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Diabetic cardiomyopathy is characterized by myocardial lipid accumulation
and cardiac dysfunction. Bile acid metabolismis known to play a crucial

rolein cardiovascular and metabolic diseases. Takeda G-protein-coupled
receptor 5 (TGR5), amajor bile acid receptor, hasbeen implicated in metabolic
regulation and myocardial protection. However, the precise involvement of
the bile acid-TGRS5 pathway in maintaining cardiometabolic homeostasis
remains unclear. Here we show decreased plasma bile acid levels inboth male
and female participants with diabetic myocardial injury. Additionally, we
observeincreased myocardial lipid accumulation and cardiac dysfunction

in cardiomyocyte-specific TGR5-deleted mice (both male and female)
subjected to a high-fat diet and streptozotocin treatment or bred on the
diabetic db/db genetic background. Further investigation reveals that TGRS
deletion enhances cardiac fatty acid uptake, resulting in lipid accumulation.
Mechanistically, TGR5 deletion promotes localization of CD36 on the plasma
membrane through the upregulation of CD36 palmitoylation mediated by the
palmitoyl acyltransferase DHHC4. Our findings indicate that the TGR5-DHHC4
pathway regulates cardiac fatty acid uptake, which highlights the therapeutic
potential of targeting TGR5 in the management of diabetic cardiomyopathy.

Metabolic imbalances, particularly in lipid metabolism imbalance,
are key characteristics of diabetic cardiomyopathy (DbCM), leading
to myocardial remodelling and cardiac dysfunction'?. Maintaining
metabolicbalanceinthe myocardiumis aprimary therapeutic strategy
for DbCM. Fatty acids serve as the main substrates for ATP produc-
tion in the heart, accounting for up to 70% of the energy supply in

normal adult hearts, and even more so in diabetes mellitus®. Fatty
acid metabolism encompasses the uptake, synthesis and consump-
tion of fatty acids. In diabetes, insulin resistance and elevated circu-
lating free fatty acids (FFAs) promote fatty acid uptake and trigger
intracellular lipid accumulation?. The redundant bulk of fatty acids
turns to introduce cellular lipotoxicity and disrupts energy supply,
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contributing significantly to cardiac dysfunctionin DbCM*. Cluster of
differentiation (CD36), amembrane-localized fatty acid translocase,
is considered the primary fatty acid transporter and plays a crucial
roleinlipid homeostasis*®. CD36 assumes the main responsibility for
excess cellular fatty acid uptake in diabetes’. However, the detailed
mechanisms underlying CD36 overactivity, and its regulatory strate-
gies remain incompletely understood.

As the derivatives of cholesterol, bile acids and their metabo-
lism cascades are involved in a variety of metabolic diseases, includ-
ing atherosclerosis, obesity and type 2 diabetes, through binding to
membrane-bound TGRS (also known as GPBARI) and nuclear farnesoid
X receptors®™, Altered plasma levels of bile acids, particularly those
biased towards TGRS receptor activation, have been observed inindi-
viduals with diabetes and animal models of diabetes", suggesting
an association between diabetes and the bile acid metabolic path-
way. TGRS is expressed in various tissues, including adipose'*", intes-
tine'®”, gallbladder'® and brain®", and extensively modulates metabolic
homeostasis. Previous studies, including our own, have reported that
TGRS is expressed in the heart and is involved in maintaining cardiac
function after infarction and cirrhotic cardiomyopathy?’>?. Regard-
ing lipid metabolism, TGRS deletion has been shown to exacerbate
alcohol-induced steatosis and liver injury by reducing fatty acid oxida-
tion (FAO) from white adipose tissue and increasing fatty acid absorp-
tioninto the liver”. Considering the abnormalbile acid-TGR5 signalling
pathway in diabetes and the close relationship between TGR5 and
metabolic homeostasis, and the mysterious relationships between
thebile acid-TGRS5 signalling pathway and the regulation of CD36, we
explored the effect of TGR5 on DbCM and lipid metabolism.

In this study, we investigated the role of TGRS in cardiac lipid
metabolism using cardiomyocyte-specific TGR5-deleted mice sub-
jected to a high-fat diet (HFD)/streptozotocin (STZ) or bred on the
diabetic db/db genetic background to induce cardiolipotoxicity. Our
findings revealed that TGRS inhibits fatty acid uptake and lipid accumu-
lationin the heart. These results were further validated in mice treated
with the TGRS agonist INT-777 or bile acids deoxycholic acid (DCA)
and taurocholic acid (TCA). Furthermore, TGR5 deletion promoted
CD36 palmitoylation and membrane localization in cardiomyocytes,
a process mediated by the palmitoyl acyltransferase DHHC4. Func-
tional abnormalities induced by TGRS5 deletion in cardiomyocytes
were reversed after DHHC4 knockdown (KD). Notably, in participants
with diabetic myocardial injury, TGR5-biased bile acids, especially
DCA, were found to be suppressed. Our dataunderscore the potential
of TGRS as a therapeutic target for DbCM due to its role in regulating
cardiaclipid metabolism.

Results

Cardiac-specific TGRS deletion aggravates cardiac dysfunction
To investigate alterations in the bile acid metabolism in DbCM, a
mouse model of HFD combined with low-dose STZ (hereafter HFD/
STZ) was utilized for 24 weeks (Fig. 1a and Supplementary Tables 1
and 2). Reduced levels of DCA were observed in the plasma and

heart tissues of mice with diabetic myocardial injury (Fig. 1b,c). To
explore the role of the DCA receptor TGRS in DbCM, cardiac-specific
TGR5-knockout (dMHC-Gpbar1™; TGR5) mice (Supplementary
Fig.1a,b) were used in a diabetes model induced by HFD/STZ, repre-
senting late-stage type 2 diabetes. No significant differences in body
weight, glucose tolerance, serum triglycerides (TGs) and fasting insulin
levelswere observed between TGR5" and TGR5%Y mice under healthy
or diabetic conditions (Extended Data Fig.1a-d). Ultrasound echocar-
diography revealed cardiac systolic and diastolic dysfunctionin HFD/
STZ-induced diabetic male and female mice, with TGR5““” mice showing
decreased global longitudinal strain (GLS), ejection fraction (EF) and
fraction shortening (FS), as well as an increased E/E’ ratio compared
to TGR5"" mice (Fig. 1d-h and Extended Data Fig. 2a—e). In a genetic
model of type 2 diabetes, we crossed Gpbarl™";aMHC-cre mice with
db/+ mice to obtain db/db;aMHC-Gpbar1"" (db/db TGR5*™; Extended
DataFig. 3a). Consistently, echocardiography demonstrated signifi-
cantly decreased cardiac function in db/db TGR5*““ mice compared to
db/db TGR5"" mice (Extended Data Fig. 3b—f). The echocardiographic
measurements are summarized in Supplementary Tables 3-5. Toinves-
tigate how TGRS mediates the cardioprotective effectsin diabetes, the
morphology and molecular biology of the heart tissues were examined.
Consistent with previous reports, hearts of mice with DbCM exhibited
increased features of myocardial hypertrophy and fibrosis, including
enlarged myocyte area, elevated protein levels of atrial natriuretic
peptide (ANP), brain natriuretic peptide (BNP) and myosin heavy chain
7 (B-MHC), and enhanced accumulation of collagen fibres (Fig. 1li-m
and Extended DataFig. 1e). Furthermore, wheat germ agglutinin (WGA)
staining, and immunoblotting of ANP, BNP and 3-MHC indicated
significant cardiomyocyte hypertrophy (Fig. 1i,j,I,m and Extended
Data Fig. 2f,g), while Masson’s trichrome staining and collagen I con-
tent of the heart revealed aggravated myocardial fibrosis (Fig. 1i,k
and Extended Data Figs. 1e and 2f,h) in TGR5*?” mice compared to
TGR5"" mice. These findings suggest that TGR5 deletion exacerbates
DbCM induced by HFD/STZ or a db/db background.

TGRS5 deletion promotes myocardial lipid accumulation

To gain further insights into the underlying mechanisms of cardiac
dysfunction phenotypes, we assessed the levels of lipid metabolism.
Notably, intramyocardial lipid accumulation, asindicated by OilRed O
staining, BODIPY 493/503 staining (alipid droplet probe) and TG levels,
wasincreased in TGR5*“ mice compared to TGR5"" mice subjected to
HFD/STZ (Fig. 2a-d and Extended Data Fig. 2f,i,j) or mice in a genetic
model of type 2 diabetes (Extended Data Fig. 3g-j). Consistent with
these findings, we observed a significant increase of lipid droplets in
TGR5“ primary neonatal mouse cardiomyocytes (NMCMs) treated
with palmitic acid (PA) and oleic acid (OA) treatment compared to
TGR5" cardiomyocytes (Fig. 2e). Transmission electron microscopy
(TEM) further revealed anincreased number and size of lipid droplets
in TGR5“““ mice (Fig. 2f-h). Moreover, lipidomic analysis of myocar-
dial tissue in TGR5““ mice under diabetic conditions showed distinct
lipidomic profiles compared to TGR5""mice. FFA, diacylglycerol (DG)

Fig.1| Cardiac-specific deletion of TGRS exacerbates cardiac dysfunction
and remodelling in mice with HFD/STZ-induced DbCM. a, Schematic showing
the procedure of HFD/STZ-induced diabetic mice. Created with BioRender.com
with modifications. b,c, Plasma (b) and cardiac (c) bile acid (BA) profiles in mice
withanormal control diet (NCD) and HFD/STZ-induced diabetic myocardial
injury.n=15.CA, cholicacid; CDCA, chenodeoxycholic acid; GCA, glycocholic
acid; UDCA, ursodeoxycholic acid; TCDCA, taurochenodeoxycholic acid;
THDCA, taurohyodeoxycholic acid; TUDCA, tauroursodeoxycholic acid.

d, Left ventricular GLS was calculated using Vevo software. n = 10. e, Ratio of
flow Doppler E wave amplitude to tissue Doppler E’ wave amplitude (E/E’).
n=10.f, Representative left ventricular M-mode echocardiographic images.

g, Quantification of left ventricular EF. n =10. h, Quantification of left ventricular
fractional shortening (FS).n =10. i-k, Representative images of H&E, WGA and

Masson’s trichrome staining of cardiac tissues (i). Scale bars,1 mm for H&E;

10 pm for WGA; 1 mm and 50 pm for Masson’s trichrome staining. Quantification
of myocyte areain WGA staining (j). n = 6. Quantification of cardiac fibrosis
areain Masson’s trichrome staining (k). n = 6.1,m, Representative western blot
images of ANP, BNP and B-MHC in cardiac tissues (I). Quantification of western
blots showninl(m).n=6.Forbox plots, the midline represents the median; box
represents the interquartile range (IQR) between the first and third quartiles;
and whiskers represent the lowest or highest values within1.5times IQR from
thefirst or third quartiles. Two-tailed non-parametric Mann-Whitney test

(b and c) was used for statistical analysis. The remaining data are presented as
the mean + s.e.m. Statistical significance was evaluated by two-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test (d, e, g, h,j, kand m).
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and TG levels were significantly elevated in TGR5*“ mice (Fig. 2i and
Extended DataFig. 3k). Specifically, FFA levels were markedly increased
in TGR5““ mice (Fig. 2j and Extended Data Fig. 31), with a significant
increase in long-chain unsaturated fatty acids (Fig. 2k and Extended
DataFig.3m). These findings suggest that TGRS deficiency promotes
myocardial lipid accumulation.

