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PRECLINICAL RESEARCH

Cardiac Gene Therapy With
Relaxin Receptor 1 Overexpression
Protects Against Acute
Myocardial Infarction
Teja Devarakonda, BS,a,b Adolfo G. Mauro, PHD,a Chad Cain, BS,a Anindita Das, PHD,a Fadi N. Salloum, PHDa,b

VISUAL ABSTRACT

Devarakonda, T. et al. J Am Coll Cardiol Basic Trans Science. 2022;7(1):53–63.

HIGHLIGHTS

� AAV9 vectors can upregulate Rxfp1 mRNA

in murine heart after intravenous

injection.

� RXFP1 upregulation sensitizes the left

ventricle to relaxin-induced inotropy.

� RXFP1 overexpression protects heart

from ischemia-reperfusion injury.
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SUMMARY

Relaxin is a pleiotropic hormone shown to confer cardioprotection in several preclinical models of cardiac

ischemia-reperfusion injury. In the present study, the effects of up-regulating relaxin family peptide receptor 1

(RXFP1) via adeno-associated virus serotype 9 (AAV9) vectors were investigated in a mouse model of

myocardial infarction. AAV9-RXFP1 vectors were generated and injected in adult male CD1 mice. Up-regulation

of Rxfp1 was confirmed via quantitative polymerase chain reaction, and overexpressing animals showed

increased sensitivity to relaxin-induced ventricular inotropic response. Overexpressing animals also demon-

strated reduced infarct size and preserved cardiac function 24 hours after ischemia-reperfusion. Up-regulation

of RXFP1 via AAV9 vectors has potential therapeutic utility in preventing adverse remodeling after myocardial

infarction. (J Am Coll Cardiol Basic Trans Science 2022;7:53–63) © 2022 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

R elaxin-2 is a peptide hormone recog-
nized primarily for its physiological
role in modulating maternal hemo-

dynamic function during the latter stages of
mammalian pregnancy (1,2). Placentally
derived relaxin-2 facilitates fetal demands

by increasing cardiac output, vascular compliance,
and renal blood flow (1). However, further investiga-
tion of relaxin-2-mediated effects revealed the
diverse functionality of the hormone in various organ
systems, including the male reproductive system,
skeletal and connective tissue, central nervous sys-
tem, and cardiac tissue (1). In the heart, relaxin-2
elicits signaling in cardiomyocytes, resident fibro-
blasts, and endothelial cells and has been shown to
confer protection in several models of myocardial
damage and heart failure (2,3). Acute administration
of relaxin-2 has been shown to improve survival;
reduce infarct size, inflammation, and immune cell–
mediated damage; and prevent fibrosis and arrhyth-
mogenesis in animal models of myocardial infarction
(MI) (2,4-6). Previous studies from our laboratory
demonstrated that endothelial nitric oxide synthase
(eNOS)–dependent signaling and reduction of
NACHT, LRR, and PYD domains–containing protein 3
inflammasome activity mediate protection of the mu-
rine heart after acute ischemia-reperfusion (IR) injury
(6). Long-term treatment with relaxin-2 prevents
adverse remodeling and hinders progression toward
heart failure in animal models of ischemic,
isoproterenol-induced, and pressure-overload vari-
ants of heart failure (7-9). Nevertheless, the limita-
tions associated with long-term relaxin-2
administration, including production costs (owing to
incorporation of intrapeptide disulfide linkages) (2),
short in vivo half-life (3-4 hours), and the need for
routine, parenteral administration, challenge the
translational impact of direct use of the hormone (10).

The G-protein coupled receptor relaxin family
peptide receoptor 1 (RXFP1) serves as the cognate
receptor for relaxin-2 in tissues. RXFP1 possesses
unique leucine-rich repeats in the N terminus of the
receptor, and these residues enable ligand binding
and activation (3). The regulation of RXFP1 expres-
sion in the failing heart is not fully understood and
could directly influence the efficacy of relaxin-2
treatment. For instance, beta-adrenergic activity (as
observed in heart failure due to neurohormonal dys-
regulation) can reduce RXFP1 expression in car-
diomyocytes (11). Finally, a potential mismatch in
receptor-hormone-associated expression changes
could also account for the observed increase in
relaxin-2 expression in the failing heart.

