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Abstract

Aims: G protein-coupled estrogen receptor 30 (GPR30) activation by its agonist, G1, exhibits



beneficial actions in female with heart failure (HF). Recent evidence indicates its cardiovascular
benefits may also include male as well. However, whether and how GPR30 activation may limit
HF progression and have a salutary role in males is unknown. We hypothesized that chronic G1
treatment improves LV and cardiomyocyte function, [Ca®*]; regulation and B-adrenergic reserve,
thus limiting HF progression in male.

Main Methods: We compared left ventricle (LV) and myocyte function, [Ca®*]; transient
([Ca®*1it) and B-AR modulation in control male mice (12/group) ar. isoproterenol-induced HF
(150 mg/kg s.c. for 2 days). Two weeks after isoproterenol iniz~ti.:2, HF mice received placebo,
or G1 (150 pg/kg/day s.c. mini-pump) for 2 weeks.

Key Findings: Isoproterenol-treated mice exhibited HF w *i preserved ejection fraction (HFpEF)
at 2-weeks and progressed to HF with reduced EE “’4F EF) at 4-weeks, manifested by
significantly increased LV time constant ¢ rel xation (t), decreased EF and mitral flow
(dV/dtmax), which were accompanied by .~duced myocyte contraction (dL/dtnax), relaxation
(dR/dtmay) and [Ca®]it. Acute isopr-tei ~rol-superfusion caused significantly smaller increases in
dL/dtmax, dR/dtmax and [Ca®ir. O1 treatment in HF increased basal and isoproterenol-stimulated
increases in EF and LV cortract ity of Egs. Importantly, G1 improved basal and isoproterenol-
stimulated dL/dtma, dR/U*maxand [Ca?*]ir to control levels and restored normal cardiac B-AR
subtypes modulation.

Significance: Chronic G1 treatment restores normal myocyte basal and -AR-stimulated
contraction, relaxation, and [Ca*'];r, thereby reversing LV dysfunction and playing a rescue role
in a male mouse model of HF.
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Cardiomyocyte, [Ca?*]; regulation, p-adrenergic reserve

ABBREVIATIONS

GPR30, G protein-coupled receptor 30; HF, heart failure; HFpEF, HF with preserved ejection
fraction; HFrEF, HF with reduced ejection fraction; -AR, B-adrenergic receptor; ISO,
isoproterenol; LV, left ventricle; P, Pressure; V, Volume; SV, stroke volume; t, LV time
constant of relaxation; Vep, end-diastolic volume; Vs, end-systolic volume; EF, ejection
fraction; dV/dtmax, the peak rate of mitral flow; Ea, arterial elastance, Egs, the slope of linear Pes-
Vs relation; Egs/Ea, ratio of LV-arterial coupling; LVAC, LV -cnwe.ial coupling, Msw, the slope
of stroke work-Vgp relation; OVX, bilateral ovariectomy: . ~. end-systolic pressure; Pgp, end-
systolic pressure; Pmin, LV minimum pressure; FS, fractio, 4l shortening; E/e’, early transmitral
flow velocity-to-mitral annular velocity ratio; S/, . wr.cyte percent shortening; dL/dtnax, the
maximum rate of myocyte shortening; dR/ 't., ., the maximum rate of myocyte re-lengthening;
[Ca?']ir, calcium transient; ANF, atrial neriuretic factor; PLB, phospholamban; SERCA2a,

sarcoplasmic reticulum Ca** ATPa-: 2.

1. Introduction

Heart failure (HF) wi.h preserved ejection fraction (HFpEF) is outpacing other forms of HF
because of the expanding elderly population. Large cohort studies reveal that almost 50% of the
HF populations have HFpEF with a comparable poor prognosis compared to HF with reduced EF
(HFrEF). These worrisome epidemiological trends contrast with the uncertainties concerning the
pathophysiological mechanisms underlying HFpEF, diagnostic guidelines and therapeutic
strategies [1-3] So far, no randomized controlled trial has shown improved survival of HFpEF.

There are no targeted, effective treatments available.



The G protein-coupled receptor 30 (GPR30), functions alongside traditional estrogen
receptors, ERa and ERB. ERa and GPR30 are expressed at similar levels in cardiac tissue from
male and female rodents and humans [4-6]. GPR30 plays critical roles in the development of left
ventricular (LV) dysfunction and HF [4, 7, 8]. Activation of GPR30 exhibits beneficial actions in
ischemia/reperfusion injury, hypertension and HF [4, 7, 9-12]. While reports on GPR30 have
highlighted mostly female sex-specific health issues, recent evidence indicates equivalent
benefits in males [4, 13, 14]. It was reported that male, but not fema.~ GPR30-deficient mice
suffered from impaired cardiac function [8]. Ejection fraction {=+, znd fractional shortening (FS)
were both decreased in an age-dependent manner only in G.*R30-knockout male mice [13]. Also,
cardiomyocyte-specific GPR30-knockout leads to LV dys “unction in both sexes, but with more
adverse changes in systolic function and LV stru<u *.al remodeling among male knockout mice
[15], which suggests a potential salutary rc « ¢. GPR30 activation in male HF [8, 13]. However,
the changes caused by GPR30 activation during HF progression in males have not been
systematically evaluated. The funct:nne! ~.ffect of chronic GPR30 activation on single-myocyte
mechanics, the dynamics of the . vtosolic [Ca®]iand contractility reserve have not been
previously assessed in an intey~~.ed fashion in HF. The direct cardiac effects and cellular
mechanisms of GPR30 activation-caused cardiac protective effects remain unclear. Moreover,
although HFpEF is the most common form of HF, limited studies have explored the roles of
GPR30 in the development and progression of diastolic dysfunction. Whether and to what extent
chronic GPR30 activation can limit the progression of HFpEF to HFrEF, or even reverse HFpEF,
thereby changing the natural history of HF, remains to be critically examined.

