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Background-—Neuregulin-1b (NRG-1b) is a growth factor critical for cardiac development and repair with therapeutic potential for
heart failure. We previously showed that the glial growth factor 2 (GGF2) isoform of NRG-1b improves cardiac function in rodents
after myocardial infarction (MI), but its efficacy in a large animal model of cardiac injury has not been examined. We therefore
sought to examine the effects of GGF2 on ventricular remodeling, cardiac function, and global transcription in post-MI swine, as
well as potential mechanisms for anti-remodeling effects.

Methods and Results-—MI was induced in anesthetized swine (n=23) by intracoronary balloon occlusion. At 1 week post-MI,
survivors (n=13) received GGF2 treatment (intravenous, biweekly for 4 weeks; n=8) or were untreated (n=5). At 5 weeks post-MI,
fractional shortening was higher (32.8% versus 25.3%, P=0.019), and left ventricular (LV) end-diastolic dimension lower (4.5 versus
5.3 cm, P=0.003) in GGF2-treated animals. Treatment altered expression of 528 genes, as measured by microarrays, including
collagens, basal lamina components, and matricellular proteins. GGF2-treated pigs exhibited improvements in LV cardiomyocyte
mitochondria and intercalated disk structures and showed less fibrosis, altered matrix structure, and fewer myofibroblasts (myoFbs),
based on trichrome staining, electron microscopy, and immunostaining. In vitro experiments with isolated murine and rat cardiac
fibroblasts demonstrate that NRG-1b reduces myoFbs, and suppresses TGFb-induced phospho-SMAD3 as well as aSMA expression.

Conclusions-—These results suggest that GGF2/NRG-1b prevents adverse remodeling after injury in part via anti-fibrotic effects
in the heart. ( J Am Heart Assoc. 2014;3:e000773 doi: 10.1161/JAHA.113.000773)
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N euregulin-1b (NRG-1b) is a growth and survival factor
that belongs to the family of epidermal growth factors

(EGF) critical for cardiac development.1 In the adult heart,

NRG-1b is a stress-activated mediator of cardiac repair after
injury. Recombinant NRG-1b is being investigated as a
potential therapeutic for heart failure. In rats with myocardial
injury induced by coronary artery ligation, IV doses of the EGF-
like domain of NRG-1b given daily for 4 weeks post-infarction
improved cardiac function.2 In humans with stable chronic
heart failure, administration of this same NRG-1b improves
hemodynamics acutely and systolic function both acutely and
chronically.3,4

A full-length recombinant NRG-1b3 Glial Growth Factor 2
(GGF2) is also being examined as a possible treatment for
cardiovascular disease. Similar to the EGF-like domain of
NRG-1b, dose-ranging safety studies of GGF2 have been
conducted in ex vivo cell culture models and small animals,
but not large animals. GGF2 improves survival of isolated
adult rat ventricular cardiomyocytes,5 and improves cardiac
function in post-MI rodents.6 The effect of NRG-1b on
diastolic function and inotropic reserve in heart failure has
not been examined. Consequently, we conducted a study in
swine with post-myocardial infarction remodeling, where the
primary endpoint was evaluation of cardiac structure and
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function as assessed by quantitative echocardiography and
invasive, intraventricular hemodynamic measurements.

In addition to increasing systolic function, we found that
GGF2 also prevented remodeling. To investigate the underly-
ing mechanisms for this effect, we performed microarray
analysis on non-infarcted left ventricular myocardium from
GGF2-treated and untreated swine. Among the many changes,
a striking effect was found on matricellular genes involved in
fibrosis. We explored this effect further in both the swine
tissue and isolated cardiac fibroblasts to better characterize
the mechanisms for the anti-remodeling and anti-fibrotic role
of this signaling system.

Methods

Animals
This study was approved by the Vanderbilt Institutional Animal
Care and Use Committee (IACUC, protocols number M/10/
117 [swine] and M/10/219 [rat and mice]) and conducted
according to Association for the Accreditation of Laboratory
Animal Care (AAALAC) International standards. Male, cas-
trated Yorkshire swine (mean weight of 54.5 kg, age <1 year)
were acclimated and received 400 mg of oral amiodarone
once daily 7 to 14 days prior to infarction. Myocardial
infarction was induced by angiographically guided intracoro-
nary balloon occlusion for 60 minutes (see below). From 7 to
35 days post-MI, swine were treated with 8 doses of intrave-
nous NRG-1b (GGF2 isoform, Acorda Therapeutics, Inc, in
vehicle stock solution: 20 mmol/L histidine, 100 mmol/L
arginine, 100 mmol/L sodium sulfate, 1% mannitol, pH 6.5)
every 3 to 4 days. Swine surviving until completion of the
protocol were euthanized by barbiturate overdose (pentobar-
bital, 125 mg/kg) after completion of the final analyses of
cardiac function.