TGRS activation prevents cardiac dysfunction and
cardiolipotoxicity

Additionally, to evaluate the impact of TGRS on preventing cardioli-
potoxicity, db/db mice were treated with the TGRS agonist INT-777 via
gavage for 12 weeks. As anticipated, INT-777 administration improved
cardiac systolic and diastolic function in db/db mice compared to
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the vehicle-treated group, but this effect was not observed in db/db
TGR5“™ mice (Fig. 3a—e and Supplementary Table 6). Furthermore,
INT-777 significantly inhibited cardiomyocyte hypertrophy and fibro-
sisin the hearts of db/db mice, as evidenced by WGA and Masson’s
trichrome staining (Fig. 3f~h). INT-777-treated db/db mice exhibited
reduced lipid accumulation, as indicated by Oil Red O staining and
BODIPY 493/503 staining, whereas INT-777 treatment had no signifi-
cantinfluence on lipid metabolism in db/db TGR5* mice (Fig. 3f,i,j).
Consistent with INT-777 treatment, HFD/STZ-induced mice treated
with bile acid DCA or TCA improved cardiac function and lipid accu-
mulationina TGR5-dependent manner (Extended DataFig.4). These
findings suggest that the activation of cardiac TGRS5 may inhibit myo-
cardial lipid accumulation. The beneficial effect of INT-777 on lipid
accumulation in primary NMCM s treated with PA + OA was further
confirmed through lipidomic analysis. FFA, DG and TG levels were
significantly reduced in INT-777-treated primary NMCMs compared to
the vehicle-treated group (Fig. 3k). Quantitative analysis also revealed
decreased FFA levels in INT-777-treated mice (Fig. 31). Furthermore,
FFA species analysis showed asignificant decrease inlong-chain fatty
acids (Fig. 3m). These results indicate that TGRS could be a potential
therapeutic target, and TGRS activation can prevent cardiolipotoxicity
and cardiac dysfunction.

TGRS inhibits fatty acid uptake and PM localization of CD36
Considering the unique nature of cardiac lipid metabolism, fatty acid
uptake and FAO were evaluated. We investigated the impact of TGR5
onfatty acid traffickinginto the heart by measuring myocardial tissue
uptake ofintravenously administered BODIPY fluorescent-conjugated
fatty acidsin TGR5*™and TGR5"" mice (Fig. 4a). Compared to TGR5"™
mice, although there was no difference under normal physiological
conditions (Extended Data Fig. 5a-d), diabetic TGR5*?” mice exhib-
ited increased fatty acid uptake by myocardial tissue, particularly for
long-chain fatty acids (Fig. 4b). Treatment of db/db mice with the TGRS
agonist INT-777 resulted in decreased uptake of long-chain fatty acids
(Fig. 4¢). Invitro experiments with isolated TGR5" and TGR5“?" car-
diomyocytes and primary NMCMs treated with INT-777 confirmed
theinhibitory effect of TGRS on fatty acid uptake (Fig.4d,e). To evalu-
ate the effect of TGR5 on FAO, we performed the Seahorse palmitate
oxidation stress test. By performing oxygen consumption rate (OCR)
assaysinthe presence of exogenous palmitate, TGR5-deficient cardio-
myocytes were shown to reduce utilization of exogenous fatty acids to
drive basal and maximum respiration (Extended Data Fig. 6a-c). Addi-
tionally, mitochondrial function, assessed through Seahorse analysis,
was significantly reduced in primary NMCMs isolated from TGR5"
mice compared to TGR5""mice (Extended Data Fig. 6d-f). Moreover,
TGR5“™ mice exhibited increased MitoSox and 4-hydroxynonenal
(4-HNE) levels in myocardial tissue (Extended Data Fig. 6g,h), indicat-
ingimpaired mitochondrial function. These results suggest that TGRS
inhibits fatty acid uptake and helps maintain FAO and mitochondrial
functionin cardiomyocytes.

CD36, the primary mediator of long-chain fatty acid uptake in the
heart, relies onits expression and localization on the plasmamembrane
(PM) for proper function®”. Therefore, we examined the total pro-
tein and membrane protein expression of CD36 in the hearts of HFD/
STZ-induced and db/db mice. The total protein level of CD36 was not
significantly different between TGR5* mice and TGR5"" mice (Fig. 4f).
However, TGR5“mice exhibited elevated levels of PM-localized CD36
compared to TGR5""mice (Fig. 4g,h). Similar observations were made
indb/db TGR5*" mice compared to db/db TGR5"" mice (Extended Data
Fig.7a,b). Treatment of db/db mice with the TGRS agonist INT-777 for
12 weeks, led to a significant reduction in the PM localization of CD36
in the heart (Extended Data Fig. 7c). In primary NMCMs from TGR5*Y
mice and NMCMs treated with INT-777, induction of PA + OA resulted
inincreased PM localization of CD36 in TGR5* cells and decreased
localization in INT-777-treated cells, confirming the in vivo findings
(Fig. 4i and Extended Data Fig. 7d).

In addition, CD36 recruits the Src family kinases Fyn and Lyn to
assemble signalling protein complexes to activate downstream sig-
nalling pathways, which functions independently of fatty acid trans-
port***, We investigated whether TGRS is involved in modulating the
formation of the CD36-Fyn-Lyn complex. TGRS deletion significantly
increased the expression of Fyn and Lyn detected in CD36 immuno-
precipitationin primary NMCMs treated with PA + OA (Fig. 4j-1). Con-
versely, INT-777 treatment reversed these effects (Fig. 4m-o0). These
dataindicate that TGRS inhibits the assembly of the CD36-Fyn-Lyn
complex. Together, these findings provide partial explanations for
the upregulated fatty acid uptake observed due to increased CD36
localization on the PM in the hearts of TGR5*“Y mice.

TGR5-DHHC4 signalling regulates CD36 palmitoylation

Palmitoylationis apost-translational modification that plays a crucial
role in regulating the subcellular distribution and function of pro-
teins by enhancing their lipophilicity®. Given its association with PM
localization of membrane proteins, we investigated the level of CD36
palmitoylation using an acyl-biotin exchange (ABE) assay on proteins
extracted from the hearts of HFD/STZ-induced and db/db mice. Our
results revealed increased levels of palmitoylated CD36 in the hearts
of diabetic mice (Extended Data Fig. 8a). While TGRS deletion did
not affect CD36 palmitoylation under normal physiological condi-
tions (Extended Data Fig. 5e), TGR5“““ mice exhibited higher levels of
CD36 palmitoylation than TGR5"" mice in HFD/STZ-induced diabe-
tes (Fig. 5a). Similarly, we observed the results in db/db TGR5*“Y and
db/db TGR5"" mice (Fig. 5b). Additionally, we investigated the impact
of a TGRS receptor agonist on CD36 palmitoylation. Treatment with
INT-777 significantly decreased CD36 palmitoylation compared to
vehicle-treated db/db mice (Fig. 5¢). Toexamine the effect of CD36 pal-
mitoylation on fatty acid uptake and lipid accumulation in cardiomyo-
cytes, we used 2-bromopalmitate (2-BP), aknown inhibitor of palmitoyl
acyltransferase”, to block palmitoylation (Fig. 5d). Primary NMCMs
were co-incubated with PA + OA and 2-BP or PA + OA alone, and fatty

Fig.2| TGRS deletion promotes myocardial lipid accumulationin mice with
HFD/STZ-induced DbCM. a-d, Representative Oil Red O (ORO) and BODIPY
493/503 staining (green) images of cardiac tissues from TGR5""and TGR5*M
mice challenged with NCD or HFD/STZ for 24 weeks (a). Scale bars, 50 um for Oil
Red O staining; 10 um for BODIPY 493/503 staining. The nucleus was stained with
DAPI (blue). Quantification of Oil Red O staining (b) and BODIPY intensity (c) by
ImageJ. n= 6. Quantification of intracardiac TG levels (d). n = 6. e, Representative
BODIPY 493/503 staining images (left) and quantitative analysis (right) of
primary NMCMs from TGR5"" and TGR5*" mice treated with PA (400 pmol

1) + OA (200 pmolI™) for 24 h. Scale bar, 10 um. The nucleus was stained with
DAPI. n = 6.f-h, Representative photomicrographs of the myocardium of
TGR5""and TGR5“ mice challenged with HFD/STZ for 24 weeks by TEM (f).

Mt, mitochondria; LD, lipid droplet. Scale bars, 5 pm and 1 um. Violin plot of lipid
droplet (LD) number (g) and diameter (h) obtained using TEM analysis.n= 6.

i-k, Heat map (left) and quantitative analysis (right) of lipid-targeted
metabolomics of cardiac tissues from TGR5"" and TGR5*? mice challenged

with HFD/STZ for 24 weeks (i). n = 8. Red indicates upregulation, and blue
indicates downregulation. The columns and rows represent experimental

heart samples and lipid species, respectively. Rows indicate ceramide

(CER), cholesterol ester (CE), diglyceride (DG), lysophosphatidylcholine

(LPC), lysophosphatidylethanolamine (LPE), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), sphingomyelin (SM) and TG. j, Quantification of
FFA levels in cardiac tissues from TGR5"" and TGR5?" mice challenged with NCD
or HFD/STZ. n = 6.k, FFA species in TGR5"" and TGR5“ mice challenged with
HFD/STZ.n = 8.Data are presented as the mean + s.e.m. Statistical significance
was evaluated by two-tailed unpaired Student’s t-test (b, ¢, e, h, i and k), two-
tailed non-parametric Mann-Whitney test (g) or two-way ANOVA followed by
Tukey’s post hoc test (d and j). ND, not detected.
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acid uptake and lipid accumulation were assessed using flow cytometry
and BODIPY 493/503 staining, respectively. Our results demonstrated
thatinhibition of palmitoylation significantly reduced fatty acid uptake
and lipid accumulation in cardiomyocytes (Fig. 5e,f). These findings
indicate that TGRS inhibits the palmitoylation of CD36.

