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Graphical abstract

Notoginsenoside Ft1 activates Tgr5, but antagonizes Fxr, in ileum to enhance bile acid synthesis, thereby

imparting metabolic improvement in high fat diet induced obese mice.
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Running title: Notoginsenoside Ftl acts agyeb agonist buExr antagonist

Abstract Obesity and its associated complications are higblsted to a current public health crisis
around the world. A growing body of evidence hadidated that G-protein coupled bile acid (BA)
receptor TGR5 (also known as Gpbar-1) is a potemtiag target to treat obesity and associated
metabolic disorders. We have identified notoginsa®Ftl (Ft1) fronPanax notoginsengs an agonist
of TGR5in vitro. However, the pharmacological effects of Ftl1 at-tfiduced obese (DIO) mice and the
underlying mechanisms are still elusive. Here wewsltthat Ft1 (100 mg/100 diet) increased adipose
lipolysis, promoted fat browning in inguinal adiposssue and induced glucagon-like peptide-1 (G).P-1
secretion in the ileum of wild type but ndgr5’ obese mice. In addition, Ft1 elevated serum free an
taurine-conjugated bile acids (BAs) by antagonitixg transcriptional activities in the ileum to actigat
Tgr5 in the adipose tissues. The metabolic benefigtbfwere abolished iByp27al’~ mice which have
much lower BA levels. These results identify Ftlaasingle compound with opposite activities on two



key BA receptors to alleviate high fat diet-induadsbsity and insulin resistance in mice.

KEY WORDS Notoginsenoside Ft1; Obesity; Insulin resistandée Bcids; TGR5; FXRGlucagon-like
peptide 1; Metabolic disorders

Abbreviations:ANOVA, analysis of variance; AUC, area under tlieve; BAs, bile acids; BAT, brown
adipose tissue; cAMP, adenosing53cyclic monophosphate; DIO, diet-induced obesitWAd,
epididymal white adipose tissue; FGF, fibroblasivgh factor;Fxr, nuclear farnesoid X receptor; GLP-1,
glucagon-like peptide-1Tgr5, membrane-bound G protein-coupled receptor; HRgh ffat diet; GTT,
glucose tolerance test; ITT, insulin tolerance;t&BMAT, inguinal white adipose tissue; KO, knockput
Ft1, notoginsenoside Ft1; Ucp, uncoupling proteit,; wild-type

1. Introduction
Obesity is a chronic and complex non-contagious ica¢ccondition characterized by excessive fat
deposition in vital metabolic organs due to theugition of lipid homeostasisit has been pathologically
linked to a broad range of co-morbidities, incluglitype 2 diabetes mellitus, non-alcoholic fattyeliv
diseases (NAFLD), hypertension, dyslipidemia, aardscular disease (CVD), as well as some cafiters
Obesity has been escalating global epidemic ane mhan 650 million adults (ag#8 years) around the
world are diagnosed with obesity disorder in Z0Te current conventional therapeutic optionstlier
management of obesity include life-style intervens (exercise and diet) and pharmacotherapy. Rgcent
bariatric surgery becomes the most effective thartip intervention when all other treatments have
failed’. However, surgery itself is invasive and has msidg effects. Therefore, there is still an urgent
need to develop innovative interventions and newicies to alleviate the detrimental effects
of obesity by targeting metabolic regulators. Amang potential candidates, TGR5, a membrane-bound
G protein-coupled bile acid (BA) receptor (also wmoas Gpbar-1), is a potent metabolic regulator and
promising drug targ&t?

TGR5 is ubiquitously expressed in immune cells tisglies of multiple metabolic organs, including
intestine, liver, adipose tissue and muSclend its involvement in various metabolic procesgsecrucial
in regulation of the pathogenesis in metabolic miss. Mechanistically, in brown adipose tissue TBA
and muscle, the triggering of BA-induced TGR5 sligngppromotes the production of energy expenditure
through type 2 iodothyronine deiodinase (D2)-indueetivation of thyroid hormoné Interestingly,
activation of TGR5 in enteroendocrine L-cells tegg the secretion of glucagon-like peptide-1 (G)P-1
which subsequently stimulates insulin secretion déeviate glucose disorder, resulting in the
improvement of pancreatjgé-cell mass and glucose homeostaSisFurthermore, activation of TGR5 in
intestine also promotes the release of peptidesityectyrosine (PYY) which attenuates food consuampti
rate®. On the other hand, TGRS5 activation inhibits cytekproduction by suppressing the nuclear factor



kappa-light-chain-enhancer of activated B cells @#J signaling pathway in activated macrophdges
These characteristics of TGRfighlight it as a potential metabolic drug targéince BAs have been
reported as endogenous TGRS5 ligdhdsholic acid (CA)-derived @ethyl-23©)-methyl-CA (INT-777)
was identified as a selective TGRGonist®. However, although INT-777 has been shown to éxhib
potential therapeutic benefits in treating metabslyndrome¥?, severe side-effects have limited its
further application in clinical triaf§**. Therefore, it is urgent to develop new TGRS lidgmith minimal
adverse effects to treat obesity and its assoc@tedorbidities.