Thirteen of 23 swine completed the study, 5 untreated and
8 treated. MI was confirmed by electrocardiography in all
animals during balloon occlusion of the left anterior descend-
ing artery. Twelve of the swine developed ventricular fibrilla-
tion during induction of MI. In 8 swine this was refractory to
cardioversion and resuscitative efforts, giving an acute
mortality of 38%, similar to other studies in swine.7 Serum
troponin I levels were undetectable prior to the procedure,
and increased to 38.3�16 lg/L at 5 to 16 hours after
completion of the myocardial infarct. One animal died 3 days
after induction of the MI, and necropsy indicated peritonitis as
the probable cause of death. One animal in the treatment
group developed erratic movements that were clinically
interpreted by veterinary staff as due to a stroke at 17 days
post-MI and was euthanized. Anterior-apical wall motion
abnormality was evident in all surviving swine in the baseline
echocardiograms performed 7 days post-MI.

Induction of myocardial infarction

Anesthesia was induced by intramuscular injection of keta-
mine/xylazine (2.2 mg/kg), telazoll (4.4 mg/kg), and atropine
(0.05 mg/kg) then maintained by inhaled 1% to 3% isoflurane
after intubation. The right femoral artery was exposed surgi-
cally, and a 6F arterial sheath was inserted using a modified
version of the Seldinger technique. After infusion of heparin
(200 U/kg), swine received an intravenous amiodarone bolus
(300 mg). Lidocaine (0.5 mg/min) and amiodarone (1 mg/
min) IV were infused throughout the procedure to prevent
ventricular arrhythmias. The amiodarone infusion rate was
halved if the heart rate dropped below 60 beats per minute.
Maintenance heparin boluses (20 U/kg) were administered
every hour. A 6F Hockey Stick guide (Mach 1 peripheral Guide
Catheter, 0.070″ internal diameter, shaft length 55 cm, Boston
Scientific) was used to engage the left main coronary artery.
Angiography was performed by intracoronary injection of
contrast media (Omnipaque or Visipaque). A 0.014″ coronary
guidewire was fluoroscopically guided to the left anterior
descending coronary artery (LAD), and a 3.5915 mm balloon
was inflated at occlusive pressure (4 to 6 atm) just distal to
the first diagonal branch. Repeat angiography was performed
to ensure complete occlusion of the LAD, and the balloon
remained in occlusive position for 60 minutes. If ventricular
fibrillation occurred during the infarct, then direct current
cardioversion (200 J) was delivered using external paddles.
Electrocardiograms were acquired pre-procedure and during
the infarction at 1, 5, 30, and 60 minutes to confirmmyocardial
injury. To account for clockwise rotation of the swine heart,8 V1
and V2 were placed to the right of the sternum, while the
remaining leads were positioned in the standard 12-lead
fashion. Serum troponin I levels (Abbott I Care troponin
cartridge) were measured before and 5 to 16 hours after
induction of MI. Swine were assessed twice daily during the
first week after MI. Ketaprofen (3.0 mg/kg) was administered
intramuscularly for 2 days for post-operative analgesia.

NRG-1b treatment

Access to the jugular vein for delivery of intravenous NRG-1b
was achieved by implanting chronic indwelling ear vein
catheters under general anesthesia after acquiring echocar-
diographic images at 7 days post-MI. The cannulae were
placed under aseptic conditions in either the lateral or medial
auricular vein, depending on vessel prominence and accessi-
bility. A long-term MILA International catheter (radiopaque
polyurethane, 19 G, 25 cm) was inserted. Correct insertion
was affirmed by aspiration of blood with a syringe. Catheters
were subsequently flushed with sterile glycerin, heparin
solution (1:1) and fixed into place with sutures. Animals were
assigned to treated and untreated groups upon survival at
1 week post-MI.
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The glial growth factor 2 isoform of NRG-1b (GGF2) was
provided by Acorda Therapeutics, Inc (96.0% purity by SEC-
HPLC), in vehicle stock solution (20 mmol/L histidine,
100 mmol/L arginine, 100 mmol/L sodium sulfate, 1%
mannitol, pH 6.5), stored at 4°C until use. From 7 to 35 days
post-MI, swine were treated with 8 doses of intravenous GGF2
(twice a week, every 3 to 4 days). The first dose (initial
intended dose of 2 mg/kg reduced to 0.67 mg/kg, see
below) was administered under anesthesia after echocardi-
ography and catheter insertion procedures were completed.
The remaining 7 doses were administered in conscious
animals. GGF2 was infused into the central venous catheters
by way of IV extension sets (Smiths Medical, 60″,
APV=1.8 mL) over 15 minutes.