The aim of this study was to explore the impact of chronic GPR30 activation on the

progression of HFpEF. We simultaneously assessed the direct cardiac effects and underlying



cellular mechanisms on the effects of early initiation of G1, a highly selective GPR30 agonist [9,
16-19], in male mice with isoproterenol-induced HF. Isoproterenol-induced HF, a time-and dose-
dependent method, mimics many of the structural, functional, and hormonal changes observed in
clinical HF [20-25]. In the current study, isoproterenol-treated mice exhibited HFpEF at 2 weeks,
which progressed to HFrEF at 4 weeks following the last isoproterenol injection. We assessed
the hypothesis that early initiation of chronic G1 therapy could interrupt the progression of
HFpEF to HFrEF and lead to regression of HFpEF in a male mouse .model of isoproterenol-
induced progressive HF by: (a) restoring normal LV function® 2nu %) improving intrinsic
myocyte contraction, relaxation, [Ca?*]; transient ([Ca®*]ir) =nd B-adrenergic reserve
accompanied with reversing the abnormal cardiac B-adrer. > gic receptor (B-AR) subtype system
modulation.
2. Materials and Methods
2.1. Animal Model

This study was approved by the An mal Care and Use Committee of Wake Forest School of
Medicine and conformed to the . ational Guide for the Care and Use of Laboratory Animals
(NIH Publication 8th Editi~n, ordate 2011). The experimental procedures are illustrated in
Figure 1. Briefly, total 47 age-matched C57BL/6 male mice (~4 months old) weighing 26~34 ¢
(Charles River Laboratories International, Inc.) were randomly divided into control (n=12) and
HF groups (n=35). HF was induced by two subcutaneous injections of isoproterenol (1SO),
spaced 24 hours apart, at a dose of 150 mg/kg as documented elsewhere [22-25]. Thirty
isoproterenol-treated mice survived after ISO-induction (~12%
mortality within 48 hours); these included in the HF group. High doses of isoproterenol cause

time and dose-dependent structural remodeling and cardiac dysfunction that results in HF. Based



on our laboratory and others previously published serial time course studies in this model [20-25],
and well-characterized histology and altered LV structure and function in isoproterenol-induced
HF, we designed a 4-week study. Cardiac function was assessed at the beginning of the study
and weekly via transthoracic echocardiography during light isoflurane anesthesia [26]. ISO-
treated animals had HFpEF onset by 2 weeks and this progressed to mid-range HFrEF by 4
weeks. To further establish the validity of early diastolic functional impairments by ISO, with
maintained systolic function, 6 animals were studied 2 weeks after (.~eiving ISO injections.
Other animals were studied during a 4-week period after admi=*su 2ton of 1SO. Two weeks after
receiving ISO injections, the HFpEF animals were dividea ."to 2 subgroups (12/group) without
or with 2-weeks therapeutic intervention: 1) HF, receiveu acebo; and 2) HF/G1, received G1
treatment 150ug/kg/day s.c. via osmotic mini-pum i [/Alzet®, model 1004]. The dosing protocol
of G1 used was based on our initial concer rat’on-response studies and past reports [16, 27, 28],
which had been shown to activate GPRsC in vivo, but no marked effects on heart rate and end-
systolic pressure. All animals were ™ait4ined in the same environment, including temperature
and humidity, and had free acce.= to chow and water.

2.2. Experimental Protorz!

Three sets of experin.~nts were conducted. First, studies were performed in the intact mice to
examine systemic hemodynamics, LV contractility, LV diastolic filling dynamic, and LV arterial
coupling. In addition, as previously described [27], echocardiographic evaluation was also
performed in a subgroup animals before and 2 weeks after receiving 1SO injections under light
anesthesia (Figure 1). Second, to assess the cellular basis of LV functional responses to chronic
G1 treatment, we measured cell contraction, relaxation, and [Ca®*]ir responses and B-adrenergic

reserve (measured as response to acute -adrenergic stimulation by isoproterenol) as well as -



AR subtypes (B:- and B3-ARs) responsiveness in the freshly isolated LV myocytes from the same
mice. Third, analysis of gene expressions of LV myocytes from each group was performed by
quantitative real-time PCR.

2.3. Intact Mice Study

Echocardiographic evaluation. As described previously [27], LV function and dimensions
were assessed only in a subgroup animals before and 2 weeks after receiving ISO injections
under light anesthesia using a Philips 5500 echocardiography (Phil..~ Medical Systems, Andover,
MA, USA) and a 12 MHz phased array probe (Figure 1).

Determination of Hemodynamic and LV Functional r>sponses. As we and others
described previously [23, 24, 29, 30], all the mice were ai.=sthetized with intraperitoneal
xylazine (10 mg/kg) and ketamine (50 mg/kg), the.> infubated. To maintain anesthesia and
arterial oxygen tension, animals were mecan’cally-ventilated with a positive-pressure respirator
(Model RSP1002, Kent Scientific Corp, . itchfield, CT) using oxygen-enriched room air with
isoflurane (0.5-2%). For drug admi~ist. at.on, a polyethylene catheter was inserted into the left
external jugular vein. With adey.'ate calibration, using our well-established closed-chest
approach, a 1.2 F microtip P-\’" ~atheter (SPR-839, Millar Instruments, Austin, TX) was inserted
into the right carotid arte.»/ and advanced into the LV apex. After stabilization, signals were
continuously recorded at a sampling rate of 1000 samples/s using a Pressure (P)-Volume (V)
conductance system (MPCU-200, Millar Instruments) with BioBench software (National
Instruments, Inc). Steady-state and transient inferior vena cava occlusion at baseline were
collected. As previously described, with the use of a special P-V analysis program (PVAN,
Millar Instruments), standard steady-state hemodynamic parameters such as heart rate, LV

pressure (P), LV relaxation time constant of (t), LV volume (V) and the peak rate of mitral flow



(dV/dtmax) were measured. LV P-V relations and the slopes were derived. Effective arterial
elastance (Ea) was calculated as the ratio of end-systolic pressure (Pgs) and stroke volume (SV),
and LV-arterial coupling (LVAC) was calculated as the ratio of the slope of linear-Pgs-end-
systolic volume (Vgs) relation (Egs) to Ea [31].
2.4. Studies in Isolated LV Myocytes
2.4.1. Myocyte Isolation