In our present study, we investigated the conse-
quences of acute myocardial IR injury and subse-
quent cardiac adverse remodeling in mice
overexpressing RXFP1. Overexpression of RXFP1 was
achieved through adeno-associated virus serotype 9
(AAV9) vectors capable of cardiotropic gene therapy.
Overexpressing RXFP1 can potentially overcome the
limitations posed by ligand-based options, as AAV9
vectors have been shown to ensure stable over-
expression for extended periods of time following
initial delivery (12).

METHODS

A detailed description of experimental groups and
animals, preparation of AAV9 plasmids and vectors,
Millar catheterization, the MI protocol for IR injury,
echocardiography, infarct size and scar size estima-
tion, isolation of primary cardiomyocytes, and the
simulated ischemia and reoxygenation (SIRO) proto-
col is included in the Supplemental Appendix.

STUDY DESIGN AND ANIMALS. Sample sizes were
rationally chosen given our prior experience with IR

ABBR EV I A T I ON S

AND ACRONYMS

AAV = adeno-associated virus

CMV = cytomegalovirus

eNOS = endothelial nitric

oxide synthase

GLS = global longitudinal

strain

IR = ischemia-reperfusion

LV = left ventricular

MAPK = mitogen-activated

protein kinase

MI = myocardial infarction

mRNA = messenger

ribonucleic acid

PV = pressure-volume

RXFP1 = relaxin family peptide

receptor 1

SIRO = simulated ischemia and

reoxygenation

VEC = empty vector
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in animal models and expected rates of intra- or
postoperative mortality. Adult CD1 mice (8 weeks old)
were purchased from Charles River Laboratories. All
animal procedures, including tail vein injections for
viral vector delivery, IR surgery, echocardiography,
Millar catheterization, and sample acquisition, were
performed in strict adherence to guidelines for the
care and use of laboratory animals, as updated by the
National Institutes of Health (8th edition, 2011). The
aforementioned techniques are approved for our
implementation by the Virginia Commonwealth Uni-
versity Institutional Animal Care and Use Committee.
Mice were injected with 100 mL of saline, empty vec-
tor (VEC), or AAV9-RXFP1 via the tail vein and were
allowed to incubate for 4 weeks prior to further
experimentation. For the IR surgery, mice were
anesthetized with intraperitoneal pentobarbital
(70 mg/kg) and subsequently intubated. Thoracotomy
was performed, and the left anterior descending
coronary artery was identified and ligated around a
polyethylene tube for 30 minutes to induce cardiac
ischemia, followed by reperfusion.

STATISTICAL ANALYSIS. Data from the experiments
were assessed for normality using the Shapiro-Wilk
normality test. For normal distributions, data are re-
ported as mean � SEM. For comparison between 2
groups, an unpaired Student’s t-test was used. For 3
or more groups, 1-way (or 2-way) analysis of variance
was used to determine statistical significance, fol-
lowed by Tukey’s post hoc method for multiple
pairwise comparisons. For skewed distributions, data
are summarized as median (IQR). To compare 2
datasets, the Wilcoxon rank sum test was used
to determine significance. For all comparisons,
P values <0.05 were considered to indicate statistical
significance. Statistical analyses were performed us-
ing GraphPad version 8 (GraphPad Software).

RESULTS

INJECTION OF AAV9 PARTICLES UP-REGULATES

CARDIAC EXPRESSION OF RXFP1. The AAV9 vector
was chosen for cardiac delivery of RXFP1 transgenes
to facilitate overexpression. To ensure global cardiac
up-regulation of RXFP1, a cytomegalovirus (CMV)
promoter was inserted upstream of RXFP1 comple-
mentary deoxyribonucleic acid, measuring 2.2 kb, in
the AAV9 vector (Figure 1A). As detailed in the
Supplemental Methods, viral particles were gener-
ated using a helper-free plasmid and a human em-
bryonic kidney 293 cell transfection system in the
vector core at the University of Pennsylvania. To
determine the optimal titer for in vivo experimenta-
tion, 3 different doses of viral vectors were given