Protein palmitoylation s catalysed by agroup of zinc finger DHHC
domain-containing palmitoyl acyltransferases (DHHCs), which add a
palmitoyl group to the thiol group of cysteine residues. CD36 pal-
mitoylation, mediated by DHHC4 and DHHCS, is primarily responsi-

ble for its localization on the PM and subsequent fatty acid uptake®.
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Fig.3 | TGR5-specific agonist INT-777 prevents cardiac dysfunction and
cardiolipotoxicity in db/db mice. a-j, db/db TGR5"" and db/db TGR5*” mice
aged 20 weeks were treated with INT-777 (30 mg per kilogram body weight) for
12 weeks. Left ventricular GLS was calculated by Vevo software (a). n = 6. Ratio

of flow Doppler E wave amplitude to tissue Doppler E’ wave amplitude (E/E’)

(b). n=6.Representative left ventricular M-mode echocardiographic images
(c). Quantification of left ventricular EF (d) and FS (e). n = 6. Representative
images of H&E, WGA, Masson’s trichrome, Oil Red O and BODIPY 493/503 (green)
stainings of cardiac tissues from db/db TGR5"" and db/db TGR5*” mice with INT-
777 or vehicle treatment for 12 weeks (f). Scale bars, 2.5 mm for H&E; 10 pm for
WGA; 2.5 mm and 100 pm for Masson’s trichrome staining; 50 um for Oil Red O
staining; 10 pm for BODIPY 493/503 staining. The nucleus was stained with DAPI
(blue). Quantification of myocyte area in WGA staining (g). n = 6. Quantification

of cardiac fibrosis area in Masson’s trichrome staining (h). n = 6. Quantitative
analysis of Oil Red O staining (i). n = 6. BODIPY fluorescence intensity (FI) by
Image) (j). n = 6. k-m, Heat map (left) and quantitative analysis (right) of lipid-
targeted metabolomics of primary NMCMs treated with PA + OA for 24 hin

the presence or absence of INT-777 (k). n = 6. Red indicates upregulation, and
blue indicates downregulation. The columns and rows represent experimental
samples and lipid species, respectively. Quantitative analysis of FFA levels in
cardiac tissues from db/db TGR5"" and db/db TGR5*™ mice with INT-777 or
vehicle treatment for 12 weeks (). n = 6. FFA species in primary NMCMs treated
with PA + OA for 24 hin the presence or absence of INT-777 (m). n = 6. Data are
presented as the mean + s.e.m. Statistical significance was evaluated by two-
way ANOVA followed by Tukey’s post hoc test (a, b, d, e, g-jand ) or two-tailed
unpaired Student’s ¢-test (k and m). NS, not significant.

Toidentify potential palmitoyl transferases involved in the TGRS path-
way, we performed co-immunoprecipitation assays to investigate
the interactions between CD36 and DHHC4 or DHHCS. The results
showed that TGRS deletion enhanced the binding between CD36 and
DHHC4 (Fig.5g) but did notalter the binding between CD36 and DHHCS
(Fig. 5h). Treatment with INT-777 significantly inhibited the association
between CD36 and DHHC4 expression (Fig. 5i). To further evaluate
the correlation between TGRS and DHHC4, we used siRNA for KD of
DHHC4 in PA + OA-stimulated primary NMCMs. Our findings revealed
that siDHHC4 significantly reduced CD36 palmitoylation compared
to siCont, indicating that DHHC4 is involved in CD36 palmitoylation
(Fig. 5j). Moreover, in TGR5-deficient cardiomyocytes, CD36 palmi-
toylation was significantly reduced when DHHC4 was silenced, sug-
gesting that the effect of TGR5 on CD36 palmitoylation is dependent
on DHHC4 (Fig. 5j). Analysis of fatty acid uptake also confirmed that
the inhibitory effect of TGRS on CD36 function is DHHC4 depend-
ent (Extended Data Fig. 8b). As a G-protein-coupled receptor, TGRS
mediates its effects through the classic cAMP-protein kinase A (PKA)
signalling pathway'®*°. To determine whether the inhibition of DHHC4
by TGRS is cAMP-PKA dependent, we treated primary NMCMs with INT-
777 and the PKA inhibitor PKI. Our results showed that the inhibitory
effect of TGRS activation on CD36 palmitoylation was blocked by PKA
inhibition (Extended Data Fig. 8c). To further confirm that DHHC4 is
a phosphorylated substrate for endogenous PKA, INT-777 was used
to activate endogenous PKA. INT-777 promoted the phosphorylation
of DHHC4. The effect was abolished by the specific PKA inhibitor PKI
(Extended DataFig.8d), indicating that endogenous PKA phosphoryl-
ated DHHC4 invivo. These data suggest that TGR5-DHHC4 signalling
mediates CD36 palmitoylation in cardiomyocytes.

DHHC4 KD rescues cardiac dysfunction in TGR5-deficient
mice

To further evaluate the role of DHHC4 in vivo, we generated
cardiomyocyte-specific DHHC4-KD mice by administering
AAV9-cTNT-DHHC4 viatail vein infusion in HFD/STZ-induced TGR5""
and TGR5““ mice (Fig. 6a and Supplementary Fig. 3). Ultrasound

echocardiography revealed that DHHC4 KD effectively ameliorated
HFD/STZ-induced cardiac dysfunctionand reversed the deterioration
of cardiac function observed in TGR5-deleted mice (Fig. 6b—-fand Sup-
plementary Table 7). Moreover, we observed a significant reduction
in myocardial lipid accumulation in HFD/STZ-induced TGR5"" and
TGR5*™mice after DHHC4 KD (Fig. 6g-i). At the molecular level, DHHC4
KD led to decreased palmitoylation and PM localization of CD36 in the
heart (Fig. 6j—m). Functionally, DHHC4 KD resulted in a significant
reductionin fatty acid uptake (Fig. 6n). These findings indicate that the
impact of TGR5 deletion onincreased lipid accumulation and cardiac
dysfunction is dependent on DHHC4 activation.

Association of DCA in participants with diabetes with
myocardial injury

To investigate the potential alterations in bile acid levels associated
with diabetic myocardial injury, we conducted acomprehensive analy-
sis of plasma bile acids in healthy participants, as well as participants
with type 2 diabetes mellitus (T2DM) presenting with left ventricu-
lar hypertrophy (LVHT) or heart failure (HF) using bile acid-targeted
metabolomics (Supplementary Table 9). Our analysis revealed signifi-
cant changes in specific bile acid species, specifically DCA and TCA,
which are known to exhibit bias towards the TGRS receptor. Compared
to healthy participants, participants with diabetic LVHT exhibited
reduced levels of DCA, which were further decreased in participants
with diabetic HF (Fig. 7a). Considering that women with diabetes take
asteeper path to cardiomyopathy and HF***, we divided the bile acid
profiles by sex. Inboth male and female participants, DCA levels were
significantly reduced in participants with diabetic LVHT and diabetic
HF (Fig. 7b,c), but there was no significant difference between the sexes
(Fig. 7d). Furthermore, correlation analysis demonstrated a negative
association between plasma DCA levels and N-terminal pro-B-type
natriuretic peptide levels (Fig. 7e), while a positive correlation was
observed between DCA levels and EF (Fig. 7f). Collectively, these
findings highlight the involvement of the bile acid-TGR5 pathway in
the development of DbCM and its potential as a diagnostic marker for
the condition.

Fig. 4| TGRS reduces long-chain fatty acid uptake and localization of CD36 on
the PM of cardiomyocytes. a, Schematic showing the procedure of myocardial
tissue uptake of intravenously (i.v) administered BODIPY fluorescent-conjugated
fatty acids. Created with BioRender.com with modifications. b, Comparisons of
short-chain fatty acid (BODIPY CS5) and long-chain fatty acid (BODIPY C12 and
C16) uptake in TGR5""and TGR5*¥ mice challenged with HFD/STZ for 24 weeks.
n=6.c,Comparisons of BODIPY C16 uptake in db/db mice treated with INT-777 or
vehicle for 12 weeks. n = 6.d, Representative flow diagram (left) and comparisons
(right) of fatty acid (BODIPY C16) uptake by primary NMCMs from TGR5"" and
TGR5* mice treated with PA + OA for 24 h. n = 6. e, Representative flow diagram
(left) and comparisons (right) of BODIPY C16 uptake by NMCMs treated with

PA + OAfor 24 hinthe presence or absence of INT-777. n = 6. f, Representative
western blotimages (left) and comparisons (right) of the total protein level of
CD36in cardiactissues. n = 6.g, Representative western blot images (left) and

comparisons (right) of CD36 plasma membrane protein isolated from cardiac
tissues. n = 6. h,i, Representative confocal images of endogenous CD36 (green)
and Na*/K'-ATPase (red) detected by the anti-CD36 and anti-Na*/K*-ATPase
antibodies conjugated with Alexa Fluor 488 and Alexa Fluor 568 in vivo (h) and
invitro (i), respectively. Scale bars, 50 pm and 10 pm for cardiac tissue; 10 pm for
cardiomyocytes. n = 6.j-1, Representative co-immunoprecipitation (IP) images
(j) and comparisons of Fyn (k), Lyn (I) and CD36 in PA + OA-treated primary
NMCMs from TGR5"" and TGR5*“” mice for 24 h. n = 6. m-o0, Representative co-
immunoprecipitationimages (m) and comparisons of Fyn (n), Lyn (0) and CD36
in primary NMCM s treated with PA + OA for 24 hin the presence or absence of
INT-777.n = 6. Data are presented as the mean + s.e.m. Statistical significance was
evaluated by two-tailed unpaired Student’s ¢-test (b-d, k, 1 and 0), two-tailed non-
parametric Mann-Whitney test (e and n) or two-way ANOVA followed by Tukey’s
post hoc test (fand g). a.u., arbitrary units; MFI, mean fluorescence intensity.
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Discussion

Cardiolipotoxicity, characterized by excessive lipidaccumulationinthe
heart, is amajor contributor to cardiac remodelling and dysfunction
inindividuals with diabetes®. Therefore, targeting cardiolipotoxicity
has emerged as a promising therapeutic strategy for DbCM. In this
study, weinvestigated the role of TGRS, abile acid receptor, in regulat-
ing myocardial lipid uptake and itsimpact on DbCM progression and
lipid metabolism. Our findings revealed a significant decrease inlevels
of TGR5-biased bile acid DCA in participants and mice with diabetic
myocardial injury. TGRS acts as a key regulator of myocardial lipid
uptake by inhibiting the palmitoylation and PM localization of CD36,
aprimary fatty acid transporter. We utilized cardiomyocyte-specific
TGRS5-deficient mice to assess the effects of TGR5 on DbCM. Interest-
ingly, TGRS deletion resulted in increased fatty acid uptake and lipid
accumulationintheheart, exacerbating cardiac hypertrophy, fibrosis
and dysfunctionin DbCM mouse models. Further investigation showed
that TGRS deletion enhanced CD36 palmitoylation throughtheaction
ofthe palmitoyl acyltransferase DHHC4, promoting the PM localization
of CD36in cardiomyocytes. Importantly, these detrimental effects of
excessive lipid accumulation and cardiac remodelling were effectively
reversed by administration of the TGRS agonist INT-777 or bile acids
DCA and TCA. Our findings highlight the crucial role of the TGR5-
DHHC4 pathway in mediating fatty acid uptake via CD36, providing
protectionagainst cardiac lipotoxicity and the development of DbCM.