After the hemodynamic study, the animals were deeply anesthei.7ed and the hearts were
excised and placed in ice-cold calcium-free HEPES buffer sol:*iv.:. 3y using techniques well-
established in our laboratory [23, 24, 29, 32], calcium-tolei.nt, high-yield myocytes were
obtained from each animal. Finally, cells were suspendea "« the modified HEPES solution (“the
study buffer”) with 1.2 mM CaCl, and stored at *c >.n 'amperature until ready for use. After
stabilization (~ 2 hours), as we described f -eviously, LV myocytes were counted, viability and
morphology were evaluated. Within 12-.4 hours, about 60-70 rod-shaped cells were randomly
selected for measurement of myocv*= ¢ 'm.ensions from each experiment.
2.4.2. Myocyte Function Evaluction
2.4.2.1. Myocyte Functior ~t 2~seline and Response to a Non-Selective #-AR Agonist

As we reported prev.~usly [24, 29], freshly isolated LV myocytes were placed in superfused
culture dishes. Myocyte contraction was elicited by field-stimulation (0.5 Hz) and measured with
the Fluorescence and Contractility System (lonOptix, Milton, MA). First, baseline data were
recorded. Then data were acquired during superfusion of a non-selective 3-AR Agonist,
isoproterenol (10® M) for 10 min and after drug washout. Changes between baseline and post-
superfusion function were defined as myocyte p-adrenergic reserve.

2.4.2.2. Myocyte Functional Response to Selective f;1- and #3-AR Agonists



Previously, we have shown that HF is associated with a selective cardiac f1-AR
downregulation and B3-AR upregulation (unchanged [3,-AR expression) with resultant a
decreased ;-AR-mediated positive inotropic action and an enhanced p3-AR-coupled negative
inotropic effect in the heart. This restructuring of B-AR system plays a crucial role in the decline
of B-adrenergic reserve [32, 33]. To determine the contribution of the subtypes of f-AR
stimulation on B-AR reserve with chronic G1 in HF, the above protocol was repeated in subsets
of myocytes after myocytes were randomly exposed to a selective py agonist, Norepinephrine
(NE, 10”7 M) or a selective Bs-agonist, BRL-37,344 (BRL, 10 M, respectively [32, 33]. Data
were acquired for 8 to 10 minutes during drug exposure. Ti.» percent shortening (SA), the peak
velocity of shortening (dL/dtmax), the peak velocity of re-i.sigthening (dR/dtmax) and the peak
systolic [Ca?*]; transient ([Ca®*]it) were obtainec'.

2.4.3. Simultaneous Measurement of LV "4yccyte Contractile and Calcium Transient
Responses

Myocytes were incubated with 10 rM ‘no-1-AM (Molecular Probes, Eugene, OR) and then
placed in a flow-through dish. C »ntractile and [Ca®'];r responses in a single cell were measured
simultaneously with a dua' »xc*ation fluorescence photo-multiplier system (lonOptix) [24, 29,
32, 33]. As described abu e, contractile protocol was repeated in the subsets of myocytes.
Myocytes were randomly exposed to isoproterenol or a selective f1-, or Bz-agonist. After
stabilization, both the steady-state baseline data and the responses to f-AR and B-AR Subtype
stimulation data were recorded, respectively. After myocytes were loaded with indo-1-AM,
compartmentalization of the indicator in mitochondria might have occurred, thus the absolute
2+]

value of [Ca?*]; was not used. Instead, we calculated relative changes in peak [Ca']ir before and

after interventions as the ratio of the emitted fluorescence [24, 33].



2.5. Analysis of LV Myocyte Gene Expression by Quantitative Real-Time PCR
As described in our previous report [27], total RNA was extracted from the subsets of LV

myocytes in each group. The quality and quantity of RNA samples were determined by
spectrometry and agarose gel electrophoresis. Relative quantification of mRNA levels by real-
time gPCR was performed using a SYBR Green PCR kit (Qiagen Inc). Amplification and
detection were performed with the QuantStudio 3 Real-Time PCR System (Applied Biosystems,
Foster City, CA). Sequence-specific oligonucleotide primers were designed according to
published GenBank sequences and confirmed with OligoAnalyz :r 3.). The relative target mMRNA
levels in each sample were normalized to S16 ribosomal RM+ E*.pression levels are reported
relative to the geometric mean of the control group.
2.6. Drugs

Isoproterenol hydrochloride, a non-selec’: = | -AR agonist; Norepinephrine, a selective ;-
agonist; and BRL-37,344, a selective B3-ago:.'st were purchased from Tocris Bioscience
(Minneapolis, MN, USA). G1, a higl tv s~zctive GPR30 activator was purchased from Tocris
Bioscience (Ellisville, MO, USA). 'ndo-1-AM, fluorescent Ca®* indicator was purchased from
Molecular Probes, Eugene, NR.
2.7. Statistical Analv:is
Data are presented as mcan = SD or mean £ SE as indicated. Indices of LV function,
hemodynamics, and myocyte function were compared among the treatment groups by ANOVA
for the repeated measures. When the ANOVA showed significant differences, a Bonferroni
adjustment was used to compare pairwise tests among each group. Treatment effects were
determined by ANOVA on the outcome measures adjusted for baseline values. In each mouse,
LV myocyte contraction, relaxation, and [Ca”*]ir values were averaged and treated as a single

data point. The mean differences in cell dynamics and the indo-1-AM fluorescence ratios



between groups were calculated. Statistical significance was considered at p<0.05.
3. Results
3.1. Animal Follow-Up and Verification of Experimental HF