intravenously to adult male CD1 mice 6 to 8 weeks of
age and allowed to incubate for 4 weeks. After this
period, cardiac tissue was isolated for gene expres-
sion using real-time polymerase chain reaction. Rxfp1
expression was up-regulated at all 3 doses (Figure 1B).
Therefore, a viral dose of 1 � 1011 genomes was used
for subsequent experimentation. Overexpression of
Rxfp1 in AAV9-administered mice was confirmed
through messenger ribonucleic acid (mRNA) in car-
diac tissue lysates, as well as in primary car-
diomyocyte isolates (Figures 1C and 1D). Downstream
signaling of RXFP1 is facilitated by various modula-
tors, including members of the mitogen-activated
protein kinase (MAPK) family (p44/p42 MAPK), and
is transduced by various second messengers. Phos-
phorylation of p44/p42 MAPK, a downstream event of
RXFP1 activation, was also significantly higher in
mice overexpressing Rxfp1 4 weeks after AAV9-RXFP1
administration (Figure 1E).
OVEREXPRESSION OF RXFP1 IN THE LEFT VENTRICLE

INCREASES SERELAXIN-INDUCED INOTROPIC RESPONSE.

Left ventricular (LV) pressure-volume (PV) analysis
was performed using Millar catheterization of mice.
To test whether high concentrations of serelaxin
influenced cardiac cycle physiology, healthy CD1 male
controls were used. A bolus dose of 1 mg/kg serelaxin
was delivered subcutaneously, and PV loops were
monitored for 15 minutes. Mice injected with ser-
elaxin attained higher peak systolic pressures (DPmax)
and DdP/dtmax and higher end-systolic pressure to-
ward the end of cardiac ejection (Figure 2A,
Supplemental Table 1). The upward-left shift of end-
systolic pressure, along with increases in stroke vol-
ume and pressures, indicates an increase in contrac-
tility (inotropy). These effects were independent of
preload (ventricular filling), as the slope for end-
systolic PV relationship obtained after briefly
turning off mechanical ventilation (eliciting a
Valsalva-like reflex and increasing preload) was
higher after injecting serelaxin (1 mg/kg) (Figure 2B).
Therefore, the increase in pressures associated with
relaxin administration is likely due to increased
contractility and not due to changes in preload and
afterload. End-diastolic pressure did not change
among the groups. However, DdP/dTmin, which is
associated with isovolumetric relaxation, was low-
ered (increased in magnitude) upon administration of
relaxin (Supplemental Table 1). The LV relaxation
constant s, which is independent of loading condi-
tions, was also lower with treatment (Supplemental
Table 1). Taken together, these findings suggest that
relaxin possibly contributes to both increased
contractility during systole and active relaxation
during diastole. Alternatively, no significant changes
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FIGURE 1 Feasibility Data for Using AAV-RXFP1 Vectors for Cardiotropic Expression

(A) Schematic outlining the plasmid design with the transgene incorporated downstream of the cytomegalovirus (CMV) promoter. (B) Dose-

response relationship measuring the messenger ribonucleic acid (mRNA) levels of relaxin family peptide receptor 1 (RXFP1) 4 weeks after

injection of adeno-associated virus (AAV)–RXFP1; quantitative polymerase chain reaction analysis shows increased expression of Rxfp1 mRNA

at all doses. For subsequent experimentation, 1 � 1011 viral genomes per mouse was chosen. (C) Significantly higher mRNA expression of

Rxfp1 in cardiac tissue lysates when treated with AAV-RXFP1 compared with empty vector (VEC) (1 � 1011 genomes/mouse, n ¼ 4 for all

experimental groups). (D) Significantly higher expression of Rxfp1 mRNA was observed in cardiomyocytes isolated from AAV-RXFP1 mice

when primary cells were isolated 4 weeks after injection with AAV-RXFP1 (n ¼ 5 for all experimental groups). (E) Increased phosphorylation of

p44/p42 mitogen-activated protein kinase (MAPK) in cardiac tissue lysates extracted from AAV-RXFP1 mice (n ¼ 6) compared with VEC mice

(n ¼ 3). For C, 1-way analysis of variance with Tukey post hoc analysis was used. For D, the Mann-Whitney U test was performed to compare

the skewed distributions. For E, unpaired Student’s t-test was used for comparisons between the groups. *P < 0.05. **P < 0.01.

ADU ¼ arbitrary densitometric units.
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in the aforementioned parameters were observed
when animals were treated with a lower dose of ser-
elaxin (10 mg/kg) (Figure 2A, Supplemental Table 1).

