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Adenovirus-mediated delivery of relaxin reverses cardiac fibrosis
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Abstract

We have evaluated the effectiveness of systemic adenovirally delivered mouse relaxin on reversing fibrosis in a transgenic murine model of
fibrotic cardiomyopathy due to (3,-adrenergic receptor (3,AR) overexpression. Recombinant adenoviruses expressing green fluorescent protein
(Ad-GFP), rat relaxin (Ad-rRLN) and mouse relaxin (Ad-mRLN) were generated and Ad-rRLN and Ad-mRLN were demonstrated to direct the
expression of bioactive relaxin peptides in vitro. A single systemic injection of Ad-mRLN resulted in transgene expression in the liver and bioactive
relaxin peptide in the plasma. Ad-mRLN, but not Ad-GFP, treatment reversed the increased left ventricular collagen content in 3, AR mice to
control levels without affecting collagen levels in other heart chambers or in the lung and kidney. Hence a single systemic injection of adenovirus
producing mouse relaxin reverses cardiac fibrosis without adversely affecting normal collagen levels in other organs and establishes the potential

for the use of relaxin gene therapy for the treatment of cardiac fibrosis.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Cardiac fibrosis is a process of myocardial remodeling where
there is abnormal expansion of the cardiac extracellular matrix
(ECM) due to fibroblast activation and excessive accumulation
of collagen and other components (Weber, 2000; Tyagi et al.,
1996). Fibrosis is a common hallmark of cardiovascular dis-
eases and interferes with normal myocardial architecture and
function leading to a variety of pathophysiological problems
such as diastolic and systolic dysfunction, increased risk of
myocardial ischemia, arrhythmias, sudden cardiac death, and
worsening of heart failure (Weber, 2000). Current therapies such
as angiotensin-converting enzyme inhibitors and aldosterone
inhibitors (Lijnen and Petrov, 2003; Mandarim-de-Lacerda and
Pereira, 2003) are effective but slow-acting with undesirable
side-effects and thus novel specific and effective therapies, with
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shorter treatment periods, to abolish or attenuate the develop-
ment of fibrosis are highly desired.

Inrecent years, the polypeptide hormone relaxin has surfaced
as a potent regulator of collagen in the ECM of multiple organs
including reproductive organs, skin, kidney, lung, liver, and heart
(Samueletal., 2003, 2004a,b; Garber et al., 2001; Williams et al.,
2001; Unemori et al., 1996; Unemori and Amento, 1990). Inves-
tigations into the cardiac phenotype of relaxin gene-knockout
mice (RLX—/—) have revealed that there is an age-related devel-
opment of cardiac fibrosis, leading to altered diastolic function
(Du etal., 2003). More importantly, several studies have demon-
strated that relaxin delivery via osmotic mini-pumps reverses
fibrotic cardiomyopathy in three rodent models of established
cardiac fibrosis: (i) in mice lacking the relaxin gene (Samuel et
al., 2004a); (ii) in transgenic (TG) mice with cardiac-restricted
overexpression of [3;-adrenergic receptors ($2AR) (Samuel et
al., 2004a); and (iii) in spontaneously hypertensive rats (Lekgabe
etal., 2005). Together, these studies have established that relaxin
is an innate regulator of collagen deposition.

Recombinant adenovirus-mediated gene delivery has been
utilized for experimental gene therapy in a variety of heart disor-
ders (Hajjar et al., 2000; Hammond and McKirnan, 2001; Jones
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and Koch, 2005) and pilot clinical trials have also been initiated
(Relphetal., 2005). In almost all studies, intra-coronary or intra-
myocardial injection of adenovirus was adopted. Furthermore,
few studies have tested interventions that specifically target
myocardial fibrosis. In this study, we have directly investigated
the feasibility of systemic adenoviral-mediated relaxin deliv-
ery. We have characterized adenoviruses producing bioactive
rat and mouse relaxin peptides and evaluated the effectiveness
of intravenous injection of these viruses in a transgenic murine
model of cardiac fibrosis. The results demonstrate that systemic
relaxin gene delivery can address the complicating factor of car-
diac fibrosis associated with cardiovascular diseases, without
any notable side-effects.

2. Materials and methods
2.1. Adenovirus construction

The pAd-Easy-1 virus and shuttle plasmid, pAd-TrackCMYV, were obtained
from Dr. B. Vogelstein (Johns Hopkins Oncology Center, Baltimore, MD (He
et al., 1998)). Rat and mouse relaxin full length cDNAs were generated from
pregnant ovary cDNA using RT-PCR and ligated into pBS-KS using Kpnl
and Notl linkers. The constructs were sequenced on both strands to verify
the sequence and then subcloned into the shuttle vector, pAdTrack-CMV to
yield pAdTrack-rRLN (rat relaxin) and pAdTrack-mRLN (mouse relaxin). The
pAdTrack-CMV vector also expresses the green fluorescent protein (GFP) under
the control of a separate CMV promoter. Recombinant adenovirus, Ad-GFP,
Ad-rRLN and Ad-mRLN were generated by bacterial homologous recombi-
nation between pAdTrack-CMV, pAdTrack-rRLN and pAdTrack-mRLN and
pAdEasy-1. Large-scale amplification and purification of Ad-GFP (Empty vec-
tor), Ad-rRLN and Ad-mRLN viruses was performed as described (He et al.,
1998; Brandenburger et al., 2001).

2.2. Adenovirus characterization

The ability of Ad-mRLN and Ad-rRLN viruses to produce bioactive relaxin
protein from infected mammalian cells was first tested in vitro using HEK-
293T cells. Exponentially growing HEK-293T cells were infected with purified
adenoviruses at a multiplicity of infection (MOI) of 5. This dose of virus was
sufficient to give 100% infectivity as determined by GFP expression using flu-
orescence microscopy. Approximately 24 h after infection, media was collected
and immediately stored at —20°C and the cells resuspended in lysis buffer
(50 mM Tris—HCI pH 7.5, 100 mM NaCl, 2mM EDTA, 0.1% SDS, 2 pg/ml
Aprotinin, 5 pg/ml Leupeptin, 0.7 pg/ml Pepstatin). Cell extracts were then cen-
trifuged at 10,000 x g and the supernatant frozen at —20 °C for further analysis.
Proteins from the cell media were further purified using a well characterized C-
18 mini-column protocol which has been used successfully previously to purify
relaxin peptides (Bathgate et al., 2002). All eluted fractions were collected,
freeze dried and then resuspended in 100 p.l of bi-distilled water and frozen at
—20°C for further analysis.

