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a b s t r a c t

In consensus, myocardial infarction (MI) is defined as irreversible cell death secondary to prolonged
ischemia in heart. The aim of our study was to evaluate the therapeutic potential of anti-fibrotic human
Relaxin-expressing plasmid DNA with hypoxia response element (HRE) 12 copies (HR1) delivered by a
dendrimer type PAM-ABP polymer G0 (HR1/G0) after MI on functional, hemodynamic, geometric, and
cardiac extracellular matrix (ECM) remodeling in rats. HR1/G0 demonstrated significantly improved LV
systolic function, hemodynamic parameters, and geometry on 1 wk and 4 wks after MI in rats, compared
with I/R group. The resolution of regional wall motional abnormalities and the increased blood flow of
infarct-related coronary artery supported functional improvements of HR1/G0. Furthermore, HR1/G0
polyplex showed favorable post-infarct cardiac ECM remodeling reflected on the favorable cardiac ECM
compositions. Overall, this is the first study, which presented an advanced platform for the gene therapy
that reverses adverse cardiac remodeling after MI with a HR1 gene delivered by a bioreducible dendrimer
polymer in the cardiac ECM.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

MI caused by occlusion of coronary artery is the leading cause of
mortality and morbidity in the world [1e7]. It is predicted that the
direct medical costs of all cardiovascular diseases, including hy-
pertension, coronary artery disease (CAD), heart failure (HF), and
stroke will triple, reaching $818 billion in 2030 [8]. The percuta-
neous coronary intervention (PCI), restoring blood flow to the
ischemic myocardium reduces infarct size by 40%. Without reper-
fusion by PCI, the infarct size in heart reaches about 70% [3].
Therefore, myocardial ischemia/reperfusion (I/R) injury followed by
PCI causes the unrescued part of remaining 30% infarct and partially
explains 10% of mortality and 25% of heart failure after MI despite
optimal myocardial reperfusion [3,9]. This unrescued myocardium
followed by I/R injury can be restored by several futural cardio-
protective strategies. The post-infarct cardiac remodeling un-
dergoes sequential features in inflammatory, proliferative, and
healing phases [10e12]. A final common pathologic hallmark of
cardiac remodeling is fibrosis by excessive deposition of
.

extracellular matrix (ECM) components, which causes systolic and
diastolic dysfunction, rhythm disturbances, morbidity, and mor-
tality [12e18]. The compositional changes in ECM is not a passive
by-product, but an active player in the cellular and extracellular
events in diseases, especially determining fibrosis [18]. Although
the cardioprotective effects of therapeutic genes within the
ischemic myocardium has had some success as a MI treatment, its
promise has been limited because of not recovering the central
fibrotic scar lesion in heart tissues [1]. Even if fibrosis is a leading
cause of organ failure in diverse diseases, no effective treatment
strategies exist [12,19e21]. Reversal of cardiac fibrosis toward
favorable cardiac ECM remodeling is one of ultimate aims to pre-
serve heart function after MI [17].

Gender-related differences in cardiovascular disease (CVD),
especially the lower incidence of CVD in pre-menopausal women
have been chiefly related to protective ovarian steroids. However,
estrogen or progesterone have not been clearly identified as the
protective agents in women and are still controversial. In addition
to steroids, the ovary also produces the peptide hormone relaxin
(RLX), which was first identified for its role in reproduction and
pregnancy by Frederick Hisaw in 1926 [22,23]. Recently, RLX, a
pleiotropic hormone has been shown to have a wide range of bio-
logic actions, including anti-inflammatory, antiapoptotic, positive
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chronotropic and inotropic, vasodilatory, antiarrhythmic, anti-
fibrotic, and proangiogenic effects [17,24e29]. There are some
studies of recombinant human RLX protein (rhRLX) to investigate
effects on the myocardial infarction and cardiomyopathy [29e31].
Serelaxin, a recombinant protein of human RLX2 is ongoing phase
III clinical trial for patients with acute HF [25,32,33]. Diverse potent
cardioprotective effects of RLX render it one of the most likely
candidates for the elusive physiological shield against CVD,
including MI.

The extracellular matrix (ECM) in the heart, which is filled with
negatively charged proteoglycans and glycosaminoglycans such as
hyaluronan, has been considered as a hurdle in gene therapy.
Therefore, most researchers have been circumventing this problem
with neutrally charged particles and plasmid DNA or RNA itself.
Moreover, we do not yet understand the precise cellular and mo-
lecular mechanisms necessary to produce an ECM that is sufficient
for tissue strength and elasticity without excessive deposition of
fibrous proteins such as collagen. Dendrimers are versatile and
derivatisable chemical polymers, which can be modified into
biocompatible compounds with low cytotoxicity and high bio-
permeability [34e37]. The cationic, amino-terminated dendrimers
can exhibit long-term retention in the ECM giving a very high local
concentration of the carried substrate and acting as a drug depot at
the cellular surface [34e40]. To accomplish the prominent thera-
peutic effects of gene delivery in post-infarct cardiac remodeling, a
cardioprotective gene focused on cardiac ECM remodeling, which
exhibits targeted and prolonged accumulation in ischemic
myocardium as well as protects against an adverse post-infarct
cardiac remodeling, is needed.

Here, we utilized a dendrimer type PAM-ABP polymer [41],
retaining the unique properties of reductive disulfide linkers
coupled with the advantage of arginine residues to enhance cell
penetration and exhibiting long-term retention in the ECM, giving a
high local concentration of the carried therapeutic gene and acting
as a drug depot at the cellular surface. Wewere able to enhance the
in vitro transfection efficacy of HR1 both under hypoxia as well as
under normoxia. Furthermore, we explored the remarkable effects
of HR1 delivered by a dendrimer type PAM-ABP G0 polymer (HR1/
G0) on systolic and hemodynamic function, geometry, and cardiac
ECM derangement during post-infarct cardiac remodeling in rats.
Lastly, the HR1/G0 delivery system augmented the myocardial
perfusion by coronary artery in a coordinated way eventually to
rescue the function of infarcted myocardium in rats.