To test whether manipulating RXFP1 expression
levels influenced the sensitivity of the PV relationships
to exogenously administered relaxin, mice from the
viral vector groups were treated with a 10 mg/kg dose of
serelaxin. Mice injected with AAV-RXFP1 (as opposed
to the VEC group) showed increased sensitivity to the

lower dose, as observed through changes in DPmax,
DdP/dtmax, end-systolic pressure, DdP/dTmin, and s,
recapitulating the trends observed when CD1 male
controls were injected with high-dose (1 mg/kg) ser-
elaxin (Figures 3A to 3G). An increased trend (without
statistical significance) was also detected in the change
in stroke volume and stroke work (Supplemental
Figures S1A and S1B), and no significant differences
were noted in the change in heart rate. Baseline

FIGURE 2 Representative PV Loop Tracings Before and After Intervention in Control Mice

(A) Representative pressure-volume (PV) loops showing cardiac function showing baseline function (pre) and function after injection (within

15 minutes; post) of either saline or serelaxin (SRLX) (10 mg/kg and 1 mg/kg) acute doses delivered intraperitoneally. End-systolic pressure

and peak systolic pressure (Pmax) are visibly elevated in animals injected with 1 mg/kg serelaxin (Supplemental Table 1). (B) Representative

tracings of acute changes in PV loops upon stoppage of mechanical ventilation (leading to increased left ventricular [LV] filling). The slope of

the end-systolic PV relationship (ESPVR) was lower when preload increase was facilitated prior to the injection of 1 mg/kg serelaxin (pre).

After the intervention, and upon confirming the stabilization of any drug-induced effects on the PV loops, mechanical ventilation was turned

off to obtain the ESPVR slope (post). The higher slope after intervention suggests that the observed increases in contractile pressures are

preload independent. EDPVR ¼ end-diastolic pressure-volume relationship; Ped ¼ end-diastolic pressure; Pes ¼ end-systolic pressure;

RVU ¼ relative volume unit; Ved ¼ end-diastolic volume; Ves ¼ end-systolic volume.
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FIGURE 3 Millar Tracings in Transfected Mice After Administration of Low-Dose Serelaxin

(A) Representative PV loops tracings in VEC and AAV-RXFP1 mice before (pre) and after (post) administration of low-dose serelaxin (10 mg/kg)

intraperitoneally. PV-associated parameters are subsequently quantified. (B) The change in peak systolic pressure (PMax) was significantly

higher in the AAV-RXFP1 group (13.75 � 3.13 mm Hg/s vs �0.94 � 4.46 mm Hg/s in VEC group). (C) The change in (dP/dt)Max was also

significantly higher with serelaxin treatment in AAV-RXFP1 group (1,191 � 365.5 mm Hg/s vs �319.8 � 125.3 mm Hg/s in VEC group). (D) No

net changes in end-diastolic pressure (EDP) were detected between the groups (0.97 � 0.70 mm Hg/s in AAV-RXFP1 group vs

�0.11 � 2.39 mm Hg/s in VEC group; P ¼ NS). (E) The increase in end-systolic pressure (ESP) was significantly higher in the AAV-RXFP1 group

with serelaxin (14.58 � 3.428 mm Hg/s vs �1.33 � 4.92 mm Hg/s in VEC group). (F) Increased magnitude of change in (dP/dt)Min was

observed in AAV-RXFP1 animals when treated with serelaxin (�682 � 318.8 mm Hg/s vs 384 � 133.3 mm Hg/s in VEC group). (G) The load-

independent relaxation constant s is lowered after treatment with relaxin in the AAV-RXFP1 group (net change �1.15 � 1.03 in AAV-RXFP1

group and 5.83 � 3.109 in VEC group). For B to G, n ¼ 4 for VEC and n ¼ 5 for AAV-RXFP1; unpaired student’s t-test was used to compare

datasets. *P < 0.05. **P < 0.01. Abbreviations as in Figures 1 and 2.
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FIGURE 4 Infarct Size and Functional Parameters Post-MI in Transfected Mice