Bile acids and their receptors play vital roles in various metabolic
and cardiovascular processes®*. Interestingly, plasma bile acid levels,
especially those biased towards TGR5, have been paradoxically elevated
inindividuals with diabetes'". In our study, we observed a significant
decrease in DCA levels as participants with diabetes progressed to
LVHT and HF, possibly due to alterations in the gut microbiota. DCA,
an endogenous ligand for TGRS5, has been previously shown to exert
protective effects in the heart?>*. The reduction of DCAin participants
with diabetic myocardial hypertrophy and HF indicates impaired TGRS
signalling. TGR5 activation plays a pivotal role in modulating calcium
signalling, inflammatory responses and oxidative stress, thereby
mitigating hyperglycaemia-induced damage to cardiomyocytes®**’.
While the metabolicrole of TGRS hasbeen extensively studied in other
tissues, its involvement in cardiac metabolic regulation and its role
in DbCM and lipid metabolism remain unclear. To address this, we
utilized cardiomyocyte-specific TGR5-knockout mice to establish
DbCM models induced by HFD/STZ and crossed these mice with the
genetic diabetic db/db mice. Our results demonstrate that TGR5 dele-
tion significantly aggravates myocardial hypertrophy, fibrosis and
cardiac dysfunction under diabetic conditions in mice.

Excessive accumulation of fatty acids in the heart leads to lipo-
toxicity, which contributes to cardiomyocyte dysfunction and patho-
logical remodelling®. Thus, the prevention of cardiac lipotoxicity
represents a key mechanismtoinhibit the development of DbCM. Inter-
estingly, our study revealed a previously unappreciated role of TGRS
in mediating lipid metabolism in cardiomyocytes. TGRS deficiency
significantly contributed to cardiac lipid accumulation in diabetic

mice, particularly in FFAs, TGs and DGs, which are known to be cyto-
toxic lipids. These effects on DbCM and lipid metabolism were also
confirmed in TGR5-deficient mice with a db/db background and in
TGRS5-activated db/db mice treated withINT-777. These findings suggest
that TGRS plays a protective role in DbCM development by reducing
cardiaclipid accumulation and pathological remodelling. In the regu-
lation of calcium signalling, TGR5 operates at the membrane level of
cardiomyocyte to alter the metabolic milieu in response to external
stimuli, thereby impacting mitochondrial function and calcium homeo-
stasis. Thismodulationis crucial for the TGRS’s involvement in mitigat-
ing myocardial injury. Multiple mechanisms have been proposed to
explainectopiclipid accumulationinthe heart, including imbalances
infatty acid uptake, transport, synthesis and consumption, all of which
contribute to net lipid storage in the heart. Due to insulin resistance,
adipocytesinindividuals with diabetes exhibitincomplete inhibition
of lipolysis, resulting inincreased release of circulating FFAs™. This, in
turn, enhances cardiac fatty acid uptake and promotes TG storage*°.
Therefore, the absorption of circulating fatty acids into the heart is
a crucial regulatory step that influences cardiac lipid content. In our
study, TGRS deletion significantly promoted the uptake of long-chain
fatty acids in the heart, while activation of TGRS using an agonist had
the opposite effect. These findings suggest that TGR5 mediates fatty
acid uptake and storage in cardiomyocytes of diabetic mice.
Amongthe three putative groups of fatty acid transportersin car-
diac tissue (CD36, FABP-pm and FATPs), CD36 is responsible for up to
60% of fatty acid uptake in the heart** and is also associated with the
inhibition of fatty acid B-oxidation**. CD36 functions as a transmem-
brane protein, and its localization plays a crucial role in determining
its function. Under certain conditions, CD36 translocates to the PM,
promoting fatty acid uptake. In our study, we confirmed a significant
increasein CD36 expression and the PM localizationin cardiomyocytes
of mice with DbCM. Unlike macrophages in atherosclerotic mice’,
TGR5 deletion did not affect the total protein expression of CD36 but
significantly enhanced its PM localizationin DbCM. Conversely, TGRS
activation impeded the PM localization of CD36. Palmitoylation, a
post-translational modification, plays a critical role in regulating the
localization and function of CD36. Previous studies have demonstrated
that palmitoylation is necessary for CD36 to localize to the PM**¢. In
hepatocytes, increased CD36 palmitoylation promotes its PM locali-
zation, thereby enhancing fatty acid uptake, while inhibition of CD36
palmitoylation reduces fatty acid uptake and promotes fatty acid
B-oxidation, participating in the development of non-alcoholic fatty
liver disease***’. In our study, we demonstrated that inhibiting CD36
palmitoylation in cardiomyocytes significantly decreased fatty acid
uptake and lipid accumulation. Moreover, CD36 palmitoylation was
increased in the heart of mice with DbCM, and TGRS deletion further
promoted CD36 palmitoylation and downstream cascades, particularly
through the formation of acomplexwith Fynand Lyn. Conversely, acti-
vation of TGR5 by INT-777 treatment reversed these effects, and were
comparableto the effects of a palmitoylationinhibitor. These findings
suggest that TGRS inhibits the PM localization of CD36 by reducing

Fig. 5| TGRS inhibits CD36 palmitoylation via DHHC4. a-c, Representative
western blot images (left) and comparisons (right) of CD36 palmitoylationin
cardiac tissues. CD36 palmitoylation was determined in TGR5"" and TGR54"
mice challenged with HFD/STZ for 24 weeks (a), db/db TGR5"" and db/db
TGR5*™mice at 20 weeks (b), or db/db mice treated with INT-777 or vehicle for
12 weeks (c) by ABE assay. n = 6. d, Representative western blot images (left)
and comparisons (right) of CD36 palmitoylation in cardiomyocytes. Primary
NMCMs were co-incubated with PA + OA and 2-BP (100 pmol I™") for 24 h.CD36
palmitoylation was determined by ABE assay. n = 6. e, Representative flow
diagram (left) and comparisons (right) of BODIPY C16 uptake by primary NMCMs
co-incubated with PA + OA and 2-BP for 24 h. n = 6. f, Representative BODIPY
493/503 staining images (left) and quantitative analysis (right) of primary
NMCMs treated with PA + OA for 24 hin the presence or absence of 2-BP. Scale

bar,10 pm. n = 6.g,h, Representative co-immunoprecipitation images (left) and
comparisons (right) of CD36 and DHHC4 (g) or DHHCS (h) in PA + OA-treated
primary NMCMs from TGR5"" and TGR5*” mice for 24 h. n = 6.1, Representative
co-immunoprecipitation images (left) and comparisons (right) of CD36 and
DHHC4 in primary NMCMs treated with PA + OA for 24 hin the presence or
absence of INT-777. n = 6. j, Representative western blot images (left) and
comparisons (right) of palmitoylated CD36 in cardiomyocytes. PA + OA were
incubated for 24 h in primary NMCMs from TGR5"" and TGR5*“” mice transfected
with DHHC4 siRNA (siDHHC4) or scramble siRNA (siCont). CD36 palmitoylation
was determined by ABE assay. n = 6. Data are presented as the mean + s.e.m.
Statistical significance was evaluated by two-tailed unpaired Student’s ¢-test

(a, b, d and f-i), two-tailed non-parametric Mann-Whitney test (c and e) or two-
way ANOVA followed by Tukey’s post hoc test (j).
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its palmitoylation, ultimately leading to decreased fatty acid uptake.
This process re-establishes cellular energetic substrate balance and
metabolic homeostasis in the diabetic heart.

Palmitoylation is dynamically catalysed by palmitoyl acyltrans-
ferases containing the Asp-His-His-Cys (DHHC) motif. Previous studies
have implicated DHHC4, DHHC5 and DHHC6 in the palmitoylation of

CD36 (refs. 29,48). DHHC4 and DHHCS are primarily responsible for
fatty acid uptake at different stages®, while DHHC6 is involved in the
uptake of oxidized high-density lipoprotein®. DHHC4 and DHHC5 are
ubiquitously expressed, with DHHC4 localized in the Golgi apparatus
or endoplasmic reticulum for CD36 palmitoylation***°, and DHHCS
primarily localized on the PM to maintain the modification®*°. In our
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Fig. 6| DHHC4 KD ameliorates the deleterious effect of TGR5 deficiency in
mice with HFD/STZ-induced DbCM. a, Fight-week-old TGR5"" and TGR5*” mice
were injected with adeno-associated virus of serotype 9 (AAV9) through a tail
vein to knock down DHHC4 under the transcriptional control of cardiomyocyte-
specific troponin T promoter (5 x 10 plaque-forming units per mouse). At 2
weeks after AAV9 injection, the mice were fed with HFD for 24 weeks. At week 8
after HFD feeding, the mice were injected with STZ (35 mg per kg body weight)
for 3 consecutive days to induce diabetes. Created with BioRender.com with
modifications. b-f, Left ventricular GLS was calculated using Vevo software (b).
n=8.Ratio of flow Doppler E wave amplitude to tissue Doppler E’ wave amplitude
(E/E’) (c). n = 8. Representative left ventricular M-mode echocardiographic
images (d). Quantification of left ventricular EF (e). n = 8. Quantification of

left ventricular FS (f). n = 8. g-i, Representative Oil Red O and BODIPY 493/503

TGR5AM

TGR5AM

TGRSfl/fl

staining (green) images of cardiac tissues from HFD/STZ TGR5"" and TGR5*M
mice with AAV-DHHC4 or AAV-Ctrl treatment (g). Scale bars, 50 pm for Oil Red
O staining; 10 um for BODIPY 493/503 staining. The nucleus was stained with
DAPI (blue). Quantitative analysis of Oil Red O staining (h) and BODIPY intensity
(i) by ImageJ. n = 8.j,k, Representative western blot images (j) and comparisons
(k) of CD36 palmitoylation in HFD/STZ TGR5"" and TGR5*?" mice with AAV-
DHHC4 or AAV-Ctrl treatment. n = 6.1, m, Representative western blot images (I)
and comparisons (m) of CD36 plasma membrane protein isolated from cardiac
tissues of HFD/STZ TGR5"" and TGR5*“ mice with AAV-DHHC4 or AAV-Ctrl
treatment. n= 6.n, Comparisons of BODIPY C16 uptake in HFD/STZ TGR5"" and
TGR5“ mice with AAV-DHHC4 or AAV-Ctrl treatment. n = 8. Data are presented
asthe mean * s.e.m. Statistical significance was evaluated by two-way ANOVA
followed by Tukey’s post hoc test.
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myocardial injury. a, Bile acid profiles in collected clinical plasma samples type natriuretic peptide (NT-proBNP) levels (e), and between plasma DCA levels
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n=25;T2DM with LVHT for n = 25; T2DM with HF for n = 25) and females (healthy parametric Spearman correlation (e and f).
participants for n=23; T2DM with LVHT for n=25; T2DM with HF for n =17).

study, TGRS deletion did not affect CD36 palmitoylation and the PM  manner caused by TGRS deletion. In addition, we observed that TGR5
localization under normal conditions. Thismaybe dueinparttothelack  deletion enhanced the interaction between CD36 and DHHC4 in car-
of PAs, palmitoylation substrates, and the fact that DHHC5 or DHHC6 ~ diomyocytestreated with PA and OA. However, DHHCS did not exhibit
inhibits DHHC4-mediated CD36 palmitoylation in a compensative  suchaninteraction. These results were consistent with our findingsin
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cardiomyocytes treated with INT-777. Furthermore, we demonstrated
that KD of DHHC4 in cardiomyocytes eliminated the increase in CD36
palmitoylationinduced by TGRS deletion. These results indicate that
the TGR5-DHHC4 pathway mediates CD36 palmitoylation in cardio-
myocytes, regulating the PM localization of CD36 and lipid uptake.

