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Background-—Cardiac hypertrophy is an adaptive remodeling event that may improve or diminish contractile performance of the
heart. Physiologic and pathologic hypertrophy yield distinct outcomes, yet both are dependent on caspase-directed proteolysis.
This suggests that each form of myocardial growth may derive from a specific caspase cleavage event(s). We examined whether
caspase 3 cleavage of the actin capping/severing protein gelsolin is essential for the development of pathologic hypertrophy.

Methods and Results-—Caspase targeting of gelsolin was established through protein analysis of hypertrophic cardiomyocytes and
mass spectrometry mapping of cleavage sites. Pathologic agonists induced late-stage caspase-mediated cleavage of gelsolin. The
requirement of caspase-mediated gelsolin cleavage for hypertrophy induction was evaluated in primary cardiomyocytes by cell size
analysis, monitoring of prohypertrophy markers, and measurement of hypertrophy-related transcription activity. The in vivo impact
of caspase-mediated cleavage was investigated by echo-guided intramyocardial injection of adenoviral-expressed gelsolin.
Expression of the N-terminal gelsolin caspase cleavage fragment was necessary and sufficient to cause pathologic remodeling in
isolated cardiomyocytes and the intact heart, whereas expression of a noncleavable form prevents cardiac remodeling. Alterations
in myocardium structure and function were determined by echocardiography and end-stage cardiomyocyte cell size analysis.
Gelsolin secretion was also monitored for its impact on na€ıve cells using competitive antibody trapping, demonstrating that
hypertrophic agonist stimulation of cardiomyocytes leads to gelsolin secretion, which induces hypertrophy in na€ıve cells.

Conclusions-—These results suggest that cell autonomous caspase cleavage of gelsolin is essential for pathologic hypertrophy and
that cardiomyocyte secretion of gelsolin may accelerate this negative remodeling response. ( J Am Heart Assoc. 2018;7:
e010404. DOI: 10.1161/JAHA.118.010404.)

Key Words: cardiac hypertrophy • cardiomyocyte hypertrophy • caspase-3 • cell signaling • cytoskeletal dynamics • gelsolin

C ardiac hypertrophy can occur in response to biomechan-
ical and neurohormonal stimuli, which promote growth

of the intact heart.1,2 Hypertrophy can be physiologic, such as
the cardiac enlargement experienced during pregnancy or
exercise.3–5 Physiologic hypertrophy matches myocardial
growth to increased vascularity and normalizes increased

tension and pressure in the cardiac chambers to minimize
stress and meet systemic demands of the body. Pathologic
cardiac hypertrophy is a consequence of disease-inducing
stimuli, such as hypertension; although initially adaptive,
continued ventricular growth will lead to a decline in function,
resulting in heart failure.2,6 The transition from adaptive to
maladaptive hypertrophy is accompanied by several distinct
changes, including increased fibrosis, gross enlargement of
cardiomyocytes, and prominent alterations in cytoskeletal/
sarcomere assembly.7,8

Despite the overt difference in physiologic and pathologic
cardiac hypertrophy, the cardiomyocyte growth for each condi-
tion requires activation of the same signaling cascade. Specif-
ically, both forms of hypertrophy depend on stimulation of the
intrinsic-mediated cell death pathway, culminating in activation
of caspase 3.9,10 Both physiologic and pathologic hypertrophy
agonists, such as cardiotrophin 1 and phenylephrine, respec-
tively, rapidly engage caspase 3. Once active, caspase 3 targets
and cleaves Histone Deacetylase 3 (HDAC3) to relieve repres-
sion on myocyte enhancer factor 2 (MEF2), a key factor that
controls hypertrophy-dependent transcription events in car-
diomyocytes.10 During physiologic hypertrophy, this pathway is

From the Ottawa Hospital Research Institute, Sprott Centre for Stem Cell
Research, Regenerative Medicine Program, Ottawa Hospital, Ottawa, Ontario,
Canada (C.P., M.A.-G., S.B., L.A.M.); Department of Cellular and Molecular
Medicine, Faculty of Medicine (C.P., M.A.-G., P.G.B., L.A.M.), and Department
of Medicine (P.G.B., L.A.M.), University of Ottawa, Ottawa, Ontario, Canada; and
University of Ottawa Heart Institute, Ottawa, Ontario, Canada (P.G.B.).

Accompanying Figures S1 through S7 are available at https://www.ahajournals.
org/doi/suppl/10.1161/JAHA.118.010404

Correspondence to: Lynn Megeney, PhD, Ottawa Hospital Research
Institute, General Campus, 501 Smyth Rd, Room W5206, Ottawa, Ontario,
Canada K1H 8L6. E-mail: lmegeney@ohri.ca

Received August 3, 2018; accepted September 26, 2018.

ª 2018 The Authors. Published on behalf of the American Heart Association,
Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

DOI: 10.1161/JAHA.118.010404 Journal of the American Heart Association 1

ORIGINAL RESEARCH

info:doi/10.1161/JAHA.118.010404
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.118.e010404
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.118.e010404
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


rapidly curtailed throughconcurrentstimulationofcaseinkinase
2.9Casein kinase2phosphorylates the cleavagesite oncaspase
3 and its substrates to render the pathway ineffective.

These observations suggest the critical step in transition to
pathologic hypertrophy and heart failure is sustained caspase 3
activity. Herein, we sought to define the mechanism by which
caspase 3 promotes adverse cardiomyocyte/cardiac hypertro-
phy andwhether this is dependent on a unique enzyme substrate
cleavage event. Caspase-sensitive transcriptional responses are
similar in physiologic and pathologic hypertrophy9; therefore, we
focused our investigation on potential caspase substrates that
may modify cytoskeletal/sarcomeric components. Inspection of
literature and substrate databases suggested that the actin
binding/severing protein gelsolin may be a pathologic conveyer
of caspase 3 activity during late stages of hypertrophy. In
apoptotic cells, the N-terminal fragment of caspase-cleaved
gelsolin can dramatically alter actin structure.11,12 In addition,
gelsolin null mice have a blunted remodeling response in the
post-infarct heart, although this was attributed to a loss in the
full-length protein.13

Methods
The data, analytic methods, and study materials that support
the findings of this study are available from the corresponding
author on reasonable request.

All animal studies, including primary cardiomyocyte
retrieval and in vivo analysis, were approved by the University
of Ottawa Heart Institute and the University of Ottawa Animal
Care Committee.

Cell Culture
Primary neonatal rat cardiomyocytes were isolated from
hearts of 2-day-old Sprague-Dawley rats (Charles River
Canada). Hearts were placed in Joklik modified Eagle medium
after excision, and ventricles were separated from the atria.
Ventricles were minced and digested with 0.1% collagenase II
(Worthington) in Joklik modified Eagle medium for 5 rounds of
digestions (15 minutes each) at 37°C with agitation. Super-
natants from collected cellular fractions were incubated with
10% (vol/vol) fetal bovine serum (Gibco), cellular fractions
were spun at 100g for 5 minutes, and the resulting cell pellets
were resuspended in DMEM/10% (vol/vol) fetal bovine
serum/1% (vol/vol) penicillin-streptomycin (Gibco). Noncar-
diomyocyte cells were removed via preplating incubations,
and all nonadherent cells were seeded on adherent culture
dishes or collagen-coated 25-mm glass coverslips for
immunocytochemistry. Cells were allowed to recover for
24 hours in DMEM culture media at 37°C with 5% CO2.
Medium was changed to serum-free medium for 24 hours at
37°C with 5% CO2.