(A) Infarct size was significantly lower in AAV-RXFP1 mice (24.42% � 5.95%) compared with VEC mice (54.22% � 15.70%) when expressed as a percentage of area at

risk. Bar represents 3.5 mm. Area at risk did not differ between the 2 groups (53.40% � 2.16% in AAV-RXFP1 vs 51.77% � 1.80% in VEC). (B) Fractional shortening

(FS) was significantly higher in the AAV-RXFP1 group at 24 hours (27.81% � 2.993% vs 14.94% � 2.68% in VEC) and 7 days (31.68% � 1.77% vs 12.64% � 1.69% in

VEC). (C) Left ventricular internal diameter at systole (LVID - s) was significantly smaller in AAV-RXFP1 mice at 24 hours (3.01 � 0.14 mm vs 3.67 � 0.15 mm in VEC)

and 7 days (2.87 � 0.15 mm vs 4.51 � 0.28 mm in VEC). (D) Left ventricular internal diameter at diastole (LVID - d) was not significantly different at 24 hours

between the groups but was significantly smaller in AAV-RXFP1 mice at 7 days (4.20 � 0.12 mm vs 5.15 � 0.26 mm in VEC). (E) Radial dyssynchrony among the left

ventricular (LV) long-axis segments was not significantly different between the AAV-RXFP1 and VEC groups at 24 hours (19.39% � 2.73% vs 31.14% � 5.84%,

respectively) but was significantly higher in the VEC group at 7 days (15.53% � 5.87% vs 33.79% � 5.039%). (F) Global longitudinal strain was significantly higher in

magnitude in AAV-RXFP1 mice at 24 h (�13.84% � 1.61% vs �6.86% � 1.56% in VEC) and 7 days (�14.08% � 2.07% vs �6.42% � 1.17% in VEC). (G) LV scar size

was significantly smaller at 7 days post–myocardial infarction (MI) in AAV-RXFP1 mice (3.86% � 0.94%) than in VEC mice (10.71% � 1.23%), expressed as a per-

centage of LV tissue (bar represents 3.5 mm). (H) The proportion of trypan blue–positive cells (compared with baseline in the corresponding non–simulated ischemia and

reoxygenation [SIRO] controls) was significantly lower in myocytes isolated from AAV-RXFP1 animals compared with VEC (1.58 � 0.22 vs 2.89 � 0.46, respectively).

For A and H, unpaired Student’s t-test was used (n ¼ 5 for VEC and AAV-RXFP1). For B to F (n ¼ 5-10), 2-way analysis of variance with post hoc Bonferroni test was

used. For G, unpaired Student’s t-test was used to compare scar sizes between VEC (n ¼ 7 for VEC, n ¼ 5 for AAV-RXFP1). Bar represents 100 mm. *P < 0.05. **P <

0.01. ***P < 0.001. PreIR ¼ pre-ischemia/reperfusion; other abbreviations as in Figures 1 and 2.
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parameters (prior to injection of serelaxin) did not vary
among thewild-type CD1, VEC, and AAV-RXFP1 groups
(Supplemental Table 2). The association between
ventricular contractility/relaxation and acute relaxin
treatment has not been physiologically characterized
in vivo before, and up-regulation of RXFP1 led to a
more pronounced response to relaxin exposure in our
experiments.
RXFP1 OVEREXPRESSION PROTECTS MICE FROM

MYOCARDIAL IR INJURY. After the 4-week incuba-
tion period for the AAV9-injected mice, cardiac func-
tion was assessed via echocardiography to detect any
changes in healthy, overexpressing mice. Animals
from all the experimental groups had no significant
differences in LV fractional shortening and heart rate
(Supplemental Table 3). Mice were subjected to IR
injury via left anterior descending coronary artery
ligation for 30 minutes to induce myocardial ischemia.
After 24 hours of reperfusion, infarct size was
measured using 2,3,5-triphenyltetrazolium chloride
staining. AAV-RXFP1 mice had a significantly lower
infarct size, expressed as a percentage of at-risk area
(Figure 4A). The area at risk did not differ between the
groups. Functional parameters were recorded at 24
hours and 7 days post-MI. Short-axis M-mode views
demonstrated preserved fractional shortening in
AAV-RXFP1 mice compared with VEC mice
(Figure 4B). LV internal diameter at systole was
smaller in the AAV-RXFP1 group, indicating more
robust contractile function compared with the VEC
group (Figure 4C). Although the internal diastolic
diameter did not significantly differ between the
groups at the 24-hour time point, the trend diverged
to significance at 7 days as the remodeling process
ensued (Figure 4D). Subsequently, long-axis views
were obtained for speckle-tracking and strain anal-
ysis. Preservation of systolic function was evident in
the AAV-RXFP1 group upon assessment of radial
dyssynchrony (Figure 4E). Most important, global
longitudinal strain (GLS) was significantly higher in
magnitude in the treated group at the 24-hour and 7-
day time points (Figure 4G). The extent of adverse
remodeling post-MI was higher in the VEC group, as
LV sections from AAV-RXFP1 mice had a significantly
smaller percentage of LV fibrosis (Figure 4H).