Radix Notoginseng, the dry roots BAnax notoginsen¢Burk.) F.H. Chen (Araliaceae), has been
used to cure trauma in traditional Chinese medidaremore than 2000 yedrs One of the active
compound notoginsenoside Ft1 (Ftl), separated keanes and stems Bf notoginsengis chemically a
kind of saponiff. In the present study, we identified Ft1 as amigmf the TGR5 by high-throughput
screening of natural product libraries. We thenuatad the metabolic effects of Ftl using diet-irehl
obese (DIO) model in mice. We also investigated uhderlying mechanisms by which Ftl improved

lipid and glucose metabolism in DIO mice.

2. Materialsand methods

2.1. Chemicals and reagents

Ft1 powder was provided by Shanghai R&D CenteiStandardization of Chinese Medicines (Shanghai,
China). Other chemicals including bile acids (BAggre obtained from Sigma—Aldrich company (St.

Louis, MO, USA), high fat diet (60 kcal% saturateddD) and normal diet (chow diet, 10% kcal%

derived from fat) were bought from Research Diahpany (D12492 and D12450B, NJ, USA). FBS/
DMEM medium were obtained from Gibco, TG and TC suament kits were from Wako Life Sciences.

2.2. Construction of Tgr5 stable expressed HEK293 ¢

The cell line HEK293 was cultured in an incubatdhvd7 °C and 5% C@by using Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serufplasmid expressed mou3gr5 (pIRESneo3-
mTgr5) was transfected into HEK293 cells with Fugeneségent. Forty-eight hours later, cells were
treated with 500 mg/mL G418 and resistant cellsensglected from them as previously descfibed
Resistant clones were evaluated by reverse tratiscripolymerase chain reaction (RT-PCR).

2.3. Tgr5 luciferase assay

To test whether Ft1 was a ligand of TGR5, the larei$e Reporter Assay System (Promega Madison, WI,
USA) was conducted as previously descriiefihe pCRE-luc reporter (50 ng), pCMV-galactosidése
ng) were transfected infbgr5 stable expressed HEK293 cells by using Fugenagerg (Promega) for



18 h.The next day, cells were incubated with 0.2% DMSQOvehicle, INT-777 as positive control and
Ftl as indicated concentration for 24 h. Luciferasdp-galactosidase activities were measured 6 h later
by employing Luciferase Assay System (Promega) @athcto-Star (Applied Biosystems) reagents,
respectivelys-Galactosidase was used as an internal contreidionalization.

2.4. Adenosine’®’ cyclic monophosphate (CAMP) secretion measurement

Tgr5 stable expressed HEK293 cells were incubated wR2B6(DMSO as vehicle or Ftl for 30 min in
serum-free Krebs Ringer buffer supplemented with thinol/L Ro 20-1274 and 500 mmol/L 3-isobutyl-
1-methylxanthine (IBMX, Sigma) and cAMP conceniatiwere assayed in lysates by employing cAMP-
Glo Assay Kit (Promega). Finally, cAMP levels weralculated by GraphPad Prism software with a

cAMP standard curve.

2.5. Measurement of GLP-1 release from NCI-H71B cel

NCI-H716 cells from the American Type Culture Cotlen (ATCC) were maintained in suspension
culture as described by the previously publishethous®. To evaluated Ft1 mediated GLP-1 secretion,
the cells were plated into 24-well culture platescpated with Matrigel incubated for 48 h. Theriscel
were incubated with the Krebs-Ringer bicarbonateby(128.8 mmol/L NaCl, 4.8 mmol/L KCI, 1.2
mmol/L KH,PQ,, 1.2 mmol/L MgSQ, 2.5 mmol/L CaG, 5 mmol/L NaHCQ, 10 mmol/L HEPES, and
0.2% bovine serum albumin, pH 7.4) containing Ft1 g and 10 umol/L) or INT-777 as a positive
control (10 umol/L). After incubating at 37 °C f@rh, the supernatants were collected and GLP-1 was
measured by a GLP-1 active ELISA kit (Millipore).

2.6. Fxr transactivation assay

Caco-2 was differentiated as reported by Prof. @fmzss group’. Then Ftl (10 umol/L) supplemented
with chenodeoxycholic acid (CDCA) (100 umol/L) wasposed to differentiated Caco-2 cells for 24 h.
All cell samples in each well were harvested foalame polymerase chain reaction (PCR) assay to
determine mRNA levels d¥xr target genes.

Next, the transactivatioof human FXR induced by Ftl was evaluated. HEK293T cells were
cotransfected withEcRE-Lu¢ phFXR phRXR and p-galactosidase for 6 using Fugene 6 reagent
(Promega) as previous reportédThen, the medium was replenished with fresh medand Ftl
supplemented with GW4064 (5 umol/L) was exposedrdasfected HEK293T for 24 in indicated
concentrations. After treatment, cells were lyse@\valuate luciferase arftigalactosidase activities by
employing Luciferase Assay System (Promega) andadBaiStar (Applied Biosystems) reagents,

respectivelyf-Galactosidase was used as an internal controldionalization.



