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Abstract

Background—Heart failure (HF) with preserved ejection fraction (HFpEF) is a common

but poorly understood form of HF, characterized by impaired diastolic function. It is highly
heterogeneous with multiple comorbidities, including obesity and diabetes, making human studies
difficult.

Methods—Metabolomic analyses in a mouse model of HFpEF showed that levels of indole-3-
propionic acid (IPA), a metabolite produced by gut bacteria from tryptophan, were reduced in the
plasma and heart tissue of HFpEF mice as compared to controls. We then examined the role of IPA
in mouse models of HFpEF as well as two human HFpEF cohorts.

Results—The protective role and therapeutic effects of IPA were confirmed in mouse models
of HFpEF using IPA dietary supplementation. IPA attenuated diastolic dysfunction, metabolic
remodeling, oxidative stress, inflammation, gut microbiota dysbiosis, and intestinal epithelial
barrier damage. In the heart, IPA suppressed the expression of nicotinamide N-methyl transferase
(NNMT), restored nicotinamide, NAD*/NADH, and SIRT3 levels. IPA mediates the protective
effects on diastolic dysfunction, at least in part, by promoting the expression of SIRT3. SIRT3
regulation was mediated by IPA binding to the aryl hydrocarbon receptor (AhR), as Sirt3
knockdown diminished the effects of IPA on diastolic dysfunction in vivo. The role of the
NAD-NAM circuit in HFpEF was further confirmed by nicotinamide supplementation, Ninmt
knockdown and Anmt overexpression in vivo. IPA levels were significantly reduced in HFpEF
patients in two independent human cohorts, consistent with a protective function in humans as
well as mice.

Conclusions—Our findings reveal that IPA protects against diastolic dysfunction in HFpEF by
enhancing the NAD salvage pathway, suggesting the possibility of therapeutic management by
either altering the gut microbiome composition or supplementing the diet with IPA.

Graphical Abstract

Circ Res. Author manuscript; available in PMC 2025 February 16.
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Improved diastolic function in HFpEF
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Introduction

HFpEF is an increasingly prevalent disorder that accounts for half of all cases of heart
failure 173, It is characterized by diastolic dysfunction and preserved ejection fraction,
distinct from heart failure with reduced ejection fraction (HFrEF) 1-3, Unlike the proven
therapies for HFrEF, trials of traditional heart failure medications have been unsuccessful
in HFpEF and, to date, only the sodium-glucose cotransporter 2 (SGLT2) inhibitor,
dapagliflozin, has been shown to improve symptoms in chronic HFpEF 1. 47,

HFpEF is a complex disorder with multiple comorbidities, including obesity, diabetes, and
hypertension & 9. It is highly heterogeneous and driven in large part by environmental
factors, making human studies difficult. To enable genetic and molecular analysis, we have
used a mouse model of the disorder developed by Schiattarella and colleagues 1°. It involves
feeding mice a high-fat diet and a nitric oxide synthase inhibitor. By metabolic profiling

of heart tissue in the HFpEF mouse model, we found that indole-3-propionic acid (IPA), a
metabolite synthesized by the gut microbe from dietary tryptophan 1113, was considerably
decreased in both heart tissue and circulation as compared to a regular diet.

Tryptophan is an essential amino acid which plays a vital role in maintaining proper
physiological balance through its biologically active compounds, including serotonin,
tryptamine, NAD*, kynurenines, and indoles 14 1. In the gut, dietary tryptophan can be
converted into IPA by bacteria such as Lactobacillus reuteri, Akkermansia muciniphila and

Circ Res. Author manuscript; available in PMC 2025 February 16.
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Clostridium sporogenes 16-1°. IPA has been found to bind to its receptors and preserve
mucosal homeostasis and gastrointestinal barrier function 2°. In addition to the gut, IPA also
modulates mitochondrial function and enhances metabolic activity in several tissues 21 22,
In human populations, elevated plasma concentrations of IPA have been correlated with a
reduced risk of type 2 diabetes 23: 24,

Here we report that the decrease of IPA levels is accompanied by metabolic remodeling,

gut dysbiosis, increased oxidative stress and inflammation in the heart of HFpEF mice.

IPA feeding increased IPA levels in the heart and circulation and attenuated diastolic
dysfunction induced by the HFpEF diet. IPA also mitigated gut microbiota dysbiosis and
intestinal epithelial barrier damage, and improved metabolic homeostasis. In the hearts of
HFpEF mice, IPA restored the expression of SIRT3 by aryl hydrocarbon receptor (AhR)
binding, and it decreased inflammation and NNMT levels, increasing nicotinamide and
NAD*/NADH. Increased levels of both NAD* and SIRT3 have previously been associated
with improved diastolic function 2% 26, To determine whether our findings in the HFpEF
model are relevant to humans, we examined two separate cohorts of heart failure patients
with HFpEF. Indeed, in both cohorts, the levels of IPA were significantly reduced in HFpEF
patients. Together, these data identify IPA as a critical regulator of diastolic dysfunction in
HFpEF by enhancing the NAD salvage pathway, and they suggest that IPA supplementation
may be effective in therapeutic management of HFpEF.

Data Availability

Results

All data associated with this study are presented in the article or Supplemental Material.
Detailed materials and methods are provided in the Supplemental Material.

Microbiome sequencing data were deposited to BioProject under the accession number
PRINAB841683. Results of metabolomics and the R scripts used to perform the heatmap
and PCA plot in Figures 2,4, Figure S4 and Figure S11 are available at https://github.com/
yangcao208/IPA. The single cell sequencing data generated during this study will be
available at the public repository GEO through accession number GSE243718. Any
additional information and data supporting this study are available from the corresponding
authors upon request.

HFpEF mice exhibit metabolic remodeling which is associated with diastolic dysfunction

To investigate the metabolic remodeling of HFpEF, we first reproduced the “two-hit”
HFpEF model in C57BL/6J male and female mice by the combination of high-fat diet
(HFD) and inhibition of nitric oxide synthase using Nw-nitrol-arginine methyl ester (I-
NAME) 10, After 7 weeks feeding of HFD + I-NAME feeding, male mice exhibited heart
failure phenotypes that recapitulate clinical symptoms of HFpEF, which include diastolic
dysfunction (increased E/A ratio, and E/e’ ratio), cardiac hypertrophy, lung congestion, LV
(left ventricular) mass/surface area (Figures 1A-H and Figures S1A-B), exercise intolerance
with reduced running distance and workload (Figure 11 and Figure S1C-D), and metabolic

Circ Res. Author manuscript; available in PMC 2025 February 16.
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remodeling, including increased body fat accumulation, plasma cholesterol, glucose, and
insulin levels, and HOMA-IR (Figures 1J-Q). Female mice also developed heart failure
phenotypes that recapitulate clinical symptoms of HFpEF, including include diastolic
dysfunction, cardiac hypertrophy, lung congestion, LV mass, LV mass/surface area and
metabolic remodeling (Figures S2A-S).