Adult primary cardiomyocytes isolated from VEC
and AAV RXFP1 mice were subjected to hypoxia in an
ischemia buffer, followed by SIRO with myocyte me-
dia. A subset of cells from the experimental groups
were not subjected to the SIRO conditions and were
used as controls for the experiment. The percentage of
cell deathwas estimated by the number of trypan blue–
positive cells, and a baseline was obtained for the non-
SIRO controls. The percentage of dead cells in the SIRO

groups was expressed as a proportion of this baseline
from the corresponding non-SIRO groups. Primary
myocytes from RXFP1-overexpressing mice had a
smaller proportion of dead cells after SIRO (Figure 4I).

DISCUSSION

The cardioprotective benefits of relaxin therapy have
been demonstrated in numerous preclinical studies.
Although the protective mechanisms significantly
influence fibroblast signaling (13), immune cell infil-
tration (14), sterile inflammation (6,15), and preven-
tion of microvascular damage and leakage (16),
relaxin treatment also influences calcium dynamics
(5), electric properties (via associated increases in
sodium channel [17] and connexin expression [18]),
and energetics (AMPK-Akt pathway [19]) by directly
acting on cardiomyocytes. In our previous work, we
demonstrated the cardioprotective effects of ser-
elaxin in mitigating cardiac IR injury by inhibiting the
activation of the NACHT, LRR, and PYD domains–
containing protein 3 inflammasome in an eNOS-
dependent manner (6). More recently, we showed
that B7-33, a functionally selective RXFP1 agonist,
reduces tunicamycin-induced endoplasmic reticular
stress in primary cardiomyocytes via activation of
p44/p42 MAPK (20), an event central to several of the
protective mechanisms elicited by relaxin signaling,
including eNOS activation, inhibition of transforming
growth factor b signaling, and reactive oxygen species
production (2,21). In the present study, phosphory-
lation of p44/p42 MAPK was up-regulated in cardiac
tissue lysates after overexpression of RXFP1, sug-
gesting a mechanistic link explaining the observed
outcomes.

Several constraints limit the direct therapeutic
usage of relaxin to address ischemic heart disease,
including a short half-life, need for parenteral
administration, and production costs, as mentioned
earlier. Because of the paucity of high-fidelity anti-
bodies capable of accurately detecting G-protein
coupled receptor expression in biological tissues,
characterizing the expression of RXFP1 in the normal
and diseased ventricular myocardium is challenging.
Taking these factors into consideration, we sought to
investigate alternative approaches with increased
potential for translational impact for relaxin therapy
in ischemic heart disease. By using AAV9 vectors to
induce RXFP1 up-regulation in the heart, we
attempted to: 1) understand the functional role of
RXFP1 overexpression in the myocardium; 2) elicit
exogenous agonist-independent myocardial protec-
tion, attributable to either constitutive activity of
RXFP1 or compensatory increases in myocardial
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relaxin over the course of disease evolution; and 3)
ascertain the potential of AAV9 gene therapy as a
vector for RXFP1-induced cardioprotection. To take
advantage of the pleiotropic benefits associated with
RXFP1 signaling in cardiac fibroblasts and endothelial
cells (in addition to cardiomyocytes), a CMV promoter
was inserted upstream of the Rxfp1 transgene. Injec-
tion of AAV-RXFP1 vectors led to a significant up-
regulation of Rxfp1 mRNA 4 weeks postincubation,
indicating a robust transcription of viral comple-
mentary deoxyribonucleic acid in myocardial tissue,
as well as isolated primary cardiomyocytes. Given the
lack of consistency in detecting RXFP1 protein in a
reproducible and replicable manner using commer-
cially available antibodies, RXFP1 up-regulation was
not confirmed via western blot. However, the
observed phosphorylation of p44/p42 MAPK, along
with changes in cardiac physiology upon treatment
with low-dose serelaxin in AAV-RXFP1 group, are
consistent with the up-regulation of Rxfp1 mRNA.