2. Materials and methods

2.1. Materials preparation

2.1.1. Construction of HR1
The human Relaxin 1-expressing plasmid DNA (R1) and 12

copies of hypoxia-response element (HRE) plasmid DNA (pDNA)
were transferred from Hanyang University. Two plasmid DNA of R1
and HRE 12 copies were confirmed by gene sequencing. The R1 (942
bp) was inserted into pcDNA3.1(-) (5427 bp, Invitrogen) using the
enzyme restriction of BamH I and Hind III. Then, the HRE12 insert
(600 bp) restricted by the EcoR I was ligated into Mfe I site. Finally,
the R1 with HRE 12 copies (abbreviated as a HR1, Suppl. Fig. 1) was
confirmed in the electrophoresis with expected sizes followed by
the different enzyme restrictions.

2.1.2. Selection and preparation of HR1/polymer polyplexes
We purified the pCMV-HR1 DNA as previously described [42].

HR1 and GFP pDNA (gWiz-GFP, Aldevron) were purified with an
endotoxin-free plasmid DNA purification NucleoBond® Xtra Maxi
plus EF kit (Macherey-Nagel Inc.). The arginine-grafted bio-
reducible poly(disulfide amine) (ABP) polymer, generation 0 (G0),
and G1 ABP-conjugated polyamidoamine (PAMAM) dendrimer
(PAM-ABP) were synthesized as previously described [41,43,44].
ABP was incorporated into the poly(amido-amine) (PAMAM) den-
drimer, creating a high molecular weight bio-reducible polymer,
PAM-ABP. G0 PAM-ABP was composed of a backbone of PAMAMG0
and four ABP residues at the surface. Then, G1 PAM-ABP had eight
ABP residues (Suppl. Fig. 2). The HR1 plasmid DNAealone and
branched poly(ethylenimine) (bPEI, 25 kDa, Sigma-Aldrich) poly-
plex (HR1/PEI) were used as controls. The HR1 polyplexes were
prepared in a 20 mM HEPES/5% glucose buffer. After incubation for
30 min at room temperature, the particle size of the polyplex
samples was evaluated by dynamic light scattering using a Zeta-
sizer Nano ZS (Malvern Instruments Ltd.). Surface charge was
measured by determination of Zeta potential using the same
instrument.

2.2. In vitro cell experiment

2.2.1. Transfection efficiency
The H9C2 cells, rat myoblast cell line, were maintained in Dul-

becco's Modified Eagle's Medium (DMEM) containing 10% fetal
bovine serum (FBS) and 1% antibiotics at 37 �C under 5% CO2. At 80%
confluence, the cells were seeded on 24-well plates at a density of
5 � 104 cells/well. After 24 h of incubation, the culture media were
replaced with fresh DMEM containing pDNA/polymer polyplexes
prepared by mixing 1 mg pDNA and wt ratio of polymer. After 4 h,
the cells were washed with phosphate buffered saline (PBS) and
cultured with DMEM containing 10% FBS. To evaluate the trans-
fection efficiency under the hypoxia condition, the 24-well culture
plates were placed in a hypoxia chamber filled with mixed gas
composed of 5% CO2, 1% O2, and 94% N2. After 48 h, the GFP
expression was quantified in the microplate reader (Tecan infinite
M200® Pro)with images under the light microscope. The amount of
RLX production and total protein were determined using a Relaxin
ELISA kit (R&D Systems) and BCA assay kit (Pierce), respectively,
according to the manufacturers' protocols. The cells were lysed
with 150 ml of lysis buffer containing a protease & phosphatase
inhibitor cocktail (Sigma). The cells were harvested and centrifuged
for 30 s at 13,000 rpm.

2.2.2. In vitro cellular uptake assay and scratch assay
In H9C2 cells, YOYO-1 iodidee (1 mmol/L in DMSO; Molecular

Probes) tagged HR1 (1 molecule dye per 50 bp nucleotide) was
prepared in the dark for 30 min. Polyplexes were prepared by
mixing YOYO-1 iodide-labeled HR1 (0.5 mg) with three different
ABP, G0, and G1 PAM-ABP polymer at wt/wt ratios of 1/20, 1/5, and
1/5, respectively in 20 mM HEPES/5% glucose solution and incu-
bated at room temperature for 30 min before transfection. HR1/PEI
(wt/wt 1/1) was used as a positive control. The polyplexes were
incubated with cells at 37 �C for 4 h in serum-free media. Samples
were analyzed by flow cytometry (FACS Caliber; BD Biosciences) at
a minimum of 1 � 104 cells using the FL1 channel for YOYO-1 dye.
Untreated cells were used as a negative control for calibration.
Cellular uptake (%) was gated on the M1 region and the mean
Fluorescence Intensity (MFI) of each groupwas recorded. Datawere
analyzed using Windows Multiple Document Interface Software,
version 2.9 (WinMDI; Microsoft).

To measure cell migration in vitro, NIH3T3 cells, the mouse
embryonic fibroblast cell line, were cultured to confluence (>90%)
in 6-well plates. After creation of one new artificial gap, scratch
using a sterile pipet tip on the bottom of the plates, R1 and HR1
alone, R1/G0 and HR1/G0 at the weight ratio of 1:5, and HR1/PEI at
the weight ratio of 1:1 were added in serum-free DMEM media.
After the 4 h transfection, plates were gently rinsed with PBS and
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changed into 10% FBS containing DMEM. The time-dependent light
microscopic images were taken until new cellecell contacts are
established again [45].