Consistent with past reports by our laboratory and others [20, 23-25, 34], in the current study,
following the last isoproterenol injection, mice exhibited a time-dependent cardiac dysfunction
and adverse structural remodeling. Four weeks after isoproterenol injection, these mice showed
clear signs of clinical features of HF, including significant increases ‘n heart weight and the ratio
of heart weight/body weight (Table 1).
HFpEF. Two weeks after receiving the initial isoproterenc. injection, mice had HFpEF onset.
Hemodynamic analysis showed significant increases in t . d end-diastolic pressure of LV (Pep),
but reduced dV/dtmax (Table 2). Examples of LV F */ I)ops are presented in Figure 2 A-D.
Compared with control (A), in HFpEF (B) and HF (C), there were clearly upward shifts of the
diastolic portion of LV P-V loops, so tha: early diastolic LV P were much higher. LV minimum
pressure (Pmin) and LV diastolic op~rat.r, stiffness of K\, (measured as the average slope of the
diastolic P V trajectories) were < annicantly increased. Examples of LV Pgs-VEs relations are
shown in Figure 2 E-H. Crmuerzd with control (E), in HFpEF (F), LV contractility of Egs and
Msw (the slope of stroke “vork-Vegp relation), LV EF, and SV had no significant changes (Table
2). These hemodynamic findings of HFpEF are supported by echocardiographic (Echo)
evaluation in the subgroup animals before (baseline) and 2 weeks after isoproterenol injection.
As displayed in Figure 3 A-C, compared with baseline, 2 weeks after isoproterenol injection
caused no changes in LV systolic function, as determined by percent fractional shortening (A)
(33.84£5.6 vs 32.4+4.2 %). Myocardial relaxation, defined by tissue Doppler-derived myocardial

annular descent, or e” (B) (2.7£0.3 vs 3.2+0.2 cm/s) had a trend for reduced, but did not reach



statistical significance. LV filling pressure, defined by early transmitral flow velocity-to-mitral
annular velocity ratio (or E/e’) (C) trended to increase (28.8+£5.2 vs 18.6+2.2), and was very
close to be statistical significance (p=0.05).

Consistently, as shown in Table 3, compared with control, in HFpEF, LV myocyte relaxation
measured as dR/dtmax was significantly reduced 34%. There were no significant changes in
myocyte contractility measured as SA and dL/dtyax.

HFrEF (HF). Four weeks after receiving the last isoproterenoi i iection, the cardiac indices
of HFpEF were extended into a hemodynamic pattern consiste:* v.i% the presence of HFrEF,
with both LV systolic and diastolic dysfunction. As summa.ized in Table 2, compared with
control, T and Pgp were further increased with about 30% “<creases in dV/dtma.x and SV,
respectively. There was upward and rightward shii* of .he LV P-V loop with significantly
increased LV end-diastolic volume. Impor‘ant'y, LV contractility of Egs was reduced ~31%. EF
decreased from 57% (observed in contro.~) to 35% (4 weeks after isoproterenol injection) (Table
2 and Figure 2). As shown in Table 1. t2e,;e were no significant differences in body weight
among the groups. In HF groun, *he surrogates of symptomatic HF, including heart weight,
calculated ratio of heart weanody weight (Control: 5.6 £ 0.5 vs. HF: 8.0 £ 0.6 mg/g), and LV
myocyte Length were ah ~ignificantly increased (113 £ 5 vs. 125 + 9 um). As shown in Table 3
and Figures 4 and 5, these LV abnormalities in HF were accompanied by intrinsic defects in LV
myocyte force-generating capacity and relaxation. There were ~ 31% decreases in dL/dtyax and
35% decreases in dR/dtyax with significantly reduced the peak systolic [Ca®*]ir.

3.2. LV Systolic and Diastolic Function in HF: Effects of Chronic GPR30 Activation
As summarized in Table 2 and displayed in Figure 2, there were no differences in heart rate and

Pes among the groups. In HF animals, Pgp, Ves and Vep were all significantly increased and



accompanied by significant reductions in LV dV/dty.xand SV. The slopes of LV P-V relations of
Ees, load-insensitive measures of LV contractile performance, were decreased by 31%. The P-V
relations shifted to the right and ratio of LV arterial coupling (Egs/Ea) was reduced by ~53 %,
indicating significant systolic function impairment. On the contrary, LV systolic and diastolic
function and general hemodynamics were similar between the control and HF/G1 groups.
Chronic treatment with G1 prevented HF-caused decreased LV contractility of Egs, EF, SV, and
the abnormal upward and rightward shifts of LV P-V loops (Figure 2 D and H). t, Pep, Vep, SV,
dV/dtmax and Ees/Ea as well as the ratio of heart weight/body '.~iy:2t were all close to the control
values.
3.3. Myocyte Function, f-AR Reserve, and [Ca®]ir in \ '~: Effects of Chronic GPR30
Activation

3.3.1. Cardiomyocyte Contraction, Relax: rior, and [Ca?*]ir at Baseline

Basal cell contractile function and [L2%]ir responses in LV myocytes are summarized in
Table 3 and displayed in Figures 4 ~nd 5 A-C. Compared with controls, in HFpEF, only LV
myocyte dR/dtmax Was significai.*ly reduced. In contrast, in HF, LV myocyte dL/dtmax, dR/dtmax
and [Ca?*]ir were significa~tly “~creased 31%, 35% and 24%, respectively (Table 3). After G1
treatment, LV myocyte &.A, dL/dtmax, dR/dtmax, and [Ca?*]ir recovered to control values. In
addition, myocyte length and the length-width ratio were normalized.
3.3.2. Myocyte Functional Responses to f-4R, and f-AR Subtype Stimulation
3.3.2.1. Effects of Isoproterenol. Compared with controls, functional performance of LV
myocyte in HF mice was impaired at baseline. Further, the ability of acute B-adrenergic agonist

isoproterenol to increase myocyte contractility was also significantly reduced. As presented in