2.7. Animals and experimental design

C57BL/6 wild type (Wt) mice an€yp27alknockout (KO) mice Cyp27al”, stock number, B6.129-
Cyp27ai™®}J) were obtained from the Jackson Laboratory (@abor, ME).Tgr5'~ mice in C57BL/6
background were kindly donated by Dr. Vassilevay&als previously describ&d Different kinds of
genetic mice were kept at a pathogen-free anintditfaunder a standard 12 h:12 h light/dark cydd.
group mice were fed with standard chow diet ancemad libitum NIH guidelines were followed by all
procedures for the care and use of laboratory dsifiéie protocol of animal study has been accelpyed
City of Hope Institutional Animal Care and Use Coittee (IACUC number: 13004). The general
procedures of animal study were described as be&Saxwweek old male mice were fed with high-fat diet
(D12492, 60% kcal from fat Research Diets, NJ, UBA)8 weeks before performing the studies. Next,
the obese mice were randomly divided into HFD grdtif high dose group (HFD+Ft1-H, 100 g high fat
diet supplemented with 100 mg Ft1, 100 mg/100 ¢ died Ft1 low dose group (HFD+Ft1-L, 100 g high
fat diet supplemented with 50 mg Ft1, 50 mg/100eg) dn=8 per group). Mice fed with regular chow
diet were used as controh=8). Bodyweight and food intake were recorded fomwéeks. For all
experiments, age and body weight matched animate wsed. After mice were euthanatized by,CO
serum, liver, ileum, white adipose tissues (WATY &8AT were collected and snap frozen in liquid

nitrogen for RNA extracts, western blot analysibimchemistry studies.

2.8. Analysis of endocrine hormones and metabolites

The Ultra Sensitive Mouse Insulin ELISA Kit (Crys@@hem Inc.) and portable glucose meter (Abbot
Laboratories) were applied to measure fasting séngoiin levels and blood glucose level, respetyive
At the 6th week following Ftl treatment, all groumpice were fasted for 14 h or 4 h and then
intraperitoneally injected witlb-glucose (2.0 g/kg bodyweight) or insulin (0.75 g/kodyweight) for
glucose tolerance test (GTT) or insulin tolerarest {ITT), respectively. Blood from tails beforedalb,
30, 60, or 120 min after the injection was colleicter glucose levels test. 100 mg liver was homoggsh

in 1.0 mL PBS and 0.4 mL homogenate were used tiaexhepatic lipids by using 3.2 mL CHCI
CH3OH (chloroform/methanol, 2:1y/v) mixture. Then, the lower organic phase was tensfl and
dried. The dried extract was resuspended in 1% Pt-100 of absolute ethanol, and the triglyceade
cholesterol levels were measured with commercitd KWako Life Sciences). Serum glycerol was

determined according to the instructions of comiaékits (Wako Life Sciences)

2.9. Measurement of GLP-1 release in vivo
Mice were orally treated with dipeptidyl-peptiddse(DPP-1V) inhibitor sitagliptin (3 mg/kg) at 60 im



before the gavage with-glucose (2.0 g/kg). Blood was collected by retrbital puncture in different
indicated time points for the determination of plasGLP-1 level. Serum GLP-1 levels were measured

follow the instruction of commercial kits (Millipe).

2.10. Indirect calorimetry

Oxymax lab animal monitoring system (Columbus unstents, Columbus, OH, USA) was employed to
determine energy expenditures. After receiving fetl 6 weeks, each group mice were kept in the
separated metabolic chamber for 24 h to adaptrbiecmment. Oxygen consumption volume (y@nd
CO, release were determined during a 24 h period. iRgspy quotient (RQ) equals volumes of £O
production /volumes of £consumption. Results are exhibited for the lash D2 the light cycle and 12 h
of the dark cycle over both dark and light phases.

2.11. Cold tolerance test

Each group mice were maintained in individual cagibk food, and water which were placed in a 4 °C
room. The cold tolerance was measured by placiagnitte at 4 °C room for 3 h. Mouse rectal body
temperatures were measured using a Thermo Scandahwmter (PRO 4000, Braun) prior to or at 60 min,

120 and 180 min after cold exposure.

2.12. BAs composition analysis

BAs composition was detected by ultra performangeid chromatography—mass spectrometry as
previously reported. Serum BAs were extracted using 75% methanol. ipaty, 150 pL methanol
was added to 50L serum and mixed by vortexing. Next, samples vwenatrifuged at 20,00 (4 °C)

for 10 min. All the supernatant was separated aiedi dResidues were reconstituted in i00Omethanol—
water (55:45yv/v; containing a mixture of 5 mmol/L ammonium acetat®l 0.1% formic acid) before

analysis.

2.13. Histological examination of liver and adipdssues

When animal feeding was terminated, all mice werteanized. Liver, BAT and WAT were fixed in 10%
formalin, dehydrated and embedded in paraffin. Hemyin & eosin staining was performed for
standard histological examination. 0.5% oil redduson and Mayer’s hematoxylin solution were used
to stain frozen liver sections. Images were takeerhploying Olympus BX51TF microscope (Olympus).
Adipocyte size was quantified using Fiji Adipossétftware16 (Bethesda).

2.14. Quantitative real-time reverse transcriptipolymerase chain reaction (RT-PCR)



The liver, inguinal white adipose tissue (iWAT) aBAT were collected at 6th weeks post Ftl treatment
and total RNA from those tissues were extractedising Trizol reagent (Molecular Research Center).
After RNA quantification, 2ug total RNA was transcripted reversely into cDNA bynploying
Superscript first-strand synthesis system (Inviérgg Relative expressions of amplificants were mesas
with SYBR Green Supermix (Invitrogen) on an Appli&ibsystems 7300 Real-Time PCR System
(Applied Biosystems). Primer pairs used for gendemeination were displayed in Supporting
Information Tables S1 and S2. The relative mRNZAelswf test genes were normalized with the internal
control M36B4 or glyceraldehyde 3-phosphate dehyenase GAPDH) by using the Applied
Biosystems software.