Western blotting was performed on cell lysates, media and C-18 fraction-
ated proteins from Ad-GFP and Ad-rRLN infected cells as described previously
(Bathgate et al., 2002). An antibody (AS#2) which was raised against the native
rat relaxin peptide (Gunnersen et al., 1995) was used to visualize immunoreac-
tive proteins. Native rat relaxin extracted from pregnant rat ovaries (Wade et al.,
1996) was used as a positive control and Ad-GFP cell extracts and media as neg-
ative control. Western blotting on Ad-mRLN infected cells was not performed
as an antibody to mouse relaxin is not available and the rat relaxin antisera does
not recognize mouse relaxin (data not shown).

The presence of bioactive relaxin peptide in the Ad-GFP, Ad-rRLN and Ad-
mRLN infected cell media was tested using HEK-293T cells stably expressing
the human relaxin receptor (RXFP1) (Halls et al., 2005). Various amounts of
cell media were diluted to a total volume of 200 pl with control media and
isobutylmethylxanthine (IBMX) added to a final concentration of 50 uM before
being added to RXFP1 stably expressing HEK-293T cells followed by incu-

bation at 37 °C for 30 min. cAMP levels were measured in cell lysates using
the cAMP Biotrak EIA system as per the manufacturers protocol (Amersham
Corp., NSW, Australia). Recombinant human gene-2 (H2) relaxin (a gift of BAS
Medical, San Mateo, CA) and native rat relaxin at various concentrations diluted
in media with IBMX were used as positive controls. Relaxin bioactivity in the
plasma of Ad-GFP and Ad-mRLN infected mice was tested using HEK-293T
cells stably transfected with LGR7 and a pCRE-3-galactosidase reporter gene
as previously described (Scott et al., 2006). For individual cell media experi-
ments data are expressed as fmol cAMP accumulated in the cell lysate from a
representative experiment. For the dose response and media dilution curves as
well as mouse plasma experiments, data is expressed as mean £ S.E.M. of per-
cent maximum H2 relaxin (10 nM) response. All experiments were performed
in triplicate. Curves were plotted using the sigmoidal dose response curves
in the Graphpad PRISM program (Graphpad Software Inc., San Diego, CA,
USA).

2.3. Animals and adenoviral gene delivery

The TG mice used in this study were generated at the Howard Hughes
Medical Institute, Duke University Medical Centre (Milano et al., 1994) and
subsequently bred at the Baker Heart Research Institute. These TG mice over-
express the B2 AR in the heart by 200-fold and have a mixed genetic background
of C57BL and SJL strains. Genotype was determined individually (Milano et
al., 1994). In this study, both male and female TG and wild-type (WT; negative
littermates) mice of 7 months of age were used. It has been previously well
documented that these TG mice develop a fibrotic cardiomyopathy phenotype
and have a significant sex-dimorphism, with females having less severe car-
diac pathology than males (Gao et al., 2003; Du et al., 2000c). Thus, male and
female mice were separated for likely gender-dependent changes. Animals were
housed at a constant room temperature with a 12 h light—dark cycle and had free
access to water and standard rodent chow. All experiments in this study were
performed with the approval of a local animal ethics committee, which adheres
to the Australian code of practice for the care and use of laboratory animals for
scientific purposes. The investigation conforms with the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996).

The adenovirus was injected intravenously via the tail vein at a dose of
5 x 10'° pfu/mouse diluted to 200 I with PBS. This dose is sufficient to give
robust expression of transgenes predominantly in the liver but also other organs
including the heart and lung (Hannan and Du, unpublished data). Adenoviral
gene delivery is transient due to the epichromosomal nature of the virus and
the mild immune responses. Following adenovirus gene delivery, expression
of the recombinant proteins usually peaks at 3—4 days and disappears 7-10
days later (Munch et al., 2005; Burcin et al., 1999). Accordingly, mice were
sacrificed at different time-points; 3 days (n==6), 7 days (n=4), 10 days (n=3)
and 14 day (n=22) post-infection to assess the efficiency of the in vivo gene
therapy. At all time-points, tissue and plasma was collected. Relaxin bioactivity
assay was performed on the plasma collected, whereas the tissue collected was
used for assessment of GFP expression. To assess collagen content, histology
and hydroxyproline assay was carried out on the tissue collected at 14 days
post-infection.

2.4. Assessment of GFP transgene expression by confocal
microscopy

We isolated the LV, kidney, lung, liver and spleen of mice at 3 days, 7 days,
10 days and 14 days post-infection. Tissues were subsequently fixed overnight
in 10% neutral buffered formaldehyde before being processed and embedded in
paraffin. Transverse sections (6 wm) were cut and mounted on Super Frost plus
charged slides (Menzel-Glaser). Prior to microscopy, sections were deembedded
with xylene and a graded series of alcohols, brought to water and cover-slipped
using Vectashield mounting solution (H-1000, Vector Labs, Burlingame, CA).
To view GFP expression, confocal microscopy was performed using a Zeiss
LSM510 META. Excitation was carried out using the 488 nm line on an argon-
ion laser. Fluorescent light was collected in the green region of the spectrum
(500-550 nm). Digital images were obtained using the Zeiss LSM510 software.
All images were collected with an Apochromat 20 x 0.6 Ph2 objective.
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2.5. Collagen content quantification: histology and
hydroxyproline assays

The heart, kidney and lung were assessed for collagen content after comple-
tion of the 14-day treatment period. Left ventricle (LV), right ventricle (RV), and
atria of the heart were separated. The apical portion of the LV was fixed, embed-
ded in paraffin, sectioned and stained with Masson’s trichrome for quantitative
histology. The remainder of the LV and kidneys were snap frozen in liquid nitro-
gen and stored at —80 °C for hydroxyproline assay. Images of the LV sections
were gathered with a CCD video camera (Optimas, Bioscan, Edmonds, WA,
USA), digitized, and quantified using the Optimas Live 6.5 program. Approxi-
mately 20-25 fields of each LV were analyzed. Interstitial collagen content was
determined by measuring the blue stained area per field and the results were
averaged and expressed as a percentage of a field. Hydroxyproline content of
the LV, RV, atria, and kidney were determined as described previously (Samuel
et al., 2004b; Du et al., 2003) and then converted to collagen content by multi-
plying by a factor of 6.94 (Samuel et al., 1996). Results are expressed as collagen
concentration per tissue dry weight.