Insummary, our study uncovers amechanisminvolvedin cardiac
fatty acid uptake. The bile acid receptor TGRS protects against the
development of DbCM in response to HFD/STZ consumption or in a
genetic model of type 2 diabetes (db/db mice). We provide evidence
that TGRS inhibits the PM localization of CD36 by blocking palmi-
toylation through DHHC4, resulting in reduced fatty acid uptake and
lipid accumulation in cardiomyocytes. Furthermore, we observed a
significant decrease in the TGR5-biased bile acid DCA in both mice
and participants with diabetes complicated by HF, and the plasma DCA
levels correlated with cardiac function. These findings highlight the
TGR5-DHHC4 pathway as a key mediator of protection against DbCM,
and suggest its potential as therapeutic target for intervening in lipid
metabolismin DbCM.

Methods

Human participants

Human plasma samples were obtained from Fuwai Hospital, Beijing,
China. The use of human plasma samples for research purposes was
approvedbythelnstitutional Review Board of Fuwai Hospital (2013-496).
Writteninformed consent was obtained from each participant. The par-
ticipants were dividedinto two groups: T2DM with LVHT and T2DM with
HF. Left ventricular mass index is used to diagnose LVHT as >115 g/m?
in men and =95 g/m? in women. Participants with known aetiology,
such as coronary artery disease, hypertension, valvular diseases or
hereditary conditions, were excluded. In addition, participants with
systemic and infectious diseases, a history of drug or alcohol misuse, or
those currently misusing alcohol or drugs were also excluded. Periph-
eralblood samples were obtained fromall participants after overnight
fasting. Finally, 48 healthy individuals, 50 individuals with T2DM and
LVHTand 42 individuals with T2DM and HF were enrolled in the study.
Further details of the participants are listed in Supplementary Table 8.

Experimental animals

C57BL/6) Gpbarl™* mice were generated by GemPharmatech using
CRISPR-Cas9 technology. C57BKS-db/+, C57BKS-db/db and cMHC-cre
mice were purchased from GemPharmatech. aMHC-Gpbar1™™
(TGR5“M) mice were generated by crossing Gpbar1"* and «cMHC-cre
mice. Allthe micein the experiments associated with cardiac function,
morphology and lipid metabolism were both male and female, and the
rest were male only. All mice were housed with ad libitum access to food
and water and maintained in a specific pathogen-free animal facility
atanambient temperature of 22 °C and 50% humidity under a12/12-h
light-dark cycle (lights on at 06:00 and lights off at 18:00). The mice
were randomly divided into different groups. To assess the nutritional
status of the mice, dietary types (normal control diet (NCD) or HFD),
body weight, food intake, blood lipid levels and blood glucose levels
were recorded in detail. Plasma and heart samples were collected
for bile acid profiles after overnight fasting. The age and number of
mice used in each experiment are shown in the figure legends. All
experimental protocols for the animal studies were approved by the
Institutional Animal Care and Use Committee at Peking University
Health Science Center (LA2022383) and were carried out in accord-
ancewith the National Institutes of Health, Guide for the Care and Use
of Laboratory Animals.

HFD/STZ-induced DbCM in mice

After STZ injection, diabetic mice on the C57BL/6) background were
not prone to cardiac functional lesions. Mice that consumed a HFD
tended to develop obesity and insulin resistance in the C57BL/6 strain.
Therefore, we used a HFD combined with low-dose STZ to establish

the DbCM mouse model, as previously described with some modifica-
tions®.. Briefly, insulin resistance was established in TGR5*” and TGR5""
mice onaHFD (Research Diets, D12492) for 8 weeks, followed by intra-
peritoneal injection of 35 mg per kg body weight of STZ (Sigma-Aldrich,
S0130) in 50 mmol I sodium citrate buffer (pH 4.5) for three consecu-
tive days. The mice were then maintained on a HFD for 16 weeks. Control
mice were fed acontrol diet (Research Diets, D12450)) and administered
anintraperitoneal injection of equalamounts of sodium citrate buffer.
The HFD was made up of 60% fat, 20% protein and 20% carbohydrate,
while the control diet was made up of 10% fat, 20% protein and 70%
carbohydrate. Blood glucose and body weight were monitored every 2
weeks. Diabetes was considered successfulwhenrandomblood glucose
levels exceeded 16.7 mmol I for two consecutive days. Echocardiog-
raphy was used to assess cardiac function lesions.

Generation of TGR5-knockout mice with spontaneous DbCM

db/db mice are autosomal recessive models of spontaneous type 2
diabetes derived from C57BL/Ks] inbred strains with leptin recep-
tor gene deficiency and a classic model for studying myocardial
complications of type 2 diabetes’***. Cardiomyocyte-specific
Gpbarl-knockout db/db mice were constructed by crossbreed-
ing db/+ (C57BKS) with aMHC-GpbarI1™ (C57BL/6)) mice, followed
by mating db/+;aMHC-Gpbarl™* with db/+;GpbarI™* mice, to create
db/db;aMHC-Gpbar1" (db/db TGR5*™) and db/db;Gpbar1™" (db/db
TGR5"") mice. We analysed male db/db TGR5*™, db/db TGR5"", and their
corresponding control micein age-matched groups. The db/db mice with
amixed C57BKS and C57BL/6) background began to exhibit diabetic
symptoms at4 weeks of age. Blood glucose levels were monitored every
2weeks. Echocardiography was used to assess cardiac functionlesions.

Treatment of db/db mice with INT-777

C57BKS-db/db mice aged 20 weeks were treated with 30 mg per kg
body weight of INT-777 (MCE, HY-15677) or vehicle (carboxymethyl
cellulose) once daily for 12 weeks by gavage. Blood glucose levels were
measured every 2 weeks. Echocardiography was used to assess car-
diacfunctionlesions. After the experiment, hearts were extracted for
further analysis.

Treatment of HFD/STZ-induced mice with bile acids
Eight-week-old C57BL/6) mice were fed a HFD for 8 weeks, followed
by intraperitoneal injection of 35 mg per kg body weight of STZ in
50 mmol I sodium citrate buffer (pH 4.5) for three consecutive days.
After12weeks onthis regimen, mice were given DCA (50 mg per kgbody
weight), TCA (200 mg per kg body weight) or vehicle (carboxymethyl
cellulose) once daily for 12 weeks by gavage. Blood glucose levels were
measured every 2 weeks. Echocardiography was used to assess cardiac
function lesions.

Fatty acid uptake in vivo

To measure fatty acid uptake in the heart using fluorescent dyes, the
micewere prepared®*. Briefly, eachmouse wasinjected with appropriate
doses (0.5 mg per kg body weight) of BODIPY fluorescent-conjugated
fatty acids: FL C16 (Invitrogen, D3821), 558/568 C12 (Invitrogen, D3835)
and FL C5 (Invitrogen, D3834) in 200 pl of cold HBSS through the tail
vein. Thirty minutes after the injection, the hearts were collected,
homogenized with RIPA buffer, centrifuged, and the supernatant was
extracted for subsequent experiments. Fluorescence intensity (FI)
wasimmediately measured in black 96-well flat-bottom plates using a
fluorescence microplate reader. Readings from mice treated with the
control solution were used to subtract background signals and were
normalized by the weight of the extracted tissue.

Fatty acid uptake in vitro
To measure fatty acid uptake in cultured cardiomyocytes using
fluorescent dyes, BODIPY FL C16 uptake experiments were
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carried out as previously described with some modifications®*.

Primary NMCMs from TGR5-knockout mice or NMCMs treated with
INT-777 (30 pmol I") were incubated in the cardiomyocyte culture
medium containing an unlabelled BSA-conjugated fatty acid cocktail
(400 pmol I PA + 200 pmol I OA) for 24 h. The cells were incubated
with BODIPY FL C16 for 10 min at 37 °C. After washing thrice with
cold PBS, cardiomyocytes were collected using trypsin-EDTA and
centrifuged at 600g for 3 min at room temperature. The pellet was
resuspended in 1 ml cold PBS and centrifuged at 600g for 3 min at
room temperature. Cardiomyocytes were lysed in 200 pl of PBS and
subsequently analysed using a CytoFLEX Flow cytometer (Beckman
Coulter). FlowJo (v10.8.1) was used for data analysis.

Intraperitoneal glucose tolerance test

Intraperitoneal glucose tolerance test was performed™. Briefly, mice
were fasted for16 h (from17:00 to 09:00) and injected intraperitoneally
with D-glucose (Sigma, D9434) at1 g per kg body weight (20% stock, 5 pl
per gram). Blood glucose levels were determined via the tail vein at O,
15,30, 60, 90 and 120 min after injection.

Oil Red O and BODIPY lipid staining

Oil Red O and BODIPY 493/503 staining were used to assess the accu-
mulation of neutrallipidsinthe cardiac tissue and cardiomyocytes. The
heart tissue was embedded in OCT compound and subsequently cut
into 10-pm-thick sections. For Oil Red O staining, the frozen sections
were equilibrated at 37 °C for 30 min and fixed with 4% paraformal-
dehyde for 10 min at room temperature. After washing with PBS, the
sections were placed in 60% isopropyl alcohol for 5 min and covered
with an Oil Red O working solution for 15 min (Njjcbio, D027). The sec-
tions were sequentially washed thrice with 60% isopropanol and PBS.
Images were then visualized under a microscope by NDP.view software
(v2.7.52). For BODIPY lipid staining, fixed frozen sections or cardiomyo-
cyteswereincubated with 10 uM BODIPY 493/503 (Invitrogen, D3922)
for 30 min at room temperature. After washing thrice with PBS, the
sections were covered with a mounting medium with DAPI (Abcam,
ab104139). The images were visualized using a Zeiss LSM 780 confocal
microscope and ZEN-Blue software (v3.7), and were quantified using
Image] (v1.8.0) and analysed blindly.

Isolation of primary NMCMs

Primary cardiomyocytes were isolated and cultured from neonatal
wild-type C57BL/6) mice or TGR5-knockout mice®. Briefly, the hearts
of mice (1-day-old) were harvested and treated using the Neonatal
Heart Dissociation Kit (Miltenyi Biotec, 130-098-373). The cells were
plated for 1.5 h into 10-cm culture dishes to allow cardiac fibroblast
adherence. The suspended cells were collected as cardiomyocytes and
cultured in DMEM containing 15% FBS at 37 °C in a humidified 5% CO,
incubator for further experiments. Bromodeoxyuridine was added to
prevent fibroblast proliferation.

Immunoprecipitation and western blot

For immunoprecipitation, cell extracts were prepared in NP-40 lysis
buffer. The homogenates wereimmunoprecipitated with an antibody
and Pierce Protein A/G Magnetic Beads (Thermo Fisher Scientific,
88802).Bead-conjugated proteins were released using an SDS loading
buffer. For westernblot, the heart and cells were lysed with RIPA buffer
containing a protease/phosphatase inhibitor cocktail (CST, 5872). Total
protein concentrations were determined using a Pierce BCA Protein
Assay Kit (Thermo, 23225). Protein samples were separated using
SDS-PAGE and transferred onto Biotrace nitrocellulose membranes.
The blots were blocked for 1 h with 5% non-fat dry milk in 1x TBS/0.5%
Tween 20 and incubated overnight at 4 °C with primary antibodies.
The blots were incubated for 1 h with secondary antibodies at room
temperature, and enhanced chemiluminescence immunodetection
was performed by GeneSys software (v1.6.3.0).