2.3. Animal study

2.3.1. 3-Dimensional (3D) scanning confocal microscopy of LV
To image the arrangement of structures in cardiac tissue on 1wk

after IR injury and normal rats, heart was harvested in rats. Cardiac
myocytes in rats were labeled using wheat germ agglutinin (WGA),
which labels glycoconjugates of cell membranes and extracellular
matrix (ECM) constituents, demarcating interstitial space. After
incubated overnight at 4 �C, the harvested samples of rat heart
tissuewerewashed and stored in PBS solution. The 3D image stacks
of labeled cells immersed in glycerol were acquired, using a
confocal microscope (LSM 5 Live Duo, Carl Zeiss) equipped with a
63X oil immersion lens (Numeric aperture, 1.4) as described pre-
viously [46,47].

2.3.2. MI in rats
We purchased male Sprague-Dawley (SD) rats from Charles

River Laboratories at 7e8 weeks-old with a body weight of
220e250 g. All rats were housed in the University of Utah under the
Association for Assessment and Accreditation of Laboratory Animal
Care International (AAALAC) guidelines. All experiments were
approved by the University of Utah Institutional Animal Care and
Use Committee and followed the guidelines provided by the Na-
tional Institutes of Health in Guide for the Care and Use of Laboratory
Animals. All rats had access to food and water ad libitum and were
housed in plastic cages on standard 12/12 h light/dark cycles. MI
was induced in male SD rats by 30 min surgical occlusion of the left
anterior descending (LAD) coronary artery as previously described
[1]. The rats were randomly assigned to the one of five groups (each
n ¼ 9): 1) sham thoracotomy, 2) I/R only, 3) 200 mg HR1 alone, 4)
100 mg HR1/G0 polyplex (wt/wt ¼ 1: 5), and 5) 200 mg HR1/PEI (wt/
wt ¼ 1: 1) polyplex. Right after successful ischemiaereperfusion (I/
R), the rats received a total injection volume of 100 ml delivered to
five separate intramyocardial sites with three injections to the
ischemic border zone of the infarct in LV (LVb) and two injections to
the central fibrotic zone of the infarct in LV (LVf) with 28 1/2 gauze
needle. Animals were followed for 4 weeks after intramyocardial
administrations.

2.3.3. Echocardiography
To assess LV function and remodeling in rats, transthoracic

echocardiography (TTE) was performed at weeks 1 and 4 after the
intramyocardial administration in rats lightly anesthetized with
isoflurane at 1e2 L/min and spontaneous respiration. Echocardio-
grams were performed with a small animal echocardiography
system (Vevo2100® High-Resolution Imaging System, VisualSonics
Inc.) equipped with a 13- to 24-MHz linear-array transducer
(MS250, MS400 MicroScan Transducer, VisualSonics). The ejection
fraction (EF, %) was evaluated using the Speckle Tracking Echocar-
diography (STE) technique. In TTE, time-to-peak analysis displays
the synchronicity and phase for different segments of the heart. The
phase measures the synchronicity located between regions of the
heart for a selected time interval and provides parameters of
regional wall motion abnormality (RWMA). As a method of anal-
ysis, the phase in this case is defined as the first fundamental
Fourier harmonic, each one of the curves is compared to the
average curve, and expressed in time delay and percentage of
heartbeats.

Transthoracic coronary blood flow velocity and diameter in the
proximal LAD (pLAD) coronary artery, infarct-related coronary ar-
tery, were measured during diastole and systole on 1 and 4 weeks
after post-infarct intramyocardial injections. The transducer was
carefully tilted and rotated, using a color doppler image as a guide,
until the diastolic coronary blood flow in the LV wall is visualized.
Following identification, coronary blood flow velocity was
measured by a pulsed wave Doppler technique [48]. All measure-
ments were averaged for 3 consecutive cardiac cycles.

2.3.4. Pathological analysis
Serial 4 mm-thick sections of rat myocardium were fixed,

embedded, and stained with hematoxylin and eosin (H&E) stain.
Collagen contents were evaluated by Masson's trichrome stain.
Immunohistochemical (IHC) staining was performed on the 4 mm-
thick sections of formalin-fixed, paraffin-embedded rat hearts tis-
sue. Sections were air-dried at room temperature and then placed
in a 60 �C oven for 30 min to melt the paraffin. Slides were
deparaffinized in xylene and then hydrated by incubation in a
graded series of alcohols. Endogenous peroxidase activity in the
sections was blocked with 3% hydrogen peroxide, and slides were
blocked with Protein Block Serum-Free (DAKO, Glostrup, Denmark)
for 20 min at room temperature. To evaluate the changes of cardiac
ECM composition, heart sections were stained using collagen I
(1:100 dilution; Abcam, Cambridge, UK), collagen III (1:100 dilu-
tion; Abcam, Cambridge, UK), fibronectin (1:50 dilution; Santa Cruz
Biotechnology), elastin (1:100 dilution; Sigma-Aldrich) specific
antibody in antibody diluents (DAKO, Glostrup, Denmark). After
incubating with primary antibodies at 4 �C overnight, the sections
were washed twice in PBS and incubated with goat anti-mouse IgG
(H þ L)-HRP (Southern Biotech) for 2 h at room temperature. Dia-
minobenzidine/hydrogen peroxidase (DAKO, Carpinteria, CA, USA)
was used as the chromogen substrate. The sections were detected
using the ULTRAViewDAB detection kit (VentanaMedical Systems).
The sections were counterstained with Mayer's hematoxylin for
8 min. Analysis of all images was randomly chosen within the
infarct border zone of LV and carried out in five random high-power
fields per section using the microscope (Carl Zeiss, Jena, Germany;
Axioskop 40) (original magnifications¼�400). Expression levels of
collagen- I, -III, fibronectin, and elastin were semi-quantitatively
analyzed using MetaMorph® image analysis software (Universal
Image Corp., Buckinghamshire, UK). Results are expressed as the
mean optical density for five different digital images. Data were
analyzed by one-way ANOVA.

