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Abstract

Introduction: Administration of cholic acid, or its synthetic derivative, 6-alpha-ethyl-23(S)-
methylcholic acid (INT-777), activates the membrane GPCR, TGRS, influences whole body
metabolism, reduces atherosclerosis, and benefits the cardiovascular physiology in mice. Direct
effects of TGRS agonists, and the role for TGR5, on myocardial cell biology and stress response
are unknown.

Methods: Mice were fed chow supplemented with 0.5% cholic acid (CA) or 0.025% INT-777, a
specific TGRS agonist, or regular chow for 3 weeks. Anthropometric, biochemical, physiologic
(electrocardiography and echocardiography), and molecular analysis was performed at baseline.
CA and INT-777 fed mice were challenged with acute exercise-induced stress, acute
catecholamine-induced stress, and hemodynamic stress induced by transverse aortic constriction
(TAC) for a period of 8 weeks. In separate experiments, mice born with constitutive deletion of
TGRS in cardiomyocytes (CM- TGR5%!) were exposed to exercise, inotropic, and TAC-induced
stress.
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Results: Administration of CA and INT-777 supplemented diets upregulated TGR5 expression
and activated Akt, PKA, and ERK1/2 in the heart. CA and INT-777 fed mice showed improved
exercise tolerance, improved sensitivity to catecholamine and attenuation in pathologic remodeling
of the heart under hemodynamic stress. In contrast, CM-TGR5%! showed poor response to
exercise and catecholamine challenge as well as higher mortality and signs of accelerated
cardiomyopathy under hemodynamic stress.

Conclusions: Bile acids, specifically TGR5 agonists, induce cytoprotective changes in the heart
and improve myocardial response to physiologic, inotropic, and hemodynamic stress in mice.
TGRS plays a critical role in myocardial adaptability, and TGR5 activation may represent a
potentially attractive treatment option in heart failure.
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cholic acid; INT-777; myocardial adaptation; preconditioning; TGR5

1| INTRODUCTION

Heart failure is a growing epidemic in the USA, costing ~$35 billion each year. Despite
significant advances in its treatments, the 5-year mortality for this disease remains high at
~59% and has remained unchanged over a decade.1~3 Current treatments have focused more
on rate control and afterload reduction. For outcomes to improve beyond this current status
quo, newer strategies must target the heart muscle and enhance cardiomyocyte response to
stress.

Bile acids, known merely as detergents aiding in digestion of lipids in the intestine, are now
seen as hormones with important regulatory function.#-® Recent observations suggest
benefits of modest increases in bile acid levels on host cardiovascular status. A direct
correlation has been made between adaptive cardiac metabolic changes and elevated levels
of serum bile acids’ in a rat model of gastric bypass. Ursodeoxychlic acid, a secondary
hydrophilic bile acid, has been shown to decrease ER stress in diabetic cardiomyopathy in
rats, while secondary hydrophobic bile acid-lithocholic acid has been shown to attenuate
apoptosis in isolated cardiomyocytes.8 Cholic acid, a primary bile acid in humans, and its
semi- synthetic derivative INT-777,9 have recently been shown to reverse diet- induced
obesity, reduce atherosclerosis, and improve metabolic syndrome in mice.19-12 These effects
are attributed to the ability of cholic acid and INT-777 to activate the membrane bile acid
receptor TGR513 expressed in the brown adipose tissue, skeletal muscles, and macrophages.
TGRS has also been found in rodent and human hearts1:14 and is amenable to be targeted
by bile acids, both in health and in disease.

It has been known for over a century that pathologic elevations of circulating bile acids
(~200-300 pmol/L), as seen in liver diseases, are toxic to the heart.14-18 However, less is
known about the effects of modest elevations of bile acids on myocardial physiology,
function, and stress response. The effects of natural endogenous TGR5 agonist, such as
cholic acid, or its semi-synthetic derivative and specific TGR5 agonist INT-777 on the heart
remains untested. Also unexplored is the role of the new GPCR- TGRS5, which is present in
the heart in myocardial health and disease. We Aypothesize that upregulation of TGR5 in the
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heart, achieved by feeding cholic acid or INT-777 supplemented diet, will induce cyto-
protectective changes in the heart and enhance its adaptability to physiologic, inotropic, and
hemodynamic stress. In contrast, genetic deletion of TGR5 in cardiomyocytes will impair
host response to stress.

2| MATERIALS AND METHODS

2.1] Animals and diet

Six-to 8-week-old male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME, USA) were
fed with 0.5% cholic acid (CA) supplemented chow (Harlan-Teklad Inc., Madison, WI,
USA) for 3 weeks. Alternatively, mice were fed with the specific TGR5 agonist INT-777°
(0.025%; provided by Intercept Pharmaceuticals Inc. New York, NY, USA) supplemented
chow for 3 weeks. CA and INT-777 doses were calculated based on previously published
data.10:11 Farnesoid-X-receptor (FXR) is present in the heart and the vascular endothelial
cells and belongs to the family of metabolic nuclear receptor that is responsive to bile acids.
19 To evaluate a role for FXR agonists in myocardial function and stress response, we
separately fed mice INT-747 (obeticholic acid), a specific FXR agonist,20 (0.025%; provided
by Intercept Pharmaceuticals Inc. New York, NY, USA) supplemented chow for 3 weeks.
Age-matched male C57BL/6J mice fed isocaloric chow were used as controls. Mice were
weighed twice per week. Feeds and bedding were weighed and changed twice per week to
provide an estimate of food intake. Mice were fed ad libitum and had free access to water.
Food was withdrawn 4 hours before experiments, and all experiments were carried out in
accordance with Institutional Animal Care and Use Committee—approved protocols at
Baylor College of Medicine (BCM).