2.15. Western blot analysis

The IWAT protein was extracted with tissue lysigfbu(Pierce). Samples were performed with Western
blot analysis by incubating antibodies against HSCell Signaling, #4107), pHSL (Cell
Signaling, #4126), phospho-protein kinase A (pPKibstrate (Cell Signaling, #9624) and GAPDH (Cell
Signaling, #5174) using standard methodology. Weshdotting was conducted and quantified with
ImageJ software package as previously described

2.16. Immunofluorescent staining

BAT and iWAT frozen sections were permeabilizedusyng PBS-0.05% Tx-100 solution for 30 min.
Adipose tissue sections were incubated with undongpproteinl (UCP1, abcam, #abh225490) as the
primary antibodies and washed 3 times with 1% BSA10 min after blocking. Next, secondary anti-
rabbit antibodies were used for immunofluoresceragally, all sections were incubated for rhfh with

4' 6-diamidino-2-phenylindol€DAPI) for nuclei staining. Sections were mounteithw/ECTASHIELD
(Vector Laboratories) and covered with slips afteashing for 3 times. Images were taken with a

scanning microscope (EVOS FL Auto, Thermo Sciejtifi

2.17. Statistical analysis

All data are presented as mean + standard devig8D) or mean * standard error (of estimate mean
value) (SEM). The differences among two groups veerapared by using Student¢est (unpaired, two
tailed). The differences among multiple groups wepenpared by using one-way analysis of variance
(ANOVA) with Dunnett'spost hoctest, while those tests were conducted onfy éfchievedP<0.05 and
there was no significant variance inhomogeneitgti§ical analysis was undertaken only when each
group size possesses a minimum ofnab independent samples. Data were analyzed usiisgnPr
(GraphPad, San Diego, CA, USA) software. The tholesbf statistical significance was setRat0.05.



3. Results

3.1. Ft1 ameliorates diet-induced obesity in mice

Tgr5 stable expression cell line was employed to wheftte (Fig. 1A) was agrbs ligandin vitro. The
results demonstrate that Ft1 activalep5 at 5 and 10 umol/L test concentrations (Fig. IBnsistently,
Ftl at concentrations of 5 and 10 pmol/L remarkadimulated cAMP secretion (Fig. 1C) and GLP-1
releasein vitro (Supporting Information Fig. S1C) without any dgixicity (Fig. S1A and S1D). Since
TGR5 regulates multiple signaling pathways to cotifie metabolic homeostasis of lipids and glucose,
we therefore investigated the pharmacological &feé Ftl in DIO micein vivo. A cohort of Tgr5”’
mice (KO) and wild-type mice were treated with HF® eight weeks to induce diet-induced obesity.
Then, HFD or HFD supplemented with Ft1 (100 mg/Ip@diet or 50 mg/100 g diet) were fed for
additional 6 weeks, while another cohort of KO &ktimice were fed with a chow diet (chow) for the
same duration. During the treatment, no obviouscityxof Ft1 was observed. The Ftl-treated group
showed similar food intake capacity compared to H@®up (Fig. 1E). Interestingly, although the
bodyweight of mice fed with high dose of Ftl-mixdiét was heavier than that of chow-fed Wt mice,
they exhibited less body-weight gain than HFD-fegteanover the course of experiments (Fig. 1D),
suggesting that Ftl conferred resistance to dikidad obesity in mice (Fig. 1D). In contragr5’
mice treated with Ft1 at both high and low dosesa&d a similar body-weight gain compared to HFD-
fed Tgr5'~ mice (Fig. 1D), indicating that Ft1 attenuated HfD-induced obesity in @gr5-dependent
manner. In addition, the liver and the WAT weightsre determinedand morphological changes were
evaluated for the extent of lipid accumulation iffedlent metabolic organs. The results reveal rédns

in liver and bodyweight ratio (Fig. 1F), epididymahite adipose tissue (eWAT) weights (Supporting
Information Fig. S2A), IWAT (Fig. 1G), adipocytezsi of eWAT and iWAT (Fig. S2B), hepatic
triglyceride (TG) content (Fig. S2C) and total axgikrol levels (TC) (Fig. S2D), following Ft1 trewnt.

As expected, these changes were not observebgifi’™~ mice with Ftl treatment (Fig. 1D-G and
Supporting Information Fig. S2452D). Histopathological analysis indicates that Ftfluced hepatic

steatosis and adipocyte hypertrophy in Wt mice.(Elg and Fig. S2E), but not ifigr5'~ mice (Fig. 1H
and Fig. S2E). These results together demonsthateT gr5 is required to mediate Ftl-induced weight
loss and fat mass decrease in diet-induced obesity.

Insert Fig. 1

3.2. Ftl improves HFD-induced glucose disorder inam

To determine the effects of Ftl treatment on glacoetabolism, GTT and ITT were conducted in all



experimental groups. The DIO mice showed reducacdogle tolerance and insulin resistance compared to
those of chow-fed mice. Ftl treatment significanthproved glucose tolerance (Fig. 2A) and insulin
resistance (Fig. 2C) in Wt, but not Tigr5'-obese mice (Fig. 2B and D). Moreover, the incredasting
blood glucose (Fig. 2E) and insulin levels (Fig) 2 Wt obese mice were markedly reduced by Ftl
treatment, but not iligr5’ mice (Fig. 2E and F). Taken together, these resudlicate that Ft1 improves
glucose metabolism in DIO mice inTgr5-dependent manner.