Immunoblotting
Cell lysates were obtained after green fluorescent protein
(GFP)–adenovirus or p35-adenovirus infection, followed by 0 to
24 hours of hypertrophy induced by treatment with hyper-
trophic agonist phenylephrine (100 lmol/L; Sigma). Stau-
rosporine (2 lmol/L; 24 hours; dissolved in dimethyl
sulfoxide; BioVision) and serum-free treatments (phenyle-
phrine, 0 hour) served as positive and negative controls for
caspase activation, respectively. Briefly, cells were washed in
PBS solution and harvested by centrifugation at 1500g for
7 minutes. Cells were lysed in lysis buffer supplemented with
protease inhibitors (0.5 mol/L HEPES-NaOH, pH 7.5; 5.0 mol/
L NaCl; 80% [vol/vol] glycerol; 1% [vol/vol] Triton X-100 (Tx-
100); 0.2 mol/L EGTA; 1 mol/L MgCl2; 20 mmol/L NaF;
10 mmol/L sodium pyrophosphate; 2.0 mmol/L sodium
orthovanadate; and 200 lmol/L phenylmethylsulfonyl fluo-
ride) and incubated at 4°C for 1 hour, followed by centrifuga-
tion at 20 800g for 10 minutes. Protein was separated by
SDS/PAGE and transferred to polyvinylidene difluoride mem-
branes.Membranes were blockedwith 10 mmol/L Tris, pH 7.4,
150 mmol/L NaCl, 0.05% Tween-20, and 5% (wt/vol) nonfat
powdered milk; they were incubated with mouse anti-gelsolin
(No. ab55070; Abcam) overnight at 4°C, followed by incubation
with horseradish peroxidase–conjugated goat anti-mouse

Clinical Perspective

What Is New?

• This study demonstrates that the transition to pathologic
hypertrophy requires caspase 3 targeting of the actin
severing protein gelsolin.

• The N-terminal caspase cleavage fragment of gelsolin is
both sufficient and necessary for negative hypertrophy
remodeling of cardiomyocytes (and the myocardium).

• Caspase targeting of gelsolin and the consequent actin
polymerization are sufficient to induce the pathologic
hypertrophy program, which includes the characteristic
morphologic and transcription alterations.

What Are the Clinical Implications?

• The observations from this study have implications for
understanding the genesis of pathologic cardiac hypertro-
phy and how the heart rapidly transitions to failure.

• Our work suggests that nonapoptotic targeting of a single
caspase substrate is essential to the manifestation of the
disease process in pathologic hypertrophy.

• Muting or suppressing caspase activity and/or activity of its
cognate substrate, gelsolin, may offer a novel therapeutic
target to limit the development of pathologic hypertrophy
and the transition to heart failure.
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(No. 1706516; BioRad). The electrochemiluminescence detec-
tion kit (GE Healthcare) was used to detect protein expression.
Primary cardiomyocytes were also treated with human car-
diotrophin 1 (0.5 nmol/L), as previously described by Abdul-
Ghani et al,9 and analyzed by immunoblotting using an anti-
gelsolin antibody, as previously described.

In Vitro Cleavage Assay
Recombinant gelsolin protein (100 ng; Abnova) and recombi-
nant active caspase 3 (3 units; Chemicon) or active caspase 7
(3 units; BioVision) were incubated for 3 hours at 37°C in
cleavage assay buffer (50 mmol/L HEPES, pH 7.5; 0.1 mol/L
NaCl; 10% [vol/vol] glycerol; 0.1% Chaps (3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate); and 10 mmol/L
dithiothreitol) containing either dimethyl sulfoxide or the
effector caspase peptide inhibitor N-benzyloxycarbonyl-Asp-
Glu-Val-Asp fluoromethyl ketone (BioVision; 20 lmol/L). Reac-
tions were stopped by addition of Laemmli sample buffer and
subjected to SDS/PAGE. Western blot analysis was performed
using a gelsolin (Abcam) antibody.

Mass Spectrometry
To confirm caspase 3 and/or caspase 7 cleavage of gelsolin
protein (2 lg), an in vitro cleavage reaction, performed as
previously described, was subjected to SDS/PAGE, followed
by silver stain using silver nitrate. The protein bands
corresponding to the cleavage fragments were excised and
processed for liquid chromatography–tandem mass spec-
trometry via trypsin digest. The results were analyzed by
MASCOT 2.4 software (Matrix Science), and the identified
peptides were mapped to either the N-terminus or the C-
terminus of the gelsolin protein sequence (Figure 1D).

Immunofluorescence
Primary cardiomyocytes were seeded for fluorescent staining
at a density of 2.79105 cells per collagen-coated 25-mm
glass coverslip. Briefly, cells were washed in PBS solution and
fixed with 4% (wt/vol) paraformaldehyde for 30 minutes after
the indicated treatment. Cell permeabilization was completed
by incubating in blocking buffer (1% BSA, 2% [wt/vol] normal
goat serum, and 0.4% Tx-100 in PBS solution) for 30 minutes.
Cardiomyocytes were stained mouse anti–a-actinin (No.
A7811; Sigma) overnight at 4°C and then with goat anti-
mouse IgG Cy3 conjugate (No. AP124C; Millipore) for
1.5 hours. To detect hypertrophy induction, cardiomyocytes
were stained with known hypertrophic marker atrial natri-
uretic peptide (ANP) using rabbit anti-ANP (No. ab14348;
Abcam), followed by detection by the Cy3 or Alexa 488
secondary antibody (No. A-11008; Invitrogen). Nuclei were

counterstained with 4’,6-diamidino-2-phenylindole (No.
D8417; Sigma), and cells were mounted onto microscope
slides with DakoCytomation fluorescent mounting media
(DakoCytomation). Fluorescent images were obtained using
the Zeiss LSM510 (Carl Zeiss MicroImaging). Actin was
visualized by Alexa Flour 555 phalloidin staining (No. 8953;
Cell Signaling), and cardiomyocytes with visible striations and
organized/parallel lines of sarcomeres were quantified to
determine the percentage of cells with bundled actin.
Hypertrophy was assessed by cardiomyocyte cell size analysis
of a-actinin–positive cells using ImageJ software. ANP
fluorescence intensity was determined by integrated density
quantification, also by using ImageJ software. Putinski et al10

and Abdul-Ghani et al9 describe use of the previously noted
antibodies, which are routinely used in our laboratory.

Construction of Gelsolin Adenoviruses
Recombinant gelsolin adenoviruses for gene delivery of wild-
type, N-terminal gelsolin caspase cleavage fragment and C-
terminal gelsolin caspase cleavage fragment were constructed
by use of the AdEasy XL Adenoviral Vector System (Agilent
Technologies), according to the manufacturer’s instructions.
Primers were constructed on the basis of the full-length gelsolin
rat sequence and are detailed in the Table. All gelsolin
adenoviruses are encoding cytoplasmic gelsolin, which starts
at amino acid 50within the Rattus norvegicus precursor gelsolin
sequence (Figure S1; NP_001004080.1). Polymerase chain
reactions were completed using full-length gelsolin as a
template (GE Healthcare). Correct insert ligation into the
pShuttle-IRES-hrGFP-2 vector (Agilent Technologies) was con-
firmed by sequencing (Applied Biosystems 3730 DNA Analyzer;
StemCore Laboratories, Ottawa, ON, Canada), followed by
analysis of sequencing data using Chromas software. Forward
and reverse pShuttle-IRES-hrGFP-2 primers, detailed in the
Table, were used for sequencing, and additional internal primers
were used to facilitate full sequencing coverage. Linearized
plasmid DNA was transformed into BJ5183-AD-1 cells, which
are pretransformed with pAdEasy-1 plasmid (Agilent Technolo-
gies), followed by selection for kanamycin resistance. Positive
recombinant adenovirus plasmids were transformed into XL10-
Gold ultracompetent cells (Agilent Technologies) and then
transfected into AD-293 cells, allowing for recombinant aden-
ovirus plasmid DNA amplification. Once amplified, aden-
oviruses were purified by cesium chloride gradients using
ultracentrifugation and quantified by spectrophotometry.