We also developed the HFpEF model in 30 genetically diverse inbred strains of male

and female mice, a subset of Hybrid Mouse Diversity Panel (HMDP), to examine trait-

trait correlations across genetic perturbations. In both sexes, the metabolic traits glucose
tolerance, HOMA-IR, plasma cholesterol levels and insulin levels were positively correlated
with the diastolic parameters E/e’ ratio and E/A ratio (Figures 1R-U and Figures S3A-D).
These results reveal a clear metabolic remodeling induced by the HFpEF diet and a positive
association between metabolic and diastolic dysfunction.

Reduced systemic IPA levels in mice with HFpEF

We performed metabolomics of heart tissue and plasma from C57BL/6J male and female
mice after 7 weeks of chow diet or HFD + I-NAME feeding to determine the metabolic
signatures of HFpEF. PCA plots revealed distinct clusters of samples from chow and

HFpEF mice (Figure 2A). The intermediates in the main metabolic pathways, including
glycolysis, tricarboxylic acid (TCA) cycle, ketone bodies, and amino acid metabolism,

were significantly differentiated in heart tissue and plasma samples from HFpEF mice
relative to control mice (Figures 2B-C and Figures S4A-D). Notably, HFpEF mice showed a
decrease of the metabolites involved in tryptophan metabolism in both male and female mice
(Figures 2B-D and Figures S4A-B). In male HFpEF mice, indole-3-propionic acid (IPA) was
decreased by 4.7-fold and 3.8-fold in the heart tissue and circulation, respectively (Figures
2E-F). Moreover, plasma and cardiac IPA levels in the mice were inversely correlated with
E/A ratio and E/e’ ratio but not with LVEF (Figures 2G-I). Female mice fed with HFD +
I-NAME exhibited similar metabolic changes relative to controls (Figures S4A-B), and IPA
was consistently decreased in the plasma and heart tissue (Figures SAC-D). IPA levels were
also significantly decreased in the liver and the white adipose tissue (WAT) in the mice fed
with HFD + I-NAME relative to controls (Figures S5A-B), indicating a systemic response to
HFpEF.

IPA attenuates diastolic and metabolic dysfunction in HFpEF model

We next sought to test the effect of IPA on HFpEF. C57BL/6J male mice were fed with
chow diet or HFD + I-NAME containing control or high IPA for 7 weeks (Figure 3A).
Compared with control HFpEF mice, IPA-fed mice exhibited about a 20-fold increase of
IPA levels in both plasma and heart tissue and about 4-fold increase compared to mice fed
a chow diet (Figures 3B-C). 7 weeks of HFD + I-NAME feeding induced an increase of
body weight and fat mass while IPA supplementation decreased body weight gain and body
fat accumulation (Figures 3D-E) 27. IPA supplementation attenuated glucose intolerance
and insulin resistance in HFpEF mice (Figures 3F-G). In addition, IPA reduced white and
brown adipose tissue (BAT) mass without affecting lean body mass (Figures 3H-1 and
Figure S6A), indicating improved body composition. Food intake was not changed by IPA
feeding (Figure S6B), indicating no difference in caloric intake. Consistent with improved
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glucose metabolism, IPA improved lipid homeostasis as assessed by reduced cholesterol and
free fatty acids in both the circulation and the heart (Figures 3J-L and Figures S6C-D).
Importantly, mice fed with IPA exhibited improved diastolic function as assessed by heart
weight, E/A ratio, E/e’ ratio, LV mass/surface area, lung congestion and exercise tolerance
(Figures 3M-R and Figures S6E-L). In contrast, LVEF was unchanged by IPA or HFD + |-
NAME (Figure S6F), highlighting the specificity of the models to HFpEF. IPA significantly
mitigated hypertrophy and fibrosis of the heart tissue induced by HFpEF (Figures S6M-0).

The epithelial layer of cells isolated from the small intestine of mice fed on HFD + I-
NAME containing either control or high IPA were analyzed using 10x Genomics Chromium
droplet single cell RNA sequencing (sScRNA-seq). We examined the transporters for key
nutrient families (fat and cholesterol, amino acid, peptide, and carbohydrate) in each cell of
enterocyte cluster. Modulated signature scores indicate that expression of the carbohydrate
transporters and the peptide transporters decreased in the high IPA feeding group (Figures
S7A-F). Further assessment indicated that expression of UCP1 and NDUFS1 increased
slightly in the BAT of mice fed with high IPA diet (Figures S8A-B). However, the core body
temperature between control and high IPA feeding mice remained the same (Figure S8C).
Multiple factors might contribute to the body temperature regulation, and the upregulation
of NDUFS1 and UCP1 in BAT might not be sufficient to solely increase body temperature
differences 28, The differences in body weight gain and BAT weight also became less
significant at 30 °C thermoneutral housing temperatures (Figure S8D-F).

Furthermore, we tested the impact of IPA on diastolic function in C57BL/6J female mice
(Figure S9A). Consistent with the phenotypes observed in male mice, female mice fed with
IPA displayed reduced body weight gain and reduced fat mass gain when subjected to the
HFpEF diet (Figures S9B-D). Also, IPA improved diastolic dysfunction in HFpEF mice, as
assessed by reduced E/A ratio, E/e’ ratio, LV mass, heart weight, and lung weight (Figures
S9E-J). Moreover, total adipose mass and plasma cholesterol were also reduced (Figures
S9K-N). Thus, IPA protected against diastolic and metabolic dysfunction in the HFpEF
mouse model.

IPA mitigates gut microbiota dysbiosis and intestinal epithelial barrier damage

IPA has been reported to protect against the gut microbiota dysbiosis and intestinal epithelial
barrier damage induced by a high-fat diet 2°. We therefore examined the gut microbiota

and intestinal epithelium in the mice fed with chow diet, HFD + I-NAME or HFD +
I-NAME containing high IPA for 7 weeks. Ceca were collected and 16S rRNA-based

gut microbial profiling was performed. HFpEF mice exhibited substantial gut microbiota
dysbiosis including a decrease of Bacteroidetes and an increase of Firmicutes Bacteroidetes
ratios (Figures S10A-D) 30. IPA reduced Firmicutes abundance and restored Bacteroidetes
abundance, thus reversing Firmicutes! Bacteroidetes ratio induced by HFD + I-NAME
(Figures S10A-D).