Insert Fig. 2

3.3. Ftl induces GLP-1 secretion and elevates gnexgenditure of DIO mice by activating Tgr5
TGR5 plays a key role in modulating GLP-1 releasthe intestine. Enhanced GLP-1secretion improves
hyperglycemia by stimulating glucose-dependentesinr of insulifl. Previously, syntheti#gr5 agonist
INT-777 has been shown to promote GLP-1 secrefiaenieroendocrine L-cells, thereby improving the
glucose tolerance in Bgr5-dependent manrierTo test whether Ftl could confer its metabolindfis
via Tgr5-induced GLP-1 secretion, oral glucose was loadéidewtracing the plasma GLP-1 level.
Notably, Ftl treatment showed a strong increasgldf-1 release in response to an oral glucose Ieigd (
3A). In Tgr5' mice, however, these responses were dramaticadlijshbd (Fig. 3B), suggesting that
Tgr5 is required to mediate GLP-1 secretion. In orderintvestigate the impact of Ft1 on energy
metabolism, we analyzed the rates of oxygen consampnd energy expenditure in mice. In Ftl-treated
Wt mice, energy expenditure (Fig. 3C) was dramHgicanhanced in the dark phases. The oxygen
consumption (Fig. 3D) was also augmented in th& gaase compared to those of untreated Wt mice.
The average energy expenditure (Fig. 3E) and oxpgaisumption (Fig. 3F) in 24 h were significantly
increased after Ft1 treatment. Taken togetheretressults suggest that the increase in energy diipem
may contribute to the reduced bodyweight gain inmiite that received Ftl. However, the promotion of
energy expenditure induced by Ftl was abolishddjis’~ mice.

Insert Fig. 3

3.4. Ft1 promotes lipolysis and thermogenesis tiyating Tgr5 in adipose tissues

To determine the potential mechanism governingTiw-dependent decrease of weight loss perceived
after Ftl treatment, we examined a potential TGRBHe-PKA pathway in inducing lipolysis in iWAT.
The results demonstrated that Ft1 strongly incabéise protein levels of PKA substrates and incréase
phosphorylation of HSL (Fig. 4A). Meanwhile, thewsma glycerol level was significantly increased afte
Ftl administration (Fig. 4B), suggesting that lyzi$¢ was elevated in iIWAT. We then measured the
MRNA levels of thermogenesis-associated genes iATIVAnd BAT. The results show that Ftl

significantly increased the levels of mMRNAs encgdifcpl, peroxisome proliferator-activated recepgor-



coactivator-& (Pgclg, transcription factor PR domain containing B8dm16, and Kelch like family
member 13KIhI13) in IWAT of Wt mice, but did not affect the mRNA&\Vels of cytochrome oxidase
polypeptide 7A1 Cox7al, solute carrier family 27 member $I¢27a), tumor necrosis factor receptor
superfamily member 50d40Q and tumor necrosis factor receptor superfamilyniver 9 Cd137 (Fig.
4C). Meanwhile, Ftl significantly up-regulated tmRNA levels ofPgcla Ucpl, Ucp3 muscle-type
carnitine palmitoyltransferase(Cptlb)and type 2 iodothyronine deiodinagid?) rather than straight-
chain acyl-CoA oxidaselA¢ox) in the BAT (Fig. 4D) of Wt mice following Ftl1 taément. A similar
profile of energy expenditure-associated gene egas in both IWAT and BAT were observed in KO
mice fed with or without Ft1. Immunofluorescencealgsis further confirmed that UCP1 expression in
both iIWAT and BAT of Wt mice were increased aftét Bdministration. In contrast, no further increase
was observed iTgr5'~ mice fed with Ft1-mixed diet (Fig. 4E), suggestihgt Ft1 might confer the
increase in energy expenditure in DIO mi& Tgr5 activation in adipose tissues.

Insert Fig. 4

3.5. Ftl as a Fxr antagonist enhances hepatic Brhggis in vivo

To test whether Ft1 could activalegr5 directly to mediate the metabolic effects in DIGcen we
examined the tissue/organ distribution patternBtafin Wt mice. The results show that Ft1 was nyainl
distributed in various parts of the intestine tessuincluding the ileum and colon (Supporting Infation
Fig. S3). The content of Ft1 was low in serum a#l a®& the major metabolic organs, including liver,
IWAT, eWAT, BAT and muscle (Fig. S3). These resifidicate that Ft1 might mainly act in the intestin
but not in other metabolic organs. Because BAglaezndogenousgrs ligands, we thus measured the
levels of BAs after Ftl treatment to answer how f&atment could activatégrs in adipose tissues.
Intriguingly, most serum tauro-conjugated and ufjogated BA levels were strongly increased in both
Wt and Tgr5'~ mice (Fig. 5A and B), indicating that Ftl incredd®A levels in aTgr5independent
manner. Although it has been reported th&R5 activation might affect BA synthesiggrs-specific
agonist INT777 did not show significant impact oA Broduction, whereaBxr andTgr5 dual agonists
could decrease BA secretion into the intesfiriEo address the question of why BA levels wereatk
after Ft1 treatment, the expressiong=gf and its target genes in ileum and liver were deiteed. The
results showed th&ixr transcriptional activity was suppressed as inditdity the reduced expressions of
Fxr target genes, including intestinal bile acid-bimgprotein [babp), the small heterodimer partn&Hhp
and fibroblast growth factor 19-¢f15 in the ileum (Fig. 5C). We also observed a doemgutated
FGF15 protein level in serum (Fig. 5D), which migasult in the upregulated levels of hep&lip7al
andCyp27algenes (Fig. 5E), two key enzymes of BA synthesith@liver. Consistently, the results of