Wild-type gelsolin previously cloned, as previously detailed,
into the pShuttle-IRES-hrGFP-2 vector was used as a template
to produce a single point mutation within the gelsolin caspase
cleavage site using site-directed mutagenesis. The poly-
merase chain reaction was performed using primers (Table)
containing the mutated nucleotide sequence corresponding to
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Figure 1. Gelsolin is an essential caspase cleavage substrate during cardiomyocyte hypertrophy. A, Cardiomyocytes infected with p35-
adenovirus or green fluorescent protein (GFP)–adenovirus were treatedwith phenylephrine and subjected to immunoblot using a C-terminal gelsolin
antibody. Gelsolin cleavage was observed with GFP-adenovirus, whereas these fragments were not present with p35-adenovirus. Treatment with
2 lmol/L staurosporine served as a positive (+) control. B, Gelsolin in vitro cleavage assays for caspase alone, gelsolin alone, gelsolin with caspase
3 or 7, or gelsolin with caspase and caspase inhibitor N-benzyloxycarbonyl-Asp-Glu-Val-Asp fluoromethyl ketone (z-DEVD-fmk) were probed with a
C-terminal gelsolin antibody. A smaller molecular weight gelsolin fragment (asterisk) is observedwhen gelsolin is incubatedwith caspase 3/7 and is
reduced with z-DEVD-fmk. C, Recombinant gelsolin was subjected to an in vitro cleavage reaction, followed by SDS/PAGE and silver staining.
Protein fragments were isolated and processed by liquid chromatography–tandemmass spectrometry. D, Red peptides represent those from the N-
terminal fragment (44 kDa plus 26-kDa N-terminal gelsolin Glutathione S-transferase (GST) tag). Green peptides represent those from the C-
terminal fragment (�42 kDa). The aspartic acid targeted by caspase 3/7 is highlighted in yellow. Consensus of the targeted aspartic acid residues
(highlighted in yellow) in Homo sapiens (D403; NP_000168.1), Rattus norvegicus (D401; NP_001004080.1), and Mus musculus (D401;
NP_666232.2). Amino acid sequences were obtained from the National Center for Biotechnology Information. E, Cardiomyocytes transfected with
scrambled negative control small interfering RNA (siRNA) or gelsolin siRNA, followed by infection with GFP-adenovirus, wild-type gelsolin-
adenovirus, or D401A gelsolin-adenovirus (multiplicity of infection=1) during serum-free or phenylephrine treatment. F, Gelsolin knockdown
confirmed by Western blotting, where gelsolin siRNA led to reduced gelsolin levels compared with the negative scrambled siRNA. a-ß Tubulin was
the loading control. G, During serum-free treatment, wild-type gelsolin-adenovirus infection after negative siRNA transfection led to increased cell
size (n=4, **P<0.01), whereas mutant D401A gelsolin-adenovirus infection did not. During phenylephrine treatment, gelsolin siRNA-mediated
knockdown led to a significant reduction in hypertrophy (n=4, *P<0.05). Wild-type gelsolin-adenovirus infection after gelsolin siRNA treatment
rescued the hypertrophy response (n=4, *P<0.05). This hypertrophy rescue did not occur with the noncleavable D401A gelsolin-adenovirus.
Bar=40 lm. Error bars represent SEM. ANP indicates atrial natriuretic peptide; DAPI, 4’,6-diamidino-2-phenylindole.
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a single amino acid change (D401A). The resulting mutated
polymerase chain reaction products were then processed, as
previously described, producing caspase cleavage site
mutated gelsolin adenoviruses.

Correct gelsolin expression was further verified by Western
blotting of lysates collected from adenovirus-infected primary
cardiomyocytes. Briefly, cells were washed in PBS solution and
harvested by centrifugation at 1500g for 7 minutes. Whole cell
lysates were obtained by cell lysis with lysis buffer supple-
mented with protease inhibitors (50 mmol/L Tris-HCl,
150 mmol/L NaCl, 1 mmol/L EDTA, 1% [vol/vol] NP-40, 1%
[vol/vol] glycerol, 20 mmol/L NaF, 10 mmol/L sodium
pyrophosphate, 2.0 mmol/L sodium orthovanadate, and
200 lmol/L phenylmethylsulfonyl fluoride) and incubated at
4°C for 1 hour, followed by centrifugation at 12 000g for

2 minutes. Protein was separated by SDS/PAGE and trans-
ferred to polyvinylidene difluoride membranes. Membranes
were incubated with C-terminal mouse anti-gelsolin (No.
ab55070; Abcam) or N-terminal goat anti-gelsolin (No. sc-
6406; Santa Cruz) overnight at 4°C, followed by incubation with
horseradish peroxidase–conjugated goat anti-mouse (No.
1706516; BioRad) or anti-goat (No. 1721034; BioRad), respec-
tively. The electrochemiluminescence detection kit (GE Health-
care) was used to detect protein expression (Figure S2).

Gelsolin Adenovirus Infection and Cardiomyocyte
Treatments
Primary cardiomyocytes were infected with the control GFP-
adenovirus, wild-type gelsolin-adenovirus, N-terminal

Figure 1. Continued

Table. Primers Used for Gelsolin Adenovirus Construction and Sequencing

Variable Gelsolin Primer

Wild-type Forward: 50-TTTGTCGACATGGTGGTGGAGCACCCCGAAGGG-30

Reverse: 50-TTCTCGAGGGCAGCCAGCTCAGCCAACC-30

N-terminal fragment Forward: 50-TTTGTCGACATGGTGGTGGAGCACCCCGAAGGG-30

Reverse: 50-TTCTCGAGGTCTGTCTGGTCTGGGTCCC-30

C-terminal fragment Forward: 50-TTTGTCGACATGGGCCCTGGCCTGAGCTACGGG-30

Reverse: 50-TTCTCGAGGGCAGCCAGCTCAGCCAACC-30

D401A caspase cleavage mutant Forward: 50-CCAGACCAGACAGCCGGCCCTGGCCTG -30

Reverse: 50-CAGGCCAGGGCCGGCTGTCTGGTCTGG-30

pShuttle-IRES-hrGFP-2 Forward: 50-CTCACGGGGATTTCCAAGTC 30

Reverse: 50-ATGCAGTCGTCGAGGAATTG 30

Internal sequencing primers Wild-type and N-terminal fragment
Forward: 50-GGACGCCGTGTAGTCCGTGCC-30

Wild-type and C-terminal fragment
Reverse: 50-GGCGGCGGAGGGGGTTTTCAG-30

N-terminal fragment
Reverse: 50-GGTGCCCTGAGGCAGATCCGG-30

C-terminal fragment
Forward: 50-GTCGCTGCTTCAGCCATCCTG-30

Forward and reverse wild-type, N-terminal, and C-terminal gelsolin adenovirus primers include Sal1 and Xhol restriction sites, respectively. Mutated site identified in bold italics.
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gelsolin-adenovirus, C-terminal gelsolin-adenovirus, or the
noncaspase cleavable D401A gelsolin-adenovirus (multipli-
city of infection [MOI]=1) either in serum-free media (24 or
48 hours) or during phenylephrine (100 lmol/L) hypertro-
phy induction (3 or 24 hours). Cardiomyocytes were
paraformaldehyde fixed, and immunofluorescent analysis
was completed with mouse anti–a-actinin and rabbit anti-
ANP, followed by detection by the Cy3 and Alexa 647
secondary antibody (Invitrogen). Nuclei were counterstained
with 4’,6-diamidino-2-phenylindole, and cells were mounted
onto microscope slides with DakoCytomation fluorescent
mounting media. Fluorescent images were obtained using
the Zeiss Observer Z1 (Zeiss AxioVision SE64 Imaging
software). Hypertrophy was assessed by cardiomyocyte cell
size analysis of a-actinin–positive cells using ImageJ soft-
ware. ANP fluorescence intensity was determined by
integrated density quantification, also by using ImageJ
software. All values were normalized to serum-free plus
GFP-adenovirus infected control treatments.

Gelsolin Small Interfering RNA Knockdown and
Gelsolin Reintroduction
Primary cardiomyocytes were transfected by using Lipofec-
tamine 2000 (Invitrogen), serum-free Opti-MEM a (Gibco), and
gelsolin small interfering RNA (siRNA) or negative control
scrambled siRNA (Ambion) for 5 hours at 37°Cwith 5%CO2. The
medium was replaced with serum-free medium, and cells were
incubated overnight at 37°C with 5% CO2. The next day,
cardiomyocytes were infected with the control GFP-adenovirus,
wild-type gelsolin-adenovirus, or D401A caspase cleavage site
mutant gelsolin-adenovirus (MOI=1). Cardiomyocytes were
then incubated in serum-free (24 hours) or phenylephrine
hypertrophy (24 hours) medium, and fresh siRNA was added.
Cardiomyocytes were paraformaldehyde fixed, and immunoflu-
orescence analysis and hypertrophy assessment were com-
pleted, as previously described. Gelsolin knockdown was
confirmed by Western blotting using a gelsolin antibody
(Abcam); gelsolin siRNA treatment led to reduced gelsolin
levels during phenylephrine 24-hour treatment compared with
the negative scrambled control siRNA (Figure 1F). Equal loading
is shownbya-ß tubulin (DevelopmentStudiesHybridomaBank).

