5), and RSEM (version 1.2.12) was employed. Additionally, analysis was
performed with the use of R (version 4.3.0) and several of its packages: ggplot2 (version 3.4.4) for data visualization, dplyr (version 1.1.4) and
tidyr (version 1.3.0) for data processing, along with DESeq2 (version 1.40.2) for differential expression 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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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

Anonymized clinical data of participants included in this study are provided in Supplementary Tables 6 and 7. Raw proteomics data that support the findings of this
study have been deposited to the ProteomeXchange Consortium with the dataset identifier PXD0O57146 (human plasma) and MassIVE database (massive.ucsd.edu)
with identifiers MSV000093785 (bacterial supernatants) and MSV000097951 (rat liver). The raw RNA-seq reads of rat liver tissue are available at the European
Nucleotide Archive with accession number PRIEB89704. The predicted protein structure of RUMTOR_00181 is available at AlphaFold Protein Structure Database via
identifier A5KIY5. Source data are provided with this paper.

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 This study includes two cohorts of human participants.
Cohort 1: For quantification of RUMTOR_00181-carrying strains in human stools and estimation of the abundance of
RORDEP1 and 2 in human plasma, respectively, 59 healthy adult men were recruited.
Cohort 2: For the assessment of a potential impact of dietary habits on abundance of RT strains releasing RORDEPs in stool
samples, the absolute cell counts of RUMTOR_00181-carrying strains were measured in 54 healthy adults (35 females and 19
males) following vegan or omnivorous diet.

Reporting on race, ethnicity, or | For Cohorts 1 and 2, participants are Danish Caucasian.
other socially relevant
groupings

Population characteristics In Cohort 1, all participants are males (age 25 * 4.0 years, body mass index (BMI) 23.8 + 2.0 kg/m2)
In Cohort 2, participants following vegan diet are aged 29.7 + 1.7 years with BMI of 20.7 + 5.3 kg/m2; participants following
omnivorous diet are aged 30.4 + 6.9 years with BMI of 21.6 + 2.6 kg/m2.

Recruitment For Cohort 1, participants were recruited in Denmark by advertisement in local newspapers, social media, and other online
resources between 2016 and 2017. Inclusion criteria for the study were being male of about 18 to 35 years in good health,
with stable weight, normal glucose metabolism, normal kidney and liver functions and normal blood pressure. Exclusion
criteria from the study included all the people allergic to glucocorticoids, smokers, people that where prescribed oral
medication in the previous 4 months, that consumed probiotics daily for the previous 4 months, with relevant dietary
changes in the previous 2 months, that suffered either chronic or acute illness the previous 2 months as well, previous Gl
operation, mental disorders or individuals who were unable to give informed consent. Finally, all the individuals that required
medical treatment during the study were also excluded from the study.

For Cohort 2, participants were recruited from urban areas in Denmark by advertisement in local newspapers, social media,
and other online resources from November 2013 to November 2014. Volunteers were eligible for inclusion if they were
between 18 — 65 years of age and weight-stable (+1 kg, assessed by interview) for a minimum of 2 months. Vegan volunteers
were eligible for inclusion in the study if they had been adherent to a vegan diet for a minimum of 1 year. Volunteers who
received antibiotic treatment within 3 months, had known gastrointestinal disease or reported gastrointestinal symptoms at
the time of the study, or followed a medically prescribed diet were ineligible for inclusion. Pregnant and lactating women
were also ineligible.

For both cohorts, there were no specific inclusion criteria that would introduce self-selection bias beyond standard voluntary
participation in observational studies.

Ethics oversight For Cohort 1, the study was approved by the Ethical Committees of the Capital Region of Denmark (H-16021787).
For Cohort 2, the study was approved by the Ethical Committee of the Capital Region of Denmark (H 3 2012-145).

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

All studies must disclose on these points even when the disclosure is negative.

Sample size No formal sample size calculation was performed, as this is an observational study. The sample sizes were determined by the number of
eligible participants available during the study period. The sample sizes are considered as sufficient for exploratory analysis and to detect
relevant associations, in line with similar observational studies (PMID: 30425247 and 30397356).

Data exclusions No data was excluded.

Replication As a hypothesis generating study, no explicit replication attempts were made. As for the mouse study, all experiments were at least
duplicated and all attempts at replication were successful and supported the conclusions in the manuscript.