Isolation of plasma membrane protein

The cellular plasma membrane of the heart wasisolated using aMinute
Kit (Invent Biotechnologies, SM-005) according to the manufacturer’s
instructions. Briefly, the heart was homogenized with lysates con-
taining protease inhibitors. To lyse the cells, the homogenates were
centrifuged at 16,000g for 30 s using a filter. The homogenates were
then centrifuged at 700g for 1 min to remove the nuclear pellet. The
supernatant was subsequently centrifuged at16,000gfor 30 minat4 °C
toobtaintotal membrane protein fractions, including the plasmamem-
brane and organelles. The pellet was resuspended in upper phase and
lower phase solutions, followed by centrifugation at 7,800g for 15 min
at4 °Ctoremove organelles. The supernatant was collected, and 1.6 ml
of PBSwas added to adjust the density of the solution, which was then
centrifuged at 16,000g for 30 min to save the pellet as plasma mem-
brane proteins. The pellet was redissolved in 50 pl Minute Denaturing
Protein Solubilization Reagent (Invent Biotechnologies, WA-009)
forimmunoblotting.

Cellline and culture

Human HEK293A cells (SUNNCELL, SNL-247) were used in this study.
HEK293A cells were cultured in DMEM medium containing 10% FBS,
100 U ml™ penicillin and 100 mg ml™ streptomycin. Mouse TGRS and
DHHC4 cloned into the expression vector pcDNA3.1 were designed
and provided by Shanghai GenePharma. HEK293A cells were trans-
fected with plasmids using Lipofectamine 2000 transfection reagent
(Invitrogen, 11668-019).

TG and FFA contents

Myocardial TG and FFA contents were detected according to the Tri-
glyceride Fluorometric Assay Kit (Elabscience, E-BC-F033) and Free
Fatty Acid Assay Kit (Abcam, ab65341), respectively.

MitoSox staining and 4-HNE assay

For MitoSox staining, the livingisolated cardiomyocytes were washed
three times with PBS and covered with 5 pumol I MitoSox Red probe
(MCE, HY-D1055) for 15 min at room temperature. After washing
three times with PBS, cells were covered using Hoechst. Images were
visualized using a Zeiss LSM 780 confocal microscope and ZEN-Blue
software (v3.7). For the 4-HNE assay, the heart tissue was homogenized
in pre-cooled PBS and centrifuged at 5,000g for 5 min to collect the
supernatant. The content of 4-HNE was quantified using amouse 4-HNE
ELISAKit (FineTest Biotech, EM1583). All samples were normalized to
protein content.

Echocardiography

Mice were anaesthetised with 1-1.5% isoflurane, and transthoracic
echocardiography was performed usinga30 MHzMS400 transducer
(Vevo 2100 system, Fujifilm VisualSonics)”. The parasternal long axis
was located in B-mode and the maximum left ventricle length was
identified. To measure systolic function, M-mode measurements of
the left ventricular internal diameter were obtained in mice under
two-dimensional guidance, with a heart rate of >450 beats per min.
Left ventricular EF and FS were calculated based on M-mode images. To
measure diastolic function, Pulsed-Wave Doppler and Tissue Doppler
modes were applied to determine transmitral early (E) wave peak veloci-
ties and peak early (E’) annular velocities, respectively. The E/E’ ratio
was calculated to evaluate diastolic function. Speckle tracking-based
strain analysis (GLS) was performed on the parasternal long axis in
B-mode using the Vevo Strain software (v5.7.1).

Protein palmitoylation analysis

Protein palmitoylation was determined using the IP-ABE method®.
Briefly, the heart and cells were lysed with RIPA buffer containing
protease inhibitors and 50 mM N-ethylmaleimide. The homogenates
were immunoprecipitated witha CD36 antibody (Novus, NB600-1423;
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1:500 dilution) and Pierce Protein A/G Magnetic Beads. The same
sample was evenly divided into two parts: one with hydroxylamine
treatment (HAM+) and the other without HAM treatment (HAM-).
All samples were rotated at room temperature for 1 h to cleave the
thioester bonds in the palmitoylated cysteines. Biotin-BMCC was
added to the samples, which were then rotated at room tempera-
ture for 1 h to specifically label palmitoylated cysteines, followed by
immunoblotting. The blots were incubated for 1 h with horseradish
peroxidase-conjugated streptavidin (1:10,000 dilution) at room tem-
perature, and then enhanced chemiluminescence immunodetection
was performed.

Measurement of OCR and FAO

The OCR of isolated cells was measured in real time with a Seahorse
XFe24 Extracellular Flux Analyzer (Agilent) per the manufacturer’s
instructions. The mitochondrial complex inhibitors (oligomycin,
FCCP and rotenone/antimycin A) from the XF Cell Mito Stress Test kit
(Agilent,103015-100) were used for both the Seahorse Mito Stress Test
and the Seahorse Palmitate Oxidation Stress Test. For the Seahorse
Mito Stress Test, the XF DMEM (Agilent, 103575-100) base medium
(pH 7.4) was prepared with a glucose solution (1 mol I, Agilent,
103577-100), pyruvate solution (100 mmol I}, Agilent, 103578-100)
and glutamine solution (200 mmol I}, Agilent, 103579-100) before
assay. Oligomycin (1.5 pmol ™), FCCP (2 pmol I™) and rotenone/anti-
mycin A (0.5 pmol I!) were injected sequentially. FAO-dependent
mitochondrial respiration was measured as oxygen consumption
rate differences (AOCR) with or without palmitate. AOCR demon-
strated that the preponderance of respiration resulted from FAO.
Briefly, the XF DMEM base medium (pH 7.4) was supplemented with
0.5 mmol I glucose, 1 mmol I glutamine, 0.5 mmol I L-carnitine,
and 1% FBS (substrate-limited growth media). On the day before
the assay, the cells were replaced with the above substrate-limited
growth mediainstead of the cell growth media. The assay mediawas
configured with XF DMEM base medium (pH 7.4) containing 2 mmol I
glucose and 0.5 mmol ! L-carnitine. Either palmitate-BSA or BSA
control (Agilent, 102720-100) was added immediately before the
assay. The analysis by Wave software (v2.6.3) was calibrated by the
protein contentineach well.

Bile acid-targeted metabolomics analysis

Bile acid profiles were identified as previously described”. Briefly, 30 pl
plasmasample was added to 270 pl pre-cooled methanol to precipitate
the protein, with100 nmolI™ deuterated cholicacid-2,2,4,4-D4 (CA-d4)
and ursodeoxycholicacid-2,2,4,4-D4 (UDCA-d4) asinternal standard.
For heart samples, 100 mg tissue was precisely weighed and 900 pl
pre-cooled methanol was added to homogenize. Centrifugation was
performed to precipitate the protein. After being drained by avacuum
pump, 200 pl methanol was redissolved. The samples were vortexed
andthen centrifuged to precipitate the particles, and the supernatant
was extracted and transferred to an autosampler vial. Samples were
measured in an ultra-performance liquid chromatography (UPLC)
100 system coupledtoan AB 5600 TripleTOF system (AB SCIEX), with
a Waters UPLC CSH C18 column (100 mm x 2.1 mm, 1.7-um particle
size). Multiple reaction monitoring in negative ion mode was used
for dataacquisition.

Lipid-targeted metabolomics analysis

Lipid compositions from the hearts or cells were extracted with
methyl tert-butyl ether/methanol (5:1ratio) and spiked with inter-
nal standards. The samples were centrifuged, and the supernatants
were dried using a vacuum concentrator. The resulting pellet was
resuspended in dichloromethane/methanol/H,0 (60:30:4.5 ratio).
The mixed solution was centrifuged, and the supernatant was used
for liquid chromatography-tandem mass spectrometry analysis
(Biotree Biotech. Co.).

Statistical analysis

All datawere analysed using GraphPad Prism (v9.4.1) and are presented
asthe mean * s.e.m. The normal distribution of the data was analysed
using the Shapiro-Wilk test. For normally distributed data, differences
were compared using a two-tailed Student’s ¢-test for two groups or
ANOVA for multiple groups, followed by Tukey’s post hoc test. For data
that were not normally distributed, differences were compared using
the Mann-Whitney Utest for two groups or the Kruskal-Wallis test for
multiple groups, corrected with Dunn’s analysis. P values < 0.05 were
considered toindicate statistical significance. No statistical methods
were used to predetermine sample sizes, but our sample sizes are
similar to those reported in previous publications'”*®, Data collection
and analysis were not performed blind to the conditions of the experi-
ments. No data were excluded from the data analysis.

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

Data availability
All data are available in the paper, Extended Data and Supplementary
Information. Source data are provided with this paper.
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Extended Data Fig.1| Cardiomyocyte-specific TGR5 deletion does not affect
body weight, glycemic or lipidemic control in mice. a, Continuous body
weight detection of TGR5”"and TGR5“?" mice challenged with HFD/STZ for

24 weeks.n = 6.b, Intraperitoneal glucose tolerance test of TGR5"/ and TGR54
mice challenged with HFD/STZ at 24 weeks (1 g/kg D-glucose).n=6.¢c,d, Serum

TG (c) and fasting insulin (d) levels of TGRS and TGR5*“ mice challenged

with HFD/STZ at 24 weeks. n = 6. e, Cardiac collagen I levels of TGRS and
TGR5*mice challenged with HFD/STZ at 24 weeks. n = 6. Data are presented as
mean + SEM. Statistical significance was evaluated by two-way ANOVA followed
by Tukey’s post-hoc test.
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Extended Data Fig. 2| Cardiac-specific TGR5 deletion aggravates cardiac
dysfunction and cardiolipotoxicity in female mice with HFD/STZ-induced
diabetic cardiomyopathy. a, Left ventricular global longitudinal strain (GLS)
was calculated using Vevo Software. n = 6. b, Ratio of flow Doppler E wave
amplitude to tissue Doppler E’ wave amplitude (E/E’). n = 6. ¢, Representative

left ventricular M-mode echocardiographicimages. d, Quantification of left
ventricular ejection fraction (EF). n = 6. e, Quantification of left ventricular
fractional shortening (FS). n = 6.f, Representative images of H&E, WGA, Masson’s
trichrome, Oil Red O and BODIPY 493/503 staining (green color) images of

cardiac tissues from TGR5™ and TGR5*“” mice challenged with HFD/STZ. Scale
bar, 2.5 mm for H&E; 10 pm for WGA; 2.5 mm and 100 pm for Masson’s trichrome
staining; 50 um for Oil Red O staining; 10 pum for BODIPY 493/503 staining. The
nucleus was stained with DAPI (blue color). g, Quantification of myocyte area

in WGA staining. n = 6. h, Quantification of cardiac fibrosis area in Masson’s
trichrome staining. n = 6. i, Quantitative analysis of Oil Red O staining.n = 6.

j, BODIPY intensity by Image]. n = 6. Data are presented as mean + SEM. Statistical
significance was evaluated by two-tailed nonparametric Mann-Whitney test (i,j),
or two-way ANOVA followed by Tukey’s post-hoc test (a,b,d,e,g,h).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Cardiac-specific TGR5 deletion aggravates cardiac
dysfunction and cardiolipotoxicity in db/db mice. a, Experimental scheme
for generating db/db;aMHC-Tgr5"" mice (db/db TGR5“™). Mice aged 20 weeks
were used in the following experiments. Created with BioRender.com with
modifications. b-f, Left ventricular GLS was calculated by Vevo Software (b).

n = 6. Ratio of flow Doppler E wave amplitude to tissue Doppler E’ wave amplitude
(E/E’) (¢). n = 6. Representative left ventricular M-mode echocardiographic
images (d). Quantification of left ventricular EF (e). n = 6. Quantification of

left ventricular FS (f). n = 6. g-j, Representative Oil Red O (above) and BODIPY
493/503 staining (below, green color) images of cardiac tissues from db/db
TGR5"" and db/db TGR5* mice (g). Scale bar, 50 um for Oil Red O staining;

10 pm for BODIPY 493/503 staining. The nucleus was stained with DAPI (blue color).