Prohypertrophic Reporter Luciferase Assay
At a density of 0.79105 cells per well, primary cardiomy-
ocytes were seeded onto 48-well plates and, the following
day, cells were transfected by using Lipofectamine 2000
(Invitrogen), serum-free Opti-MEM a (Gibco), 4 ng of internal
Renilla luciferase internal control, and 200 ng of Firefly
luciferase reporter DNA containing the gene of interest
(reporters: ANP, B-type natriuretic peptide, nuclear factor-jB,

MEF2, and serum response factor) for 5 hours at 37°C with
5% CO2. The medium was replaced with serum-free medium
containing GFP control adenovirus or wild-type, N- or C-
terminal gelsolin-adenovirus, or the D401A gelsolin-adeno-
virus; and cells were incubated overnight at 37°C with 5%
CO2. The next day, cardiomyocytes were incubated with
serum-free medium or phenylephrine (24 hours). Luciferase
activity (prohypertrophic reporter activation) was measured by
using the Dual Luciferase Assay System, per manufacturer’s
instructions (Promega). Luciferase values were normalized to
Renilla luciferase internal control, empty pXP2 vector, and
serum-free medium plus GFP-adenovirus.

Cardiomyocytes were also infected with adenoviruses and
diluted in serum-free medium, encoding the nuclear factor of
activated T-cells (NFAT)-luciferase reporter or activated
calcineurin (Seven Hills Bioreagents, JMAd-10 and JMAd-04)
or the gelsolin-adenoviruses (wild-type, N-terminal, C-term-
inal, and D401A). GFP-adenovirus was used as a control.
NFAT-adenovirus and activated calcineurin-adenovirus were
infected at an MOI of 20, and the gelsolin-adenoviruses or
GFP-adenoviruses were infected at an MOI of 1. Cells were
infected for 12 or 24 hours at 37°C, followed by Luciferase
assay measurements using the Luciferase Assay System, as
per manufacturer’s instructions (Promega).

In Vivo Gelsolin Adenovirus Analysis
A total of 36 male Sprague-Dawley rats (�250 g at baseline)
were allocated into 5 adenovirus groups at random with
blinding (GFP, n=7; wild-type, n=7; N-terminus, n=7; C-
terminus, n=7; D401A, n=8). The rationale for using male rats
was to provide basic in vivo confirmation (or not) of the
in vitro observations (ie, future studies will examine whether
sex-based differences exist). Allocation concealment was
used (ie, cages were numbered instead of treatment desig-
nations). Echocardiography (VisualSonics)–guided intramy-
ocardial injections of GFP-adenovirus, wild-type gelsolin-
adenovirus, N-terminal gelsolin-adenovirus, C-terminal gel-
solin-adenovirus, or D401A gelsolin-adenovirus, diluted in
0.9% saline solution, at 3.759105 plaque-forming units/lL,
were completed on day 0 by using a staged microinjector
under parasternal long-axis view. Hypertrophy progression
was monitored by transthoracic echocardiography at room
temperature using echocardiography-Doppler (Vevo 770 sys-
tem; VisualSonics) with a probe, RMV707B (15–45 MHz).
Measurements were taken on days 0, 14, 21, and 28. Herein,
the rats were slightly anesthetized with 0.5% to 1% isoflurane
in 100% O2. The 2-dimensionally guided time motion mode
recording of the left ventricle (LV) provided the following
measurements: interventricular septal wall thickness in dias-
tole, posterior wall thickness in systole, LV internal diameter
during diastole, and LV internal diameter during systole.
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Percentage of LV fractional shortening was calculated as
follows: fractional shortening=(LV internal diameter during
diastole�LV internal diameter during systole)/LV internal
diameter during diastole, multiplied by 100. Percentage of
ejection fraction was calculated on the basis of LV volume
during diastole and systole (lL), where ejection fraction=(LV
volume during diastole�LV volume during systole)/LV volume
during diastole, multiplied by 100. Percentage of cardiac
output was calculated on the basis of heart rate measure-
ments multiplied by stroke volume, where stroke volume was
calculated by subtracting end-systolic volume from end-
diastolic volume, multiplied by 100.

At 4 weeks, hearts were arrested in diastole by a tail-vein
injection of 2 mol/L KCl. Hearts were isolated and stored in
4% (wt/vol) paraformaldehyde and dehydrated with 25% (wt/
vol) sucrose overnight at 4°C. Embedding and sectioning of
hearts were completed by the Department of Pathology and
Laboratory Medicine—Histology Core Facility (University of
Ottawa, Ottawa, ON, Canada). Tissue sections were washed
in PBS solution and fixed in 0.2% glutaraldehyde for
10 minutes at room temperature. Fluorescent staining was
completed on the heart tissues in a rehydration chamber by
using mouse anti–a-actinin, goat anti-mouse IgG Cy3
conjugate, anti-GFP (Cell Signaling), goat anti-rabbit Alexa
488, and 4’,6-diamidino-2-phenylindole, as described earlier.
Cell size analysis was completed on a-actinin and GFP-
positive cardiomyocytes using ImageJ software. Negative no
adenovirus control heart sections were imaged to demon-
strate that green fluorescence levels were above autofluo-
rescence (Figure S3). Additional frozen sections were
thawed, then fixed with 1% formalin in PBS for 10 minutes,
and then permeabilized with 0.3% Triton/PBS (10 minutes),
followed by blocking with 5% fetal bovine serum/PBS
(60 minutes). The slides were then incubated overnight at
4°C with ANP antibody (1:1000; Abcam) in 1% fetal bovine
serum/PBS. Primary antibody detection was visualized
following the protocol for SignalStain Boost Detection
Reagent (Cell Signaling). Images of stained sections were
collected using a Zeiss light microscope with a standard
color camera.

Heart sections were also stained with Masson’s trichrome
to assess collagen/fibrotic deposition (blue staining). This
immunohistologic analysis was completed by the Histology
Core Facility (University of Ottawa). Quantifications were
completed using ImageJ software.

Caspase Inhibition and Gelsolin Adenovirus
Infection
Primary cardiomyocytes were infected with the control GFP-
adenovirus, wild-type gelsolin-adenovirus, N-terminal gelsolin-
adenovirus, C-terminal gelsolin-adenovirus, or the noncaspase

cleavable D401A gelsolin-adenovirus (MOI=1) in serum-free
medium (24 hours). The following day, primary cardiomy-
ocytes were pretreated with N-benzyloxycarbonyl-Asp-Glu-Val-
Asp fluoromethyl ketone for 2 hours before induction of
hypertrophy by phenylephrine (100 lmol/L; 24 hours) when
additional fresh caspase 3 inhibitor was added. Cardiomy-
ocytes were paraformaldehyde fixed, and immunofluores-
cence analysis and hypertrophy assessment were completed,
as previously described.

Conditioned Hypertrophy Medium Analysis
Primary cardiomyocytes were treated with serum-free
medium, phenylephrine (100 lmol/L), or the procaspase
activating compound (25 lmol/L; BioVision) for 24 hours.
Hypertrophy medium was aspirated, and fresh serum-free
medium was added. The conditioned medium was collected
after 24 hours. This conditioned medium, in the presence or
absence of a gelsolin antibody (2 lg/mL; No. ab74420;
Abcam), preincubated (1 hour at room temperature) gelsolin
antibody, and gelsolin blocking peptide (6 lg/mL; No.
ab74419; Abcam), or a control noncardiac antibody (MyoD;
No. 13812; Cell Signaling) was used to treat additional
dishes of primary cardiomyocytes. Twenty-four hours later,
cardiomyocytes were fixed, and cell size and ANP levels were
analyzed by immunofluorescence microscopy, as previously
described.

Statistical Analysis
All data are expressed as mean�SEM. Significance of
multiple-group comparisons was completed by 1-way ANOVA,
followed by post hoc statistical analysis (GraphPad Prism 7).
Tukey’s test was used for pairwise comparisons between
treatment groups, where P<0.05 was considered significant.
Bonferroni-Holm correction was conducted in cases in which
there was unequal variance between groups. For the in vivo
study, formal sample size and power calculations were not
conducted because existing precedent in our laboratory (and
others in the field) was followed.