In accordance with induced dysbiosis, the HFpEF model exhibited abnormal morphological
alterations of small intestines including increased villus width and reduced villus length
(Figures S10E-G). IPA restored villus width and length (Figures S10E-G), suggesting

that IPA has a beneficial effect on epithelial homeostasis. Furthermore, we examined the

Circ Res. Author manuscript; available in PMC 2025 February 16.
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expression of occludin, a tight junction protein in the epithelium, by immunostaining

and immunoblotting. Compared with normal controls, occludin was decreased in the
intestines of HFpEF mice, and IPA supplementation significantly upregulated occludin
expression (Figures S10H-K). Together, these results demonstrate that IPA protects against
gut microbiota dyshiosis and intestinal epithelial barrier damage in HFpEF mice. We note
that IPA is known to be produced from tryptophan by Clostridium sporogenes, which does
not belong to either the Firmicutes or Bacteroidetes phyla 11,

IPA restores SIRT3 and the NAD salvage pathway in the heart of HFpEF mice

We next sought to examine the metabolic effect of IPA supplementation in HFpEF mice.
IPA reduced branched-chain amino acids, riboflavin, and tryptophan in the heart (Figures
4A-B). In contrast, IPA augmented ketone body levels and showed a tendency to increased
intermediates in the TCA cycle (Figures 4A-B and Figures S11A-B). Notably, nicotinamide
(NAM) levels were decreased in the heart of HFpEF mice relative to controls. This was
significantly reversed by IPA (Figure 4C) such that NAM levels were positively correlated
with IPA levels in the heart (Figure 4D). As a precursor of NAD*, NAM has been

shown to have substantive beneficial effects on cardiometabolic diseases by mediating NAD
bioavailability (Figure 4E) 26: 31, Consistent with the level of NAM, we observed reduced
NAD*/NADH level in the heart of HFpEF mice, and IPA restored the NAD*/NADH level
(Figure 4F). In addition, IPA significantly reduced plasma lipopolysaccharide (LPS) levels,
inflammatory gene expression and oxidative stress in the heart (Figures 4G-H and Figures
S11C-D). We conducted new experiments and examined mitochondrial activity in HFpEF
mice. The results indicate that IPA intervention tends to increase overall mitochondrial
activity in the heart in mice (Figures S11E-J), which could contribute to the improved
diastolic dysfunction. Moreover, the sum of two forms of NAD indicates that the global pool
of NAD decreased in the heart of HFpEF mice (Figures S12A-C), and IPA supplementation
increased the total NAD (Figures S12D-F).

We then examined the key mediators involved in the NAD-NAM circuit. IPA
supplementation increased the expression of Sirtuin 3 (SIRT3) and decreased nicotinamide
N-methyltransferase (NNMT) in the heart (Figures 41-J and Figures S12G-H), normalizing
regulation of NAD-NAM circuit in the heart. In accordance with NNMT protein, NNMT
activity was decreased by IPA in the heart tissue of HFpEF (Figures S121-J). In accordance
with SIRT3 protein, lysine acetylation was increased in the heart tissue of HFpEF mice, and
IPA decreased acetylation (Figure S12K) 32,

We performed a careful assessment of the methyl-NAM and its downstream metabolites

to achieve a fuller characterization of NAD™ metabolome. The results showed that methyl-
NAM increased in the heart of HFpEF mice (Figure S13A). IPA supplementation decreased
the methyl-NAM abundance in the heart, as well as in the liver and plasma (Figures S13B-
D). The abundance of its downstream metabolites 2-PY/4-PY also decreased in the heart,
liver, plasma and urine (Figures S13E-H) of mice fed with a high-1PA diet, in accordance
with the decrease of NNMT and methyl-NAM in mice fed with a high-IPA diet.

To analyze this pathway more thoroughly and achieve a broader understanding of the impact
of IPA on NAD metabolism, we examined the expression of key genes involved in NAD

Circ Res. Author manuscript; available in PMC 2025 February 16.
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synthesis and NAD hydrolysis. Several key genes involved in NAD synthesis, including
Nmrk2, Nmnat1 and Nmnat2, were increased in the heart of mice fed with high-I1PA diet
(Figure S13I). The expression levels of Namptand Nmnat2were increased by IPA in the
liver (Figure S13J). We also examined the genes involved in NAD hydrolysis. The results
indicated that the expression Parp1 was increased by IPA in all organs examined, including
the heart, liver and WAT (Figures S13I1-K). The expression of Cd38was also increased in
the liver upon IPA feeding (Figure S13J). These results show that IPA increases the total
NAD pool and increases the expression of genes involved in both NAD synthesis and NAD
hydrolysis at the same time.

We also assessed the expression of SIRT3 and NNMT in the liver and the WAT. The
results indicate that the NNMT levels in both the liver and WAT dramatically increased in
the HFpEF mice compared with control mice and were decreased by IPA supplementation
(Figures S14A-F). The SIRT3 levels were decreased in the liver and WAT of HFpEF mice
and were upregulated by IPA supplementation (Figures S14A-F). Overall, these results
indicate IPA has a significant impact on the NAD metabolism and that these biological
effects of IPA are systemic.

IPA promotes SIRT3 expression through the ligand binding of AhR in the heart

Two IPA receptors have been previously reported: the pregnane X receptor (PXR) and the
aryl hydrocarbon receptor (AhR) 16.17.33-35 \\fe found that only AhR was present in the
heart as PXR was not detected. We also found that IPA treatment increased AhR levels
(Figures S15A-B) and some upstream regulators of AhR transcription increased upon IPA
treatment (Figure S15C).

In the classical mechanism of AhR activation as a transcription factor, ligand binding
stimulates AhR nuclear translocation and dimerization with other proteins, resulting in the
formation of unique protein complexes that bind to their DNA binding sites and stimulate
gene expression 16:17.33-35 Tq investigate whether IPA binding could promote AhR nuclear
translocation, we assessed AhR protein levels in the nuclear and cytosolic compartments,
respectively, in HL-1 cells treated with control or IPA in the presence of phenylephrine (PE)
(Figure S15D). AhR protein levels were dramatically increased in the nucleus and decreased
in the cytosol (Figures S15E-F). To examine the activation status of AhR, we examined
several well defined AhR target genes of the CYP1A1 and CYP1B family. The results

show that both the expression of Cyplaland Cyplb1 significantly increased in the heart of
mice fed with high-1PA diet compared with the controls (Figures S15G-1). Similar levels of
activation were observed in the liver and WAT (Figures S15J-Q). These results indicate that
the high-I1PA feeding group exhibits increased AhR activation status.

We further examined whether AhR promotes SIRT3 expression as a transcription factor.

We inhibited the AhR using its antagonist CH-223191 to test if it mediates the molecular
regulation of IPA on cardiomyocytes!’ (Figures 4K-M and Figures S16A-C). A total of

6 groups, including control, control with IPA only, PE, PE with IPA only, PE with CH
inhibitor, and PE with CH inhibitor plus IPA, were included in this study, and both protein
levels and mRNA levels were examined. The results indicate that CH-223191 suppressed the
upregulation of SIRT3 by IPA treatment, confirming that IPA promotes SIRT3 expression
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through its binding with AhR and subsequently nuclear translocation (Figures 4K-M and
Figures S16A-C). Moreover, we identified putative AhR binding sites within the Sirt3
promoter region (TGCGTG) 36. Subsequently, we conducted a ChIP assay to test the
interaction between AhR protein and the Sirt3 promoter. Our results indicate that AhR binds
to promoter region of S/irt3 (Figure S16D). Collectively, these results demonstrate that IPA
regulates Sirt3through AhR.