Generation of mice with cardiomyocyte specific deletion of TGR5 (CM-TGR5%!): CM-
TGR5%! mice with constitutive cardiomyocyte-specific deletion of TGR5—were generated
by crossing TGR5 floxed mice (TGR5f0¥/floxy on C57BL/6 background, a gift of Dr. Johan
Auwerx,10 to mice transgenic for cre under control of the MYH6 promoter, also on C57BL/6
background.?! Cre mediated excision of exon 1 of the floxed TGR5 allele resulted in CM-
TGR5%! mice (TGR5flox/floxicre+y TGRS deletion was confirmed using PCR and Western
blot techniques. Littermates with the absence of cre were used as wild-type (WT) controls.

Anthropometric Measurements: Dual energy X-ray absorptiometry scanning (GE-Lunar
PIXImus, Madison, WI, USA) to evaluate lean mass, fat mass, bone mineral density, bone
mineral content, and percent fat content (Mouse Phenotype Core [MPC] facility, BCM,
Houston, TX, USA) as performed before.14

2.2| Cardiac parameters

Two- dimensional echocardiography (2DE) was performed in the Mouse Phenotyping Core
(BCM) on sedated mice (Vevo 770 Digital RF; VisualSonic Inc., Toronto, CN, USA) as
performed before.14.16.18
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2.3 | Catecholamine challenge and stress echocardiography

To evaluate the effects of catecholamine on hearts in vivo, mice were anesthetized and
challenged with 20 pg/kg of isoprenaling, i.p. (Sigma-Aldrich; St. Louis, MO, USA).
Cardiac parameters were then evaluated pre- and postinjection by echocardiography as
described previously.18

2.4| Treadmill exercise protocol and energy expenditure

Mice were challenged with acute submaximal stress in the form of exercise on a treadmill
integrated with metabolic chamber (Oxymax Deluxe VO,/VCO, System Columbus
Instruments, Columbus, OH), as previously described.14.18

2.5| Transverse aortic constriction

To evaluate response to chronic pressure overload induced heart failure, mice underwent
transverse aortic constriction (TAC).18:22 Tightness of the band was assessed by carotid
Doppler 1 week post-TAC. Contractile function was evaluated every 2 weeks by
echocardiography for a period of 8 weeks. Findings were then compared between TAC
groups and SHAM groups, where mice underwent all procedures except aortic banding.

2.6 | Isolation of neonatal mouse cardiomyocytes

Cardiomyocytes were isolated from 1-2-day old C57BL/6 pups (n = 8-10 each) using the
isolation kit from Cellutron Life Technologies as described before.18 Fibroblasts were
removed by pre-plating the culture for 90 minutes at 37°C in the complete medium. The
cardiomyocytes suspension was then seeded on the plates coated with Sure Coat (1 mL per
well) (Cellutron Life Technologies, Baltimore, MD, USA). Twelve-to 16-hour postseeding,
the medium was changed to the non-serum medium. All the media were purchased from
Cellutron Life Technologies.

2.7| Serum analyses

Sera were collected from either retro-orbital or inferior vena cava (IVC) and analyzed for
Alanine Aminotransferase (ALT), Aspartate Aminotransferase (AST), total, and conjugated
bilirubin levels (Cobas Integra 400+; Cobas-Roche, Waltham, MA, USA) at the Center of
Comparative Medicine (BCM). Serum bile acid levels were evaluated by colorimetric
methods (BioQuant Inc, SanDiego, CA, USA & Roche).

2.8 | Histology

Liver and heart was stained with routine H/E. All histological studies were performed by the
Texas Gulf Coast Digestive Disease Center.

29| Quantitative real- time PCR (qRTPCR)

RNA quantification of genes was conducted using standard protocol, using probes and
primers as previously published.14 Relative RNA expression was calculated by delta Ct
method. Gene expression of target genes was normalized to an internal standard (GAPDH/
18S) and the difference expressed as amount of gene expressed per internal standard.

Cardiovasc Ther. Author manuscript; available in PMC 2019 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eblimit et al. Page 5

2.10| Immunoblotting

Proteins from whole homogenized hearts and membranes were extracted using standard
procedures.23 Protein concentrations were measured using the Pierce BCA kit (Thermo
Scientific, Rockford, IL, USA). After gel electrophoresis and immunoblotting, the gels were
analyzed for expression of various proteins with specific antibodies as described before.14
Equal protein loading was confirmed by a-tubulin/fGAPDH (Sigma-Aldrich. St. Louis, MO,
USA). Results were analyzed by densitometry (Kodak software) and reported as fold change
compared to chow fed hearts.

2.11| Statistical analysis

Data between 2 groups was compared using ¢test and Mann-Whitney, as specified. Data
involving 4 groups (TAC experiments) were compared using ANOVA.. All statistical
calculations were performed using the PRISM 3.0 software program (Graph-Pad Prism, San
Diego, CA, USA). P< 0.05 was selected as the level of significance.