Results

Gelsolin Is Cleaved by Effector Caspases During
Pathologic Cardiac Hypertrophy
First, we examined gelsolin integrity in primary cardiomy-
ocytes treated with the hypertrophy agonist phenylephrine.
Gelsolin cleavage was observed at later stages (6–24 hours)
and was coincident with hypertrophy-related cytoskeletal
alterations that occur during this process (Figure 1A). Gelsolin
cleavage was blocked by caspase inhibition via infection of
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cardiomyocytes with the p35-adenovirus caspase inhibitor,
demonstrating caspase dependence for this cleavage event.
More important, the gelsolin cleavage fragments matched the
size of caspase-produced gelsolin fragments reported by
previous groups.11,12,14 Baseline (phenylephrine, 0 minutes)
caspase activity is observed (Figure 1A) and has also
previously been shown.10 To confirm the enzyme substrate
relationship, we conducted in vitro cleavage assays using
recombinant active caspase 3 and caspase 7 and recombi-
nant gelsolin in the presence or absence of the peptide
caspase inhibitor N-benzyloxycarbonyl-Asp-Glu-Val-Asp fluo-
romethyl ketone. Both effector caspases cleaved gelsolin,
whereas caspase inhibition blocked the production of the
gelsolin cleavage product (Figure 1B). Blots were probed with
an antibody corresponding to the C-terminal portion of
gelsolin and, thus, a single band was observed (�42-kDa C-
terminal fragment), which also corresponded with the gelsolin
fragments observed in hypertrophic cells. Next, we mapped
the caspase cleavage site within gelsolin, by extracting N- and
C-terminal gelsolin cleavage products from silver-stained gels,
followed by liquid chromatography–tandem mass spectrom-
etry (Figure 1C). A nontryptic cleavage event was observed at
aspartic acid residue 401 (D401) within the rat gelsolin amino
acid sequence (Figure 1D). This cleavage event is reflective of
what has been observed in other studies.11,12,14 These studies
based their numbering on the cytoplasmic gelsolin sequence,
which lacks 49 N-terminal amino acids compared with the full
gelsolin precursor or plasma gelsolin sequence
(Figure S1).15,16

Gelsolin Is Essential for Cardiomyocyte
Hypertrophy
We next examined whether gelsolin itself and gelsolin
caspase-mediated cleavage was essential for cardiomyocyte
hypertrophy. To test this supposition, we used gelsolin siRNA
to knock down gelsolin expression in primary cardiomyocytes
during serum-free or phenylephrine treatment, followed by
reintroduction of the caspase-cleavable wild-type gelsolin or
the noncleavable D401A gelsolin-adenovirus (Figure 1E and
1F). As previously shown,17 we also observed that gelsolin
siRNA knockdown during phenylephrine treatment leads to
reduced hypertrophy. Cell size and hypertrophy marker ANP
levels were also reduced by gelsolin knockdown, indicating a
role for gelsolin protein in hypertrophy induction (Figure 1E
and 1G). Cardiomyocytes transfected with gelsolin siRNA and
infected with the wild-type gelsolin-adenovirus, during
phenylephrine treatment, were enlarged compared with those
infected with the control GFP-adenovirus, demonstrating that
the reintroduction of a caspase-cleavable gelsolin can rescue
hypertrophy. Alternatively, gelsolin siRNA-mediated knock-
down, followed by infection with the caspase cleavage site

mutated gelsolin-adenovirus, did not lead to a significant
increase in cell size or ANP levels, suggesting that caspase
cleavage of gelsolin may be a critical step in the development
of the hypertrophy phenotype (Figure 1E and 1G).

Full-Length or Caspase-Cleaved N-Terminal
Gelsolin Induces Cardiomyocyte Hypertrophy
To investigate the biological role of caspase-mediated gelsolin
cleavage in pathologic cardiac hypertrophy, we compared a
panel of gelsolin-adenovirus constructs, which included the
wild-type and D401A (as previously noted) along with N- and
C-terminal caspase-cleavage fragments. When comparing
these adenovirus constructs, significant changes in cell size
(serum-free medium, 24 hours; serum-free medium,
48 hours; phenylephrine, 3 hours) and ANP levels (serum-
free medium, 48 hours) were observed. Each gelsolin aden-
ovirus was further compared with the control GFP-adenovirus
and, interestingly, cardiomyocytes infected with the wild-type
or N-terminal gelsolin-adenovirus in serum-free conditions
were significantly enlarged compared with those infected with
the GFP-adenovirus at 24 and 48 hours (Figure 2A and 2B).
These same gelsolin adenoviruses also elicited an increased
expression of ANP. Limited phenylephrine treatment (3 hours)
further enhanced the hypertrophy response. Conversely,
cardiomyocytes infected with the C-terminal gelsolin fragment
or D401A gelsolin-adenovirus did not display any increase in
size or ANP expression at any of the time points tested. We
measured whether these same gelsolin constructs affected
transcriptional activity of known hypertrophy responsive
genes. Herein, primary cardiomyocytes were transfected with
reporter plasmids for ANP, B-type natriuretic peptide, MEF2,
nuclear factor-jB, or serum response factor (with a Renilla
luciferase internal control) and monitored for the response to
gelsolin expression during serum-free treatment. With each
prohypertrophy marker, significant changes were observed
among the adenovirus groups (Figure 2C). When compared
with the control GFP-adenovirus, only wild-type and N-
terminal gelsolin-adenovirus infection resulted in a significant
increase in reporter activity during serum-free treatment,
which were comparable to those observed during phenyle-
phrine stimulation (Figure 2C). Because gelsolin is a potent
actin-remodeling agent, we also measured the capacity of the
various gelsolin-adenovirus constructs to modify cytoskele-
tal/sarcomeric structure. We noted that both wild-type and
N-terminal gelsolin-adenovirus infected cardiomyocytes
displayed a significant increase in bundled actin structures
compared with all other adenovirus-infected cells, a structural
reorganization that was similar to that induced by the
hypertrophy agonist phenylephrine (Figure 2D). Finally, we
tested the ability of the various gelsolin-adenovirus constructs
to remodel cardiomyocytes in the absence of caspase
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signaling. We noted that both the wild-type and N-terminal
gelsolin-adenoviruses could induce hypertrophy when car-
diomyocytes were exposed to the effector peptide caspase
inhibitor N-benzyloxycarbonyl-Asp-Glu-Val-Asp fluoromethyl
ketone (Figure 3), although the caspase-cleaved N-terminal
gelsolin provided a more significant rescue. This suggests
both caspase-dependent and caspase-independent gelsolin
functions.

Full-Length or Caspase-Cleaved N-Terminal
Gelsolin Induces Cardiomyocyte Hypertrophy In
Vivo
Next, we examined whether gelsolin and its cleavage
products altered heart structure in vivo. We performed
ultrasound-guided intramyocardial injections of the same
gelsolin- adenovirus constructs, as previously described,