2.6. Statistical analysis

All results were analyzed using one-way ANOVA and the student
Newman—Kuels tests for multiple comparisons between the groups. All data
are expressed as the mean = S.E.M. with statistical significance accepted at the
level of P<0.05.

3. Results
3.1. Invitro characterization of Ad-rRLN and Ad-mRLN

Full-length cDNAs for mouse and rat relaxin were cloned
from pregnant ovaries and inserted into the pAd-TrackCMV
vector and sequenced. Before Ad-rRLN and Ad-mRLN were
used in in vivo studies they were first tested for their ability
to produce immunoreactive relaxin peptide in HEK-293T cells.
Ad-GFP infected cells were used as a negative control.

The presence of relaxin peptide was first tested in Ad-rRLN
infected cells and media using a rat relaxin antibody and West-
ern blotting. As an antibody to mouse relaxin is not available
and the rat relaxin antisera does not recognize synthetic mouse
relaxin (data not shown) Western blotting on Ad-mRLN infected
cells was not performed. Initial experiments indicated the pres-
ence of an immunoreactive band at ~18 kDa in cell media from
Ad-rRLN infected cells, but not Ad-GFP infected cells (data
not shown). The immunoreactive band was concentrated over
a C-18 minicolumn, where it eluted with 50% and 80% ace-
tonitrile (ACN), but not in the 10% ACN washes. Additionally,
there were no immunoreactive bands present in the Ad-GFP
infected cell extracts. Hence, the C-18 columns effectively con-
centrated the immunoreactive band. Samples of cell lysate, cell
media, 50% and 80% ACN fractions from both Ad-GFP and
Ad-rRLN infected cells were then analyzed by Western blot
(Fig. 1). The 18 kDa immunoreactive band is clearly present in
cell media and ACN extracts from Ad-rRLN infected cells. A
weak band can also be seen in the cell lysate. No immunore-
active bands are seen in the Ad-GFP infected cells. Hence the
Ad-rRLN is directing the production of an 18 kDa immunoreac-
tive band which is mostly secreted from the cell. The predicted
size of rat prorelaxin based on the known signal peptide cleavage
site is 17927.3 Da, suggesting that the 18 kDa immunoreactive

Ad-GFP Ad-rRLN
MW Con M C 5080 M C 50 80
25 — oro-
12— = o _q " relaxin
6 — £ <= relaxin

Fig. 1. Analysis of relaxin peptide production by Ad-rRLN infected HEK-293T
cells using Western blotting with an anti-rat relaxin antibody. Rat relaxin (500 ng)
was used as a positive control (Con). Samples are cell media (M), cell lysate
(C) and 50% (50) and 80% (80) ACN fractions of C-18 mini-column purified
cell media (see text for details) from HEK-293T cells infected with either Ad-
GFP or Ad-rRLN. MW indicates molecular weight in kDa. The positions of the
6 kDa relaxin control band and approximately 18 kDa rat prorelaxin band are
indicated.

band most likely represents a rat prorelaxin peptide. No bands
are present at the position of native rat relaxin (~6 kDa) in either
cell lysate or media indicating that no cleaved rat relaxin pep-
tide is produced by the HEK-293T cells. Importantly, previous
studies have demonstrated that transfection of mammalian cells
with relaxin transgenes results in the production of prorelaxin
only and these prorelaxins are equally bioactive to the processed
forms (Bathgate et al., 2006).

The ability of Ad-rRLN and Ad-mRLN to produce secreted
bioactive relaxin peptide in vitro was tested by treatment of
RXFP1 stably transfected HEK-293T cells with the media from
adenovirus infected cells. The results from one representative
batch of Ad-GFP, Ad-rRLN and Ad-mRLN infected HEK-293T
cell media are shown in Fig. 2a. Fifty microlitres of media was
tested in parallel with a maximal dose (10 nM) of H2 relaxin, the
native ligand of human RXFP1. Clearly both Ad-rRLN and Ad-
mRLN media stimulates cAMP production from RXFP1 stably
transfected cells, whereas Ad-GFP media treated cAMP levels
are not significantly different from levels in unstimulated cells
(Control). Other batches of Ad-rRLN and Ad-mRLN infected
cells demonstrated similar results (data not shown). The Ad-
rRLN and Ad-mRLN media was then tested for its ability to
elicit a dose response in comparison to H2 relaxin and rat relaxin.
Fig. 2b demonstrates that media dilutions were able to parallel
the dose response curves of both forms of relaxin. Thus, both Ad-
rRLN and Ad-mRLN viruses are able to direct the production
and secretion of bioactive relaxin peptide in vitro. Additionally,
comparison of dose response curves for Ad-rRLN media with
that of the rat relaxin peptide allows a rough calculation of the
levels of bioactive rat relaxin equivalent peptide in the media.
This comparison results in an estimated level of relaxin peptide
of 50ng rat relaxin equivalents/ml of Ad-rRLN infected cell
media.