Table 3 and Figures 4 and 5 D-F, compared with control myocytes, in HF myocytes, acute



isoproterenol-superfusion-induced increases in SA, dL/dtmay and dR/dtmax, as well as [Ca®*]it
were all significantly lower, demonstrating a decline in 3-adrenergic reserve. G1 treatment
restored normal B-adrenergic reserve in HF myocytes.
3.3.2.2. Effects of Norepinephrine or BRL-37344. As shown in Figure 6, compared with control
myocytes, in HF myocytes, B1-AR stimulation with norepinephrine caused significantly less
increases in the normalized percent changes of myocyte contractility dL/dtyax (Control: 61% + 4%
vs. HF: 24% + 2%), dR/dtax, and [Ca2+]iT, indicating B1-AR desensiization. In contrast, f3-AR
stimulation with BRL-37344 produced significantly greater decvew22s in the normalized percent
changes of dL/dtma (Control: 8% + 1% vs. HF: 15% + 2%),, dR/dtyax, and [Ca®*]ir,
demonstrating enhanced B3-AR-mediated negative modun. *ion. Importantly, G1 treatment
reversed HF produced contract changes of B1-AP. .~.d /,3-AR-stimulated inotropic responses. As
presented in Figure 6, in G1-treated myoc res. Norepinephrine or BRL-37344 caused changes in
dL/dtmax, dR/dtmax, and [Ca® it were sinii'ar as that in normal control myocytes, respectively,
indicating restoration of cardiac B-/ R 'mtypes (B1- and B3-ARS) normal responsiveness.
3.4. Gene mRNA levels of AN/ and PLB/SERCAZ2a in HF: Effects of Chronic GPR30
Activation

Figure 7 presents the ene mRNA levels of LV myocyte atrial natriuretic factor (ANF),
sarcoplasmic reticulum Ca?* ATPase 2a (SERCAZ2a) and phospholamban (PLB), (two key
proteins involved in intracellular Ca?* handling) and the PLB-to-SERCAZ2a ratio in the Control,
HF and HF/G1 animals. Compare with control group, LV myocyte ANF mRNA, a marker of
cardiac wall stress, was markedly increased in HF (A). LV myocyte SERCA2a mRNA
expression reduced (B), but PLB mRNA level trended to be elevated (C). The PLB-to-SERCA2a

ratio, an index of SERCAZ2a inhibition (D) was not significant, but clearly trended to increase. In



HF/G1, these LV myocyte gene mMRNA expression changes were reversed to control levels.
4. Discussion

We show here, for the first time, that chronic GPR30 activation reverses HFpEF LV diastolic
dysfunction and prevents the progression of HFpEF to HFrEF. The normalization of LV systolic
and diastolic function performance in G1-treated HF is associated with preservation of normal
intrinsic LV myocyte contraction, relaxation, [Ca®*]ir and p-adrenergic reserve accompanied by
the restoration of normal cardiac B-AR subtypes (B1- and B3 -AR ) in>dulation. These data
provide evidence and important insights that chronic GPR30 ~:*iv.*.on is able to rescue or
reverse HFpEF, suggesting GPR30 agonist may provide sig ~ificant benefits in HF therapy.
4.1. LV Functional Performance and Chronic GPR30 .’ ctivation

In the current study, 2-weeks after isoproterar.~« ir jection, animals had HFpEF characterized
by significantly impaired diastolic functior bt without systolic dysfunction (Figures 2 and 3).
These observations are consistent with p. ~viously well-characterized histology, LV function and
structure alterations in isoproterenc' -in.'"ced HF by others and our serial time course studies in
this model [20-22, 24, 25]. Grin.m ev al [21] reported that myocardial injury was associated with
increases in right atrial prec=uy > LV filling pressure and LV hypertrophy two weeks after
isoproterenol (150 mg/ky application. Teerlink et al [20] clearly described the histology, and LV
structure and function alterations in male Wistar rats receiving two subcutaneous isoproterenol
injections of either 85 mg/kg or 170 mg/kg at 2 and 6 weeks after injection. They reported that
histological resolution of the damage by both doses to the myocardium occurred by 2 weeks;
there was no evidence for any further increase in this pathology score with respect to time (2 to
16 weeks). Further, Brooks and Conrad [22] showed myocardial injury and LV diastolic

dysfunction associated with hypertrophy of surviving myocytes and increased myocardial



fibrosis 14 days after the last isoproterenol injection. LV diastolic dysfunction was evidenced by
decreased LV compliance, an upward shift in the diastolic relationship, with normal LV systolic
function. Isoproterenol produces a time-and dose-dependent impairment of cardiac function and
structural remolding that results primarily in diastolic dysfunction within two weeks. In
agreement, in the present study, without treatment, at 4 weeks after receiving isoproterenol,
HFpEF was further preceded to HFrEF, with both LV systolic and diastolic dysfunction.

Of importance, chronic administration of G1 completely reverseu the HFpEF progression in
this mouse model of progressive HF. In HF/G1 group, the majr: in.ices of LV systolic and
diastolic functional performance and general hemodynamics ‘EF, Pep, [1, SV and dV/dty.x) were
all restored to control values (Table 2). To avoid the poten. atly confounding effects of G1-
induced changes in loading conditions on conventic al neasures of LV performance, LV
contractile performance was evaluated in tt » pr_ssure-volume plane. Chronic G1 significantly
increased LV contractility (measured as £,< and Msy) and the Egs/Ea ratio (Table 2 and Figure 2).
Chronic G1 prevented the classic sy<*al.~ "{F-induced rightward and upward shifts of LV P-V
loops (Figure 2) and increased he>rt weight/body weight ratios.

Although the effects of =1 ~* HF progress in males have not been previously investigated,
our present observation o, <hronic G1 restoration of normal LV systolic and diastolic function in
HF is supported by previous studies in GPR30-deficient male mice [8, 13, 15]. Chronic G1
treatment attenuates salt-induced diastolic dysfunction and myocyte hypertrophy without changes
in blood pressure [35]. G1 showed the ability to attenuate HF in female bilateral ovariectomy
(OVX) Sprague-Dawley rats [16]. G1 pretreatment reduces infarct size and preserves cardiac
function in isolated hearts from male and female rats exposed to ischemia-reperfusion [35].

4.2. Myocyte Function, [Ca?*]; Regulation, p-Adrenergic Reserve, Gene mRNA levels and
Chronic GPR30 Activation



What is the mechanism of the restoration of normal LV systolic and diastolic functional
performance in HF after chronic G1 treatment? Since the protective effects are present in the
freshly-isolated single LV myocytes, this beneficial action is not due to alterations of heart rate,
and loading conditions, but it is directly attributable to changes of LV myocytes. However, this
does not rule out additional protective effects that might occur in non-cardiomyocytes, for
example, in vivo. Although our dose of G1 had no overt effect on blood pressure, we cannot
exclude the possibility that G-1 may have some other systemic actio.” that could indirectly alter
vascular hemodynamics and subsequently improve cardiac str-~tu.z and function.