2.4. Statistical analysis

All data were expressed as mean ± SEM. Comparisons between
multiple groups were performed by analysis of variance (ANOVA)
followed by Tukey post-hoc testing. A p value < 0.05 was considered
statistically significant.

3. Results

3.1. In vitro transfection efficacy of HR1

Hypoxia is one of main pathologic characteristics of ischemic
heart disease, MI [49]. In the consideration of hypoxia in the post-
infarct I/R injury, we modified the human Relaxin 1 plasmid DNA
(R1) with 12 copies of hypoxia-responsive element (HRE), gener-
ating a HR1 (Suppl. Fig. 1). Recently, we generated new bioreducible
polymers; ABP, G0 and G1 PAM-ABP (Suppl. Fig. 2) [41,43]. To select
the optimal wt:wt ratio of pDNA delivered by different bioreducible
polymers, in vitro transfection efficacy and cell cytotoxicity of pGFP
polyplexes were evaluated in H9C2 and C2C12 cells (Fig. 1a). We
decided that the optimal wt:wt ratio of ABP/pGFP was 20 and G0/
pGFP and G1/pGFP were 5, which fulfill conditions both of higher
transfection efficacy and of lower cytotoxicity in vitro. Then, the



Fig. 1. (a) In vitro transfection efficacy and cell cytotoxicity of pGFP polyplexes in H9C2 and C2C12 cells. (b) average size and Zeta potential in the optimal wt:wt ratio of HR1/polymer
polyplexes. (c) comparison of in vitro transfection efficacy under hypoxia and normoxia. #P < 0.05 vs R1/G0 polyplexes under normoxia, *P < 0.05 vs R1/G0 polyplexes under
hypoxia, yP < 0.05 vs R1/PEI polyplexes under normoxia, and xP < 0.05 vs R1/PEI polyplexes under hypoxia.
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average size and Zeta potential in the optimal wt:wt ratio of HR1/
polymer polyplexes were measured, along with HR1/PEI polyplexes
as a positive control (Fig. 1b). Under the hypoxia condition, the
effect of insertion of 12 copies of HRE (HRE12) demonstrated 5.3-
times higher transfection efficiency in HR1/G0, 3.0-times higher
in HR1/ABP, and 2.1-times higher in HR1/PEI polyplexes than
respective R1/polymer polyplexes (Fig. 1c), implying that the
addition of HRE enhances the gene expression in response to
hypoxia condition. Interestingly, the incorporation of HRE12
showed 1.4e1.5 times higher transfection efficiency under the
normoxia condition than respective R1/polymer polyplexes
(Fig. 1c).

The in vitro cellular uptake by flow cytometry didn't show any
significant differences in between ABP, G0, and G1 PAM-ABP pol-
yplexes groups (data not shown). To achieve efficient gene trans-
fection, the cellular uptake is one of major barriers to overcome.
Our three bioreducible polymers have a common backbone of ABP
residues. ABP had arginine residues as a cell-penetrating peptide,
facilitating the enhanced cellular uptake. Our in vitro result suggest
that the difference in transfection efficacy among three bio-
reducible polymers is not attributed to their different cell pene-
trating abilities.

The in vitro scratch migration assay is appropriate to evaluate
the regulation of cell migration mediated by cell interaction with
ECM and cellecell interactions [45]. Compared with R1, HR1 alone,
andHR1/PEI polyplex, both R1/G0 andHR1/G0 at theweight ratio of
1:5 revealed the faster cell migration in vitro (Fig. 2). We can
speculate that the G0 PAM-ABP delivery system supports higher
cell migration under the cell interaction with ECM.
3.2. Ex vivo 3D tissue imaging of HR1/G0

Recent methodology of three-dimensional (3D) scanning
confocal microscopy in heart provides quantitative tissue charac-
terization as well as reconstruction of tissue micro-structure based
on fluorescent tissue labeling [47]. The side-to-side slippage of
myocytes has been observed in the myocardium on 2 days after MI
[50]. We evaluated the post-infarct micro-structural changes
between in normal myocardium and in infarcted myocardium us-
ing the 3D scanning confocal ex vivo imageswithWGA labeling. The
central fibrotic zone of LV infarct showed aggressive destruction of
alignments of myocytes on 1 wk after IR injury, compared with the
border zone of LV infarct as well as normal heart tissue (Fig. 3A).
Next, the in vivo distribution pattern of different polymeric delivery
systems in the frozen sections of rat heart tissues was observed
48 h after intramyocardial injections of pGFP polyplexes. The
intramyocardial injections of pGFP/PAM-ABP G0 polyplexes showed
relatively higher homogenous expression of GFP in vivo compared
with pGFP alone and pGFP/PEI polyplexes (Fig. 3B). This result
suggests that G0 dendrimer delivery system is able to provide
wider distribution and increased in vivo efficacy of gene
therapeutics.
3.3. HR1 delivery improves LV systolic function and cardiac
hemodynamic function

The left ventricular ejection fraction (LV EF, %) is a representative
functional and prognostic marker in heart [1]. At first, we investi-
gated the time-dependent effects of intramyocardial HR1/G0 pol-
yplex injections on the cardiac systolic function and geometry
during post-infarct cardiac remodeling using transthoracic echo-
cardiography, compared with other treatment groups in rats. On
1 wk after MI, the 100 mg HR1/G0 polyplex (wt:wt ¼ 1:5) group
showed about a 15% increase of LV EF than I/R group, even up to the
comparable level of sham thoracotomy group (Fig. 4A).