3.2. Assessment of in vivo expression and activity of
transgenes after systemic delivery

The ability of Ad-mRLN to direct the secretion of bioactive
relaxin peptide into the plasma after systemic injection of virus
was tested in conjunction with the localization of GFP trans-
gene expression in tissues. The plasma samples from infected
mice were also tested for their ability to activate RXFP1 sta-
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Fig. 2. (a) Analysis of the presence of bioactive relaxin peptide in the cell
media from Ad-GFP (GFP), Ad-mRLN (mRLN) and Ad-rRLN (rRLN) infected
HEK-293T cells. Relaxin activity was measured as cAMP stimulation in HEK-
293T cells stably expressing RXFP1. H2 relaxin (H2 at 10nM) was used as
a positive control. Data are from one representative experiment performed in
triplicate. (b) Dose response relationship of different dilutions of Ad-rRLN and
Ad-mRLN infected cell media in comparison to H2 relaxin and rat relaxin dose
response curves. Data are the mean &= S.E.M. of triplicate determinations and are
expressed as a percentage of the maximum H2 relaxin response. (¢) Analysis of
the presence of bioactive relaxin peptide in plasma of mice infected with Ad-GFP
(GFP; 3 and 14 days post-infection) and Ad-mRLN (mRLN; 3,7, 10 and 14 days
post-infection) compared to non-infected animals (Non). Relaxin activity was
measured as cAMP stimulation in HEK-293T cells stably expressing RXFP1.
H2 relaxin (H2 at 10nM) has been used as a positive control and non-treated
cells have been used as a negative control (Con). Data are the mean + S.E.M. of
triplicate determinations. *P <0.05 vs. GFP control.

bly transfected HEK-293T cells in parallel to a H2 relaxin
positive control and plasma from Ad-GFP infected and non-
infected mouse controls. As can be seen in Fig. 2c, plasma from
Ad-mRLN infected mice 3-day post-infection demonstrated a
significant increase in activity compared to Ad-GFP infected
and non-infected animals (P <0.05). One of three animals at
both 7-day and 10-day post-infection also showed increased
relaxin bioactivity, however the other two animals in each group
did not demonstrate activity above control levels. No relaxin
bioactivity was observed in any animal 14-day post-infection.

This data demonstrates that Ad-mRLN is able to produce bioac-
tive relaxin peptide in vivo which is secreted into the plasma of
infected mice for up to 7-day post-infection. A crude estimate
of relaxin activity in the plasma calculated as above, suggests
that the plasma levels in Ad-mRLN infected mice is 100 ng rat
relaxin equivalent/ml.

Successful viral delivery and the tissue sites of transgene
expression were determined by detecting GFP expression using
confocal microscopy. The liver was the predominate site of
transgene expression in all animals with only very weak
GFP expression being seen in other organs in some animals
(data not shown). Fig. 3 demonstrates representative images
of the liver from an uninfected control mouse (Fig. 3a), 3-
day post Ad-GFP infection (Fig. 3b), 3-day post Ad-mRLN
infection (Fig. 3c), 7-day post Ad-mRLN infection (Fig. 3d),
10-day post Ad-mRLN infection (Fig. 3e) and 14-day post
Ad-mRLN infection (Fig. 3f). GFP expression was highest
3-day post-infection and was detectable in the liver of all
animals studied. Expression was concentrated around major
blood vessels with robust GFP expression clearly present in
hepatic vascular endothelial cells with moderate to extensive
invasion of the adjacent hepatocytes. Levels were reduced by
7- and 10-days post-infection and were lower in those ani-
mals which had low plasma bioactivity levels as shown in
Fig. 2c.

3.3. Effect of adenoviral relaxin gene transfer

The TG mouse model with cardiac-restricted overexpres-
sion of B2AR used in this study developed an age-dependent
increase in LV collagen concentration. Hydroxyproline assay
of the LV demonstrates a significant increase in collagen con-
centration as early as 3 months (Fig. 4a). Hence, all further in
vivo experiments to investigate the antifibrotic effect of relaxin
in the heart were carried out using 7-month TG mice with
well established cardiac fibrosis. High levels of collagen con-
centration (male P<0.05 and female P<0.01, Fig. 4b) and
content (male P<0.05 and female P<0.01; Fig. 5) were con-
sistently detected in the LV of AR mice compared to WT
mice, using both hydroxyproline assay and quantitative histol-
ogy, thereby confirming the presence of cardiac fibrosis. The
rise in collagen observed in the LV was similar in both males
and females. In contrast to the findings in the LV, at this age
studied, there was no significant increase in collagen concen-
tration in the other chambers of the heart (RV and atria) and in
other organs such as the kidney (Fig. 4c) and lung (results not
shown) from TG animals. Adenoviral gene transfer of mouse
relaxin led to a significant reduction in the elevated extracellu-
lar collagen in the LV of the TG mice as detected by histology
(male P <0.05 and females P <0.01; Fig. 5) and hydroxyproline
assay (male P<0.05 and female P <0.01; Fig. 4b). This ther-
apy had similar efficiency in males and females. Importantly,
collagen levels in the other chambers of the heart (Fig. 4c), kid-
ney (Fig. 4c) and lung (results not shown) remained unaffected
with relaxin gene therapy, demonstrating that relaxin specifi-
cally attenuates the accumulation of collagen in diseased tissues
only.
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100pm

Fig. 3. Representative immunofluorescence images of the liver obtained by fluorescence microscopy from mice: (a) uninfected control; (b) 3-day post-infection with
Ad-GFP; (c) 3-day post-infection with Ad-mRLN; (d) 7-day post-infection with Ad-mRLN; (e) 10-day post-infection with Ad-mRLN; and (f) 14-day post-infection

with Ad-mRLN. (images are 20 x magnification).
4. Discussion

In this study, we employed a somatic gene therapy approach
to explore the therapeutic potential of relaxin on cardiac fibrosis
in mice. We have used a model of cardiac fibrosis, cardiac-
restricted overexpression of 3, AR, in which we have previously
reversed fibrosis using H2 relaxin peptide delivered via osmotic
mini-pumps implanted subcutaneously (Samuel et al., 2004a).
As relaxin cannot be delivered orally, and has a short plasma
half-life, continuous infusion is the only viable form of delivery
by conventional means. Viral mediated relaxin delivery offers
an alternative means to have continuous treatment with relaxin.
This study clearly demonstrates that a single intravenous injec-
tion of adenovirus producing mouse relaxin has a similar efficacy
to H2 relaxin infusion in reversing cardiac fibrosis. Importantly,
there are no consequences to collagen levels in disease-free
organs. Hence, virally driven delivery of relaxin may represent
a viable method for clinical applications with relaxin.