The canonical signaling pathways associated with
RXFP1 involve a Ga subunit–induced, biphasic acti-
vation of adenylyl cyclase isotypes, leading to cyclic
adenosine monophosphate production shortly
following ligand activation. The Gbg subunit dissoci-
ates from the heterotrimeric G protein complex upon
activation to activate p44/p42 MAPK signaling, which
has been implicated in several cardioprotective path-
ways (3,22). However, RXFP1 forms a signalosome
complex in the absence of nanomolar-range relaxin
concentration and demonstrates constitutive activity
that is sensitive to even attomolar (10-18 M) ranges of
relaxin expression (23). Although the therapeutic
relevance of this pathway is yet uncertain, it is
possible that protection of myocardial function in
AAV-RXFP1 mice occurs through these mechanisms.

In the present study, despite the changes associ-
ated with overexpression-induced downstream
signaling, physiological parameters at baseline,
including fractional shortening and heart rate, did not
vary among the experimental groups. Previously,
intraperitoneal administration of 10 mg/kg serelaxin in
our mice led to plasma concentrations close to 1 ng/mL
within minutes following injection (6). To test
whether higher concentrations of relaxin led to
changes in cardiac function, LV pressures and vol-
umes were measured using Millar catheterization
before and after the administration of low (10 mg/kg)
and high (1 mg/kg) doses of serelaxin in healthy CD1
male controls. High-dose serelaxin led to a previously
unreported in vivo finding involving acute increases
in contractility, as evidenced by increases in peak
systolic pressure, dP/dtmax, and end-systolic pressure
and the characteristic shape of the PV loop. These

effects were preload independent, as the end-systolic
PV relationship slope also increased with high-dose
serelaxin treatment. Relaxin-induced ventricular
inotropy has been sparsely reported, because of
species-dependent differences in receptor expression
and variations in methodology (24,25) (ex vivo,
myofilament force development, etc). Interestingly,
relaxin-induced increases in contractility were
attributed to increased phosphorylation of myosin-
binding protein C, troponins T and I, and increased
Ca2þ sensitivity, without increasing myofilament
adenosine triphosphate consumption (24). This dif-
fers mechanistically from catecholamine-induced
inotropy, in which energy consumption is increased
because of protein kinase A activation (26). Treatment
with relaxin also improved relaxation kinetics (pre-
load and afterload independent) in the myocardium,
suggesting improved calcium dynamics during the
active relaxation. These findings have significant
therapeutic implications, as relaxin-induced inotropy
and lusitropy (relaxation) can potentially increase
stroke volume and meet the circulatory demands in
ischemic heart disease, without increasing energetic
demands due to high stroke work. AAV-RXFP1 mice
showed inotropic effects even at a lower dose of
relaxin, suggesting increased sensitivity to the hor-
mone upon receptor up-regulation.

Adeno-associated viral vectors are a preferred
vector for delivery of transgenes to the myocardium
because of low immunogenicity and a predictable
course of transfection (27). The lack of rep and cap
genes prevents self-assembly, secondary infection,
and integration into the host genome. The viral
genome remains as episomal inclusions within the
nucleus, reducing the likelihood of random insertions
within the host genome and inducing mutagenesis
(27). The unique 3-dimensional structure conferred
by the variable surface regions of the AAV9 capsid (as
opposed to other serotypes) enables cardiac tropism
(variable surface region IX) (28). The differential
expression of viral transgenes was strongly depen-
dent on the route of administration; intravenous de-
livery strongly favors uptake of AAV9 particles by
cardiac and hepatic tissue (29). Interestingly, it was
shown that intravascular delivery of 1 � 1011 genomes
led to a strong fluorescent signal in histologic sections
of heart and liver when AAV9–CMV–green fluorescent
protein particles were delivered (29). Expression in
spleen, lung, kidney, brain, and muscle was minimal.
The use of a CMV promoter led to sustained green
fluorescent protein expression only in the heart,
while liver green fluorescent protein levels declined
8 weeks postinjection (29). In our study, 1 � 1011 AAV-
RXFP1 viral genomes led to a strong up-regulation of
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Rxfp1. Although achieving cardiac-specific over-
expression was not the goal of the present study,
targeted expression could possibly be attained by
using a targeted promoter such as cardiac troponin T
(30) (chicken cardiac troponin). Further experimen-
tation is necessary to address concerns related to off-
target expression.