3| RESULTS

3.1|] CA feeding induces modest increases in bile acid levels and decreased fat mass in

mice
When compared to chow fed mice, whole body weights of mice fed isocaloric 0.5% cholic
acid supplemented diet were found to be significantly lower at 1-, 2-and 3-week intervals
(Figure S1A). Chow fed mice showed ~10% increase, while CA fed mice showed ~5%
decrease in body weight when compared to their individual weights at the start of the
experiment (A in weight from baseline +2.7 £ 0.5 g in chow vs =1 £ 0.6 g in CA group). On
analyzing body composition by DEXA, the decrease in body weight in the CA fed mice, was
explained by a 15% decrease in body fat content, with no changes in lean mass (Figure
S1B). Biochemical analysis of the serum shows a modest increase in serum ALT levels
(Figure S1D), but without any evidence of hepatocyte damage on routine hematoxylin and
eosin staining (Figure S1C) with CA feeding. There was a mild (3X) increase in circulating
bile acid levels, without evidence of cholestasis (Figure S1D). There was no mortality or
morbidity noted in the CA fed group, in line with observations made by us and others.11.24

3.2| CA feeding induces cytoprotective changes in the heart at a molecular level

Short- term activation of stress induced kinases such as Akt, p42/p44 extra-cellular signal-
regulated kinases (ERK 1/2) and PKA enhance cardiomyocyte survival 2526 while certain
heat shock proteins, such as HSP-32 (HO- 1), HSP 27, HSP 72, confer protection in heart
failure.2” We examined whether bile acids activated these pro- survival kinases and heat
shock proteins in the heart and found that hearts of CA fed mice demonstrate a ~2x
increases in Ser*"3-phospho- Akt (activation of Akt), Thr202/ 7j2%%—phospho-ERK
(activation of ERK), and 7A297-phospho-PKA (activation of PKA) (Figure 1A), along with
upregulation of HSP32 [HO- 1], HSP27, HSP72, HSP90, and eNOS (Figure 1B).

Cardiovasc Ther. Author manuscript; available in PMC 2019 October 18.
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3.3| CA feeding improves chronotropic response to catecholamine and enhances whole
body oxygen consumption during exercise

We examined if alterations at the cellular level translated into changes in the physiologic
parameters of the heart. Under basal conditions, CA feeding did not affect heart rate,
rhythm, contractility, stroke volume, cardiac output, or LV geometry (Figure S3). When
mice were injected with a single dose of 20 mcg/kg isoprenaline, both chow fed and CA fed
mice showed the expected increase in heart rates from baseline. However, the chronotropic
effect was enhanced in CA fed mice, as evidenced by a significantly higher peak heart rate
achieved in the CA fed mice compared to chow (Figure 2A). On treadmill challenge,
although exhaustion times (time to fatigue) were comparable between the two groups
(Figure 2B), the CA fed mice had a higher VO2 during exercise (Figure 3C). VCO2 was
similar, and the respiratory exchange ratio (RER), which is a ratio of VCO2 and VO2, was
lower in the CA fed than the chow fed mice (Figure 2C).

3.4| CA feeding attenuates transverse aortic constriction (TAC) induced hypertrophy and
contractile failure

Short-term activation of AKT, ERK, and PKA as well as expression of heat shock proteins
have been associated with improved contractile function in mouse model of pressure
overload. We examined whether CA fed hearts were protected from pressure overload
induced by transverse aortic constriction (TAC). Both chow fed and CA fed sham mice had
comparable ECHO findings throughout the 8 weeks of the experimental period (Figure 3B).
TAC induced a decrease in ejection and shortening fractions in both CA and chow fed mice.
However, contractile dysfunction in the CA fed group was significantly attenuated at 6-and
8-week interval, when compared to chow fed mice (Figure 3B). At necropsy heart weights
indexed to both body weight and tibial length increased post TAC, but the increase was
attenuated in CA fed mice compared to chow fed mice (Figure 3C). CA fed TAC mice also
showed an attenuated increase in key markers of LV stress (BNP), pathologic hypertrophy
(B-myosin/a.-myosin ratio), and fibrosis (TGFf) when compared to chow fed TAC mice
(Figure 3E). In addition, we noted that CA fed TAC mice demonstrated modestly (~50%)
higher levels of Serd03 phosphorylated (activated) AKT when compared to chow fed TAC
mice, suggesting that CA feeding enhanced activation of AKT post- TAC (Figure 3D). One
of the many downstream targets of AKT is the Forkhead box subfamily O (FOXO) proteins,
and particularly FOXO-1, which is involved with modulation of cardiovascular biology and
stress response.28-30 AKT mediated inhibition of FOXO-1 promotes cell survival.28 AKT
directly phosphorylates FOXO-1 at 743224 Se319 or Ser?S8 sites and inactivates FOXO-1
by expulsion of FOXO-1 from nucleus to cytoplasm. This leads to decreased transcription of
FOXO-1-mediated genes responsible for cell apoptosis and cell death.28 Hearts of CA fed
TAC mice show increased 7/r32 and Ser?®® phosphorylation of FOXO-1, suggesting
inhibition of FOXO-1 activity (Figure 3D). A key effect of Akt activation and FOXO1
inhibition is the regulation of PDK4 transcription. PDK4 is a key regulator of myocardial
glucose oxidation and determines the metabolic flexibility of the heart.31:32 Downregulation
of PDK4 is essential for adaptability of the heart to withstand stress in the form of injury
(ischemic/metabolic/hemodynamic).33:34 We found ~50% downregulation of PDK4, a key
inhibitor of pyruvate dehydrogenase complex in CA fed TAC hearts (Figure 3E).