Adenoviral vectors were constructed to express the mouse
and rat relaxin genes in tandem with GFP. The presence of GFP
allowed the assessment of optimal infectivity of HEK-293T cells
in vitro using fluorescence microscopy and also provided an Ad-
GFP (control) vector for relevant in vitro and in vivo controls.
The ability of the constructed Ad-rRLN and Ad-mRLN to pro-
duce bioactive relaxin peptide was first characterized in vitro via
infection of HEK-293T cells. The production of relaxin peptide
was confirmed by Western blotting with an anti-rat relaxin anti-
body (no mouse relaxin antibody was available). The results
of these studies clearly demonstrated that the Ad-rRLN vector
produced rat prorelaxin peptide that was secreted into the cell
medium. No processed rat relaxin peptide was detected, which
is consistent with previous results using adenovirally driven
H2 relaxin expression whereby only prorelaxin was detected

(Silvertown et al., 2003). Additionally, it has previously been
shown in other mammalian cell expression systems that relaxin
transgenes only produce prorelaxin peptides (Bathgate et al.,
2006). The media from Ad-rRLN and Ad-mRLN infected HEK-
293T cells was then tested for the presence of bioactive relaxin
peptide. It has previously been demonstrated that prorelaxin pep-
tides have similar bioactivity to the native processed relaxin
peptides (Bathgate et al., 2006). Indeed, the media from both
Ad-rRLN and Ad-mRLN infected cells demonstrated that bioac-
tive relaxin peptide was being produced. Comparison of the
relaxin activity of the media to that of purified rat relaxin peptide
allowed the crude calculation of relative levels of relaxin peptide
in the media. We estimate that Ad-rRLN and Ad-mRLN vectors
directed the production of approximately 50 ng rat relaxin equiv-
alents per ml of media. These levels are similar to those which
have been demonstrated previously with adenoviral driven H2
relaxin expression in mammalian cells (Silvertown et al., 2003).

Groups of animals were treated with Ad-GFP and Ad-mRLN
and plasma and tissues collected at 3 days, 7 days, 10 days
and 14 days to assess the duration of transgene expression.
Plasma from Ad-mRLN infected mice clearly demonstrated
relaxin bioactivity whereas plasma from Ad-GFP infected mice
showed identical activity to non-infected mouse plasma. The
low levels of relaxin activity seen in plasma from control ani-
mals is likely due to some background cAMP stimulated activity
of the plasma and is unlikely to represent plasma levels of the
native relaxin peptide as levels in male mice are too low to be
detected by this technique. Hence the Ad-mRLN was able to
direct the expression of bioactive relaxin peptide, which was
secreted into the plasma. The relative level of peptide was cal-
culated, as above, suggesting that plasma levels were around
100 ng rat relaxin equivalents per ml for Ad-mRLN. These lev-
els are only slightly lower than those seen during pregnancy
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(a) LV hydroxyproline assay of ageing WT and B2AR mice
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(b) LV hydroxyproline assay of uninfected WT and Ad-GFP
and Ad-mRLNinfected mice
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Fig. 4. Analysis of collagen concentration (pg/mg dry weight) using hydrox-
yproline assay was performed on: (a) left ventricle (LV) of wild-type and
B2-adrenergic receptor (B2AR) overexpressing male mice aged 3—15 months
(n=4-6 mice per group); (b) LV of 7-month-old uninfected WT, Ad-GFP (GFP)
and Ad-mRLN (mRLN) infected 32 AR mice (n=3-4 mice per group) 14 days
post-infection; and (c) atria, RV, and kidney of these same mice (n=3—4 mice
per group). *P<0.05 vs. male WT, **P<0.01 vs. WT, and TP <0.01 vs. GFP.

in rats (Golos and Sherwood, 1982) and mice (O’Byrne and
Steinetz, 1976) and are similar to levels of H2 relaxin produced
with osmotic mini-pump infusion in mice (Samuel et al., 2003).
Hence, adenoviral infection is able to drive the production of
physiologically relevant levels of plasma relaxin. The levels of
relaxin bioactivity in the plasma were highest at 3 days post-
infection and decreased by 7 days post-infection. These levels
correlated with the tissue expression of GFP which was localized
predominantly in the liver associated with large blood vessels.
Previous studies using intravenous injection of adenovirus have
demonstrated that these viruses are highly hepatotrophic (Beck
et al., 2004; van der Eb et al., 1998; Herrmann et al., 2004)
which correlates with the results of our study and suggests that
the liver is the major source of circulating relaxin in our study.

The duration of transgene expression driven by the adenovirus
(up to 7 days) is also consistent with previous studies (Stone et
al., 2000).

Once the Ad-mRLN virus was demonstrated to be able to
produce bioactive relaxin peptide in vivo, it was utilized to treat
a mouse model of cardiac fibrosis (Liggett et al., 2000; Du et
al., 2000c; Gao et al., 2003). We chose a TG model of cardiac
fibrosis, caused by cardiac restricted overexpression of B2AR
and resultant tonic [3-adrenergic drive to the heart, because the
fibrosis is reversed by a 2-week period of H2 relaxin treatment
(Samuel et al., 2004a). Accumulatively our studies presented
here demonstrate that Ad-mRLN infection reverses fibrosis in
both genders of this murine model with an efficacy that matches
the H2 relaxin peptide delivered using osmotic mini-pumps
implanted subcutaneously (Samuel et al., 2004a). This is consis-
tent with the plasma bioactivity data above and further highlights
that adenoviral infection is able to induce significant relaxin lev-
els and that these levels, and the short duration of expression,
are enough to elicit a therapeutic effect in this murine model
of cardiac fibrosis. Quantitative histology and hydroxyproline
assays confirmed a significant decrease in collagen content fol-
lowing Ad-mRLN infection. These findings are consistent with
our recent reports that relaxin peptide infusion reverses cardiac
fibrosis in two other models of cardiac fibrosis; spontaneously
hypertensive rats and relaxin knockout mice (Samuel et al.,
2004a; Lekgabe et al., 2005). This effect was restricted to the LV,
where there was abnormal collagen, whereas other organs with
normal collagen levels were unaffected—a feature also consis-
tent with in vitro studies (Samuel et al., 2004a). These results
illustrate that systemic delivery of Ad-mRLN is an efficient and
specific approach in reversing cardiac fibrosis in this murine
model.