luciferase assay confirm that the transactivatibRxa was significantly suppressed in a dose-dependent
manner by Ftl treatment (Fig. 5F). ConsistentlyemwiCaco-2 cells were treated with Ftl for 24 h, we
observed a significant decrease in the mRNA exmesof FXR target genes, includingHP, FGF19
and intestinal bile acid-binding proteifBABP) (Fig. 5G-I).

Insert Fig. 5

3.6. The metabolic benefits conferred by Ft1 areliabed in Cyp27at mice
To further test whether the metabolic benefits &xkby Ftl were indeed mediated by BA elevation, we
examined the metabolic effects of Ft1@yp27al™ mice with a markedly reduced BA pool. Wt and
Cyp27aI~mice were fed with HFD, and then treated with Fi%ed diet. Ft1 had no effect on food
intake rate in both Wt an@yp27al’~ mice compared to that of HFD fed group (Fig. 6A% éxpected,
Ft1 failed to induce further weight loss@yp27al’~ mice (Fig. 6A). At 6 weeks after Ftl treatment, we
assessed the weight of eWAT (Fig. S4A) and iIWATg(BB), adipocyte size of eWAT and iWAT (Fig.
S4C), as well as measured liver/body weight rafiig.(6B). We also performed a histopathological
analysis for adipocyte hypertrophy (Fig. 6D and.8¢D). As expected, the values of these parameters
from HFD group were similar to those of Ftl treattngroup ofCyp27al’~ mice. Ft1 could not further
improve the metabolic phenotypes, including hepaaissis inCyp27al” mice (Fig. 6B, C, and Fig.
S4D). Similar results were also observed for fastitood glucose level, glucose toleranceand insulin
sensitivity (Fig. S4B, Fig. 6E and F). Altogeththrese results confirm th&yp27aldeletion abolished
the metabolic effects of Ft1 due to a markedly lokeeel of BA pool.
Insert Fig. 6

To verify whether the endogenous BAs were the kediators for activation ofgr5 signaling
following Ftl treatment, we then evaluated the @ffof GLP-1 secretion and thermogenesiSyp27al
" mice treated with Ft1. The data show that Ftldstill promote the GLP-1 secretion after oral glse
load in both Wt andCyp27al~ mice (Fig. 7A), indicating that Ft1 could directyomote GLP-1
secretion due to its high distribution in the itites. However, Ft1 administration failed to incredke
serum levels of most of the BA speciesOpp27al~ mice (Fig. 7B). Furthermore, the augmentation of
pHSL-induced lipolysis as well as serum glycereklen iWAT after Ft1 treatment were not detected i
Cyp27aI” mice (Fig. 7C and D), suggesting that Ftl indutipdlysis through BAs. Besides, Ftl
increased the body temperature of Wt mice rathem @yp27al~ mice after cold exposure for 3 h (Fig.
7E). The upregulated expressions of thermogenesie@ted genes after Ftl treatment were abolished
Cyp27al” mice (Fig. 7F), further confirming that Ft1 corrfst the increased energy expenditure in DIO
mice through BA-dependeiigr5 activation in adipose tissues.

Insert Fig. 7



4. Discussion
Functional activation offGR5 promotes rapid intracellular cAMP production, leadto sequential
downstream reactions to regulate various metalpoticesse$. Our previous findings demonstrated that
vertical sleeve gastrectomy, which is the most ctiffe approach for morbid obesity, imparts its
metabolic benefits through BA-mediated TGR5 actbréf. TGRS is a promising drug target to develop
new therapeutic agents for treating obesity andda®d co-morbidities. We screened a series afralat
products from compound libraries and identified &tla potent TGR5 ligarid vitro. Althoughin vivo
animal data demonstrated that Ft1 enhanced GLRrétimn through intestindlgr5 activation, it did not
activateTgrb directly in adipose tissue. Instead, Ftl acts Bsrantagonist in the intestine, which led to
increased hepatic BA production and serum BA letebsctivateTgr5in adipose tissues.