Quantitative analysis of Oil Red O staining (h) and BODIPY intensity (i) by Image
J.n=6.Quantitative analysis of intracardiac TG levels (j). n = 6. k-m, Heat map
(left) and quantitative analysis (right) of lipid-targeted metabolomic of cardiac
tissues from db/db TGRS and db/db TGR5*°” mice at 20 weeks (k). n = 6. Red
indicates upregulation and blue indicates downregulation. The columns and
rows represent experimental heart samples and lipid species, respectively.
Quantitative analysis of FFA levels in cardiac tissues from TGR5%"and TGR5*M
mice indb/mor db/dbbackground at 20 weeks (). n = 6. FFA species in db/db
TGR5"*and db/db TGR5*“ mice (m). n = 6. Data are presented as mean + SEM.
Statistical significance was evaluated by two-tailed unpaired Student’s ¢-test
(h,i,k,m) or two-way ANOVA followed by Tukey’s post-hoc test (b,c,e,f,j,1).
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Extended Data Fig. 4 | DCA and TCA prevent against cardiac dysfunction and
cardiolipotoxicity in mice with HFD/STZ-induced diabetic cardiomyopathy.
a-d, TGR5""and TGR5“ mice challenged with HFD/STZ were treated with DCA
or TCA for 12 weeks. Left ventricular GLS was calculated by Vevo Software (a).

n = 6. Ratio of flow Doppler E wave amplitude to tissue Doppler E’ wave amplitude
(E/E’) (b). n = 6. Quantification of left ventricular EF (c)and FS (d).n=6.e,
Representative images of H&E, WGA, Masson’s trichrome, Oil Red O and BODIPY
493/503 staining (green color) images of cardiac tissues from TGR5 and
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TGR5*™mice with DCA, TCA or vehicle treatment for 12 weeks. Scale bar, 2.5 mm
for H&E; 10 pm for WGA; 2.5 mm and 100 pm for Masson’s trichrome staining; 50
pm for Oil Red O staining; 10 um for BODIPY 493/503 staining. The nucleus was
stained with DAPI (blue color). f, Quantification of myocyte area in WGA staining.
n = 6.g, Quantification of cardiac fibrosis areain Masson’s trichrome staining.
n=6.h, Quantitative analysis of Oil Red O staining. n = 6. i, BODIPY intensity by
Image). n = 6.Data are presented as mean + SEM. Statistical significance was
evaluated by one-way ANOVA followed by Tukey’s post-hoc test.
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Extended Data Fig. 5| TGRS does not affect fatty acid uptake under normal
physiological conditions. a, Comparisons of BODIPY C-16 uptake in TGR5""
and TGR5*™ mice under physiological conditions. n = 6. b, A schematic diagram

showing the procedure of cardiomyocyte uptake of administered BODIPY
fluorescent-conjugated fatty acids. ¢, Representative flow diagram (left) and

comparisons (right) of BODIPY C-16 uptake by primary NMCMs from TGR5""

(right) of BODIPY C-16 uptake by primary NMCMs in the presence or absence

of INT-777.n = 6. e, Representative western blot images (left) and comparisons

(right) of CD36 palmitoylation in cardiac tissues. CD36 palmitoylation was

determined in TGR5*and TGR5“ mice under physiological conditions.n=6.
Dataare presented as mean + SEM. Statistical significance was evaluated by two-

tailed unpaired Student’s ¢-test.

and TGR5* mice. n = 6. d, Representative flow diagram (left) and comparisons
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Extended DataFig. 6 | TGRS deletion aggravates cardiac mitochondrial
dysfunction in mice of HFD/STZ-induced diabetic cardiomyopathy.

a-c, Oxygen consumption rate (OCR) was used to evaluate fatty acid oxidation
(FAO) activity due to the utilization of exogenous palmitate-conjugated BSA
(P:BSA) or BSA in primary NMCMs from TGR5%"and TGR5%? mice treated with
PA + OA for 24 h (a). Quantitative analysis of basal respiration (b) and maximal
respiration (c). n = 6. FAO-dependent mitochondrial respiration was measured
as oxygen consumption rate differences (AOCR) with or without palmitate.
AOCR demonstrated that the preponderance of respiration resulted from
FAO. d-f, Mitochondrial oxidative respiration in primary NMCMs from TGR5"/
and TGR5* mice treated with PA + OA for 24 h as assessed by measuring

the cellular OCR. Quantitative analysis of basal respiration (e) and maximal

respiration (f). n = 6. Basal respiration is derived from (last rate measurement
before firstinjection) - (non-mitochondrial respiration) and maximal respiration
is derived from (maximum rate measurement after FCCP injection) - (non-
mitochondrial respiration). g, Mitochondrial ROS levels were detected in isolated
cardiomyocytes from TGR5”"and TGR5“?” mice challenged with NCD or HFD/STZ
using MitoSox probe (red). The nucleus was stained with Hoechst (blue color).

h, Quantification of cardiac 4-Hydroxynonenal (4-HNE) levels in cardiac tissues
from TGR5" and TGR5*" mice challenged with NCD or HFD/STZ.n= 6. Dataare
presented as mean + SEM. Statistical significance was evaluated by two-tailed
unpaired Student’s t-test (b, c,e,f) or two-way ANOVA followed by Tukey’s post-
hoctest (g,h).
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Extended Data Fig. 7| TGRS inhibits the localization of CD36 on the PM of db/db mice treated with INT-777 for 12 weeks (c). n = 6. d, Representative confocal
cardiomyocytes. a, Representative western blot images (left) and comparisons images of endogenous CD36 (green color) and Na“/K"-ATPase (red color)
(right) of the total protein level of CD36 in cardiac tissues of db/db TGRS and detected by the anti-CD36 and anti-Na‘/K'-ATPase antibodies conjugated with
db/db TGR5*™ mice at 20 weeks. n = 6. b,¢, Representative western blotimages Alexa Fluor 488 and Alexa Fluor 568, respectively. Scale bar, 10 pm.n = 6. Data
(left) and comparisons (right) of CD36 plasma membrane protein isolated from are presented as mean + SEM. Statistical significance was evaluated by two-tailed
cardiac tissues of db/db TGR5** and db/db TGR5*? mice at 20 weeks (b), and unpaired Student’s t-test.
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Extended Data Fig. 8| The inhibitory effect of TGR5 on DHHC4 is cAMP-PKA-
dependent. a, Representative western blot images (left) and comparisons (right)
of CD36 palmitoylationin cardiac tissues. CD36 palmitoylation was determined
in mice treated with NCD and HFD/STZ for 24 weeks. n = 6. b, Flow comparisons
of BODIPY C-16 uptake in primary NMCMs from TGR5" and TGR5*“" mice
transfected with siDHHC4 or siCont and treated with PA + OAfor24 h.n=6.

¢, Representative western blot images of palmitoylated CD36 in cardiomyocytes.
PA + OA were incubated for 24 hin primary NMCMs in the presence or absence

of INT-777 and PKA inhibitor PKI. CD36 palmitoylation was determined by

ABE assay. n = 6.d, HEK293A cells were transfected with the indicated vectors
and treated with 1umol/L PKIfor 1 h before stimulation with INT-777 for 6 h.

DHHC4 was then enriched by GST pull-down. Phosphorylation of DHHC4 was

detected using p-PKA substrate antibody. n = 6. e, The graphical summary

mediated by TGRS in the regulation of DbCM. Briefly, TGRS deficiency results
inthe suppression of cAMP/PKA signaling in diabetes. Inactivated PKA reduces
the phosphorylation of substrate DHHC4 and activates DHHC4, resulting in
increased CD36 palmitoylation. Palmitoacylated CD36 is localized to the plasma

membrane, thus promoting FFA uptake and aggravating cardiolipotoxicity.

Created with BioRender.com with modifications. Data are presented as

mean + SEM. Statistical significance was evaluated by two-tailed unpaired
Student’s t-test (a), two-way ANOVA followed by Tukey’s post-hoc test (b,c), or
one-way ANOVA followed by Tukey’s post-hoc test (d).
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Data collection  ZEN-Blue (v3.7) imaging software were used to acquire confocal images.
NDP.view software (v2.7.52) was used to obtain HE, Masson and Qil Red O images.
GeneSys software (v1.6.3.0) was used to acquire Western blot images and Image J for Western blot quantification.
XFe24 Extracellular Flux Analyzer was used to Seahorse analysis.
CytoFLEX Flow cytometer (Beckman Coulter).
Vevo 2100 system (Fujifilm VisualSonics) was used to perform echocardiography.
Excel 2021 was used for data collection.

Data analysis GraphPad Prism (v9.4.1).
Image J software program (v1.8.0).
FlowJo (v10.8.1).
CytExpert (v2.5.0.77).
Wave (v2.6.3)
Vevo Strain Software (v5.7.1)
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Data

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

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

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

Source data are provided with this paper. All other data are available in the manuscript, extended data and supplementary information. Additional source data and
other findings of this study are available from the corresponding authors.

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 48 healthy subjects, 50 T2DM with LVHT and 42 T2DM with HF were enrolled in the study, which include 75 male and 65
female. Sex of participants was determined based on self-report. The detailed information of subjects is listed in
Supplementary Table 8.

Reporting on race, ethnicity, or All the participants were Chinese and belong to the Mongolian race.
other socially relevant

groupings

Population characteristics A detailed table with characteristics of the study population is provided in Supplementary Table 8 of this work.

Recruitment Human plasma samples were obtained from Fuwai Hospital, Beijing, China. Written informed consent was obtained from
each participant. The patients were divided into two groups: T2DM with LVHT and T2DM with HF. LV mass index (LVMI) is
used to diagnose LVHT as 2115 g/m2 in men and =95 g/m2 in women. Patients with known etiology, such as coronary artery
disease, hypertension, valvular diseases or hereditary conditions, were excluded. In addition, participants with systemic and
infectious diseases, the history of drug or alcohol abuse, or currently abusing alcohol or drugs were also excluded.