Our recent study on primary rat ventricular fibroblasts
demonstrated that relaxin potentially acts through various
mechanisms to induce its anti-fibrotic actions in the heart
(Samuel et al., 2004a); by (i) inhibiting the pro-fibrotic
influence of angiotensin II and transforming growth factor-
Bl (TGF-B1) in promoting cardiac fibroblast proliferation
and differentiation into myofibroblasts; (ii) inhibiting cardiac
myofibroblast-induced de novo collagen synthesis; and (iii)
promoting matrix metalloproteinase (MMP)-induced collagen
degradation. Consistent with the findings of the current study,
relaxin did not affect basal collagen expression in other organs,
promoting its status as a safe anti-fibrotic. Several other groups
have utilized fibroblast cultures from other organs (Samuel et
al., 2004a; Unemori and Amento, 1990; Unemori et al., 1996;
Williams et al., 2001; Masterson et al., 2004) to demonstrate that
relaxin consistently abrogates TGF-31-stimulated collagen pro-
duction, while increasing the expression and activity of MMPs,
suggesting that its collagen-remodeling effects are independent
of the source of fibroblasts it is applied to. We have since demon-
strated that H2 relaxin treatment of spontaneously hypertensive
rats in vivo (Lekgabe et al., 2005) over a 2-week treatment period
also resulted in decreased cardiac fibroblast proliferation and
differentiation, decreased collagen accumulation and increased
MMP production, further suggesting that the collagen remodel-
ing effects of relaxin are consistently observed, regardless of the
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(a) LV sections stained with Masson trichrome (blue color)
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Fig. 5. Analysis of interstitial collagen in the LV myocardium of 7-month-old wild type (WT) compared to Ad-infected mice 14 days post-infection using Masson
trichrome stain. (a) Representative LV sections illustrate increased interstitial collagen (blue color) in both male and female B,-adrenergic receptor (32AR) over-
expressing mice infected with Ad-GFP (GFP) compared to both WT counterparts and 32 AR mice infected with Ad-mRLN (mRLN). (b) The average percentage
of total area of collagen stained by Masson trichrome in a field was measured. An average of 20-25 fields per section per animal was analyzed. (n=3-10 mice per
group; images are 20x magnification). **P <0.05 vs. male WT, 1P<0.01 vs. male GFP, £P<0.05 vs. female WT, #P<0.01 vs. female WT, and MP<0.01 vs.
female GFP. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

experimental model it is applied to. Based on these combined
findings, we propose that Ad-mRLN would similarly be induc-
ing its anti-fibrotic effects via the same mechanisms outlined
above.

One limitation of the present study is the lack of functional
assessment in the mice to evaluate physiological consequence of
such efficacy on cardiac fibrosis. Unfortunately, the extremely
high heart rate seen in the 32 AR TG mice makes assessment by
echocardiography of LV diastolic function impossible (Liggett
etal.,2000; Du et al., 2000c; Gao et al., 2003). Also, our previous
studies on the B2 AR TG mice of a similar age revealed no signif-
icant change, compared with wild-type littermates, in catheter
or echocardiography derived functional parameters at baseline,
except an enhanced systolic function (Du et al., 2000a,b). Hence
the potential effects of adenoviral deliver of relaxin on heart
functional parameters remains to be explored in future studies.

To our understanding, this is the first study to: (1) describe
the characterization of adenoviral vectors that can drive the pro-
duction of bioactive mouse and rat relaxin peptides both in vitro
and in vivo; and (2) demonstrate that intravenous delivery of
these adenoviral vectors is effective in reversing cardiac fibro-
sis in an established model of cardiac fibrosis. The combined
findings of this study support the accumulating evidence that
relaxin is a potent antifibrotic agent with therapeutic poten-
tial for fibrotic cardiomyopathic disorders and these disorders
are treatable with virally produced relaxin. The conclusion that
emerges from this proof-of-concept study suggests that relaxin
is an effective collagen-degrading peptide with virtually no con-
sequence to collagen levels in disease-free organs. This study
thereby provides a rational basis for this technology in achiev-
ing gene therapy of organ fibrosis using relaxin. Future studies
should utilize the prolonged transgene expression and minimal
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immune response provided by adeno-associated vectors and/or
lentiviruses (Rivera et al., 1999; Blomer et al., 1997) in order to
determine the long-term efficacy of reversing fibrosis in chronic
models of fibrotic heart disease.

Acknowledgements

The studies in this paper were supported by a National Health
and Medical Research (NH&MRC) grant to RADB (300012),
NHMRC Fellowships to RDH, WGT and X-JD, and a National
Heart Foundation grant (G 04M 1524) to CSS and X-JD. EDL
is a recipient of a scholarship from the Jenny Ryan Foundation.
The authors would like to thank Prof Geoffrey Tregear for advice
and encouragement.

References

Bathgate, R.A., Siebel, A.L., Tovote, P., Claasz, A., Macris, M., Tregear, G.W.,
Parry, L.J., 2002. Purification and characterization of relaxin from the tam-
mar wallaby (Macropus eugenii): bioactivity and expression in the corpus
luteum. Biol. Reprod. 67, 293-300.

Bathgate, R., Hsueh, A.J., Sherwood, O.D., 2006. Physiology and molecular
biology of the relaxin peptide family. In: Neill, J. (Ed.), Physiology of
Reproduction. Elsevier, San Diego, pp. 679-768.

Beck, C., Uramoto, H., Boren, J., Akyurek, L.M., 2004. Tissue-specific targeting
for cardiovascular gene transfer. Potential vectors and future challenges.
Curr. Gene Ther. 4, 457-467.