We found that in isoproterenol-induced HF, LV chamb.~ abnormalities were paralleled with
progressive LV myocyte dysfunction with significantly u.-iressed dL/dtmay, dR/dtmax and [Ca?*]ir.
There was a maladaptive remodeling of LV myec<y*: s'iape. These changes were normalized and
myocyte B-AR desensitization reversed aft °:r C [ treatment. Normalization of basal and B-AR
stimulated Ca®* handling may be the pruary driver for reversal of HF-caused intrinsic defects of
myocyte force-generating capacity ~nd e.axation after chronic G1 treatment. Recovering normal
[Ca?*]; regulation by chronic G may be the key mechanism for reversal of HF-caused intrinsic
defects of myocytes and re=~u.ny HFpEF. Growing evidence has shown that estrogen alters
cardiovascular gene expi.ssion of B-adrenergic receptors (AR) and calcium (Ca?*)-handling
proteins [36]. We have shown previously that in HF, increased sympathetic nervous system was
associated with cardiac B1-AR downregulation, but B3-AR upregulation. B;-AR-stimulated-Gs-
coupled positive inotropic effects reduced, while B3-AR-stimulated-G;-coupled negative
modulation on LV, and myocyte contraction, relaxation as well as [Ca®*]; regulation were
enhanced. These contract changes between cardiac f;-AR and B3-AR are responsible for the -

AR desensitization in HF [32-34]. Notably, Kang et al.[16] showed that the ability of GPR30-



agonist G1 to reduce isoproterenol-induced HF in female OV X Sprague-Dawley rats was
achieved through the expression of ;- and B2-ARs. In the current study, G1 treatment caused
improved B-adrenergic reserve is likely due to the restoration of normal -AR subtypes
modulation. However, whether this is due to reversing HF-induced the contrast changes of
cardiac B1- and B3-AR expressions by chronic G1 remain to be determined. We and others have
reported that HF, as well as GPR30-deficiency, decreased LV SERCAZ2a expression and activity
with increased sarcolemmal Na*- Ca** exchange expression accomp.nied by increased SR Ca?*
leak with defective Ca?* removal [3, 4, 7]. Of note, GPR30 imz+0.25 LV lusitropy in models of
hypertension and aging. This is largely attributable to GPk 0-related increase in cardiac Ca®*
mobilization by increasing the expression and activity ot Z=RCAZ2a [4, 37]. In the current study,
we found that compared with HF alone, LV myccy*e £ .NF mRNA, as a marker of cardiac wall
stress and the PLB-to-SERCAZ2a ratio, an " 1de'. of SERCAZ2a inhibition trended to decrease (did
not reach significance, due to relatively small group size) in G1-treated HF. These LV myocyte
MRNA expressions might suggest » fa\ 2rable functional effect of G1 in HF males. However, the
protein level and activity of SEFL"A.a have not been determined. Future studies show that G1
treatment reverses HF-ind':~eu ~ardiac downregulation of SERCA2a in males are necessary. Of
importance, a large body ~t evidence indicates that increased oxidative stress contributes directly
to cellular damage, impaired [Ca**]; regulation and remodeling during HF, whereas GPR30
activation was sufficient to protect against myocardial death, cardiac apoptosis and adverse LV
remodeling [4, 7]. Although how G1 treatment alters isoproterenol-induced fibrosis and cell
death in the heart in males with HF is unclear, the anti-fibrosis and anti-cell death ability of
GPR30 activation to counteract pathologic cardiac remodeling certainly is another important

mechanism by which G1 treatment could ameliorate HF. We speculate that in the current study,



G1 reverses HF-caused contrast changes in cardiac B1-AR and B3-AR expression and activity and
downregulation of SERCAZ2a, thereby leading to restoration of normal SERCAZ2a activity and
[Ca?*]; regulation. These changes may be the key molecular mechanism for repairing LV and
myocyte contractile defects, restoration of cardiac B-AR responsiveness and reversal of HFpEF
and prevention of its progression. Clearly, further studies on the molecular basis for chronic
GPR30 activation in HF are urgently needed.
4.3. Limitations and Future Studies

Several study limitations should be considered and need *z b oddressed. First, we used a
mouse model of isoproterenol-induced HF. Although pathu.ngic changes in isoproterenol-treated
rats and mice resemble those of myocardial infarction I'zC-22, 24], and isoproterenol-induced
HF mimics many structural, functional and neurnf.~monal changes of clinical HF [21], we
cannot ascertain that these results are appl: :ab': to clinical HF or HF from other causes such as
pure pressure overloaded cardiomyopath,’ or pure volume overload cardiomyopathy. Second, in
the current investigation, G1 was ir‘tia.~r. at the onset of HFpEF. Although the isoproterenol-
induced HFpEF is consistent wic previously well-characterized histological findings, LV
structure and function alter~tics from others [20-25], we do not know if the late initiation of G1
is capable of achieving u.~» same efficacy given that dynamic nature (time dependency) of
isoproterenol-induced HF. Third, the present study focused on a phenotypic change in
hemodynamic measurements as well as cardiomyocyte contraction, relaxation, calcium handling,
and B-adrenergic reserve between the heart failure group and those animals receiving G1 in male
mice which provides foundational information for further studies on the mechanisms underlying
cardioprotection in males by GPR30. In order to get adequate numbers of high-yield and high-

quality myocytes for many subgroup studies in HF mice, unfortunately, whole heart structure