In regard to the downregulation of cardiac NNMT by IPA, it has been reported that the
proinflammatory cytokines, such as IL-6 and TNF-a, elicit significant induction of NNMT
expression 37. Since IPA has whole-body anti-inflammatory effects in multiple disease
models 23: 29. 38,39 \ve examined whether IPA could downregulate cardiac NNMT through
an anti-inflammatory response. The expression of proinflammatory cytokine TNF-a is
increased in the mice heart upon HFpEF diet feeding and IPA supplementation decreased
TNF-a expression, in accordance with the expression of NNMT (Figures 41-J). Also,

IPA treatment in vitro of cardiomyocytes alone did not significantly decrease the NNMT
levels (Figures 4K-M). To determine whether proinflammatory cytokines could promote
the expression of NNMT, we examined NNMT expression in HL-1 cells incubated with
different concentrations of TNF-a in the presence of PE. The results show that TNF-a does
induce the expression of NNMT in cardiomyocytes (Figures S16E-F). Furthermore, we
also examined whether IPA has a comprehensive impact on proinflammatory cytokines in
HFpEF mice. The results indicate that IPA suppresses the expression of proinflammatory
cytokines in the mice heart, such as TNF-a, IL-6 and IL-1p (Figure S16G). These results
demonstrate that IPA at least partially decreases the cardiac NNMT through the inhibition of
proinflammatory cytokine expression.

We conducted experiments using AhR siRNA knockdown to study the impact of IPA
stimulation. The results showed that AhR knockdown suppressed the upregulation of SIRT3
by IPA treatment, indicating that IPA promotes SIRT3 expression through its binding with
AhR (Figures S17A-C). We also performed RT-qPCR analysis in all these 6 groups, and

the MRNA expression levels were in accordance with the protein levels (Figures S17D-F).
Furthermore, to test if SIRT3 mediates the effects of IPA in vivo, we knocked down mRNA
encoding SIRT3 in the hearts of C57BL/6J male mice using AAV9 delivery of shRNA
(Figures 4N-P). Sirt3 knockdown diminished the effects of IPA on body mass and diastolic
dysfunction in the HFpEF model (Figures 4Q-W), suggesting that SIRT3 plays a critical role
in the protective effects of IPA on diastolic dysfunction.

Nicotinamide (NAM) mitigates diastolic dysfunction in HFpEF

NAM was reported to protect against diastolic dysfunction in the models of obesity and
HFpEF 26, We thus fed C57BL/6J male mice with NAM to assess its effect on heart
function. NAM feeding significantly increased heart NAM and NAD™ levels (Figures 5A-B).
The results indicate that NAM supplementation dramatically increased levels of methyl-
NAM and its downstream metabolites 2-PY/4-PY in the plasma, liver, heart and urine
(Figures S18A-G). Surprisingly, NAM feeding reversed the Bacteroidetes and Firmicutes/
Bacteroidetes ratio induced by HFpEF, in common with IPA feeding (Figures 5C-F).

The mice receiving NAM exhibited reduced body weight gain and fat accumulation with
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comparable food intake relative to controls in the progression to HFpEF (Figures 5G-1 and
Figure S19A). Accordingly, NAM improved glucose tolerance and plasma free fatty acids
(Figures 5J-K). Consistent with these results, mice receiving NAM exhibited attenuated
diastolic dysfunction and cardiac hypertrophy as assessed by mitigated E/A ratio, E/e’
ratio, LV mass/surface area, lung congestion and improved exercise tolerance (Figures
5L-Q and Figures S19B-G). Further, we fed mice with the combination of IPA and NAM,
together with HFD + I-NAME. The combination of IPA and NAM mitigated diastolic
dysfunction and metabolic disorders to a similar extent as IPA or NAM treatment alone,
suggesting they target the same pathway affecting diastolic function, although this does not
eliminate the possibility that other pathways are involved (Fig. 5R-X). Furthermore, HFD
+ I-NAME feeding increased the systolic BP and diastolic BP in the mice, and high-NAM
supplementation decreased systolic BP in mice, comparable with high-1PA supplementation
(Figures S19H-1).

Nnmt knockdown mitigates diastolic dysfunction in HFpEF

Therapeutic

To further test if reducing NAM breakdown protects against diastolic dysfunction in HFpEF,
we knocked down mRNA encoding nicotinamide N-methyltransferase (NNMT), the enzyme
that catalyzes the N-methylation of NAM, with an antisense oligonucleotide (ASO) 40.
Nnmt ASO or control ASO were injected weekly into C57BL/6J male mice maintained on
HFD + I-NAME for 7 weeks. Nnmt ASO dramatically decreased heart NNMT expression
(Figure 6A and Figure S20A). Consistently, mice receiving Mnmt ASO exhibited decreased
body weight gain and fat mass accumulation with no changes in lean mass or food intake
relative to those receiving control ASO (Figures 6B-D and Figure S20B). The Ainmt ASO
improved glucose homeostasis and insulin resistance, in common with IPA feeding (Figures
6E-F). In addition, plasma insulin, HOMA-IR, plasma triglycerides, total cholesterol, and
unesterified cholesterol were consistently decreased in the mice receiving the Nnmit ASO
(Figures 6G-K). Consistent with the effects of NAM feeding, the Alnmt ASO significantly
improved diastolic function as measured by improved exercise tolerance, reduced E/A ratio,
E/e’ ratio, LV mass/surface area and lung congestion compared with control ASO (Figures
6L-Q and Figures S20C-H). These results collectively demonstrate the protective effect of
Nnmtknockdown in the HFpEF mouse model.

Additionally, we overexpressed Ninmtin the model of HFpEF to test if it mediates the effects
of IPA on diastolic function. Nnmt overexpression using AAV9-cTnT-Nnmt dramatically
increased heart NNMT expression (Figure 6R and Figure S201). ANlnmt overexpression in

the heart diminished the effects of IPA on body mass and diastolic dysfunction in HFpEF
(Figures 6S-Y), demonstrating that IPA protects against diastolic dysfunction through the
NAD-NAM circuit.

effects of IPA in HFpEF

To test if IPA is beneficial after diastolic dysfunction has developed, we fed C57BL/6J male
mice with chow diet or HFD + I-NAME to induce HFpEF phenotypes, followed by IPA
supplementation (Figure 7A). 4 weeks of HFD + I-NAME induced HFpEF phenotypes as
confirmed by increased body weight, plasma cholesterol, E/A ratio and E/e’ ratio (Figures
1 and Figures 7B-K). The mice fed with HFD + I-NAME diet were then fed with HFD +
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I-NAME containing control or high IPA for another 5 weeks. Mice fed with IPA exhibited
significantly lower body weight, adipose tissue weight, and metabolic remodeling compared

with the mice from control group (Figures 7B-H). In addition, IPA significantly blunted

the progression of diastolic dysfunction, as measured by lower E/A ratio, E/e’ ratio, heart
weight, LV mass/surface area, preserved LVEF, lung congestion, and increased exercise
tolerance (Figures 71-Q and Figures S21A-C). These observations support the therapeutic
effect of IPA in the HFpEF model.