Blomer, U., Naldini, L., Kafri, T., Trono, D., Verma, .M., Gage, F.H., 1997.
Highly efficient and sustained gene transfer in adult neurons with a lentivirus
vector. J. Virol. 71, 6641-6649.

Brandenburger, Y., Jenkins, A., Autelitano, D.J., Hannan, R.D., 2001. Increased
expression of UBF is a critical determinant for rRNA synthesis and hyper-
trophic growth of cardiac myocytes. FASEB J. 15, 2051-2053.

Burcin, M.M., Schiedner, G., Kochanek, S., Tsai, S.Y., O’Malley, B.W., 1999.
Adenovirus-mediated regulable target gene expression in vivo. Proc. Natl.
Acad. Sci. U.S.A. 96, 355-360.

Du, X.J., Autelitano, D.J., Dilley, R.J., Wang, B., Dart, A.M., Woodcock, E.A.,
2000a. Beta(2)-adrenergic receptor overexpression exacerbates development
of heart failure after aortic stenosis. Circulation 101, 71-77.

Du, X.J., Gao, X.M., Jennings, G.L., Dart, A.M., Woodcock, E.A., 2000b.
Preserved ventricular contractility in infarcted mouse heart overexpress-
ing beta(2)-adrenergic receptors. Am. J. Physiol. Heart Circ. Physiol. 279,
H2456-H2463.

Du, X.J., Gao, X.M., Wang, B., Jennings, G.L., Woodcock, E.A., Dart, A.M.,
2000c. Age-dependent cardiomyopathy and heart failure phenotype in mice
overexpressing beta(2)-adrenergic receptors in the heart. Cardiovasc. Res.
48, 448-454.

Du, X.J., Samuel, C.S., Gao, X.M., Zhao, L., Parry, L.J., Tregear, G.W.,
2003. Increased myocardial collagen and ventricular diastolic dysfunction
in relaxin deficient mice: a gender-specific phenotype. Cardiovasc. Res. 57,
395-404.

Gao, X.M., Agrotis, A., Autelitano, D.J., Percy, E., Woodcock, E.A., Jen-
nings, G.L., Dart, A.M., Du, X.J., 2003. Sex hormones and cardiomyopathic
phenotype induced by cardiac beta 2-adrenergic receptor overexpression.
Endocrinology 144, 4097-4105.

Garber, S.L., Mirochnik, Y., Brecklin, C.S., Unemori, E.N., Singh, A K., Slo-
bodskoy, L., Grove, B.H., Arruda, J.A., Dunea, G., 2001. Relaxin decreases
renal interstitial fibrosis and slows progression of renal disease. Kidney Int.
59, 876-882.

Golos, T.G., Sherwood, O.D., 1982. Control of corpus luteum function during
the second half of pregnancy in the rat: a direct relationship between con-
ceptus number and both serum and ovarian relaxin levels. Endocrinology
111, 872-878.

Gunnersen, J.M., Crawford, R.J., Tregear, G.W., 1995. Expression of the relaxin
gene in rat tissues. Mol. Cell Endocrinol. 110, 55-64.

Hajjar, R.J., del Monte, F., Matsui, T., Rosenzweig, A., 2000. Prospects for gene
therapy for heart failure. Circ. Res. 86, 616-621.

Halls,M.L., Bond, C.P,, Sudo, S., Kumagai, J., Ferraro, T., Layfield, S., Bathgate,
R.A., Summers, R.J., 2005. Multiple binding sites revealed by interaction
of relaxin family peptides with native and chimeric relaxin family peptide
receptors 1 and 2 (LGR7 and LGRS). J. Pharmacol. Exp. Ther. 313, 677-687.

Hammond, H.K., McKirnan, M.D., 2001. Angiogenic gene therapy for heart
disease: a review of animal studies and clinical trials. Cardiovasc. Res. 49,
561-567.

He, T.C., Zhou, S., da Costa, L.T., Yu, J., Kinzler, K.W., Vogelstein, B., 1998.
A simplified system for generating recombinant adenoviruses. Proc. Natl.
Acad. Sci. U.S.A. 95, 2509-2514.

Herrmann, J., Abriss, B., van de Leur, E., Weiskirchen, S., Gressner, A.M.,
Weiskirchen, R., 2004. Comparative analysis of adenoviral transgene deliv-
ery via tail or portal vein into rat liver. Arch. Virol. 149, 1611-1617.

Jones, J.M., Koch, W.J., 2005. Gene therapy approaches to cardiovascular dis-
ease. Methods Mol. Med. 112, 15-35.

Lekgabe, E.D., Kiriazis, H., Zhao, C., Xu, Q., Moore, X.L., Su, Y., Bathgate,
R.A., Du, X.J., Samuel, C.S., 2005. Relaxin reverses cardiac and renal
fibrosis in spontaneously hypertensive rats. Hypertension 46, 412-418.

Liggett, S.B., Tepe, N.M., Lorenz, J.N., Canning, A.M., Jantz, T.D., Mitarai,
S., Yatani, A., Dorn II., G.W., 2000. Early and delayed consequences of
beta(2)-adrenergic receptor overexpression in mouse hearts: critical role for
expression level. Circulation 101, 1707-1714.

Lijnen, PJ., Petrov, V.V.,, 2003. Role of intracardiac renin-angiotensin-
aldosterone system in extracellular matrix remodeling. Methods Find. Exp.
Clin. Pharmacol. 25, 541-564.

Mandarim-de-Lacerda, C.A., Pereira, L.M., 2003. The effects of spironolactone
monotherapy on blood pressure and myocardial remodeling in spontaneously
hypertensive rats: a stereological study. J. Biomed. Sci. 10, 50-57.

Masterson, R., Hewitson, T.D., Kelynack, K., Martic, M., Parry, L., Bathgate, R.,
Darby, 1., Becker, G., 2004. Relaxin down-regulates renal fibroblast function
and promotes matrix remodelling in vitro. Nephrol. Dial. Transplant. 19,
544-552.