changes were not determined in this study. Future studies are in progress emphasizing potential
GPR30-related alterations in whole heart morphometric and histopathology. Fourth, we did not
assess how G1 treatment alters isoproterenol-induced fibrosis and cell death in the heart in the
current investigation. Indeed, several groups using different cardiovascular disease models
suggested that GPR30 activation attenuates adverse cardiac structural remodeling by its actions
of anti-inflammatory, anti-apoptosis and anti-fibrosis [7, 16, 27]. Previously, our group showed
that GPR30 agonist G1 limited the OV X-induced increase in LV macs, wall thickness, and
interstitial collagen deposition thereby attenuating hypertrophiz re.mudeling in OV X-
mRen2.Lewis rats. Further, Kang et al [16] reported that ci.vanic G1 treatment reduced fibrosis
and cell death in OV X female rats with 1SO-induced HF.  * suggested that GPR30 may improve
cardiac function in female OV X mice by activating (e PI3K/AKT pathway and reducing
myocardial infarct size and fibrosis. Acute G-71.nduces the activation of both Akt and ERK1/2,
G-1 activation of GPER improves functicnal recovery and reduces infarct size in isolated rat
hearts following I/R through a PI3K -de »¢ndent, gender-independent mechanism [38]. It is
possible that the G1 treatment c..'seu beneficial actions on LV and myocyte functional
performance are largely att-ih.*~ole to its anti-apoptosis and anti-fibrosis actions in HF. It is,
therefore important that ,.'ture work focuses on this point in males with HF. Fifth, the
downstream signaling mechanisms of GPR30 in the heart are still unclear. It has been shown that
GPR30 activates signaling mechanisms that involve ERK, Akt and PI3K [7, 14, 38-40]. It
suggested that GPR30 may improve cardiac function in female OV X mice by activating the
PI3K/AKT pathway and reducing myocardial infarct size and fibrosis [14]. In ISO-induced HF
model of OV X rats showed that PIK-AKT pathway is the downstream pathway of GPR 30, and

G1 treatment increased phosphorylation of AKT [16] we did not examine the contributions of



Akt and ERK pathways in the protective actions in HF by G1 in the current investigation.
Further studies are needed to fully characterize the intracellular pathway modulating G1
treatment. Finally, the current study did not address the molecular mechanisms underlying the
therapy/rescue actions of chronic GPR30 activation on cardiac function and cardiac reserve in
mice with HFpEF (as well as the transition to HFrEF) and will require further investigations.
5. Conclusions

Chronic G1 treatment restores LV systolic and diastolic functici, accompanied with the
preservation of normal intrinsic myocyte contraction, relaxatic> Zz"]ir and p-adrenergic
reserve, thereby limits HFpEF progression in a male mouse model of progressive HF. These data
provide new insights and strong evidence that chronic Gr ™ 30 activation is able and sufficient to
rescue HFpEF in males, and support the view th~t 7.PF.30 plays critical roles in cardiac health in
both females and males.
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Figure 1. A schematization of the ne-iraental procedures and experimental timeline.

Figure 2. Examples of the effec:~ of chronic G1 in HF on LV systolic and diastolic functional
responses. A-D, steady-ste*~ a.~.age LV Pressure (P)-Volume (V) loops from 4 mice: one
control mouse (A), one 1,.quse at two weeks after initial isoproterenol injection (HFpEF) (B), one
mouse 4 weeks after isoproterenol injection (HF) (C), and one mouse 2 weeks after isoproterenol
and then received G1 treatment for 2 weeks (HF/G1) (D). Each loop was generated by averaging
the data obtained during a 10 -12-second recording period, spanning several respiratory cycles.
Compared with control, 2 weeks after isoproterenol injection caused HFpEF with markedly
upward shifts of the P-V loop with marked increases in LV Pgp and LV min, indicating impaired

LV diastolic performance. After isoproterenol injection at 4 weeks, there was upward and



rightward shift of P-V loop with further elevated LV Pgp and LV min and decreased stroke
volume. In contrast, concomitant G1 prevented isoproterenol-induced abnormal upward and
rightward shifts of P-V loops and the decreased SV in HF.

E-H, LV end-systolic pressure (Pes)-end-systolic volume (Vgs) relationships produced by
inferior vena cava occlusions obtained from these same animals. The slope and position of this
line provide a load-insensitive measure of LV contractility. Compared with control (E), 2 weeks
after isoproterenol injection the LV Pgs-Vgs relations (F) are relative'v unchanged. In contrast, 4
weeks after isoproterenol injection (G), the LV Pes-Ves relatie:< v2ie shipped to the right with
markedly reduced slope, indicating LV systolic dysfunctior. Compared with control,
concomitant G1-treated HF mouse (H) had similar the | V' =gs-Vs relations, indicating
restoration of normal LV contractility.

Figure 3. Representation of individual cas +s a'.d the means of Doppler parameters obtained from
the sub-group animals before (baseline) «nd 2 weeks after isoproterenol injection. Data are
shown as mean (+ SE). N=4. (A) Prvcext jractional shortening, (B) Early mitral annular velocity
(€"), and (C) The ratio of transni.‘ral early filling-to-early mitral annular descent (E/e’), or index
of filling pressures.

Figure 4. Examples of u.~ erfects of chronic G1 in HF on myocyte contractile function and
[Ca®*]ir response at baseline and response to acute isoproterenol (1SO) (B-adrenergic reserve) in .
Myocytes isolated from the LV were obtained from one mouse in control (A), HF (B) and
HF/G1 (C) groups. Shown are superimposed traces of analog recordings of myocyte contractile
and [Ca®*]ir responses in electrically stimulated myocytes at baseline and after acute superfusion
of isoproterenol (10 M).

Figure 5. LV myocyte functional performance at baseline of dL/dtyax (A) dR/dtmax (B), and



[Ca®]ir (C), and [1-adrenergic reserve (D-F), calculated as % changes from baseline after acute
isoproterenol stimulation. Data are shown as mean (x SD). N=12/group. * p<0.05 vs. Control
group.

Figure 6. The effects of chronic G1 in HF on LV myocyte functional responses to $1-AR or Bs-
agonists. Group means of the changes on dL/dtmax (A), dR/dtmax (B), and [Ca®]it (C) in response
to norepinephrine stimulation, a selective p;-AR agonist (107M), or BRL-37,344, a selective fs-
agonist (10® M). Values shown mean (+ SD). * p<0.05, norepineplu :ne or BRL-37,344-induced
changes vs corresponding baselines; 1 p<0.05, norepinephrine 2r 21 L-37,344-induced changes
among groups.