The catheter lines were flushed with normal saline,
followed by 1 mL of glycerin/heparin solution. Catheters
were used to collect blood samples for electrolyte analysis
by an outside lab (Antech Diagnostics). An acute transient
hypoglycemic response to GGF2 was observed as described
in Results, leading to protocol modifications in consultation
with veterinary staff. These modifications included use of
intravenous 50% dextrose solution (0.5 g/mL) to treat
hypoglycemia, and overnight fasting to reduce risk of
emesis. After 2 swine completed the protocol in the
treatment group, there was a dose reduction from 2 to
0.67 mg/kg, which was better tolerated. Overnight fasting
was discontinued with the low-dose swine as emesis was not
a reaction symptom.

For cell culture studies, recombinant NRG-1b (R&D) was
used at a dose of 50 lg/mL, unless otherwise specified.
When administered in vitro, NRG-1b treatment was carried
out in the absence of serum.

NRG-1b/GGF2 treatment tolerability

An initial dose of GGF2 of 2.0 mg/kg, twice per week, was
selected as the maximum feasible dose based upon stock
GGF2 concentration, and a dose consistent with effective
doses in rodent studies.6 The first 2 swine in the treatment
group were noted to develop transient lethargy with vomiting,
occurring within 15 minutes of treatment, persisting 60 to
90 minutes after treatment, with complete resolution of
symptoms and normal behavior between doses. Blood
samples drawn early after GGF2 hypoglycemia (20 mg/dL,
normal range of 48 to 145 mg/dL), without electrolyte
abnormalities. Prophylactic measures developed in consulta-
tion with veterinary staff (details in Methods) reduced the
severity of the lethargy and prevented vomiting and convul-
sions. After the first 2 swine completed the full course of the
study with 8 doses of 2 mg/kg GGF2 a decision was made to
lower the dose of GGF2 to 0.67 mg/kg, which was better
tolerated. As this dose reduction was used to improve animal

tolerability and not to determine dose-response characteris-
tics, data from all treated swine were analyzed as a group, and
compared with untreated swine.

Assessment of Cardiac Function
Echocardiographic images were obtained at 7 and 35 days
post-MI in swine under general anesthesia as described
above. The left ventricular inner dimension at end-diastole
and end-systole (in centimeters) were measured in the
parasternal long-axis view and used to calculate the left
ventricular fractional shortening. Measurements of the
left ventricular septal wall and posterior wall were taken in
the same view. In cases where image quality of the
parasternal long-axis was compromised, a short-axis slice
through the mid-left ventricular cavity was used to mea-
sure the left ventricular end-diastolic and systolic dimensions
for calculation of fractional shortening. Analysis of all 2-D
echocardiogram images in DICOM formatted datasets was
performed using the OsiriX (open-source) program. Echocar-
diograms were interpreted by a cardiologist with advanced
echocardiography training (F.A.) who was kept blinded to the
treatment group.