Cardiovasc Ther. Author manuscript; available in PMC 2019 October 18.
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3.5| NT-777 supplementation is well tolerated in mice

3.6

3.7]

CA has multiple on and off target effects, including effects on FXR. TGRS as well as FXR
was upregulated in CA fed mouse hearts (Figure S3). In order to test if the molecular and
functional effects of CA are secondary through its effects on TGR5, we evaluated whether
CA effects can be mimicked using INT-777, a well-studied semisynthetic derivative of CA,
which specifically targets TGR5. Mice fed INT-777 supplemented diet for 3 weeks showed
comparable weight gain throughout the course of feeding, with similar increases in weights
as isocaloric chow fed mice (Figures S4A and B). These findings are in line with previously
published data from other laboratories.10-3% To assess the effects of INT-777 feeding on
physiologic parameters of the heart, we performed echocardiography on mice fed INT-777
supplemented diet for 3 weeks and found that basal myocardial function was comparable to
chow fed counterparts (Figures S4C).

INT-777 feeding induces cytoprotective changes in the heart at a molecular level like
CA fed mice

INT-777 administration positively influences whole body metabolism, tissue function, and
improves the metabolic syndrome by enhancing glycemic control, all of which indirectly
benefit the host cardiovascular status.19-11:35 INT-777 activates Akt, p42/p44 extra-cellular
signal-regulated kinases (Erk 1/2) and PKA in the liver and extra- hepatic organs such as
brown adipose tissue, skeletal muscles, vascular endothelial cells, and gastro-intestinal tract,
through pathways mediated by TGR5.11:36.37 Effects of INT-777 administration on the heart
have never been studied, despite its presence in the heart. We hence investigated whether
administration of INT-777 could activate Akt, ERK, and PKA in the heart. The results show
significant increases in Se*"3-phospho-AKT (activation of Akt), 74292/ Tyr2%4—phospho-
ERK (activation of ERK) and 7A~97-phospho-PKA (activation of PKA) (Figures 4A and B).
Similar to CA, INT-777 fed hearts showed a significant downregulation of PDK4.

INT-777 feeding improves exercise tolerance, chronotropic response to

catecholamine, and attenuates transverse aortic constriction (TAC)-induced contractile

failure

INT-777 fed mice showed improved exercise tolerance, as evidenced by longer time for
exhaustion on the treadmill compared to chow fed controls (Figure 4C). On isoprenaline
challenge, both chow fed and INT-777 fed mice showed an expected increase in heart rates,
shortening fraction and cardiac output from baseline. However, the chronotropic (heart rate)
effect of isoprenaline was enhanced in INT-777 fed mice, as evidenced by the significantly
higher peak heart rate achieved compared to chow fed mice (Figure 4D). Effect of
isoprenaline on shortening fractions, ejection fractions, and cardiac output were similar in
chow and INT-777 fed groups (Figure 4D). We next examined the effects of INT-777 fed
hearts to TAC induced pressure overload. Both chow fed and INT-777 fed sham mice had
comparable ECHO findings throughout the 8 weeks after TAC. TAC induced the expected
decrease in shortening fractions in both INT-777 and chow fed mice. However, contractile
dysfunction in the INT-777 fed group was significantly attenuated at 6-and 8-week interval,
compared to chow fed mice (Figure 4E). In line with the echocardiography, INT-777 fed

Cardiovasc Ther. Author manuscript; available in PMC 2019 October 18.
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TAC mice also showed an attenuated increase in key markers of LV stress (BNP) and
pathologic hypertrophy (B-myosin/a-myosin ratio) (Figure 4F).

3.8 | Direct effects of bile acids on isolated neonatal mouse cardiomyocytes

To assess direct effects of bile acids on the heart, we isolated cardiomyocytes from neonatal
pups as described before,1418 and incubated them with either 50 pmol/L of tauro-cholic acid
(TCA) or 10 umol/L of INT-777 along with vehicle control for 4 hours (for protein analysis)
and 24 hours for RNA analysis. Taurocholic acid (TCA) was chosen for these experiments
because TCA, being a conjugated form of cholic acid does not cross the plasma membrane,
and is ideal to study effects of extracellular bile acids on cardiomyocyte biology. Also, TCA,
apart from being a strong TGR5 agonist,38 is the most predominant circulating conjugated
bile acid in mice fed 0.5% CA diet.11 We have already shown that TCA activates Akt in
vitro.14 Here we show that TCA upregulates TGR5 and downregulates PDK4 at RNA level
(Figure S5A) in line with our in vivo data. Similarly, INT-777 activates Akt in vitro (Figure
S5C) upregulates TGR5 and downregulates PDK4 (Figure S5B).