IPA levels are reduced in HFpEF patients

To determine the clinical relevance of IPA, we quantified plasma IPA levels in Cleveland
Clinic participants without heart failure (n = 48) and ambulatory patients with chronic
HFpEF (n = 48) using LC-MS/MS analysis. Chronic HFpEF subjects were clinically
diagnosed with HF for at least 6 months prior to enrollment with a left ventricular ejection
fraction (LVEF) = 50% (characterized in Table S1). In this human HFpEF cohort with
matched age and sex, IPA levels were significantly reduced in HFpEF patients compared
with non-heart failure controls (Figure 8A and Table S1). Elevated IPA levels were inversely
associated with HFpEF independent of age, sex, diabetes, and hypercholesterolemia [4th
quartile, unadjusted odds ratio (OR) 0.30, 95% confidence interval (CI) 0.088-0.96, P<0.05;
adjusted OR (model 1) 0.28, 95% CI 0.078-0.92, P<0.05]. When BMI and hypertension
were included in the multivariable logistic regression model (adjusted model 2), the inverse
association between IPA levels and HFpEF was attenuated [adjusted OR (model 2) 0.33,
95% CI 0.085-1.16, P=0.09] (Figure 8B and Table S2). When IPA was treated as a
continuous variable in the logistic regression models, similar results were observed [OR

for HFpEF per interquartile range (IQR) increase of IPA, unadjusted OR 0.41, 95% CI
0.16-0.93, P<0.05; adjusted OR (model 1) 0.39, 95% CI 0.15-0.90, P<0.05; adjusted OR
(model 2) 0.48, 95% CI 0.18-1.18, P=0.13] (Table S2).

In a separate human cohort from Alfred Hospital at Melbourne, HFpEF patients (n = 22)
were collected for investigation of symptoms consistent with a diagnosis of heart failure
(NYHA 1I-111) in the presence of a LVEF > 50%, and a HFrEF cohort (n = 20) had LVEF
< 40% (Figure 8C and Table S3). The diagnosis of HFpEF was confirmed by the presence
of an end-expiratory pulmonary capillary wedge pressure (PCWP) = 15 mmHg at rest or
= 25 mmHg during symptom-limited exercise. In this cohort, arterial IPA abundance was
significantly decreased in HFpEF patients relative to non-HF controls (Figure 8D). There
results collectively reveal a significant reduction of IPA in HFpEF patients, consistent with
our results in the mouse model.

Discussion

HFpEF accounts for half of all heart failure worldwide, conferring substantial morbidity
and mortality. Compared to patients with HFrEF, patients with HFpEF display a metabolic
profile characterized by insulin resistance, inflammation, oxidative stress, and impaired
lipid metabolism 41, Using the HFpEF mouse model, we examined both males and
females of 30 diverse inbred strains of mice, a subset of the Hybrid Mouse Diversity
Panel (HMDP), confirming the association between diastolic and metabolic dysfunction.
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Tryptophan metabolism was reduced in HFpEF mice and IPA levels were decreased in the
heart and circulation. IPA supplementation protected against diastolic dysfunction in the
progression of HFpEF and in therapeutic management after the development of HFpEF
phenotypes. Mechanistically, IPA exerts both direct and indirect impacts on the heart.
Specifically, we found that IPA enhances intestinal barrier function, reduces body weight
and promotes glucose and lipid homeostasis. In the context of the heart, IPA directly
restored the NAD salvage pathway through activation of the AhR and expression of SIRT3,
thereby improving metabolic and diastolic dysfunction associated with HFpEF. To determine
whether our findings in the HFpEF model are relevant to humans, we examined two separate
cohorts of heart failure patients with HFpEF. Indeed, in both cohorts, the levels of IPA

were significantly reduced in HFpEF patients, suggesting that IPA levels exert a major
impact on the disease (Figure 8E). Moreover, IPA has previously been reported to ameliorate
inflammation and cell oxidative damage 1. 2442, Elevated concentrations of IPA in human
blood plasma were correlated with a lower risk of type 2 diabetes 23 24 and reduced
proportions of IPA-producing bacteria were found in patients with type 2 diabetes 43 44,

In other studies, IPA has been reported to show neuroprotective, antioxidant, antitubercular,
and anti-amyloid properties, to modulate mitochondrial function, and to protect against
radiation toxicity 21 45-47,

Our data indicate that IPA appears to be acting in the heart by at least two pathways.

One of these is mediated by AhR binding and subsequently nuclear translocation to

activate the SIRT3 expression. On the other hand, NNMT suppression by IPA appears to

be secondary to suppression of inflammation. The evidence indicating the involvement

of the NAD salvage pathway (from NAM to NMN to NAD) is strong. Prior to our

studies, the Hill laboratory reported using the “two-hit” model that NMN supplementation
improved diastolic function and related parameters in HFpEF 25, Our results, showing that
IPA suppresses NNMT, increasing NAM levels and increasing NAD salvage, is entirely
consistent with this. Notably, inhibition of NNMT by an antisense oligonucleotide increased
NAM levels and improved diastolic function. In our study, administration of IPA restored
heart NAM, NAD*/NADH levels and the expression of SIRT3. SIRT3 has previously been
shown to be modulated by NAD availability and exhibit protective effects in aging, diabetes,
obesity, hypertension and heart failure 48-53, The fact that treatment of HFpEF mice with
IPA or NAM, or the combination of IPA and NAM, all reduced diastolic function to about
the same extent suggests a common pathway of action. Consistent with our conclusions,
nicotinamide has recently been shown to protect against diastolic dysfunction, glaucoma,
and hepatic steatosis by mediating NAD bioavailability, mitochondrial function, oxidative
stress, inflammation and protein deacetylation 26: 31, NNMT was found to be increased in
HFD-fed mice 40: %4, In addition, NNMT overexpression decreased the NAD* content in the
liver and promoted liver steatosis and fibrosis 5°.