Recent advance in 2D speckle-tracking echocardiography (STE),
especially using the analysis of strain and strain rate (SR) analysis
provides valuable information especially about the quantification
of regional and global myocardial dysfunction (dyssynchrony),
assessment of myocardial viability, valuable prognostic informa-
tion, and the follow-up of treatment response [51]. Strain, like
regional ejection fraction is a measure of tissue deformation. SR, a
parameter which reflects contractility and is correlated with the
rate of change in pressure (dP/dt), measures the time course of
deformation [51]. Strain rate imaging (SRI) has provided a valuable
physiological tool for understanding myocardial mechanics [51].



Fig. 2. In vitro scratch migration assay: Both R1/G0 and HR1/G0 at the weight ratio of 1:5 revealed the faster cell migration than pDNA alone and PEI polyplexes. The wt ratio of
pDNA/polymer was expressed as (wt:wt).

Fig. 3. A) Representative ex vivo 3D scanning confocal microscope image stacks labeled
with WGA (green) in rat hearts. (a) normal; Myocytes are straightly aligned. (b) border
zone of the infarct in LV (LVb); Myocyte structure appears irregular. (c) central fibrotic
zone of the infarct in LV (LVf) on 1 wk after IR injury; Myocyte structure is nearly
distorted. B) in vivo distribution pattern of different polymeric delivery carriers in the
frozen sections of rat heart tissues on 48 h after intramyocardial injections. (d) pGFP
alone. (e) pGFP/PAM-ABP G0 polyplexes. (f) pGFP/PEI polyplexes.
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Compared with the I/R group, the 100 mg HR1/G0 polyplex group
demonstrated qualitative and quantitative reversal of RWMA in
most pathologic segments of hearts at 1 wk and 4 wks post-infarct,
implying that it augments beneficial cardiac remodeling, confirm-
ing at a subdivisional functional level (Fig. 4B). Moreover, the
100 mg HR1/G0 polyplex group demonstrated the sustained func-
tional improvement than I/R group and 200 mg HR1/PEI polyplex
group on 4 weeks after MI (Fig. 4C). The HR1 alone group showed a
trend toward delayed increases of EF at 4 wks after I/R injury, but it
was not significant. These suggest a promising therapeutic poten-
tial of human Relaxin gene therapy delivered by bioreducible
dendrimer polymer for early phase clinical trials in MI.
Cardiac output (CO), the amount of blood that the heart pumps

each minute, is obtained by multiplying stroke volume (SV) by
heart rate (CO¼ SV� heart rate) and cardiac index (CI) by dividing
CO by body surface area (BSA) (CI¼ CO/BSA) [52]. A low CO can
reduce the delivery of oxygen and nutrients to other organs of the
body, leading to failure of other organs. There was no significant
difference in heart rate between the groups in this study (data not
shown). In the comparable heart rate per minute, the 100 mg HR1/
G0 group and 200 mgHR1/PEI polyplex group showed the enhanced
stroke volume as well as cardiac output, up to the level of sham
thoracotomy group in 1 wk after MI (Fig. 4D). Interestingly, both
polymeric delivery system (G0 PAM-ABP and PEI) demonstrated
improved cardiac hemodynamic function on 1 wk after I/R injury,
comparedwith 200 mgHR1 alone as well as I/R group. However, this
hemodynamic functional improvement was maintained only in the
100 mg HR1/G0 polyplex group on 4 wks after MI than I/R, 200 mg
HR1 alone, and 200 mg HR1/PEI polyplex group (Fig. 4D). Altogether,
the sustained improvement of SV and CO in 100 mg HR1/G0 poly-
plex group elucidates the beneficial functional efficacy of our bio-
reducible dendrimer delivery system. In clinics, inotropes and
vasopressors were infused to improve CI including heart failure
after MI. Because the BSA was comparable between the groups in
this study (data not shown), the increases in SV and CO of 100 mg
HR1/G0 polyplexes group can reflect improvement of CI during
post-infarct cardiac remodeling. In addition, excess LV mass is
associated with a cluster of geometric and functional abnormalities
in heart [53]. Therefore, left ventricular hypertrophy (LVH),
assessed by echocardiographic LV mass index is an independent
predictor of incident HF, even irrespective of underlying LV systolic
dysfunction, MI, and CV risk factors [53]. Eventually, the 100 mg
HR1/G0 polyplexes group demonstrated well preserved LV mass in
both end-diastolic and end-systolic phase and LV mass index than
excess LV mass index of other treatment groups and I/R group (data
not shown), which may predict less post-infarct co-morbidity, such
as HF, after the treatment of 100 mg HR1/G0 polyplex system.



Fig. 4. A) Representative frames of 2D TTE image of the parasternal long-axis view on 1 wk after MI; measurement of ejection fraction (EF, %) by the Speckle Tracking Echocar-
diography (STE). B) evaluation of regional wall motion abnormality (RWMA) by strain rate on 1 wk after I/R injury; (a) sham control group. (b) I/R group. (c) 100 mg HR1/G0 polyplex
group showed dramatic reversal of RWMA in LV wall after MI. C) systolic LV function by ejection fraction (EF) and fractional shortening (FS) and D) hemodynamic heart function
during post-infarct cardiac remodeling 1 wk and 4 wks after I/R injury of MI. The stroke volume (SV) and cardiac output (CO). Expressed as the mean ± SEM, n ¼ 7e9 per group.
##P < 0.01 vs sham thoracotomy, #P < 0.05 vs sham thoracotomy, **P < 0.01 vs I/R, *P < 0.05 vs I/R, xxP < 0.01 vs 200 HR1 alone, xP < 0.05 vs 200 HR1 alone, zP < 0.05 vs 200 HR1/PEI
polyplex group.
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3.4. HR1 delivery enhances hemodynamic function of pLAD
coronary artery