3.9| Mice with cardiomyocyte-specific deletion of TGR5 (CM-TGR59€!), demonstrate
increased mortality and exaggerated contractile dysfunction in response to TAC,
compared to littermates

Once TGRS deletion was confirmed (Figure 5 i and ii), CM- TGR5%! and their littermate
WT controls (TGR5¢re-) were challenged with exercise, catecholamine, and TAC to
evaluate the critical role of TGRS in the heart. CM-TGRS5 Y€! mice ran shorter distance
(Figure 5A) and showed early fatigue (Figure 5B) compared to WT littermates.
Catecholamine response was similar between the groups (Figure 5C). We then randomized
WT and CM-TGR5%! mice to TAC/SHAM. In SHAM animals, ECHO was comparable
between WT and CM-TGR5 %! mice (Figure 5E). However, when challenged with
hemodynamic stress, CM-TGR5 %! mice showed increased mortality (Figure 5D),
exaggerated contractile dysfunction (Figure 5E) and increased heart weight-to-tibial length
ratio (Figure 5F) compared to WT littermates, suggesting that absence of TGR5 is
detrimental to mice under conditions of pressure overload. The presence of cre recombinase
in the hearts did not affect contractility in SHAM or TAC mice (data not shown).

3.10| Effects of INT-747 feeding on mouse hearts

INT-747, specific agonist for FXR, was well tolerated in mice as evidenced by comparative
weight gain in both groups (Figure S6). There was no difference in myocardial parameters
as evaluated by echocardiography (data not shown), when compared to chow fed mice.
Similarly exercise tolerance on treadmill challenge and heart rate response to isoprenaline
(20 mcg/kg) were similar in the INT-747 fed mice compared to chow fed counterparts
(Figure S6).

4| DISCUSSION

In this study, we show for the first time that a modest increment in circulating serum bile
acid level, achieved by supplementation of CA in diet, induces cytoprotective changes in the
heart characterized by activation of pro-survival kinases and upregulation of heat shock

Cardiovasc Ther. Author manuscript; available in PMC 2019 October 18.
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proteins. CA fed hearts showed improved chronotropic response to catecholamine
stimulation, and whole body oxygen consumption during exercise, and more importantly
attenuated contractile failure and hypertrophy in the TAC model of heart failure. Our study
also shows that cholic acid supplementation enhances activation of AKT, inhibition of
FOXO-1 when exposed to pressure overload and induces downregulation of PDK4, a key
inactivator of pyruvate dehydrogenase complex, and a determinant of metabolic flexibility in
the heart. The critical role of TGRS present in the heart is emphasized by cardioprotective
effects of pharmacological activation of TGR5 by CA and INT-777 and deleterious effects of
genetic deletion of TGR5 under stress. These data further advance our scientific
understanding of bile acid—myocardial interaction and proposes a novel role for bile acids,
both natural and endogenous like cholic acid and semi-synthetic like INT-777, as well as
their membrane GPCR-TGR5 in myocardial cell biology, function, metabolism, and cell
signaling pathways, with potential pharmacologic application in treatment of heart failure.

Short-term modest elevations of bile acid levels, achieved by cholic acid supplementation,
alter the molecular makeup of the heart and its response to stress. At a protein level, we
found activation of three classic pro- survival kinases, Akt, PKA, and ERK. These kinases
have a special significance in the heart, as they are collectively known as Reperfusion Injury
Salvage Kinases (RISK), and are now being pharmacologically activated to preserve
cardiomyocyte function and prevent cell death in ischemia and reperfusion.26:39:40 At the
RNA level, we found in cholic acid fed mice an upregulation of heat shock proteins 32 (HO-
1), 27, 72, and 90, and eNOS, in the heart, all of which are known to be cardioprotective.?’
These changes at the molecular level translated to enhanced host response to myocardial
stress in the form of exercise, inotropy, and pressure overload. CA fed mice, albeit showing
comparable times to exhaustion, had a higher rate of oxygen consumption (VO2)—a
surrogate marker for cardiac output than their chow fed counterparts. The most significant
response to priming of the heart with CA feeding was seen when mice were subjected to
pressure overload by aortic banding. In this well-established model of heart failure, we
found that the CA feeding delayed the onset of contractile failure. Collectively this
introduces cholic acid as a novel endogenous metabolite that has the potential to induce
preconditioning of the heart. An important finding of our study, which could be potentially
mechanistic is the effect of CA feeding on the Akt- FOXO-1 pathway in the heart. A well-
studied mechanism behind short- term AKT activation and cardiomyocyte survival is its
effect on regulating translocation and activity of the forkhead transcription factors (FOXO)
subfamily, which includes FOXO-1. FOXO-1 is directly phosphorylated at 7/r% or Ser?°6
sites by Akt, resulting in export from the nucleus and hence inactivation of FOXO1. One of
the many effects of inactivation of FOXO-1 is suppression of genes that regulate apoptosis
and cell death and genes regulating cardiac metabolism and substrate utilization, primarily
Pyruvate Dehydrogenase Kinase 4 (PDK4).41:42 Suppression of PDK4 increases the activity
of Pyruvate Dehydrogenase Complex (PDHc), which leads to the production of acetyl CoA
for oxidation in the Krebs cycle,*3-4% and thereby optimizing glucose utilization and
improving energy efficiency under stress. Whether the observed cardioprotective effects of
cholic acid are mediated by activation of Akt, inhibition of FOXO-1, and downregulation of
PDKA4, thus inducing a tighter coupling of glucose uptake and oxidation remains to be
investigated further.