BAs are synthesized from cholesterol in the livaramchymal celfS. During digestion, they act as
surfactants to emulsify dietary fat and facilitattestinal absorption of lipids, cholesterol, anduamber
of vitamins®. Currently, the functions of BAs are revealed igsaling molecules that impart systemic
changes in metabolism via targeting nuclear recdpto’”* and cell surface receptdigrs®. Fxr is the
primary BA receptor to control BA synthesis in ther. Tgr5is also considered to modulate hepatic BA
production to some extenfgr5 gene ablation significantly increases taurochala@d (TCA) and
taurodeoxycholic acid (TDCA) levels and blunts gemeration of taura-muricholic acid (EMCA) and
tauro g-muricholic acid (BMCA) in both free-fed and fasting states compaedWt mice, which are
consistent with our dath However, in the present study, we observed thatalfers BA production
mainly through the suppression of intestiRat. The downregulation of intestin&lr target genes and
the reduced serum level of FGF15 support this Hgmis. TGR5 has been demonstrated as an
endogenous BA receptor by Dr. Tanaka's gfbum this context, taurolithocholic acid (TLCA) and
lithocholic acid (LCA) are the most potehgr5 ligands, CA, DCA, CDCA and their tauro-conjugated
products also show TGR5 activation effétt€urrently, TGR5 has been manifested as the doearst
effector in BA signaling pathway to regulate vasauetabolic processésPharmacological activation of
TGR5 by agonists or genetic overexpression of #meptor itself imparts beneficial effects on the
regulation of glucose and lipid metabolisth However, under normal conditions, serum BA lewais
typically low. Here we demonstrate that Ft1 camifigantly enhance hepatic BA production and
increase serum BA levels to exert metabolic benafiDIO micevia Tgr5 activation.

It is well documented that traditional Chinese lénmedicines are generally administered orally,
because many constituents could not be absorbedpeatipheral blood circulation due to the low
bioavailability*. For instance, the bioavailability of berberineldss than 1%, but it still significantly
imparts metabolic improvement of non-alcoholicyfditer diseases (NAFLD) animal models by directly

affecting gut microbiota and intestinal-liver siding®. Another particular example is the saponins,



which are the major active compounds from ginsemdjRanax notoginsendt has been reported that
deglycosylation and hydroxylation are the major abetic pathway for saponins in the intestfhe
Aglycone of Ftl is protopanaxatriol (PPT), whichd diot show effects oiigr5 activation (Fig. S1B).
Therefore, the direct target tissue of Ft1 may Hee ihtestine rather than other metabolic tissuég T
intestine has been considered as a major endoorigah and immune organrather than an organ just fo
digestion and absorptiohi® Multiple functional metabolites can be produced the intestine and
absorbed into blood circulation to execute the bute functions. For example, short chain fattydaci
SCFA and branched chain amino acid (BCAA) are nowwn as functional metabolites to regulate
metabolisi’*® Intestine also produces a variety of gut hormanetsiding FGF15, GLP-1, polypeptide
YY (PYY) and glucose-dependent insulinotropic pe@t{GIP) to regulate different metabolic functitins
Here we showed that Ft1 upregulated expressio@yp¥alandCyp27alin liver, two key enzymes in
the classic and alternative pathways of BA synthdsi suppressing the transcriptionl activation of
intestinalFxr. Indeed, the inhibition of intestinxr conferred metabolic benefit for HFD-induced obese
and insulin resistance mid&*°? Similarly, the metabolic disorders of HFD-fed siars were improved
through B-MCA mediated suppression of intestinal FXR follogi gut microbiota depletich It

is noteworthy that the diabetic mouse treated Wwitbcholicacid (HCA) promotes GLP-1 secretion and
improve glucose homeostasis by activatifigrS and inhibiting Fxr®®, indicating that it might be a
promising approach to develop ddar5 agonist and-xr antagonist for treatment of diabetes. Our data
also has proved that Ft1 as a single compoundopiplosite activities on two key BA receptors allésth

high fat diet-induced obesity and insulin resisgimcmice.

5. Conclusions

Our present studies demonstrated that Ft1Tigra agonist but-xr antagonist to alleviate high fat diet-
induced obesity and insulin resistance in mice.dda hand, Ftl activates intestirnédr5 to enhance
intestinal GLP-1 release. On the other hand, Fttemses the hepatic BA production by suppressing
intestinal Fxr. The elevated serum BA levels subsequently aetiVgt5 in adipose tissues to increase
energy expenditure, thereby conferring beneficiatanolic effects in obese mice (Fig. 8). Ftl1 thus/m
represent an innovative compound with opposingceffen two key BA receptors and may be a potential
leading compound for anti-diabetes drug development

Insert Fig. 8
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Figure captions

Figure 1 Ft1 improves body weight and hepatic steatohepaiftiDIO mice through activation Gfgrs.
(A) Chemical structure of Ftl. (B)gr5 luciferase reporter activities of Ft1. (C) cAMRcied by Ftl
after binding to thdGR5and intracellular cCAMP levels were measured by hestence. Wt artigr5'~
(KO) mice were fed with HFD to induce obesity, ahdn treated with Ft1 for 6 weeks. (D) Body weight
and (E) food intake of Wt anfigr5’~ mice after Ftl treatment. (F) Liver/bodyweight oat{G) iWAT
weight and (H) oil red staining of liver sectionsdaH&E staining of iWAT sections in both Wt and
Tgr5'~ mice at 6th week after Ftl treatment. Values arama8D (=6 per group),P<0.05,” P<0.01vs.
vehicle by two tailed Studenttstest for panels A—-C. Values are mean+SHM8(per group), P<0.05,
”P<0.01vs. HFD group by one-way ANOVA with Dunnett’s post-tdst panels D-G. Scale bar, 100

um.