Assessment of cardiac function by intraventricular
hemodynamics

At 35 days post-MI, swine were placed under general
anesthesia as described above, and after re-evaluating
cardiac function by echocardiography, the right common
carotid artery was accessed for delivery of 5 French 7-
electrode conductance catheter (MPVS Ultra system; Millar
Instruments Inc) to the left ventricle under fluoroscopic
guidance. Digital signals were stored in computer memory
through an analog-digital interface (AD Instruments Inc;
Colorado Springs, CO) at a sampling rate of 500 Hz.
Hemodynamic assessment of LV contractility was achieved
by pressure volume analysis and measurements of the first
derivative or rate of change of ventricular pressure (dP/dt
maximum and minimum in units of mm Hg/ms). Hemody-
namic assessment of LV function also included the following
parameters: left ventricular ejection fraction (LVEF%), left
ventricular end systolic volume (LVESV), left ventricular end
diastolic volume (LVEDV), stroke volume (SV), left ventricular
end diastolic pressure (LVEDP), and heart rate. These
measurements were acquired in all study animals (untreated
or repeat-dose GGF2-treated) under rest conditions and in
response to dobutamine challenge both before and 20 min-
utes after acute GGF2 challenge. Dobutamine challenge was
completed by continuously infusing incremental doses of
dobutamine (5, 10, 20, & 40 lg/kg per minute) for 3 minutes
each in a stepwise fashion.
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Microarrays
Assessment of left ventricular RNA (collected remote from
the site of infarct), hybridization to Affymetrix porcine
genome arrays, and data acquisition was performed by the
GSR Microarray Core at Vanderbilt. One animal per array (3
untreated and 5 GGF2-treated animals) was used, and data
were analyzed as previously described using Partek Genom-
ics Suite 6.6.6 Remote LV tissue was homogenized and total
RNA subsequently extracted using a Qiagen RNeasy kit.
Quality Assessment of RNA, further processing, and data
acquisition was performed by the GSR Microarray Core at
Vanderbilt. Raw data were RMA normalized, followed by
ANOVA with Benjamini & Hochberg correction, using Partek
Genomics Suite 6.6. Genes with a P value (with or without
FDR) <0.05 and fold-diff >1.5 were considered significantly
altered.

To characterize differential transcripts for which swine
gene information was unavailable, probe source sequences
obtained from the Affymetrix NetAffx website (www.affyme-
trix.com) were manually searched against the human refer-
ence genome using the UCSC Genome Bioinformatics’ tool,
BLAT. BLAT differs from BLAST in that it uses an index
consisting of all non-overlapping, non-repetitive 11-mers and
is derived from assembly of the entire genome. To minimize
false positives, only alignments >70% yielding a score >100
were considered as potentially orthologous. The results of this
analysis are included.

For comparison to human heart failure, repository
data was obtained from the ArrayExpress Archive, which is
hosted by European Molecular Biology Laboratory of the

European Bioinformatics Institute (http://www.ebi.ac.uk/
arrayexpress/) and Gene Expression Omnibus, available
through the NCBI (http://www.ncbi.nlm.nih.gov/geo/). Each
data set was separately normalized and compared with
experimentally matched controls. The resulting lists were
then combined for comparison with swine gene expression
data. Comparison with microarray results from our previous
rat experiments examining the effects of NRG-1b-treatment
post-MI was similarly accomplished.

Real-Time RT-PCR
Custom primers (Table 1) were designed using Primer3
(http://frodo.wi.mit.edu) and purchased from Invitrogen.
Relative gene expression was assessed using the QuantiTect
One-Step SYBR Green RT-PCR kit (Qiagen) for selected genes
in a Bio-Rad CFX instrument, according to manufacturer’s
protocol. Briefly, �100 ng of RNA was mixed with RT master
mix, RT enzyme, RNase-free water, and 0.5 lmol/L each of
forward and reverse primer, for a total reaction volume of
10 lL. A typical protocol included reverse transcription for
30 minutes at 50°C, PCR activation for 15 minutes at 95°C,
and 50 cycles as follows: denaturation (15 seconds at 95°C),
annealing (30 seconds at 60°C), and extension with data
acquisition (30 seconds at 72°C). The comparative threshold
method9 was used to calculate fold-differences. Two custom
GAPDH primers served as internal controls to normalize target
gene expression across different samples. We compared
samples from 3 untreated swine, as well as 5 samples from
treated swine that included the first 2 swine receiving higher
dose GGF2, and 3 swine treated with the subsequent dose.

Table 1. Primers for Real-Time RT-PCR

Gene Forward Primer Sequence (50?30) Reverse Primer Sequence (50?30)