Cardiovasc Ther. Author manuscript; available in PMC 2019 October 18.
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Our study also proposes a critical yet hitherto unrecognized role for TGR5 and TGR5
agonists in myocardial cell biology and heart failure. This G-protein coupled receptor is
encoded by a single exon gene and is well conserved among vertebrates, emphasizing its
translational and physiologic significance.1346 This study is the first to characterize the
effects of activation and deletion of TGR5 on myocardial function and stress response.
Irrespective of etiology, heart failure is associated with disturbances in myocardial energy
metabolism.#748 Modulation of cardiac energy metabolism to preserve cardiac health
remains a promising but unachieved goal, as the ideal agent remains elusive. Studies have
shown that in response to cholic acid and INT-777,38 TGR5 regulates energy metabolism in
brown adipose tissue and skeletal muscles,! prevents metabolic syndrome,10:46:49.50 gnq
reduces atherosclerosis in mice,3 all of which improve the overall cardiovascular status of
the host.

Mice tolerated INT-777 supplemented diet. Remarkably, 3 weeks of feeding induced a
robust activation of Akt-FOXO-1-PDK4 pathway. INT-777 enhanced mouse ability to
exercise on a treadmill, and similar to CA fed mice, INT-777 primed hearts demonstrated
increased sensitivity to catecholamines and showed an attenuated response to pressure
overload both at a functional and molecular level. INT-777 which is currently being tested in
preclinical studies to cure metabolic syndrome and diabesity could be an interesting agent to
be tested in various models of heart failure, with considerable clinical potential.

The critical role for TGR5 in myocardial physiology and adaptation to stress is perhaps best
highlighted by our findings in mice with constitutive deletion of TGR5 in cardiomyocytes.
In the CM-TGR5%! hearts, because the deletion is driven by alpha myosin cre, TGR5 is still
expressed in the vascular endothelium. Nevertheless, genetic lack of TGRS in
cardiomyocytes significantly and surprisingly impaired myocardial ability to adapt to the
three stressors tested. These studies now introduce a new GPCR that may be
pharmacologically or genetically targeted for a healthier heart. TGR5 can potentially be
easily targeted not only by bile acids, but also by a wide array of readily available synthetic
analogues and natural products3846 to activate the Akt signaling pathway, to modulate
myocardial expression of PDK4 and optimize myocardial glucose metabolism to benefit
patients suffering from different forms of heart diseases.

Our previous studies have shown that mice with pathologically high circulating bile acid
levels have abnormal heart rate, rhythm, contractility, and catecholamine resistance, along
with exercise intolerance. High levels of bile acids disrupt fatty acid oxidation and impair
ability of a cholestatic myocardium to adapt to stress, a concept we termed “cholecardia”.18
In this report, we observe that modest increases in bile acids are cardio protective. These
diametric opposite observations are intriguing and the mechanisms need to be elucidated and
will be the next steps in our research. It is, however, worth speculating why there are such
contrasting effects. Bile acids are signaling metabolites with effects beyond the hepatobiliary
tract. As with all metabolites, dose determines its toxicity, and we believe that levels of
circulating bile acids determine cardio-toxic effects versus cardio-protective effects. Bile
acids are known to be ligands for TGR5 as well as muscarinic M2 cholinergic receptors,
(M2), both of which are present on the cardiomyocyte cell membrane.121451 TGR5 is a
Gas (stimulatory) protein coupled receptor, while M2 receptors are Gi (inhibitory)
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receptors.12:51 These receptors have contrasting effects on signaling and function. It has
already been shown that at toxic concentrations, bile acids stimulate the M2 receptors, which
cause negative effects on myocardial contractility and heart rate.52 A study recently
published by the same group shows that bile acid effect on TGR5 and M2 is dose and
species (type of bile acid) dependent, whereby TGR5 effects are seen at lower concentration,
whereas muscarinic effects are seen at higher concentrations.12 This study further adds
credence to the theory that dose determines cardio- toxicity vs. cardio-protection. It is our
speculation, that cardio-protective effects are mediated by functional activation of TGR5,
induced by modest elevation in circulating bile acid levels, and that that low dose of bile
acids improves metabolic flexibility through TGR5 mediated downregulation of PDK4 by
activating the Akt-FOXO-1 pathway. In reverse, cardio-toxic effects seen with bile acid
overload are potentially mediated by M2 receptors. Bile acid excess leads to downregulation
of PGCla and impaired fatty acid metabolism and loss of myocardial adaptive capacity to
stress. We would like to acknowledge that these are merely observations and associations
and do not show cause and effect. This major limitation will need to be addressed by
exhaustive studies to dissect the mechanisms to convincingly answer this important question.