There may be other potential pathways involved in the attenuation of diastolic dysfunction
by IPA. For example, IPA supplementation in HFpEF mice involved augmented ketone body
levels and a tendency to increased intermediates in the TCA cycle. Ketone bodies and TCA
cycle play important roles in energy metabolism including ATP production of the failing
heart 9659, The systemic beneficial effects of IPA are likely to contribute to a decrease

in body weight. It has been reported that IPA supplementation improves blood glucose,
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increases insulin sensitivity 80, inhibits liver lipid synthesis and inflammatory factors 18,
corrects intestinal microbial disorders 29, and suppresses the intestinal immune response 1.
The extent to which the beneficial effects of IPA on HFpEF are attributable to its capacity to
decrease body weight requires further investigation.

The number of human samples in our study was relatively small and it will be important to
explore IPA effects in larger cohorts of HFpEF patients. While we have not examined the
effects of tryptophan supplementation or perturbations of IPA-producing gut microbes, our
results suggest that these may protect against HFpEF as well as other metabolic disorders.
Mechanistically, IPA reduces NAM catabolism and elevates NAD* levels in the heart.

In addition to the effects on NAM and NAD* levels, IPA reduced intestinal dysbiosis,

which may also contribute to improved diastolic and metabolic functions in HFpEF mice.
Moreover, along with previous studies showing that NAD™* replenishment can improve
symptoms of HFpEF patients 2% 26, our findings support a potential therapeutic effect of IPA
on HFpEF traits.
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Non-standard Abbreviations and Acronyms

AAV adeno-associated virus

AhR aryl hydrocarbon receptor

ASO antisense oligonucleotides

BAT brown adipose tissue

HFD high-fat diet

HFpEF heart failure with preserved ejection fraction
HMDP hybrid mouse diversity panel

IPA indole-3-propionic acid

LC-MS liquid chromatography—mass spectrometry
I-NAME Nc-Nitro-L-arginine methyl ester hydrochloride
LVEF left ventricular ejection fraction

NAD nicotinamide adenine dinucleotide

NAM nicotinamide
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Novelty and Significance
What Is Known?

. Heart failure (HF) with preserved ejection fraction (HFpEF) is a common but
poorly understood form of HF characterized by impaired diastolic function.

. HFpEF is a highly heterogeneous disorder with multiple comorbidities,
including obesity, diabetes and hypertension, and driven in large part by
environmental factors.

What New Information Does This Article Contribute?

. Indole-3-propionic acid (IPA) is reduced in HFpEF patients and a mouse
model of HFpEF compared with controls.

. IPA supplementation attenuates diastolic dysfunction, metabolic remodeling,
oxidative stress, inflammation, gut microbiota dysbiosis, and intestinal
epithelial barrier damage in a mouse model of HFpEF.

. IPA improves diastolic and metabolic functions in HFpEF mice by repressing
nicotinamide N-methyltransferase (NNMT) and restoring nicotinamide,
NAD*/NADH, and SIRT3 in the heart.

. IPA supplementation shows promise for the prevention or treatment of
HFpEF.

HFpEF is a complex disorder with multiple comorbidities and is highly heterogeneous,
making human studies difficult. By using a mouse model of the disorder involving
feeding mice a high-fat diet and a nitric oxide synthase inhibitor to enable genetic and
molecular analysis, we found that indole-3-propionic acid (IPA), a metabolite synthesized
by the gut microbe from dietary tryptophan, was decreased in both heart tissue and
circulation as compared to a regular diet. IPA attenuated diastolic dysfunction induced
by the HFpEF diet and improved metabolic homeostasis. In the hearts of HFpEF mice,
IPA restored the expression of SIRT3 by aryl hydrocarbon receptor (AhR) binding and
decreased inflammation and NNMT levels, increasing nicotinamide and NAD*/NADH.
To determine the human relevance, we examined two separate cohorts of heart failure
patients with HFpEF and the levels of IPA were significantly reduced in HFpEF
patients in both cohorts. Our data identifies IPA as a critical regulator of diastolic
dysfunction in HFpEF by enhancing the NAD salvage pathway, and support purposing
IPA supplementation for therapeutic management against HFpEF.
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Figure 1. HFpEF mice exhibit metabolic remodeling which is associated with diastolic
dysfunction.

C57BL/6J male mice were fed with chow diet or HFD + I-NAME for 7 weeks.

A. Body weight at baseline, weeks 3, 5, and 7. HFD, high-fat diet. n = 10.

B-C. Heart weight/tibia length ratio (B) and lung weight (wet/dry ratio, ¢) were measured
after 7 weeks of chow diet or HFD + I-NAME. n = 10.

d-h. Representative images of echocardiography (D), E/A ratio (e), E/e’ ratio (f), left
ventricle ejection fraction (G), and left ventricle mass/surface area (H) were measured in
chow diet (n = 8) or HFD + I-NAME (n = 10) mice.

i. Exercise tolerance test showing total running distance of chow diet (n = 8) and HFD +
I-NAME (n = 13) fed mice in a treadmill.

J-K. Fat mass (J) and lean mass (K) at baseline, weeks 3, 5, and 7. n = 10.

L-Q. Plasma total cholesterol (L), unesterified cholesterol (M), glucose tolerance test and
quantification (N), plasma glucose (O), insulin (P) and calculated HOMA-IR (Q) were
measured after 7 weeks of chow diet (n = 8) or HFD + I-NAME (n = 11) feeding.

R-U. “Two-hit” HFpEF model was induced in 30 inbred strains of male mice. The
correlation between metabolic traits (glucose tolerance, homeostatic model assessment for
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insulin resistance (HOMA-IR), plasma total cholesterol, and insulin) and diastolic function
traits (E/e’ ratio and E/A ratio) were examined. Each dot represents one mouse.
Representative of 5 (A-Q) experiments. Each point represents a mouse. All data are
presented as the mean = SEM. p<0.05 are statistically significant and precise values are
specified in corresponding figures. ns, no significant. Data were analyzed by Student’s ¢
test (B, C, H, I, L-Q), by 2-way ANOVA (A, E, F, G, J, K, N) or by Spearman’s rank
correlation (R-U).
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Figure 2. Decreased heart and plasma IPA levels in HFpEF mice.
C57BL/6J male mice were fed with chow diet or HFD + I-NAME for 7 weeks. Heart tissue

and plasma were collected for metabolomics.

A. Principal component analysis (PCA) plot of chow and HFD + I-NAME (HFpEF)
samples.

B. Heatmap depicting relative abundance of significantly differentiated metabolites in heart
tissue from HFpEF (n = 7) versus chow (n = 8) mice.

C. Heatmap depicting relative abundance of significantly differentiated metabolites in
plasma from HFpEF (n = 8) versus chow (n = 8) mice.