Randomization  As the studies in humans were observational, there was no allocation or randomization. The experiments in rodents employed a
methodological approach where animals were assigned to groups in a random manner, with assignments based on their body weights prior to
the initiation of the experimental interventions.

Blinding Blinding was not performed in the human sample analysis; however, all human samples were labeled with unique, non-identifying codes and

were not linked to any personal participant information, minimizing potential bias. For all other experiments, investigators were blinded to
group allocation during both data collection and analysis to ensure objectivity and reduce potential observer 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
Involved in the study n/a | Involved in the study
Antibodies IZ |:| ChlIP-seq
Eukaryotic cell lines IZ |:| Flow cytometry
Palaeontology and archaeology IZ |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used Polycolonal:
Rabbit anti-UCP1 (Abcam, ab10983)
Rabbit anti-His-Tag Antibody (Cell Signal Technology, #2365)

Monoclonal:
Rabbit anti-beta-actin antibodies (Abcam, ab115777)[SP124]

Validation Rabbit anti-UCP1 (Abcam, ab10983) has been validated in previous report PMID: 26772600.

Rabbit anti-His-Tag Antibody (Cell Signal Technology, #2365) has been validated in PMID: 37674080.
Rabbit anti-beta-actin antibodies (Abcam, ab115777) has been validated in PMID: 30649474,

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Human white preadipocytes (PromCell, #C-12732, Lot #456Z005.1, isolated from human omentum)
Human osteoblasts (Promocell, #C-12720, Lot #4457012.2, isolated from human femoral head)
Human skeletal myoblasts (PromoCell, #C-12530, Lot #4517031.15, isolated from human musculus pectoralis major)
GLP-1 secreting human cell line NCI-H716 (ATCC, CCL-251)
Rat insulin-secreting INS-1E 832/13 cells (a kind gift from Dr. Brice Emanuelli, Novo Nordisk Foundation Center for Basic
Metabolic Research, Faculty of Health and Medical Sciences, University of Copenhagen)
Human epithelial Caco-2 cell line (ATCC, #HTB-37)

Authentication Cell lines obtained from publicly available cell banks were not re-authenticated.

Mycoplasma contamination All cell lines were tested negative for mycoplasma contamination.

=
Y]
=t
=
@
1®)
@)
=
o
=
®
o)
@)
=
=
(e}
wv
c
=
=
o
=<




Commonly misidentified lines  No commonly misidentified cell lines were used.
(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 Male mice with a C57BL/6 background (specific pathogen-free grade) and with varying ages as described in detail in the manuscript
were purchased from Janvier Labs (Le Genest-Saint-Isle, France). Male Sprague-Dawley (SD) rats, nine weeks old and weighing
around 300 grams, were purchased from the Experimental Animal Center of Chongqing Medical University, China, or from Janvier
Labs (France) with ages specified in the manuscript. Male BKS-Leprdb/db/JOrIRj mice (Mus musculus) were obtained from Janvier
Laboratories (France) at eight weeks of age, with initial body weights ranging from 30 to 45 grams. In the comparative study of the
effects of -RORDEP1 and scrambled r-RORDEP1 on glucose tolerance, 45 male C57BL/6J mice at eight weeks of age were obtained
from Gempharmatech (Nanjing, China).

Wild animals No wild animals were used.
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Reporting on sex Male animals were used in this study.
Field-collected samples  This work does not utilize field-collected samples.

Ethics oversight All protocols for mice experiments were approved by the Danish Animal Experiments Inspectorate (license numbers:
2018-15-0201-01491 for the intervention study with RT strain and 2020-15-0201-00568 for the GMO1 study), and the University of
Copenhagen (project numbers: P20-392 for the intervention study with RT strain and P23-145 for the GMO1 study). The comparative
study between r-RORDEP1 and scrambled r-RORDEP1 in mice was conducted with ethical approval ID: GP01-QD112-2024v1.2 at
WUXI (https://www.wuxiapptec.com). The rat research protocols were reviewed and approved by the Danish Animal
Experimentation Council for the intravenous infusion (approval ID: 2023-15-0201-01508) and assessment of r-RORDEP1 effects on
incretin release (approval ID: 2023-15-0201-01393), and by the Animal Ethics Committee of Chongging Medical University, China
(approval ID: IACUC-CQMU-2024-0036) for the intraduodenal infusion study.

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

Plants

Seed stocks NA

Novel plant genotypes  NA

Authentication NA
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