In conclusion, we propose a unique role for TGRS receptor and its agonists in enhancing
adaptive responses of the heart to stress. Future studies should test TGR5 agonists as rational
adjuncts to current therapy to prevent rapid progression of heart failure.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
CA induces cytoprotective changes in the heart: (A) Hearts of mice fed CA for 3 wk

demonstrate activation of cytoprotective survival kinases such as Akt, ERK, and PKA. Note
~2x increase in phosphorylated Akt, ERK, and PKA (activation) when divided by their
unphosphorylated band. GAPDH band shows equal loading of samples. (B) shows key
cytoprotective genes (HO-1, HSP 72, 27, and 90) as well as eNOS are upregulated in the CA
fed hearts compared to chow fed. Note upregulation of GLUT-1 which determines basal
glucose uptake and downregulation of PDK4, which negatively regulates glucose oxidation
in CA fed mouse hearts. n = 5 per group; Results: Mean + SD; *P < 0.05; Stats: ftest
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FIGURE 2.

CA improves chronotropic response to catecholamine and enhances whole body oxygen
consumption during exercise: (A) shows change in heart rate after intraperitoneal injection
of 20 mcg/kg of single dose of isoprenaline. Note significant higher response to
catecholamine as evidenced by a higher change in heart rate postisoprenaline. (B) denotes
time taken by the mouse to get exhausted on the treadmill. Although the exhaustion times
were comparable, there was a significant increase in VO2 (oxygen consumed-a surrogate
marker for cardiac output at peak of exercise and decrease in respiratory exchange ratio
during peak exercise in CA fed mice compared to chow fed mice (C)). n =5 per group;
Results: Mean £ SD for A and B, SEM for C; *P< 0.05; Stats: ftest for A and B. Mann-

Whitney across time-points for C
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FIGURE 3.
CA attenuates transverse aortic constriction (TAC) induced hypertrophy and contractile

failure: (A) shows M-Mode 2DE images of chow fed and CA fed hearts post- TAC. Note
attenuation in contractile dysfunction in CA fed post- TAC hearts. (B) shows serial
shortening fractions (%FS) of C57BL6 mice either fed CHOW or 0.5% cholic acid (CA)
supplemented chow, when challenged with TAC or SHAM. Note significant attenuation of
%FS in CA fed TAC (CA + TAC) mice compared to CHOW+ TAC mice. (n = 5- 10/grp;
Stats: Multiple comparison ANOVA,; *£< 0.05 compared to all groups; # £< 0.05 vs
SHAM, Results: Mean £ SEM). (C) denotes quantification of heart weights indexed to body
weight and tibial length at end of 8 wk. Note attenuation in TAC induced pathologic
hypertrophy of hearts in CA fed mice (n = 5/sham groups, 10/TAC group); Stats: ANOVA

Cardiovasc Ther. Author manuscript; available in PMC 2019 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eblimit et al.

Page 18

with Tukey’s post hoc comparison between groups; *£ < 0.05 when CHOW + TAC was
compared to all groups; *P< 0.05 when CA + TAC is compared to SHAM groups and
CHOW + TAC group. vs SHAM, Results: Mean + SEM). (D) shows images of Ser 473
phospho- AKT, total AKT, Thr32, Ser 256 and Ser 319 phospho-FOXO-1 and total FOXO-1.
Activation (phosphorylation) of AKT, and inhibition (phosphorylation) of FOXO-1 was
evaluated by dividing the phosphorylated to unphosphorylated forms of AKT and FOXO- 1,
respectively. GAPDH blot is depicted to show equal loading. CA+TAC mice show enhanced
activation of AKT and increased inhibition of FOXO-1 than CHOW+TAC mice. Also note
significantly increased inhibition of FOXO-1 in the CA + SHAM mice, compared to CHOW
+SHAM.(Results: Mean £ SEM; *P < 0.05 when CA + TAC was compared to all groups; P
< 0.05 when CA+SHAM is compared to all groups, Stats: ANOVA with Tukey’s post hoc).
(E) denotes BNP, BMYH7 RNA along with BMHC:aMHC ratio as measured by QRTPCR,
in the 4 experimental groups. RNA has been standardized to 18S subunit and expressed as
fold change compared to CHOW fed SHAM mice. Note attenuation of BNP, BMYH7 and
BMHC:aMHC ratio at RNA level in the CA + TAC group (#£ < 0.05 comparing CA+TAC
with CHOW+TAC and SHAM groups; *P < 0.05 compared to all groups). Also note
downregulation of PDK4 (*£ < 0.05 when CA fed groups are compared to CHOW fed
groups), and downregulation of UCP3 (*£ < 0.05 when CA+TAC is compared to rest of the
groups) (n =5 per group; Results: Mean + SD; Stats: ANOVA with Tukey’s post hoc)
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FIGURE 4.
INT-777 induces cytoprotective changes in the hearts at a molecular level, improves exercise