Figure 2. Expression of wild-type or N-terminal gelsolin can induce hypertrophy in primary cardiomyocytes. Primary cardiomyocytes
were infected with green fluorescent protein (GFP) control adenovirus, wild-type gelsolin-adenovirus, N-terminal gelsolin-adenovirus, C-
terminal gelsolin-adenovirus, or D401A gelsolin-adenovirus (multiplicity of infection [MOI]=1) during serum-free or phenylephrine
treatment (bar=40 lm). Immunofluorescence analysis was completed (A), and cell size and atrial natriuretic peptide (ANP) levels were
evaluated (B). All values were normalized to the GFP-adenovirus–infected cardiomyocytes within each treatment. A significant increase
in cell size was observed after wild-type (n=3, **P<0.01) or N-terminal gelsolin infection (n=3, *P<0.05) during 24 hours of serum-free
treatment, whereas the C-terminal gelsolin or D401A gelsolin-adenovirus did not significantly affect cell size. Similar results were
observed after serum-free treatment over 48 hours (wild-type, n=3, ***P<0.001; N-terminus, n=3, **P<0.01) and phenylephrine
treatment over 3 hours (wild-type, n=3, **P<0.01; N-terminus, n=3, **P<0.01). ANP levels were also significantly increased after wild-
type and N-terminal gelsolin-adenovirus infection after 24 and 48 hours of serum-free treatment (n=3, *P<0.05). C, Cardiomyocytes
were transfected with luciferase reporter plasmids for prohypertrophic markers (ANP, B-type natriuretic peptide [BNP], myocyte
enhancer factor 2 [MEF2], nuclear factor [NF]-jB, and serum response factor [SRF]). Reporter activity was measured after
cardiomyocytes were infected with GFP control adenovirus, wild-type gelsolin-adenovirus, N-terminal gelsolin-adenovirus, C-terminal
gelsolin-adenovirus, or D401A gelsolin-adenovirus (MOI=1) during serum-free or phenylephrine treatment. Wild-type (ANP, n=3,
**P<0.01; BNP, n=3, *P<0.05) and N-terminal (ANP, n=3, *P<0.05; BNP, n=3, **P<0.01; MEF2, n=3, *P<0.05; NF-jB, n=3, *P<0.05;
SRF, n=3, *P<0.05) gelsolin-adenovirus infection, during serum-free treatment, led to a significant increase in hypertrophy reporter
activation compared with the GFP-adenovirus control, similar to what is observed during phenylephrine-induced hypertrophy
(phenylephrine, 24 hours). D, Actin remodeling was evaluated in cardiomyocytes infected with gelsolin-adenovirus constructs during
serum-free treatment by phalloidin staining, followed by determination of the percentage of cells with bundled actin. Magnified views
are shown in boxed regions. Significant increases in bundled actin/defined striations were observed in cardiomyocytes treated with N-
terminal gelsolin (n=3, **P<0.01) and wild-type gelsolin-adenovirus (n=3, **P<0.01). N-terminal gelsolin treatment led to a similar
increase in actin remodeling to that observed during phenylephrine treatment (n=3, **P<0.01). Bar=40 lm. Error bars represent SEM.
DAPI indicates 4’,6-diamidino-2-phenylindole.
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followed by echocardiography analysis over 28 days (Fig-
ure 4A and Figure S4). N-terminal gelsolin-adenovirus
injections led to significant reductions in LV internal
diameter during diastole compared with the GFP-adeno-
virus (Figures 3 and 4B) (day 28). Although no significant
increase in LV posterior wall thickness was observed
(Figure S5A), the interventricular septum thickness was
significantly increased during systole (day 21) in rats
injected with the N-terminal gelsolin-adenovirus compared
with the GFP-adenovirus (Figure 4B). No significant
changes in cardiac structure were noted in hearts injected
with the C-terminal gelsolin-adenovirus or the D401A
gelsolin-adenovirus. Cardiac function was also evaluated,
and N-terminal gelsolin-adenovirus injected animals dis-
played elevated ejection fraction (day 21) and cardiac
output (day 14) (Figure 4B). Fractional shortening was also
measured but did not show any significant changes
between adenovirus-infected animals (Figure S4A). More-
over, long-term N-terminal gelsolin expression (ie, at day
28) led to a decline in ejection fraction and cardiac output
measurements, with no significant difference compared
with GFP-adenovirus, consistent with a transition to

decompensation and failure (Figure 4B). Consistent with
the progression of pathologic cardiac hypertrophy, we also
observed elevated fibrosis/fibrotic deposition in heart
tissues infected with wild-type and N-terminal gelsolin-
adenoviruses (Figure S5). Cell structure was also evalu-
ated, and full-length and N-terminal gelsolin-adenovirus
infections resulted in increased cardiomyocyte size com-
pared with those infected with the GFP control adenovirus
(Figure 4C). Furthermore, enhanced ANP levels were also
observed in wild-type and N-terminal gelsolin-adenovirus
infected hearts (Figure S6). Conversely, hearts infected
with the C-terminal or caspase cleavage mutant gelsolin
adenoviruses did not induce a similar cell hypertrophy
response.

Secreted Gelsolin Is a Hypertrophy Inductive Cue
Compensatory hypertrophy can rapidly transition to decom-
pensation/heart failure and may occur in a segmental
manner.2 This wave of decompensation is consistent with
release of a factor(s) that may alter the structure and
function of cardiomyocytes. Interestingly, gelsolin has been

Figure 2. Continued
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demonstrated to exist in multiple pools within other cells,
one of which can be released into the extracellular
space.18,19 Herein, we tested whether full-length and/or
caspase-activated gelsolin is secreted from cardiomyocytes
to propagate the hypertrophy response in adjacent na€ıve
cardiomyocytes. Primary cardiomyocytes were treated with
serum-free medium, phenylephrine, or the procaspase-
activating compound for 24 hours to induce hypertrophy
(Figure 5A). Medium was then aspirated, cells were washed,
and fresh serum-free medium was added and collected
after 24 hours from each condition. Initial analysis showed
significant changes in both cell size and ANP levels among

the treatment groups (Figure 5B). Cardiomyocytes treated
with conditioned phenylephrine or procaspase activating
compound medium were enlarged compared with serum-
free treated cardiomyocytes, demonstrating that secreted
components within the medium may induce hypertrophy.
However, cardiomyocytes treated with conditioned phenyle-
phrine or procaspase activating compound medium in the
presence of a gelsolin antibody did not display any increase
in cell size or ANP levels compared with hypertrophy-
conditioned medium treatment alone. Treatment with a
blocking gelsolin peptide abrogated this gelsolin antibody-
induced hypertrophy inhibition, confirming the specificity of

Figure 3. Expression of wild-type or N-terminal gelsolin can rescue the hypertrophy response reduced by
caspase inhibition. Primary cardiomyocytes were treated with 20 lmol/L of the caspase 3 inhibitor N-
benzyloxycarbonyl-Asp-Glu-Val-Asp fluoromethyl ketone (z-DEVD-fmk); infected with green fluorescent
protein (GFP) control adenovirus, wild-type gelsolin-adenovirus, N-terminal gelsolin-adenovirus, C-terminal
gelsolin-adenovirus, or D401A gelsolin-adenovirus (multiplicity of infection=1); and treated with phenyle-
phrine for 24 hours. Immunofluorescence analysis was completed (A), and cell size and atrial natriuretic
peptide (ANP) levels were evaluated (B). All values were normalized to the caspase-inhibited and GFP-
adenovirus–infected cardiomyocytes, which were reduced in size, and ANP levels were compared with those
lacking caspase inhibitor treatment (n=3, **P<0.01; and n=3, **P<0.01, respectively). During caspase
inhibition, a hypertrophy rescue was observed after wild-type (n=3, **P<0.01) or N-terminal gelsolin
infection (n=3, **P<0.01) and identified by a significant increase in cell size and ANP levels compared with
GFP-adenovirus–infected cardiomyocytes (wild-type, n=3, **P<0.01; N-terminus, n=3, **P<0.01). The C-
terminal gelsolin or D401A gelsolin-adenovirus infected cardiomyocytes did not significantly rescue cell size
or ANP levels. Bar=40 lm. Error bars represent SEM. DAPI indicates 4’,6-diamidino-2-phenylindole.
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gelsolin’s effect in propagating the pathologic hypertrophy
response.