D. Intermediates in tryptophan metabolism were decreased in the heart from HFpEF mice
relative to control mice. Relative abundance of metabolites was shown and the colored bars
denote chow (white) and HFpEF samples (blue). Decreased metabolites were denoted with
red arrows.
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E-1. IPA levels in heart tissue (E) and plasma (F) of male mice as well as the associations
between plasma IPA levels, cardiac IPA levels and diastolic parameters (G-1).
Representative of 2 (A-1) experiments. Each point represents a mouse. All data are presented
as the mean = SEM. p<0.05 are statistically significant and precise values are specified in
corresponding figures. ns, no significant. Data were analyzed by Student’s ttest (D, E, F), or
by Spearman’s rank correlation (G-1).
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Figure 3. IPA supplementation attenuates diastolic dysfunction and metabolic remodeling.
C57BL/6J male mice (8 weeks old) were fed with chow diet or HFD + I-NAME containing

control or high indole-3-propionic acid (IPA, 562.5 mg IPA/kg diet) for 7 weeks.

A. Experimental design.

B-C. Relative IPA levels in plasma (B) and heart tissue (C) of mice fed with HFD +
I-NAME containing control (n = 8) or high IPA (n = 8).

D-E. Body weight (D) and fat mass (E) at baseline, weeks 2, 5, and 7. n = 4 in Chow and
Chow + IPA; n = 8 in HFpEF and HFpEF + IPA.

F-G. Glucose tolerance test (F) and insulin tolerance test (G) as well as the area under curve
(AUC) of the mice after 7 weeks of chow diet or HFD + I-NAME containing control or
high-1PA. *P < 0.05 and **P < 0.01 of glucose levels between HFpEF and HFpEF + IPA
group. HFpEF and Chow group were significantly different (asterisks shown in AUC). n=4
in Chow and Chow + IPA; n = 8 in HFpEF and HFpEF + IPA.
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H-L. White adipose weights (H), brown adipose weights (I), plasma total cholesterol (J),
unesterified cholesterol (K), and free fatty acids (L) of the mice fed with chow diet or HFD
+ I-NAME containing control or high-IPA for 7 weeks. n = 4 in Chow and Chow + IPA; n =
8 in HFpEF and HFpEF + IPA.

M-R. Heart weight/tibia length ratio (M), representative images of echocardiography (N),
E/A ratio (O), E/e’ ratio (P), LV mass/surface area (Q), and exercise tolerance test (R) were
measured. Running distance was assessed at the end of feeding and echocardiography was
determined at baseline, week 4, and week 7. n =4 in Chow and Chow + IPA; n =8 in
HFpEF and HFpEF + IPA.

Representative of 4 (A-R) experiments. Each point represents a mouse. All data are
presented as the mean + SEM. p<0.05 are statistically significant and precise values are
specified in corresponding figures. ns, no significant. Data were analyzed by Student’s ftest
(B, C), by Kruskal-Wallis test (H-M, Q-R), or by 2-way ANOVA (D-G, O-P). For D-G and
O-R, the p values indicate significance between HFpEF and HFpEF + IPA group.
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Figure 4. IPA supplementation increases nicotinamide and SIRT3 levels in the heart.

A. Heatmap depicting relative abundance of significantly diff

erentiated metabolites by IPA

in the heart of male mice fed with HFD + I-NAME containing control or high-1PA for 7

weeks. n = 8.
B. Relative abundance of indicated metabolites. n = 8.

C. Heart nicotinamide (NAM) level in C57BL/6J male mice fed with chow diet, HFD +
I-NAME or HFD + I-NAME containing high IPA for 7 weeks. n = 7 in Chow; n=16 in

HFpEF; n = 8 in HFpEF + IPA.

D. Association between heart IPA and NAM levels in C57BL/6J male mice fed with chow

diet or HFD + I-NAME. n = 8.
E. NAD salvage pathway.
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F. NAD*/NADH ratio in the heart tissue of mice fed with chow diet, HFD + I-NAME or
HFD + I-NAME containing high IPA for 7 weeks. n = 7 in Chow; n=16 in HFpEF; n=8in
HFpEF + IPA.

G-J. Plasma LPS levels (n = 6) (G), protein carbonyl levels (n = 8) (H), indicated protein
levels (n = 3) (1), and protein quantification (J) in the heart tissue of mice fed with chow
diet, HFD + I-NAME or HFD + I-NAME containing high IPA for 7 weeks.

K-M. Protein levels (K), SIRT3 protein quantification (L) and NNMT protein quantification
(M) in HL-1 cells treated with control olr IPA (1 mM) in the presence of 100 uM
phenylephrine (PE) with or without AhR antagonist CH-223191 (5 puM) for 48 hours.

N-P. Protein levels (N), SIRT3 protein quantification (O) and RT-gPCR (P) showing
Sirt3knockdown in the heart using AAV9-Sirt3-shRNA. The relative protein levels were
determined by comparing them to the first sample in the control group. The relative mMRNA
levels were determined by comparing them to the average expression in the control group. n
= 6.

Q-W. C57BL/6J male mice (8 weeks old) were injected with control or AAV9-Sirt3-shRNA,
and fed with HFD + I-NAME or HFD + I-NAME containing high IPA for 7 weeks (n =

7). Body weight (Q), fat mass (R), lean mass (S), E/e’ ratio (T), LV mass/surface area

(U), LVEF (left ventricular ejection fraction) (V), and heart weight/tibia length (W) were
measured after the feeding.

Representative of 2 (A-H, N-W), 4 (1, J) and 5 (K-M) experiments. Each point represents
a mouse. All data are presented as the mean + SEM. p<0.05 are statistically significant and
precise values are specified in corresponding figures. ns, no significant. Data were analyzed
by Student’s ftest (B, O, P), by 1-way ANOVA (C, F-H), by Spearman’s rank correlation
(D), by Kruskal-Wallis test (L-M), or by 2-way ANOVA (J, Q-W).
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Figure 5. NAM mitigates diastolic dysfunction in HFpEF.
C57BL/6J male mice were fed with chow diet or HFD + I-NAME containing control or high

NAM (550 mg/kg/day in drinking water) for 7 weeks.

A-B. Heart NAM (A) and NAD* (B) levels in HFpEF or HFpEF + NAM groups were
measured with HILIC (hydrophilic-interaction chromatography) LC-MS. The relative NAM
levels were determined by comparing them to the average expression in the HFpEF group. n
= 6.

C-F. Cecum samples of Chow, Chow + IPA, HFpEF, HFpEF + IPA, and HFpEF

+ NAM were collected and 16S rRNA-based gut microbial profiling was performed.
Relative abundance of taxa at the phylum level (C), relative abundance of Firmicutes (D),
Bacteroidetes (E), and Firmicutes/Bacteroidetes ratio (F) in indicated groups were shown. n
=4 in Chow and Chow + NAM; n = 6 in HFpEF, HFpEF + IPA, and HFpEF + NAM.
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G-1. Body weight (G), fat mass (H), and lean mass (I) of the mice were measured at
baseline, 3, 5, and 7 weeks of feeding with chow diet or HFD + I-NAME containing control
or high NAM. n =4 in Chow and Chow + NAM; n = 8 in HFpEF, and HFpEF + NAM.