Up-regulation of RXFP1 in the ventricular tissue
led to a significant decline in infarct size 24 hours
post-MI (24.42% vs 54.22% in the AAV-RXFP1 and
VEC groups, respectively). This reduction is compa-
rable with that demonstrated in our previous work, in
which acute cardioprotection was achieved with
serelaxin (10 mg/kg) (6). The functional effects of
cardioprotection were also observed in short-axis
parameters including fractional shortening and LV
internal diameter at systole. GLS, which is a stronger
predictor of mortality than LV ejection fraction in
patients with acute heart failure (31), was also
significantly attenuated in the VEC but not the AAV-
RXFP1 group at 24 hours. Interestingly, trends in
fractional shortening, LV internal diameter (at systole
and diastole), and GLS diverged further at the 7-day
time point. These findings suggest continued pro-
tection from overexpression in addition to the
infarct-sparing effects of RXFP1 up-regulation.
Future studies will be directed toward understand-
ing the effect of adverse remodeling by up-regulating
RXFP1 as a rescue strategy and delivering the viral
vectors after MI. Scar size at 7 days was significantly
smaller in the treatment group, implicating the anti-
fibrotic effects of RXFP1 signaling. Although several
mechanisms have been implicated, Wnt signaling–
induced blockade of the transforming growth factor-
b pathway was demonstrated in fibroblasts exposed
to relaxin (32). Recently, it was shown that RXFP1
heterodimerizes with angiotensin II receptor to
transduce signaling in fibroblasts. The significance of
this signaling paradigm is yet to be determined in our
model of RXFP1 overexpression (33). Finally, in vitro
experimentation in our study showed that myocytes
from RXFP1-overexpressing mice had a reduced
number of trypan blue–positive cells upon SIRO,
indicating reduced cell death in this context.

Our present experimental design was focused on
examining the feasibility of using AAV9 vectors to
overexpress RXFP1 in the ventricular myocardium.
AAVs were previously used to up-regulate sarco-
plasmic/endoplasmic reticulum Ca2þ-ATPase in the
CUPID (A Study of Genetically Targeted Enzyme
Replacement Therapy for Advanced Heart Failure)
trial to address clinical endpoints of heart failure (34).
Although the trial failed to successfully improve the
clinical course in patients, the finding that <1% of

cardiomyocytes were successfully infected by the
AAVs (because of high dose requirements) could have
potentially affected the outcomes of the trial (35). In
the context of adverse remodeling, targeting car-
diomyocytes specifically downstream of an infarct
could be more effective and translationally achiev-
able. Nevertheless, transitioning to human trials
would require adequate assessment of safety profiles
and dosing strategies.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Our

research is centered on the topics of MI and resultant

adverse remodeling and congestive heart failure. By

targeting relaxin signaling via the overexpression of

RXFP1 receptors, we show a potential therapeutic

strategy to confer cardioprotection post-MI. Given its

clinical relevance, this work directly relates to the

medical knowledge component of the 6 domains

promulgated by the Accreditation Council on Grad-

uate Medical Education as part of competency-based

learning in cardiovascular medicine.

TRANSLATIONAL OUTLOOK: Relaxin is a pleio-

tropic hormone shown to confer cardioprotective

properties in several animal models of heart disease.

In the context of MI, the protective signaling associ-

ated with relaxin therapy has been shown to reduce

inflammation, fibrosis, and arrhythmogenesis. We

designed and produced AAV9 vectors capable of up-

regulating RXFP1, the relaxin receptor, in the heart

and demonstrated the preservation of cardiac tissue

and function post-MI in overexpressing mice. Gene

therapy via RXFP1 up-regulation could play a novel

role in protecting ischemic myocardium and prevent-

ing adverse remodeling, mitigating the clinical burden

of heart failure.
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