Discussion
Caspase 3 signaling was previously demonstrated to be
necessary and sufficient for the induction of hypertrophy.10

Pharmacologic or biologic caspase inhibition blocked hyper-
trophy, whereas small-molecule activation of caspase 3 alone
was sufficient to induce a hypertrophic response. Herein, we
have demonstrated that gelsolin is a caspase cleavage target
during negative remodeling of cardiomyocytes, and the
resulting N-terminal domain is sufficient for the development
of pathologic hypertrophy. Prior studies have demonstrated
that elevated expression of full-length gelsolin is a trigger for
pathologic hypertrophy,13,17 yet our data suggest that

caspase processing of gelsolin may be the requisite inductive
cue. We observed that expression of the N-terminal gelsolin
fragment leads to robust actin/cytoskeletal bundling in
cardiomyocytes, which is remarkably similar to the actin
reordering that occurs in response to pathologic agonists.
These cytoskeletal modifications are the primary target of
activated N-terminal gelsolin, yet we have also observed that
the same gelsolin fragment engages the hypertrophy tran-
scriptional program, with increased MEF2, nuclear factor-jB,
and serum response factor activity, along with elevations in B-
type natriuretic peptide and ANP reporters (Figure 2). At this
stage, we have not identified the mechanism by which N-
terminal gelsolin relays the transcription signal; however,
MCM1, Agamous, Deficiens, SRF (MADS) box transcription
factors, such as serum response factor and MEF2, are known
to be responsive to perturbations in actin structure.20,21 We

Figure 4. Wild-type or N-terminal gelsolin overexpression can induce a hypertrophy response in the intact
myocardium. A, Outline of in vivo study. Sprague-Dawley rats were echo-guided intramyocardial injectedwith
either the control green fluorescent protein (GFP) adenovirus or one of the gelsolin adenoviruses.
Echocardiography was performed at days 0, 14, 21, and 28. Rats were euthanized at day 35, and hearts and
tibia were isolated. Three hearts per adenovirus group were optimal cutting temperature (OCT) compound
embedded and cryosectioned. B, Echocardiographic datawere taken on days 0, 14, 21, and 28 and represent
the percentage change from the baselinemeasurement. Significant differences in thesemeasurementswere
observed when comparing the gelsolin-injected rats with those injected with the control GFP-adenovirus.
Significantly reduced left ventricular internal diameter (LVID) was observed in rats injected with N-terminal
gelsolin-adenovirus compared with the GFP-adenovirus (day 28) (n=7, *P<0.05). Although no significant
increase in left ventricular posterior wall thickness (Figure S4) was observed, interventricular septum (IVS)
measurements showed thickening in N-terminal gelsolin rats compared with GFP during contraction (day 21)
(n=7, *P<0.05). Increased ejection fraction (EF) was observed in rats infected with the N-terminal gelsolin
adenovirus at day 21 compared with the GFP-adenovirus (n=7, *P<0.05). Increased cardiac output (CO)
measurements were observed in rats infected with the N-terminal gelsolin adenovirus at day 14 compared
with the GFP-adenovirus (n=7, *P<0.05). No significant changes were observed when comparing the rats
injected with C-terminal or D401A gelsolin-adenovirus with those injected with the GFP-adenovirus. C, Heart
sectionswere stained fora-actinin (red), GFP (green), and 4’,6-diamidino-2-phenylindole (DAPI; blue). Cell size
of GFP-tagged gelsolin-adenovirus–infected cardiomyocytes (green) was quantified. Hearts infected with
wild-typeorN-terminal gelsolin-adenoviruseswere significantly enlarged comparedwith those infectedwith a
GFP control adenovirus (n=3, **P<0.01 and **P<0.01, respectively). Hearts infectedwithC-terminal gelsolin
or caspase cleavage mutant gelsolin (D401A gelsolin-adenovirus) did not induce the same hypertrophy
response. Bar=40 lm. Error bars represent SEM. Echo indicates echocardiography; I.C., intramyocardial.
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surmise that N-terminal gelsolin modifies the actin super-
structure to engage a kinase-dependent signal that terminates
with activation of these MADS box factors. Our preliminary
analysis also suggests that caspase 3 signaling is a parallel
independent pathway from the calcineurin-NFAT axis (Fig-
ure S7A), where gelsolin signaling predominately activates
transcription factors associated with actin/cytoskeleton.
Overexpression of full-length gelsolin has also been demon-
strated to modify a p38/GATA4 signaling pathway.17 Whether
this pathway is also active in response to caspase cleaved
gelsolin will require further investigation.

Caspase activation is typically identified with the promotion
of cell death/apoptosis, yet clear evidence has demonstrated
various nondeath roles of these proteases.22–28 Indeed, the
lethality of caspase activation is dependent on the level and
duration of caspase activity,23,25,29–32 where lower levels of
caspase activation engage physiologic cell functions and

higher levels of activity engage cell death. Subcellular
localization of caspases and their respective targets is also a
determinant in the death versus nondeath proteases.33–35 Our
observations indicate that caspase cleavage of gelsolin is a
temporally restricted phenomenon. We have previously
demonstrated that caspase 3 cleaves the histone deacetylase
HDAC3 to relieve repression of MEF2 factors, which then
propels the early transcriptional response in both pathologic
and physiologic hypertrophy.9,10 These prior observations and
the current study suggest that the gelsolin protein is only
available for caspase 3 targeting at later stages, which
coincides with an elevated enzymatic activity of the protease.
The corollary to this hypothesis is that gelsolin protein is either
inaccessible or actively protected from caspase 3 targeting in
earlier stages of remodeling. Preliminary analysis of car-
diotrophin 1–treated cardiomyocytes demonstrates almost
undetectable processing of gelsolin (Figure S7B). This

Figure 4. Continued
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contrasts with hypertrophy induction via phenylephrine treat-
ment, where gelsolin is robustly targeted by caspase 3, with a
notable increase in cleavage products at 12 hours after
treatment (Figure 1A). Interestingly, there is precedent for
active shielding of caspase 3 substrates. The kinase casein

kinase 2 phosphorylates caspase 3 cleavage sites in prospec-
tive target proteins, inducing steric hindrance to the
protease.36 This posttranslational control of caspase 3
targeting has been noted in both skeletal28 and cardiac9

muscle growth; however, gelsolin has yet to be confirmed as a

Figure 5. Gelsolin secreted by hypertrophic cardiomyocytes may be involved in the induction of hypertrophy. A, Primary cardiomyocytes were
treated with conditioned hypertrophic media (Cond. Media), from phenylephrine- or procaspase activating compound (PAC-1)–treated
cardiomyocytes, supplemented with gelsolin antibody to block secreted gelsolin, gelsolin antibody plus gelsolin peptide, or MyoD antibody.
Serum-free medium treatment was used as a control. B, Cell size and atrial natriuretic peptide (ANP) levels were analyzed and are quantified.
Phenylephrine (n=3, **P<0.01; ANP, n=3, **P<0.01) and PAC-1 (n=3, **P<0.01; ANP, n=3, **P<0.01) treatment (regular controls) resulted in
hypertrophy induction. Treatment of cardiomyocytes with phenylephrine- or PAC-1–conditioned medium led to enlarged cardiomyocytes
(phenylephrine, n=3, **P<0.01; PAC-1, n=3, **P<0.01) and elevated ANP levels (phenylephrine, n=3, **P<0.01; PAC-1, n=3, **P<0.01)
compared with the serum-free control. Conversely, cardiomyocytes treated with the conditioned phenylephrine (n=3, **P<0.01; ANP, n=3,
**P<0.01) or PAC-1 (n=3, **P<0.01; ANP, n=3, **P<0.01) hypertrophy medium plus a gelsolin antibody reduced the hypertrophy induction
(n=3, **P<0.01). Preincubation with a gelsolin blocking peptide rescued the hypertrophy response. Bar=40 lm. Error bars represent SEM. DAPI
indicates 4’,6-diamidino-2-phenylindole.
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casein kinase 2 substrate during the early hypertrophy phase
in cardiomyocytes. Alternatively, gelsolin may be sequestered
by a chaperone-like protein, a mechanism that is known to be
used to protect proteins from effector caspase cleavage.37

Recently, the chaperone protein chaperonin containing Tcp-1
(CCT) has been shown to directly bind gelsolin and repress its
ability to induce actin polymerization.38 Whether this chaper-
one/gelsolin protein interaction is operative in cardiomy-
ocytes will require further investigation.