Recent advances in an echocardiographic diagnostic imaging
tool made possible to evaluate the function of coronary artery
[54,55]. In addition to the sustained improvement of representative
systolic functional parameter (LV EF), we set out whether the HR1/
G0 delivery exerts beneficial hemodynamic effects especially on the
infarct-related proximal LAD (pLAD) coronary artery itself. To
address this question, we focused on the time-dependent quanti-
tative measurement of function and geometry of pLAD coronary
artery using Doppler TTE. On 1 wk and 4 wks after I/R injury, the
diameter and hemodynamic function of pLAD were not statistically
different in between HR1 alone group and 100 mg HR1/G0 polyplex
group (Fig. 5a,b). There were no significant differences in mean
velocity and peak velocity (mm/s) of pLAD between groups (data
not shown). Because flow velocity varies during ejection in a pul-
sative system, like the cardiovascular system, in dividual velocities
of the Doppler spectrum must be integrated to measure the total
volume of flow during a given ejection period [52]. The sum of
velocities is called the velocity time integral (VTI). However, the VTI
and SV of coronary artery and coronary artery output were signif-
icantly enhanced only in 100 mg HR1/G0 polyplex group, up to the
comparable level of thoracotomy control group, than I/R group in
both 1 wk and 4 wks after MI (Fig. 5a,b). MI is caused by the oc-
clusion of coronary artery. In the HR1 gene therapy delivered by
bioreducible dendrimer polymer, the anatomic and hemodynamic
recovery of infarct-related pLAD coronary artery itself casts a
pathophysiologically and clinically important prospect.
3.5. HR1 delivery preserves LV geometry

During the cardiac remodeling followed by I/R injury of MI, the
dimension of LV was dilated and the thickness of LV wall was
thinned (Fig. 6AeC). Compared with on 1 wk after I/R injury, the
preserved geometric effects of 100 mg HR1/G0 polyplex group on LV



Fig. 5. The measurement of diameter and hemodynamic parameters of pLAD, infarct-related coronary artery by Doppler echocardiography on 1 wk (a) and 4 wks (b) after MI. Stroke
volume of coronary artery (CA SV), blood volume output of coronary artery per min (CA Output), and velocity time integral (VTI). Expressed as the mean ± SEM, n ¼ 7e9 per group.
##P < 0.01 vs sham thoracotomy, #P < 0.05 vs sham thoracotomy, **P < 0.01 vs I/R, *P < 0.05 vs I/R, zP < 0.05 vs 200 HR1/PEI polyplex group.
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was prominent on 4 wks after I/R injury. There were no significant
differences in the thickness of anterior wall and posterior of LV
between group on 1 wk after MI. The HR1 alone group as well as
100 mg HR1/G0 polyplex group showed better effects on the
thickness of interventricular septum (IVS) on 4 wks after I/R than
100 mg HR1/PEI polyplex group and I/R group (Fig. 6C). Further-
more, only 100 mg HR1/G0 polyplex group demonstrated less dia-
lated dimension of LV and less thinner thickness of anterior wall
and posterior of LV than I/R group on 4 wks after I/R injury of MI
(Fig. 6C). These LV geometric findings of HR1/G0 polyplexes group
are closely related to the functional and hemodynamic improve-
ments during post-infarct cardiac remodeling.
3.6. HR1 effects on cardiac ECM composition

The ECM, forming bioactive polymers is composed of collagens
and elastic fibers embedded in a viscoelastic gel, such as pro-
teoglycans, hyaluronan, and glycoproteins [18]. Collagen is pre-
dominant in many cardiac ECM components. The subtype of
collagen type I, a fibrillar collagen provides tensile strength and
type III, an elastic collagen is most abundant in the cardiac ECM [6].
With replacing deadmyocytes, collagen I is a representative cardiac
ECM protein forming a fibrotic scar [15]. On 4 wks after MI in rat
hearts, I/R, 200 mg HR1 alone, and 200 mg HR1/PEI polyplex group
showed remarkable accumulations in fibrotic cardiac ECM
composition, such as collagen I, III, fibronectin, and elastin (Fig. 7).
This prominent anti-fibrotic effect of HR1 delivered by G0 PAM-ABP
dendrimer on post-infarct cardiac remodeling may unravel the
unmet need against fibrosis in diverse chronic diseases. This his-
topathologic analysis of cardiac ECM compositions provides the
deeper understanding for the functional, hemodynamic, and geo-
metric therapeutic efficacy of HR1 delivered by bioreducible G0
polymer delivery system.
4. Discussion

Because cells utilize oxygen as the source of energy under the
physiologic condition, the hypoxic injury causes functional loss and
eventually pathologic fibrosis in heart, brain, liver, muscle, and
solid tumors [56e60]. Gene delivery system working under hyp-
oxia has major advantages that side-effects of gene therapy in
normal tissues is reduced whereas the efficiency of gene therapy is
selectively activated in the hypoxic damaged tissues. The final
common pathway of oxygen signaling is the HRE promoter of
effector genes [49,61]. The loss of the transcriptional HRE in the
vascular endothelial growth factor (VEGF) promoter reported
adult-onset progressive motor neuron degeneration in mice with
neuropathological features reminiscent of amyotrophic lateral
sclerosis in humans [57]. Themulticopy of HRE has been considered
as a potential candidates for diagnostic and therapeutic applica-
tions [62,63]. In human colon carcinoma HCT116 cells, gene acti-
vation levels mediated by HRE showed a linear correlation with an
increase of HRE copy number and a saturation effect with more
than 6 or 8 copies of an HRE [63]. However, the optimal HRE copy
number for therapeutic genes was not determined in the diverse
diseases yet [58]. In our study, the insertion of 12 copies of HRE
showed enhanced in vitro transfection efficiency in both hypoxia
and normoxia condition than without HRE insert (Fig. 1c).