tolerance, chronotropic response to catecholamine, and attenuates TAC-induced contractile
failure. Hearts of mice fed INT-777 showed activation (phosphorylation) of AKT, ERK, and
PKA (A) These are pro-survival kinases and are part of the Reperfusion Injury Salvage
Kinase (RISK) pathway. Bar graph shows phosphorylation (activation), with GAPDH as
loading control and compared to chow (fold activation) (n = 3-5; Statistics: ftest, *P<
0.05). (B) shows images of Ser473 phospho-Akt, total Akt, Thr 32/34 phospho-FOXO1 and
total FOXO1. Activation (phosphorylation) of Akt and inhibition (phosphorylation) of
FOXO1 was evaluated with densitometry by dividing the phosphorylated form with its un-
phosphorylated form. INT-777 fed mice show a robust activation of Akt and inhibition of
FOXO1 compared to chow fed mice. (n = 3-5 per group; Stats: ¢test). (C) When challenged
with acute physiologic stress in the form of treadmill exercise, INT-777 fed mice ran longer
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(higher time to fatigue) than chow fed mice. (n = 8/group; Statistics: ftest; *£< 0.05 when
INT-777 is compared to CHOW). (D) When mice were challenged with acute i.p injection of
isoprenaline, hearts from INT-777 fed mice showed a stronger chronotropic response
compared to chow fed mice. There was no significant difference in the effect of INT-777 on
shortening fraction or the cardiac output. (n = 8/group; Statistics: ftest; *~< 0.05 pre-
isoprenaline vs. post-isoprenaline. Also, * £< 0.05 with change in heart rate (A) between
CHOW fed and INT-777 fed groups). (E) Figure shows serial shortening fractions (%FS) of
C57BL6 mice either fed CHOW or 0.025% INT-777 supplemented diet, when challenged
with TAC or SHAM. Note significant attenuation of %FS in INT-777 fed TAC (INT-777 +
TAC) mice compared to CHOW+TAC mice. (n = 5-8/grp; Stats: Multiple comparison
ANOVA, *P < 0.05 compared to all groups; #P < 0.05vs SHAM, Results: Mean + SEM). (F)
shows INT-777 feeding attenuates key genes involved in TAC induced pathologic
remodeling as evidenced by attenuated increase in TAC induced BNP, BMYHC RNA along
with BMHC:aMHC ratio in INT-777 fed TAC mice compared with chow fed controls. RNA
has been standardized to GAPDH and expressed as fold change compared to chow fed
SHAM mice. (*P< 0.05, n = 5-10 per group; Stats: ANOVA with Tukey’s post hoc)
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FIGURE 5.

Cardiomyocyte specific deletion of TGR5 (CM-TGRb5del) in mice, demonstrate exercise
intolerance, increased mortality and exaggerated contractile dysfunction in response to TAC,
compared to littermates: (i) and (ii) shows proof of TGRS deletion from the whole heart and
adult isolated cardiomyocyte in CM-TGR5del mice. (i) shows knockdown of TGR5 from the
whole hearts in CM-TGR5del mice at both RNA and protein level using primers and
antibodies used and tested by us before. As this is a cardiomyocyte specific deletion, weak
bands seen on PCR and Western blots are a result of presence of TGR5 in the vascular
endothelium which is not deleted. A ~60% deletion was achieved from the whole heart when
quantified objectively by gRTPCR and densitometry (data not shown). [M] is marker, [WT]
is whole hearts of TGRS flox/flox/cre= Jittermates, deletion (del) shown as arrow [CM-
TGR5! hearts], with spleen(S) as positive control and water (W) as negative control. (ii)
shows complete deletion of TGR5 from adult cardiomyocytes. We isolated cardiomyocytes
from the hearts of adult CM-TGR5del mice and probed them for the presence of TGR5
using primers as before. We found a near complete deletion of TGR5 RNA (arrow). [WT] is
whole hearts of TGR5 flox/flox/cre= mice deletion (del) shown as arrow [CM-TGR5¢!
hearts], water [W] as negative control. When challenged with acute physiologic stress in the
form of treadmill exercise, CM- TGR5%! mice ran shorter distance (A) and fatigued (B)
earlier than WT mice. (n = 5/group; Statistics: ftest; *P< 0.05; RESULTS: Mean + SEM).
There was no significance in shortening fraction between the two groups on isoprenaline
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(C). When CM-TGR5del mice were randomized to SHAM or TAC, increased mortality was
noted in CM-TGR5%! mice compared to WT mice post-TAC (D). No mortality noted in
sham groups. (*~=0.013 compared to all groups; # P < 0.05 compared to sham (Stats:
Mantell-Cox test, n = 3/grp in SHAM and 10/grp in TAC). (E) shows serial analysis of
shortening fractions (%FS) as evaluated by ECHOs. Note significant decrease in FS in CM-
TGR5%! mice post- TAC over 8 wk, starting as early as 2 wk (n = 3-5/grp; Stats: Multiple
comparison ANOVA, P < 0.05). (F) shows bar graphs of heart weight/tibial length ratios of
WT and CM-TGR5del mice who undergo either SHAM or TAC. CM- TGR5%! mice had
~60% higher heart weight/TL ratio suggesting increased hypertrophy compared to WT+TAC
mice. (*£ < 0.05; ANOVA; Results: Mean £ SD; number of animals = WT + SHAM (n = 3);
WT+TAC (n = 7 survived of 10); CM- TGR5%! + SHAM (n = 3); CM- TGR5%! (n = 6
survived of 20)
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FIGURE 6.
Proposed mechanisms of cardioprotection; Cholic acid and INT-777, acting as TGR5

agonists, activate Akt, ERK and PKA pathways which are cytoprotective and improve
myocardial response to stress. Activation of Akt, may inhibit FOXO-1 and suppress PDK4,
which improves the metabolic efficiency and adaptability of the heart to catecholamine,
exercise, and pressure overload mediated stress
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