Milano, C.A., Allen, L.E., Rockman, H.A., Dolber, P.C., McMinn, T.R., Chien,
K.R., Johnson, T.D., Bond, R.A., Lefkowitz, R.J., 1994. Enhanced myocar-
dial function in transgenic mice overexpressing the beta 2-adrenergic
receptor. Science 264, 582-586.

Munch, G., Rosport, K., Bultmann, A., Baumgartner, C., Li, Z., Laacke, L.,
Ungerer, M., 2005. Cardiac overexpression of the norepinephrine trans-
porter uptake-1 results in marked improvement of heart failure. Circ. Res.
97, 928-936.

O’Byrne, E.M., Steinetz, B.G., 1976. Radioimmunoassay (RIA) of relaxin in
sera of various species using an antiserum to porcine relaxin. Proc. Soc.
Exp. Biol. Med. 152, 272-276.

Relph, K.L., Harrington, K.J., Pandha, H., 2005. Adenoviral strategies for the
gene therapy of cancer. Semin. Oncol. 32, 573-582.

Rivera, VM., Ye, X., Courage, N.L., Sachar, J., Cerasoli Jr., F., Wilson, J.M.,
Gilman, M., 1999. Long-term regulated expression of growth hormone in
mice after intramuscular gene transfer. Proc. Natl. Acad. Sci. U.S.A. 96,
8657-8662.

Samuel, C.S., Butkus, A., Coghlan, J.P., Bateman, J.F., 1996. The effect of
relaxin on collagen metabolism in the nonpregnant rat pubic symphysis:
the influence of estrogen and progesterone in regulating relaxin activity.
Endocrinology 137, 3884-3890.

Samuel, C.S., Zhao, C., Bathgate, R.A., Bond, C.P., Burton, M.D., Parry, L.J.,
Summers, R.J., Tang, M.L., Amento, E.P., Tregear, G.W., 2003. Relaxin
deficiency in mice is associated with an age-related progression of pulmonary
fibrosis. FASEB J. 17, 121-123.

Samuel, C.S., Unemori, E.N., Mookerjee, 1., Bathgate, R.A., Layfield, S.L.,
Mak, J., Tregear, G.W., Du, X.J., 2004a. Relaxin modulates cardiac fibroblast
proliferation, differentiation, and collagen production and reverses cardiac
fibrosis in vivo. Endocrinology 145, 4125-4133.

Samuel, C.S., Zhao, C., Bond, C.P., Hewitson, T.D., Amento, E.P., Summers,
R.J., 2004b. Relaxin-1-deficient mice develop an age-related progression of
renal fibrosis. Kidney Int. 65, 2054-2064.

Scott, D.J., Layfield, S., Yan, Y., Sudo, S., Hsueh, A.J., Tregear, G.W., Bathgate,
R.A., 2006. Characterization of novel splice variants of LGR7 and LGR8



38 R.A.D. Bathgate et al. / Molecular and Cellular Endocrinology 280 (2008) 30-38

reveals that receptor signaling is mediated by their unique LDLa modules.
J. Biol. Chem. 281, 34942-34954.

Silvertown, J.D., Geddes, B.J., Summerlee, A.J., 2003. Adenovirus-mediated
expression of human prorelaxin promotes the invasive potential of canine
mammary cancer cells. Endocrinology 144, 3683-3691.

Stone, D., David, A., Bolognani, F., Lowenstein, P.R., Castro, M.G., 2000. Viral
vectors for gene delivery and gene therapy within the endocrine system. J.
Endocrinol. 164, 103-118.

Tyagi, S.C., Kumar, S.G., Alla, S.R., Reddy, H.K., Voelker, D.J., Janicki, J.S.,
1996. Extracellular matrix regulation of metalloproteinase and antipro-
teinase in human heart fibroblast cells. J. Cell Physiol. 167, 137-147.

Unemori, E.N., Amento, E.P., 1990. Relaxin modulates synthesis and secretion
of procollagenase and collagen by human dermal fibroblasts. J. Biol. Chem.
265, 10681-10685.

Unemori, E.N., Pickford, L.B., Salles, A.L., Piercy, C.E., Grove, B.H., Erikson,
M.E., Amento, E.P., 1996. Relaxin induces an extracellular matrix-degrading

phenotype in human lung fibroblasts in vitro and inhibits lung fibrosis in a
murine model in vivo. J. Clin. Invest. 98, 2739-2745.

van der Eb, M.M., Cramer, S.J., Vergouwe, Y., Schagen, F.H., van Krieken, J.H.,
van der Eb, A.J., Borel Rinkes, I.H., van de Velde, C.J., Hoeben, R.C., 1998.
Severe hepatic dysfunction after adenovirus-mediated transfer of the herpes
simplex virus thymidine kinase gene and ganciclovir administration. Gene
Ther. 5, 451-458.

Wade, J.D., Lin, E,, Talbo, G., Otvos Jr., L., Tan, Y.Y., Tregear, G.W., 1996. Solid
phase synthesis and biological activity of rat relaxin. Biomed. Pept. Proteins
Nucleic Acids 2, 89-92.

Weber, K.T., 2000. Fibrosis and hypertensive heart disease. Curr. Opin. Cardiol.
15,264-272.

Williams, E.J., Benyon, R.C., Trim, N., Hadwin, R., Grove, B.H., Arthur, M.J.,
Unemori, E.N., Iredale, J.P., 2001. Relaxin inhibits effective collagen depo-
sition by cultured hepatic stellate cells and decreases rat liver fibrosis in vivo.
Gut 49, 577-583.



	Adenovirus-mediated delivery of relaxin reverses cardiac fibrosis
	Introduction
	Materials and methods
	Adenovirus construction
	Adenovirus characterization
	Animals and adenoviral gene delivery
	Assessment of GFP transgene expression by confocal microscopy
	Collagen content quantification: histology and hydroxyproline assays
	Statistical analysis

	Results
	In vitro characterization of Ad-rRLN and Ad-mRLN
	Assessment of in vivo expression and activity of transgenes after systemic delivery
	Effect of adenoviral relaxin gene transfer

	Discussion
	Acknowledgements
	References