Figure 2 Ft1 mediated improvement of glucose homeostad3l@ mice is dependent ofigrs. GTT at
time point of 0 to 120 min and area under the cUA®C) of (A) Wt and (B)Tgr5'~ mice after
intraperitoneal (ip) injection with 2.0 g/kgglucose, ITT at time point 0 to 120 min and aredar curve
(AUC) of (C) Wt and (D)Tgr5'~KO mice after ip injection with 0.75 U/kg insuli¢E) Fasting blood
glucose levels and (F) blood insulin levels of Wdagr5'™ mice at 6 weeks after Ftl treatment. Values
are mean+SEMnNE8 per group),P<0.05,” P<0.01vs HFD group by one-way ANOVA with Dunnett’s

post-test.

Figure 3 Ft1 induces GLP-1 secretion and increases enenggnetiture of DIO mice by activation of
Tgr5. GLP-1 production and the AUC of (A) Wt and (Byr5' mice. (C) Energy expenditure over 24 h
period, (D) Q consumption over light phase and dark phase,hg&ptverage energy expenditure, and (F)
the average oxygen consumption over 24 h periditiandTgr5”'~ mice at 6th week after Ft1 treatment.
Values are mean+SEM£6 per group), P<0.05,” P<0.01vs HFD group by one-way ANOVA with

Dunnett's post-test.

Figure 4 Ft1 promotes lipolysis and thermogenesis in DIOartirough activation ofgrs. (A) The
protein amounts of PKA substrates, HSL and phospéiion of HSL in inguinal fat of Wt andgr5'~
mice after Ft1 administration. (B) Blood glycerelél of Wt andTgr5' mice after Ftl treatment. The
mRNA levels of energy expenditure associated geméS) iWAT and (D) BAT of Wt andrgr5' mice
after Ftl treatment. (E) UCP1 immunofluoresceneinitg of iWAT and BAT sections from Wt and
Tgr5'~ mice treated with Ft1. Blue, DAPI; Green, UCPlal8cbar, 100um. Values are mean+SEM



(n=5-6 per group),P<0.05,” P<0.01vs.HFD group by one-way ANOVA with Dunnett’s post-test

Figure 5 Ftl is anFxr antagonist and enhances hepatic bile acids syatliesDIO mice. (A)
Taurine-conjugated BAs, glycine-conjugated BAs,amjegated BAs and (B) total BAs in serum of Wt
andTgr5' mice after Ft1 treatment. (C) Relative mRNA expras of Fxr and its target genes in ileum,
(D) serumFGF15amounts and (E) relative mRNA expressiongxafand its target genes in liver of Wt
andTgr5' mice after Ftl treatment. (F) Luciferase activitgre assayed, (SHP, (H) FGF19 and (1)
IBABP mRNA expressions of differentiated Caco?2 cellsrafteatment with 100 umol/L CDCA with
10pmol/L Ftl, expression was normalized3APDH mRNA. Values are mean + SD=5-6 per group),
”P<0.01 compared to vehicl&<0.05 compared to GW4064 by two tailed Studenhtsst for panels
F—I. Values are mean+SEME8 per group), P<0.05,” P<0.01vs. HFD group by one-way ANOVA

with Dunnett's post-test for panels A-E.

Figure 6 The metabolic benefits induced by Ftl are los€ip27al~ mice. Wt andCyp27al™ mice
were fed with HFD to lead obesity, and then treatél Ft1 for additional 6 weeks. (A) Body weightca
food intake of Wt an€Cyp27al’” mice after Ftl treatment. (B) Liver/bodyweightioaiWAT weight of
both Wt andTgr5'~ mice at 6th week after Ft1 treatment. (C) Oil reiring of liver sections and (D)
H&E staining of iWAT sections from Wt anfigr5’~ mice at 6 weeks after Ftl treatment. (E) IPGTT
curve during 0 to 120 min and AUC of Wt aBgtp27al’~ mice after ip injection with 2.0 g/korglucose,
(F) IPITT curve during 0 to 120 min and AUC of WidaCyp27aI™ mice after ip injection with 0.75
U/kg insulin. Values are mean+SEM=8 per group), P<0.05, "P<0.01vs HFD group by one-way
ANOVA with Dunnett's post-test. Scale bar, 100.

Figure 7 Ft1 mediated thermogenesis is abolishe€yp27aI™ mice. (A) GLP-1 release at indicated
time point and AUC of Wt an@yp27al’~ mice. (B) BAs profile in WT an€Cyp27al mice after Ftl
treatment. (C) The protein amounts of HSL and phosgation of HSL in inguinal fat of Wt antigr5’~
mice after Ft1 administration. (D) Blood glycereVél of Wt andCyp27al™ mice after Ftl treatment. (E)
Cold intolerance in Wt an@yp27al’~ mice was measured before and at 1, 2, and 3 hcafig exposure

(4 °C), mouse rectal body temperatures were measusing a ThermoScan thermometer. (F) Energy
expenditure associated genes in iIWAT of Wt &yp27al”~ mice after Ftl treatment. Values are
mean+SEM (=5-6 per group),P<0.05,” P<0.01vs HFD group by one-way ANOVA with Dunnett's

post-test.



Figure 8 Mechanisms of Ft1 on improvement of obesity andlinsresistance. Ftl activates intestinal
Tgr5 to enhance intestinal GLP-1 release and improlgsoge homeostasis. Furthermore, Ftl increases
the hepatic BA production by suppressing intestira—Fgfl5 axis. The elevated serum BA levels
subsequently activatdgr5 in adipose tissues to increase energy expenditinereby conferring

beneficial metabolic effects in obese mice.
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