Unabated cardiac remodeling is often problematic, because it
frequently leads to loss of function and heart failure. As such,
there is a fine balance in the capacity of cardiomyocytes to
sustain sarcomeric and cytoskeletal protein fluctuations. For
example, altered distribution and expression of a-actinin and
myocardial titin have been observed during cardiomyopathy,39

and the upregulation of microtubules and desmin filaments
has been reported to be a contributing factor to cardiac
malfunction.40 Notably, b-adrenergic stimulation in cardiomy-
ocytes leads to caspase-mediated cleavage of sarcomeric
proteins, including a-actin, a-actinin, and cardiac troponin T.41

Therefore, it is likely that continued caspase activation leads to
decompensation/heart failure through combinatorial targeting
of sarcomeric proteins and gelsolin, which acts to promote
unrestrained actin polymerization. Clearly, long-term expression
of N-terminal gelsolin is consistent with this hypothesis, because
our experiments demonstrate initial improvement in cardiac
function, which was followed by a significant decline at 28 days
after N-terminal gelsolin delivery (Figure 4B and Figure S6A).
Scheubel et al showed conflicting results during human heart
failure42; however, an overwhelming amount of evidence in the
literature corroborates that caspase 3 activity is, in fact, robustly
induced during heart failure.43,44

We propose that paracrine-mediated release of gelsolin may
propel the transition from hypertrophy to decompensation and
heart failure. In a physiologic hypertrophy setting, cardiomy-
ocytes release paracrine factors to stimulate angiogenesis,
ensuring that the growth in the myocardium is matched to
appropriate vascular support.9 Herein, our experiments demon-
strate that gelsolin acts as a paracrine factor to induce a
pathologic hypertrophy response in otherwise na€ıve cells.
Therefore, it is reasonable to conjecture that cardiomyocyte
hypertrophy induced by endogenous caspase-activated gel-
solin, coupled with the release of gelsolin, would spur a global
negative remodeling of the myocardium and accelerate the
development of heart failure. In support of this concept, robust
levels of gelsolin have been measured in exosomes released
from noncardiac cell types,18,19 whereas other studies have
confirmed elevated serum concentrations of gelsolin in the
post-infarct heart.13,45 Our observations suggest that antibod-
ies directed against gelsolin may provide a means to titrate a
gelsolin paracrine signal, limiting or reducing pathologic
hypertrophy and its physiologic end point of heart failure.

In summary, our results show evidence indicating a crucial role
for gelsolin and its caspase-mediated processing in pathologic
cardiac hypertrophy. Our work suggests that caspase signaling
acts to engage both the transcriptional program and cytoskeletal
accommodations that characterize pathologic cardiac hypertro-
phy. More important, this suggests that the identification of
inhibitors that suppress caspase activity and/or activity of its
substrates, including gelsolin, may offer novel therapeutic targets
to limit the development of pathologic cardiac hypertrophy and/
or prevent the transition to fulminant heart failure.
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1 mapycsslrs allvlalcal spshaatasr graqerapqs rvsetrpstm vvehpeflka 

61 gkepglqiwr vekfdlvpvp pnlygdfftg dayvilktvq lrngnlqydl hywlgnecsq 
121 desgaaaift vqlddylngr avqhrevqgf esstfqgyfk sglkykkggv asgfkhvvpn 
181 evvvqr/fqv kgrrvvrate vpvswdsfnn gdcfildlgn niyqwcgsgs nkferlkatq 
241 vskgirdner sgraqvhvse egsepeamlq vlgpkpdlpq gtedtakeda anrrlaklyk 

301 vsnsggsmsv s/vadenpfa qsa/rsedcf ildhgrdgki fvwkgkqanm derkaa/kta 
361 sdfiskmqyp rqtqvsvlpe ggetplfkqf fknwrdpdqt dgpglsy/ss hianvervpf 

421 daatlhtsta maaqhgmddd gtgqkqiwri egsnkvlvdp atygqfyggd syiilynyrh 
481 ggrqgqiiyn wqgaqstqde vaasailtaq ldee/ggtpv qsrvvqgkep ahlms/fggk 
541 pmiiykggts rdggqttpas trlfqvrass sgatravevm pkagalnsnd afvlktpsaa 
601 ylwvgtgasd aektga/e/1 kvlraqhvqv eegsepdgfw ea/ggktayr tsprlkdkkm 
661 dahppr/fac snrigrfvie evpgelmqed /atddvmlld twdqvfvwvg kdsqeeekte 
721 a/tsakryie tdpanrdrrt pitvvrqgfe ppsfvgwflg wdddywsvdp ldra/ae/aa 

Figure S1. Cytoplasmic and plasma Gelsolin start sites within the precursor Rattus norvegicus Gelsolin 
amino acid sequence. 

Precursor gelsolin (GSN) amino acid sequence (NP_001004080.1) was obtained from the
National Center for Biotechnology Information (www.ncbi.nlm.nih.gov). The plasma GSN
signal peptide is shown in yellow and corresponds to the first 25 amino acids. The start site of
cytoplasmic GSN is shown in bold italics font at amino acid 50.
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Figure S2. Confirmation of proper expression from gelsolin adenoviruses.

Primary cardiomyocytes were infected with gelsolin (GSN) adenoviruses (AdVs) and correct GSN expression was confirmed by western blotting. (A) A C-terminal GSN 

antibody (Abcam) was used to detect GSN expression. Overexpression of full-length/wild-type (WT) was seen in cardiomyocytes infected with WT GSN at MOI 1 and MOI 
10. Processing of GSN occurs at MOI 10. C-terminal GSN overexpression was observed (*). (B) An N-terminal GSN antibody (Santa Cruz) was used to verify N-terminal GSN 

overexpression in N-terminal GSN infected cardiomyocytes (*). (C) D401A GSN-AdV infected cardiomyocytes were null of GSN processing that was evident in WT infected 

cardiomyocytes (*).



NoAdV 

Figure S3. Green fluorescence levels in no adenovirus treated rat heart.

Heart tissue sections from rats that were infected with a green fluorescence tagged 

adenovirus (GFP-AdV) (panels a and b) were compared to sections from rats that were 

not infected with AdVs (panels c and d). GFP levels are shown in green.
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Figure S4. Left ventricular posterior wall thickness and fractional shortening
measured throughout gelsolin adenovirus in vivo study.

(A) Echocardiography data obtained from control GFP or gelsolin (GSN) adenovirus (AdV)
infected rats taken on day 0, 14, 21 and 28, represented as percent change from baseline (%). No statistically significant changes in left ventricular 
posterior wall (LVPW;s) thickness during systole (left) or fractional shortening (FS) (right) were observed. Error bars represent SEM. (B) 
Representative echocardiography images for measurements made on Day 14.



Cardiac Fibrosis at 4 weeks post-AdV injection 
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Figure S5. Additional analysis of heart sections 28 days after Gelsolin Adenovirus infection.

Fibrosis/collagen was assessed in heart sections using Masson’s Trichrome staining (blue deposits). Quantifications are shown in
the accompanying graphs. Rat hearts which were infected with the N-terminal GSN caspase cleavage fragment exhibited a
significant increase in collagen/fibrosis at 28 days post infection (n=3; **, P<0.01). Error bars represent SEM. Scale bar = 1mm.
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Figure S6. Atrial natriuretic peptide (ANP) expression levels in Gelsolin Adenovirus
infected hearts.

(A) Frozen heart sections infected with either wild-type (WT) gelsolin (GSN), N-terminal GSN, C-
terminal GSN, or D401A GSN Adenovirus (AdV) were incubated with ANP antibody and ANP levels
were visualized using SignalStain® Boost Detection Reagent (Cell Signaling). Images were taken
using a Zeiss light microscope with a standard colour camera. (B) Magnified version of the 20X
contrast N-terminal GSN infection heart section. Dense ANP regions are identified with the arrows.
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Figure S7. Minimal NFAT transcriptional activity at 12 h and 24 h stimulation with GSN-AdVs
and attenuation of GSN cleavage upon stimulation with human cardiotrophin 1 (CT1) growth
factor.

(A) Cardiomyocytes were infected with the NFAT-luciferase reporter AdV or activated calcineurin-AdV (MOI=20 each), or
with GFP-AdV or the GSN-AdVs (WT, N-terminal, C-terminal, D401A) at MOI=1 each. Significant activation of NFAT was
observed upon stimulation with activated Calcineurin at 12 h (n=4; **, P<0.01) and 24 h (n=4; **, P<0.01).  However, 
minimal NFAT activation was observed upon stimulation with GFP control or with WT-GSN and corresponding GSN 
fragments at 12 and 24 hours. Error bars represent SEM. (B) Primary cardiomyocytes were treated with recombinant
human cardiotrophin 1 (hCT1, 0.5 nM) (0-24 hr) and analyzed by immunoblotting using a C-terminal GSN antibody.
Cleavage of GSN is attenuated during CT1 stimulation.
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