In the in vitro results, G1 polyplexes with higher Zeta potential
showed increased transfection efficiency than G0 polyplexes (at the
wt/wt ratio of 5). In cardiac gene therapy, the compact cardiac ECM
filled with negatively charged molecules, such as glycosamino-
glycan and proteoglycan has been considered as a major hurdle of
positively charged delivery system. To circumvent this problem,
neutrally charged particles or negative charged naked pDNA or RNA
itself have been explored. Proton-sponge polymers, including
PAMAM and PEI exhibit pKa values between physiological and
lysosomal pH, causing osmotic swelling and rupture of the



Fig. 6. (A) Representative M-mode echocardiograms at the mid-ventricular level of the parasternal long-axis view of 2D echocardiographic guidance on 1 wk after I/R injury;
differences in the dimension and wall thickness of LV between (a) sham control group, (b) I/R group, and (c) 100 mg/G0 polyplex group. Assessment of cardiac geometry on 1 wk (B)
and 4 wks (C) after MI. The thickness of interventricular septum (IVS), dimension of LV (LVD), thickness of anterior wall of LV (LVAW), and posterior wall of LV (LVPW) during
diastole (d) and systole (s). Expressed as the mean ± SEM, n ¼ 7e9 per group. ##P < 0.01 vs sham thoracotomy, #P < 0.05 vs sham thoracotomy, **P < 0.01 vs I/R, *P < 0.05 vs I/R,
zzP < 0.01 vs 200 HR1/PEI polyplex group, zP < 0.05 vs 200 HR1/PEI polyplex group.
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endosome membrane, which releases of the polyplexes into the
cytosol [40,64]. And, the application of dendrimer reported the
higher attachment and prolonged retention of therapeutics in the
ECM. To choose the better delivery system in vivo, we preformed
the in vivo pilot study of HR1/polymer polyexes (with 50 mg or
100 mg for HR1 pDNA) using HR1/ABP, HR1/G0, and HR1/G1 in 40-
min I/R injury after 1 wk and 3 wks after MI in rat hearts (each
n ¼ 2) (data not shown). We can summarize results of the pilot
study; First, HR1/G0 polyplexes showed significantly higher LV EF
than HR1/G1 polyplexes, HR1/ABP polyplexes, and HR1/PEI poly-
plexes in 1 wk after MI. Second, dose-dependent (100 mg > 50 mg of
HR1 amount) functional improvement was observed irrelevant to
the polymer type in 1 wk after MI. Third, 50 mg HR1/G0 polyplexes
revealed delayed functional improvement in 4 wks afterMI. Fourth,
100 mg HR1/G0 polyplexes revealed early and sustained functional
improvement in both 1 wk and 4 wks after MI. Based on the results
of this pilot study, we selected the PAM-ABP G0 polymer for the
HR1 delivery (HR1/G0) and the 100 mg of HR1 amount for the
therapeutic application in rat MI model.

Human and higher primates have three RLX genes, designated as
H1, H2, and H3 RLX. The H2 RLX protein (or RLX-1 in rodents) is the
major circulating and stored form of RLX. In failing atria, the



Fig. 7. Representative IHC staining images and quantitative analysis of cardiac ECM compositions in the LVb from each group on 4 wks after I/R injury (�400). (a) Collagen I. (b)
Collagen III. (c) fibronectin. (d) elastin. Expressed as the mean ± SD, n ¼ 7e9 per group. ##P < 0.001 vs sham thoracotomy, **P < 0.001 vs I/R, xxP < 0.001 vs 200 HR1 alone, xP < 0.01
vs 200 HR1 alone, zzP < 0.001 vs 200 HR1/PEI polyplex group.
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significant down-regulation of RXFP1, a receptor for RLX2 expres-
sion was observed compared with non-failing atria [65]. At first, it
was considered that RLX exerts remarkable positive inotropy in
atria but not in ventricles of rats, due to the lack of a relevant RXFP1
receptor on ventricular myocytes [65]. However, after resection of
the atria in the isolated whole heart preparation, the purely dose-
dependent chronotropic action of RLX in remained ventricles was
still observed, implying that RLX acts on both the atrial and ven-
tricular pacemaker to increase heart rate [66,67]. Chronic HF pa-
tients showed increased myocardial RLX gene expression and
plasma RLX concentration in proportion to the stage of heart fail-
ure, suggesting that RLX may regulate cardiovascular function and
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structure by autocrine and paracrine mechanisms [23,65,68]. In
addition, an elevated left ventricular end-diastolic pressure
(LVEDP) was reported to cause prominent up-regulation of RLX
gene expression [68]. A nanomolar range of synthetic and recom-
binant human RLX protein (rhRLX) showed chronotropic and
inotropic effects in rat hearts [29,67]. Also, rhRLX at 10 nM
increased the concentration of atrial natriuretic peptide (ANP) in
the coronary venous effluent [67]. Also, increases in cardiac output
and global arterial compliance as well as reduced systemic vascular
resistance were considered effects of RLX, especially during preg-
nancy. In our results, we speculate that the favorable modulation
against cardiac myofibroblasts will cause less fibrotic scar tissue
and provide more abundant healthy myocytes reflected on cardiac
ECM composition. Diverse beneficial therapeutic effects of rhRLX in
heart propose thatHR gene therapy is a promising candidate for the
diverse cardiovascular diseases.