Ethics oversight The use of human plasma samples for research purposes was approved by the Institutional Review Board of Fuwai Hospital

(2013-496).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size No statistical methods were used to predetermine sample size (n). Number of sample was determined based on experimental approach,
availability, feasibility required to obtain definitive results. All "n" values have been provided in the figure legends.

Data exclusions  No data were excluded.

Replication All of experiments have been successfully repeated more than twice and/or with sufficient cells/animals per group to demonstrate statistical
significance and similar results were obtained. All experiments were statistically analyzed.

Randomization  The mice were randomly assigned to each experimental/control group. For cell culture experiments, individual wells were randomized into
groups of treatment conditions.

Blinding Investigators were blinded during manual cell counting and imaging analysis. Collection of raw data from animals (eg. body weight, blood
glucose) and tissue harvesting for analyses was not blinded because it was necessary to preserve treatment information of each animal.
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Antibodies

Antibodies used The following antibodies were used: CD36 (Abcam; cat#: ab124515; dilution: 1:1000 for WB), B-MHC (ABclonal; cat#: A22140;
dilution: 1:1000 for WB), ANP (Abcam; cat#: ab225844; dilution: 1:1000 for WB), BNP (ABclonal; cat#: A2179; dilution: 1:1000 for
WB), Na, K-ATPase (Abcam; cat#: ab76020; dilution: 1:1000 for WB), DHHC4 (Abcam; cat#: ab235369; dilution: 1:1000 for WB),
DHHCS (Sigma; cat#: HPA014670; dilution: 1:1000 for WB), Fyn (CST; cat#: 4023S; dilution: 1:2000 for WB), Lyn (CST; cat#: 2796S;
dilution: 1:2000 for WB), p-JNK (CST; cat#: 9251S; dilution: 1:2000 for WB), JNK (CST; cat#: 9252S; dilution: 1:2000 for WB), GST (CST;
cat#: 2625S; dilution: 1:2000 for WB), p-PKA substrate (CST; cat#: 9624S; dilution: 1:1000 for WB), PKA (CST; cat#: 4782S; dilution:
1:1000 for WB), GAPDH (CST; cat#: 2118S; dilution: 1:5000 for WB), EIF5 (Santa cruz; cat#: sc-28309; dilution: 1:1000 for WB), HRP
streptavidin (Proteintech; cat#: SAO0001-0; dilution: 1:10000 for WB), HRP anti-Rabbit IgG (H+L) (ZSGB-BIO; cat#: ZB-2301; dilution:
1:5000 for WB) and HRP anti-Mouse 1gG (H+L) (ZSGB-BIO; cat#: ZB-2305; dilution: 1:5000 for WB) for western blot. CD36 (Novus;
cat#: NB600-1423; dilution: 1:200 for IF), Na, K-ATPase (Abcam; cat#: ab7671; dilution: 1:200 for IF), Anti-Rabbit IgG (H+L) 488
(Invitrogen; cat#: A21206; dilution: 1:500 for IF) and Anti-Mouse IgG (H+L) 568 (Invitrogen; cat#: a10037; dilution: 1:500 for IF) for
Immunofluorescence staining.

Validation All antibodies were obtained from commercial vendors and the validity can be retrieved from the manufacturer' website or widely
used by other researchers. We further made sure to identify the correct weight or expression localization for each of the antibodies.
CD36 (Abcam, ab124515): https://www.abcam.cn/products/primary-antibodies/cd36-antibody-ab124515.html
B-MHC (ABclonal, A22140): https://abclonal.com.cn/catalog/A22140
ANP (Abcam, ab225844): https://www.abcam.cn/products/primary-antibodies/natriuretic-peptides-a-antibody-epr22089-283-
ab225844.html
BNP (ABclonal, A2179): https://abclonal.com.cn/catalog/A2179
Na, K-ATPase (Abcam, ab76020): https://www.abcam.cn/products/primary-antibodies/sodium-potassium-atpase-antibody-ep1845y-
plasma-membrane-loading-control-ab76020.html
DHHC4 (Abcam, ab235369): https://www.abcam.cn/products/primary-antibodies/zdhhc4dcl-antibody-ab235369.html
DHHCS5 (Sigma, HPA014670): https://www.sigmaaldrich.cn/CN/zh/search/hpa0146707?
focus=products&page=1&perpage=308&sort=relevance&term=hpa014670&type=product
Fyn (CST, 4023S): https://www.cellsignal.cn/products/primary-antibodies/fyn-antibody/4023;jsessionid=gc6dn8prlhddddtl-
a_noxlzuanbburiwyl9ydol.prod_store01?N=4294956287&Ntt=4023s& requestid=2384274&fromPage=plp&site-search-
type=Products
Lyn (CST, 2796S): https://www.cellsignal.cn/products/primary-antibodies/lyn-c13f9-rabbit-mab/2796 ?site-search-
type=Products&N=4294956287&Ntt=2796s&fromPage=plp&_requestid=2384416
p-JNK (CST, 9251S): https://www.cellsignal.cn/products/primary-antibodies/phospho-sapk-jnk-thr183-tyr185-antibody/9251?site-
search-type=Products&N=4294956287&Ntt=9251s&fromPage=plp&_requestid=2384508
JNK (CST, 9252S): https://www.cellsignal.cn/products/primary-antibodies/sapk-jnk-antibody/9252 ?site-search-
type=Products&N=4294956287&Ntt=9252s&fromPage=plp&_requestid=2384569
GST (CST, 2625S): https://www.cellsignal.cn/products/primary-antibodies/gst-tag-91g1-rabbit-mab/2625?site-search-
type=Products&N=4294956287&Ntt=2625s&fromPage=plp&_requestid=2384632
p-PKA substrate (CST, 9624S): https://www.cellsignal.cn/products/primary-antibodies/phospho-pka-substrate-rrxs-t-100g 7e-rabbit-
mab/9624?site-search-type=Products&N=4294956287&Ntt=9624s&fromPage=plp&_requestid=2384704
PKA (CST, 4782S): https://www.cellsignal.cn/products/primary-antibodies/pka-c-a-antibody/4782 ?site-search-
type=Products&N=4294956287&Ntt=4782s&fromPage=plp&_requestid=2384783
GAPDH (CST, 2118S): https://www.cellsignal.cn/products/primary-antibodies/gapdh-14c10-rabbit-mab/2118?site-search-
type=Products&N=4294956287&Ntt=2118s&fromPage=plp&_requestid=2384854
EIF5 (Santa cruz, sc-28309): https://www.scbt.com/p/eif5-antibody-e-10?requestFrom=search
HRP streptavidin (Proteintech, SAO0001-0): https://www.ptgcn.com/products/HRP-conjugated-Streptavidin-secondary-antibody.htm
HRP anti-Rabbit 1gG (H+L) (ZSGB-BIO, ZB-2301): http://www.zsbio.com/search?q=2B-2301
HRP anti-Mouse IgG (H+L) (ZSGB-BIO, ZB-2305): http://www.zsbio.com/search?q=7B-2305
CD36 (Novus, NB600-1423): https://www.novusbio.com/products/cd36-antibody-fa6-152_nb600-1423
Na, K-ATPase (Abcam, ab7671):
https://www.abcam.cn/products/primary-antibodies/alpha-1-sodium-potassium-atpase-antibody-4646-ab7671.html
Anti-Rabbit 1gG (H+L) 488 (Invitrogen, A21206): https://www.thermofisher.cn/cn/zh/antibody/product/Donkey-anti-Rabbit-1gG-H-L-
Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21206
Anti-Mouse 1gG (H+L) 568 (Invitrogen, A10037): https://www.thermofisher.cn/cn/zh/antibody/product/Donkey-anti-Mouse-1gG-H-L-
Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A10037




Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

HEK293A cells (SUNNCELL, SNL-247, female) were used in this study.

HEK293A was not specifically authenticated beyond being obtained from SUNNCELL.

Mycoplasma contamination Mycoplasma detection was performed in accordance with department protocols and tested negative.

Commonly misidentified lines  No commonly misidentified 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

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

C57BL/6J Tgr5fl/+ mice were generated by GemPharmatech using CRISPR/Cas9 technology. C57BKS-db/+, C57BKS-db/db, and aMHC-
cre mice were purchased from GemPharmatech. aMHC-Tgr5fl/fl (TGR5/ACM) mice were generated by crossing Tgr5fl/+ and aMHC-
cre mice. All of the mice in the experiments associated with cardiac function, morphology, and lipid metabolism were male and
female, and the rest were male only. All mice were housed with ad libitum access to food and water and maintained in a specific
pathogen-free animal facility at an ambient temperature of 22? and 50% humidity under a 12/12 h light/dark cycle (lights on at 6:00
a.m. and lights off at 6:00 p.m.). To assess the nutritional status of the mice, dietary types (control diet or HFD), body weight and
food intake of the mice, as well as blood lipid and blood glucose levels were recorded in detail. Plasma and heart from mice after
overnight fasting were collected for bile acid profiles. The age and number of mice used in each experiment are shown in the figure
legends.

The study did not involve wild animals.

Experimental findings in this study apply to both male and female animals. As both sexes were used for the repetition of key
experiments in vivo, the research conclusions are applicable to both sexes.

The study did not include samples collected from the field.

All experimental protocols for the animal studies were approved by the Institutional Animal Care and Use Committee at Peking
University Health Science Center (LA2022383).

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

Sample preparation

To measure fatty acid uptake in cultured cardiomyocytes using fluorescent dyes, BODIPY FL C16 uptake experiments were
carried out. Primary NMCMs from TGR5 knockout mice or NMCM s treated with INT-777 (30 umol/L) were incubated in the
cardiomyocyte culture medium containing an unlabeled BSA-conjugated fatty acid cocktail (400 pmol/L PA + 200 umol/L OA)
for 24 h. The cells were incubated with BODIPY FL C16 (a fluorescent dye) for 10 min at 37 °C. After washing thrice with cold
PBS, cardiomyocytes were collected using trypsin-EDTA and centrifuged at 600 x g for 3 min at room temperature. The pellet
was resuspended in 1 mL cold PBS and centrifuged at 600 x g for 3 min at room temperature. Cardiomyocytes were lysed in
200 pL of PBS and subsequently analyzed using flow cytometry.

Instrument CytoFLEX S Flow cytometer (Beckman Coulter)
Software CytExpert (v2.5.0.77)
Cell population abundance In flow analysis, we initially recorded 10,000 events representing the total cell population. Our initial gating strategy was

based on FSC-A/SSC-A, we retained 10.59% of the total events (12,471 cells).To isolate single cells, we applied a gating
strategy using FSC-A/FSC-H, leaving us with 9,063 cells, 72.67% of the cells passing the preceding FSC-A/SSC-A gate and
7.70% of the total events. A total of 9,063 cells were used for the final analysis.
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Gating strategy The first gate was applied based on the FSC parameter, which generally corresponds to cell size, and SSC parameter reflects
cellular granularity or complexity. This allowed us to exclude debris and select total cell population. The second gate was
based on FSC-A/FSC-H, which further refined our single-cell population. Finally, we present our results with a histogram.

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