Figure 7. LV myocyte mRNA expressions of atrial natriu.=tic factor (ANF) (A), sarcoplasmic
reticulum calcium ATPase 2a (SERCAZ2a) (B), an' ohuspholamban (PLB) (C) in each group,
determined by real-time PCR. Quantificat? \n ¢/ the PLB-to-SERCAZ2a ratio with densitometry
(D). Values are shown as mean (x SE). 1x=4~6 mice/group.

Table 1. Effects of Chronic G1 on Pnd,'\ veights (BW) and Heart Weights (HW) after

Isoproterenol-Induced HF

BW (g) HW (mg) HW/BW (mg/100g9)
Control (N=12) 32.2+1.38 180+20 5.6+0.5
HFpEF (N=6) ’ 32.5+2.1 193+26 5.9+0.9
HF (N=12) 32.5+1.4 260+£20*F 8.0+0.6*f
HF/G1 (N=12) 32.4+1.3 190+20 5.8+0.6

Data shown as mean + SD; N=number of mice.
HF, heart failure; HFpEF, heart failure with preserved ejection fraction
*p <0.05 vs Control,

T p <0.05, HF vs. HFpEF




Table 2. Effects of Chronic G1 on LV Function and General Hemodynamic Variables in HF

Control HFpEF HF HF HF/G1
(N=0) (N=6) (N=0) (N=0)
Heart rate (beats/min) 633119 647+23 636+16 628+17
LV Pep (MmHg) 5.0+1.1 8.8+ 1.9* 10.6 + 1.5* 5.2+1.0
LV Pes (mmHg) 114.4+ 3.2 115.9+6.5 116.9£2.6 113.2+4.7
LV Vep (ul) 104.0 5.7 104.7+ 5.3 117.C + 4.8%F 105.7 5.0
LV Ves (ul) 45.0+ 4.2 46.4t54 700 £ 2.7%F 472+55
SV (ul) 59.0+ 1.8 58327 | 411% 2.2%% 58.5+ 1.5
Maximum dP/dt 11,106+ 692 10,975+ 4o | 7,726+ 478%+ 11,046 + 545
(mmHg/s)
Minimum dP/dt -8,333+432 | -,,451 +430* | -5514 + 489*+ -7,663 £ 544
(mmHg/s) |
dV/dtmax (Hl/s) 3,692-. .15 | 2,746 +227* | 2,571+ 282* 3,620 + 356
[0 (msec) 7703 10.8 + 0.9* 11.3+0.6* 7.8+ 0.6
Ea (MmHg/ul) 2 Y0+0.08 1.99 +0.23 2.85+ 0.10*f 1.97 +0.08
EF (%) 57+2 5642 3542 55+ 3
Ees (mmHg/ul) 1.85+ 0.06 1.81+0.36 | 1.28+0.12%} 1.79 +0.05
Msw (MmHg) 103.0+16 101.9+ 3.7 747 + 2.6%F 101.5+16
Ees/En 0.95+ 0.06 0.91+0.11 0.45 + 0.04*+ 0.91+0.03

Values are mean + SD; N=number of mice.

HF, heart failure; HFpEF, heart failure with preserved ejection fraction; LV, left ventricular; Pgp,

end- diastolic pressure; Pgs, end-systolic pressure; Vep, end-diastolic volume; Vs, end-systolic

volume; SV, stroke volume; dV/dtmax, the peak rate of mitral flow; [1[1[1LV time constant of




relaxation; Ep, arterial elastance; EF, Ejection Fraction; Egs, the slope of linear Pgs-Vgs relation;

Msw, the slope of SW-Vgp relation; Egs/Ea, ratio of LV-arterial coupling.

*p <0.05, vs. Control group.

T p <0.05, HF vs. HFpEF.

Table 3. Effects of Chronic G1 on Myocyte Contractile Function, [Ca?*]; Transient, and p-

Adrenergic Reserve in HF

Control (N=12) HFpEF (N=6) HF (N-22) HF/G1 (N=12)
Baseli | Isoprotere | Baseli | Isoprotere Basch—'_lcoprotere Baseli | Isoprotere
ne nol ne nol RS nol ne nol
Restin | 113.4 1125+ 110. | 1095+ | .P4.¢+ 1244+ 114.3 1138 +
g +4.6 4.9 0+ 8.0 9..* 8.9 +75 7.5
length 8.3
(Um) L
SA (%) | 93+ 141+ 9.7+ 145+ 6.2 £ 74+ 9.1+ 13.8 %
1.0 1.4+ 0.7 " 3% 0.5*§ 0.71% 0.4 1.0%
dL/dtm, | 145.2 233.1+ 141.8 226.8+ | 995+ | 1228+ | 14064 2260
X +55 9.6+ +114 | 1414 3.2%§ 4.4%% 3.4 5.0+
(Om/se |
c)
dR/dtm | 108.1 1698+ | 7/1lc+t 99.2 + 70.2 + 88.5+ 104.7 163.7 +
ax +5.6 9.87 i.0* 7.87% 3.6* 4.07% +4.9 8.97
(Om/se ‘
0) _
[Ca™]i | 0.20+ J.o7a 0.21+ 0.27 + 0.16+| 018+ 0.20 + 0.27 +
T 0.01 0.01 0.01 0.01} 0.01*§ | 0.01f% 0.01 0.017

Values are mean £+ SD; N= number of mice. HF: heart failure; HFpEF, heart failure with

preserved ejection fraction; SA, Percent of shortening; dL/dtmax, peak velocity of shortening;

dR/dtmnay, peak velocity of re-lengthening; [Ca?*]ir, the peak systolic [Ca?*]; transient.

* p<0.05, vs. Control baseline.

T p<0.05, Isoproterenol response vs. corresponding baseline value.

1 p<0.05, Isoproterenol-induced percent changes between HF vs. Control.

8§ p<0.05, HF baseline value vs. HFpEF baseline value.
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