The post-MI hearts are followed by sequential hemodynamic
changes in patients. The congestive heart failure (CHF) is the most
common complication after MI, explaining the 25% of post-MI co-
morbidity [3]. CHF is classified as a High-output and low-output.
Without any affect on heart rate per min, the improved stroke
volume and cardiac output assumed to be the beneficial thera-
peutic efficacy of HR1 delivery system. In isolated and perfused
hearts of guinea-pig and rat, the nanomolar concentrations of RLX
hormone caused a concentration-dependent increase in coronary
artery blood flow via a nitric oxide (NO) pathway, independent of
heart rate, which was 50e500 fold more potent than the
endothelium-dependent vasodilator, acetylcholine and the
endothelium-independent vasodilator, sodium nitroprusside [26].
We first report this unrevealed hemodynamic impacts of HR1 de-
livery system during post-infarct cardiac remodeling, highlighted
in proximal LAD, infarct-related artery. In our study, HR1/G0 de-
livery system was able to improve myocardial perfusion by an in-
crease in coronary blood flow as well as a decrease of cardiac load
and systemic blood pressure. These several hemodynamic effects of
RLX is presumed to be the circulatory adaptations during
pregnancy.

Above all, in vivo administration of HR1/G0 polyplexes demon-
strated favorable anti-fibrotic features of cardiac ECM composition,
such as collagen I, III, fibronectin, and elastin. Overall, HR1 gene
therapy delivered by a bioreducible PAM-ABP G0 polymer would
provide an advanced therapy for diverse cardiovascular applica-
tions with promising insight into favorable post-infarct cardiac
remodeling, especially focused on hemodynamic improvement of
infarct-related coronary artery and favorable modulation of cardiac
ECM composition.

This study has some limitations. First, Heart demonstrates het-
erogeneous characteristics of myocardial remodeling at heart fail-
ure stage of different cardiac diseases [12]. RLX M1 (equivalent to
the human RLX H2 gene) gene knockout male mice developed age-
related cardiac fibrosis, atrial hypertrophy, ventricular stiffening,
and diastolic dysfunction, suggesting an important role as an
intrinsic regulator of collagen turnover [24]. The ability of H2 RLX to
inhibit collagen deposition and accumulation has been reported in
many in vivo experiments [17,69]. However, we incompletely un-
derstand the cellular and molecular mechanisms necessary to
produce a healthy ECMwith sufficient tissue strength, function, and
elasticity, against excessive deposition of fibrotic ECM [16,18,70].
Second, the effects of RLX has been studied with the receptors as
the center [71,72]. Dschietzig T. et al. first demonstrated that
upregulated expression of H1 and H2 RLX gene in the heart and
vessels of patients with congestive HF was correlated with the
severity of HF [68,73]. However, most investigations have con-
ducted to examine H2 RLX. Very little is known of specific binding
sites for other RLX family peptides, including H1 RLX. We don't
know yet howmuch portion of H1 RLX canwork by RXFP1, relaxin/
insulin-like peptide family receptor 1, which is identified in both
female and male reproductive tissues, the brain and numerous
nonreproductive issues such as heart, kidney, and lung. To under-
stand the effects of HR1 gene therapy, correlation with receptor
protein as well as comparison with HR2 gene are needed in future.
Third, in the in vitro scratch assay, we assumed that HR1 delivered
by bioreducible dendrimer polymer has stimulatory effects on cell
migration by cell interaction with ECM and cellecell interactions
and exerts in vivo improved therapeutic efficacy during wound
healing afterMI, than pDNA alone and PEI polyplexes. However, this
data of fibroblast cell alone is insufficient to translate into favorable
in vivo correlation. In consideration of ECM, cross-talk between
other cells and cytokines must be considered. Fourth, in post-MI
cardiac remodeling, the slippage of myocytes occurs (Fig. 3a) [50].
The exogenous recombinant RLX has a potent anti-fibrotic effect on
the ECM of diseased tissues, while not influencing the ECM of
normal tissue [21,28,69]. Therefore, the beneficial effects of HR1
gene therapy were speculated on enhanced myocyte survival, pro-
angiogenesis, and anti-apoptosis. But, we didn't evaluate histopa-
thology, instead of evaluation of geometric, hemodynamic, and
ECM composition. Fifth, in our previous study of Erythropoietin
gene therapy, it showed the suppression of pro-fibrotic Angiotensin
II and TGF-b expression in the border zone of infarct as well as in
the remote non-infarcted areas, such as atrium, septum, and right
ventricle after MI [1]. To understand underlying mechanism of RLX,
diverse molecular mechanism and cytokines have been discussed
[71]. However, the circulating or tissue level of RLX expression was
not measured to support diverse beneficial effects of HR1 gene
therapy in this study.
5. Conclusion

In this study, we constructed anti-fibrotic and cardioprotective
HR1 gene delivered by a bioreducible dendrimer polymer to induce
favorable cardiac remodeling during cardiac ischemic cascade,
especially after MI. We showed that HR1/G0 delivery system can be
treated in MI, it allows improved myocardial systolic function,
perfusion with hemodynamic contributions to overall and infarct-
related coronary artery, and cardiac ECM recovery. This HR1/G0
delivery system suggests a potential for clinical translation. HR1/G0
delivery system maintained favorable post-infarct cardiac remod-
eling up to 1 month after MI. Future follow-up studies will be
needed to evaluate the molecular mechanisms of HR1/G0 delivery
system and to elucidate therapeutic efficacy on the infarct-related
as well as the remote non-infarcted sites over a longer follow-up
duration. Nonetheless, this study highlights the advanced effects
of modified antifibrotic gene with optimal polymeric carrier in or-
der to recover cardiac function and nature followed by MI.
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