J-Q. Glucose tolerance test and quantification (J), plasma free fatty acids (K), representative
images of echocardiography (L), E/A ratio (M), E/e’ ratio (N), LVEF (O), LV mass/surface
area (P), and running distance (Q) were determined. Echocardiography was performed at
baseline, weeks 4 and 7 of the feeding and other parameters were collected after 7 weeks of
the diet. n = 4 in Chow and Chow + NAM; n = 8 in HFpEF, and HFpEF + NAM.

R-X. C57BL/6J male mice were fed with HFD + I-NAME containing control, high IPA,
high NAM or high IPA + NAM for 7 weeks. E/A ratio (R), E/e’ ratio (S), LV mass/surface
area (T), LVEF (U), heart total cholesterol (V), unesterified cholesterol (W), and free fatty
acids (X) were measured after feeding. n = 5.

Representative of 2 (R-X) and 3 (A-Q) experiments. Each point represents a mouse. All
data are presented as the mean + SEM. p<0.05 are statistically significant and precise values
are specified in corresponding figures. ns, no significant. Data were analyzed by Student’s
ttest (A, B), by 1-way ANOVA (R-X), by Kruskal-Wallis test (D-F, K, P-Q), or by 2-way
ANOVA (G-J, M-0). For G-J and M-O, the p values indicate significance between HFpEF
and HFpEF + NAM group.
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Figure 6. Nnmt ASO alleviates diastolic dysfunction in HFpEF.
C57BL/6J male mice were subjected to once-weekly intraperitoneal injection of control or

Nnmt ASO (an antisense oligonucleotide) and were fed with HFD + I-NAME for 7 weeks.
A. RT-gPCR (n = 8) and Western blotting (n = 3) showing NNMT levels in the heart tissue
from mice treated with CON ASO or Nnmt ASO. CON, control. The relative mRNA levels
were determined by comparing them to the average expression in the control group. The
relative protein levels were determined by comparing them to the first sample in the control
group.

B-D. Body weight (B), fat mass (C), and lean mass (D) were measured at baseline, weeks 3,
5, and 7 of the feeding in control (n = 9) or Nnmt ASO mice (n = 10).

E-Q. Glucose tolerance test (E), insulin tolerance test (F), plasma insulin (G), HOMA-IR
(H), plasma triglycerides (1), total cholesterol (J), unesterified cholesterol (K), running
distance (L), representative images of echocardiography (M), E/A ratio (N), E/e’ ratio (O),
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LVEF (P), and LV mass/surface area (Q) were measured in control (n = 9) or AMlnmt ASO
mice (n = 10). Echocardiography was performed at baseline, week 4 and 7 of the feeding
and other parameters were collected after 7 weeks of feeding.

R. RT-gPCR (n = 6) and Western blotting (n = 3) showing Anmt overexpression in the heart
using AAV9-cTnT-Nnmt The relative mRNA levels were determined by comparing them to
the average expression in the control group. The relative protein levels were determined by
comparing them to the first sample in the control group.

S-Y. C57BL/6J male mice were injected with control or AAV9-cTnT-Nnmt, and fed with
HFD + I-NAME or HFD + I-NAME containing high IPA for 7 weeks (n = 7). Body weight
(S), fat mass (T), lean mass (U), E/e’ ratio (V), LV mass/surface area (W), LVEF (X), and
heart weight/tibia length (YY) were measured after the feeding. n = 7.

Representative of 2 (A-Y) experiments. Each point represents a mouse. All data are
presented as the mean + SEM. p<0.05 are statistically significant and precise values are
specified in corresponding figures. ns, no significant. Data were analyzed by Student’s ftest
(A, E-L, Q, R), by 1-way ANOVA (B-F, N-P), or by 2-way ANOVA (S-Y).
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Figure 7. Therapeutic effects of IPA in HFpEF.
C57BL/6J male mice were fed with chow diet or HFD + I-NAME for 4 weeks and followed

by control (HFpEF) or high-IPA supplementation (HFpEF + IPA; 562.5 mg IPA/kg diet) for
another 5 weeks. n = 8 in chow, n = 8 in HFpEF, and n = 12 in HFpEF + IPA.

A. Experimental design.

B-H. Body weight over time (B), insulin (C), calculated HOMA-IR (D), plasma total
cholesterol (E), unesterified cholesterol (F), white adipose tissue weight (G), and brown
adipose tissue weight (H).

1-Q. Representative images of echocardiography (I). E/A ratio (J), E/e’ ratio (K), and LVEF
(L) over time, LV mass/surface area (M), heart weight/tibia length ratio (N), lung weight
(O), exercise tolerance in running distance (P) and workload (Q) were measured.
Representative of 2 (A-Q) experiments. Each point represents a mouse. All data are
presented as the mean + SEM. p<0.05 are statistically significant and precise values are
specified in corresponding figures. ns, no significant. Data were analyzed by 1-way ANOVA
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(B-H, J-Q). For B and J-L, the p values indicate significance between HFpEF and HFpEF +
IPA group.
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Figure 8. IPA levels are reduced in HFpEF patients but not HFrEF patients
A-B. The association of IPA levels with HFpEF in the Cleveland Clinic HFpEF case/control

cohort. (A) Violin plots of IPA levels stratified by HFpEF status. Each point represents one
patient. Medium is represented by dash line; p value was calculated by Wilcoxon rank sum
test. (B) Forest plots indicating the odds of HFpEF according to the quartiles of IPA levels
using multivariable logistic regression models. Unadjusted odd ratio (blue), Adjusted Model
1 (age, sex, diabetes, hypercholesterolemia, black), Adjusted Model 2 (age, sex, diabetes,

BMI and hypertension, red), symbols represent odds ratios and the 5-95% confidence

intervals are indicated by line length. n = 48.
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C-D. LVEF (C) and arterial abundance of IPA (D) in non-HF controls (n = 13), HFpEF

(n = 22), and HFrEF patients (n = 20) from Alfred Hospital HFpEF study. p value was

calculated by Wilcoxon rank sum tests. p<0.05 are statistically significant and precise values
are specified in corresponding figures. ns, no significant. Each point represents one patient.
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E. An illustration summarizing how IPA mediates gut-heart crosstalk in HFpEF. IPA feeding
improved gut homeostasis by mitigating gut microbiota dyshiosis and intestinal epithelial
barrier damage induced by HFpEF. Thus, metabolic remodeling by the diet was attenuated,
including reduced body mass gain, improved glucose levels and lipid homeostasis. In the
heart, IPA restored NAM and NAD*/NADH levels, increased SIRT3 levels and decreased
NNMT levels, attenuating oxidative stress and inflammation in the heart. These beneficial
effects collectively protect against diastolic dysfunction in HFpEF.
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