Col1a2 CCTCGGCAACAGTCACTCA GGATGAAGAGATGGCAACTGAA

Col3a1 GCCTCAAGGCTTTCTTTACATTCC GCTTCCCAGAACATCACATATCAC

Col4a1 GCTCTCCTGCTGAAGTCTGAAC GCGGGAGAAACAGCTCTGTC

Col5a2 CTTCACGATACTTGCTCTAAACGA AGCGTGCCACATTCTGTGTTC

Col12a1 GCCCTCTCAACATACACAGTAGT GGGCAGCCTCAGTGAAAC

Gadd45B CGACTGGATGAGGGTGAAGTG AGTCGGCCAAGCTGATGAATG

MyoCd CCGGCCACTTGGGAACAC CACTGCGGGCTGAGAAACG

FosB GGACGGGTCAGTGGAATGTTT CTGTGCTTCACCTCGGAGAATT

Nr2a4 ACAAGCCTTTGCCTTCTTCAAC GGACCCACAAGTATTGCCCTTTA

Areg GCACCTGGAAGCAGTAACCTG TGGTGTGAGTCTTCATGGACTT

KLF5 GAACGTCTTCCTCCCTGACATC CGCACGGTCTCTGGGATT

GAPDH CACTGCACAGCCCTTAACTC CTGCTGCGGCAACCTTTAAC

GAPDH TGGGCGTGAACCATGAGAAG GGTGGTGCAGGAGGCATT

RT-PCR indicates reverse transcriptase polymerase chain reaction.
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At least 3 technical replicates for each sample were also
included to ensure reproducibility.

Immunohistochemistry
LV tissue pieces (collected remotely from the site of infarct)
were embedded in OCT, sectioned into 5 lmol/L thick slices,
placed on slides, and stored at �20°C. Before staining, slides
were allowed to air dry at room temperature for 45 min,
followed by fixation in 4% paraformaldehyde for 45 minutes at
room temperature. Slides were washed 4 times for 15 min-
utes each in PBS, permeabilized in 0.5% triton X-100 in PBS
for 1 hour, washed, and then blocked in 1% BSA in PBS for
1 hour. Slides were again washed (4 times, 15 minutes each)
prior to overnight incubation in primary antibody at 4°C in the

dark. Primary antibodies included rabbit anti-collagen IV
(Abcam), diluted 1:100 in 1% BSA in PBS, anti-rabbit collagen I
(Rockland) diluted 1:4500 in 1% BSA, or FITC-conjugated anti-
actin, a smooth muscle (aSMA), clone 1A4 (Sigma-Aldrich)
diluted 1:1000 in 1% BSA in PBS. After washing, collagen
IV-stained slides were incubated for 1 hour at room temper-
ature in 1% BSA in PBS with 1:1000 Alexa Fluor� 488 Goat
Anti-Rabbit IgG (H+L) (Invitrogen Life Technologies) and
1:1000 Texas Red�-X Phalloidin (Invitrogen Life Technolo-
gies). Slides stained with FITC-aSMA were incubated with
phalloidin only (1:1000 in 1% BSA in PBS for 1 hour). After 4
final washes, slides were mounted using ProLong� Gold
Antifade Reagent with DAPI (Invitrogen Life Technologies),
covered, and visualized using an Olympus IX81 fluorescence
microscope.

*
*

*

*

A B

C

Figure 1. Representative effect of GGF2 treatment on left ventricular function by echocardiography.
Individual subject fractional shortening % (A) and LVIDd (B) change over time is shown stratified by
treatment group. There was no difference in LV dimensions (FS% P=0.172, LVIDd P=0.309) between groups
before GGF2 treatment, at 7 days post-infarct. At 35 days post-MI, FS% and LVIDd were significantly
different in GGF2-treated animals (FS% P=0.019, LVIDd P=0.003). C, GGF2 was associated with improved
ejection fraction, as estimated by Millar Pressure-Volume recordings, compared the untreated animals
(P=0.033). *Denotes animals receiving the higher dose of GGF2 before dose reduction. FS indicates
fractional shortening; GGF2, glial growth factor 2; LVIDd, left ventricular inner diameter at diastole; MI,
myocardial infarction.
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Assessment of Cardiac Fibrosis
Fibrosis in LV myocardium remote from the infarct was
measured by Masson’s trichrome staining of sections as
previously described6 and by measurement of hydroxyproline
content from frozen myocardium dried overnight at 60°C,
using a commercial assay system from Sigma Aldrich per
manufacturer’s instructions. Myocyte short axis cross-sec-
tional area was measured using ImageJ analysis of appropri-
ately oriented myocytes in photomicrographs of trichrome or
hematoxylin and eosin stained sections in the left ventricular
myocardium remote from the infarct. At least 50 myocytes
were measured per animal.

Table 2. Echocardiographic Measurements

Treated
(N=8)

Untreated
(N=5)

Treated vs Untreated
Test Stat

Day 7 Day 35 Test Stat Day 7 Day 35 Test Stat Day 7 Day 35

LVIDd, cm 4.42 [4.68] 4.74 4.57 [4.53] 4.78 P=0.41 4.22 [4.42] 4.78 5.00 [5.28] 5.52 P=0.0003 P=0.31 P=0.003

LVIDs, cm 3.16 [3.34] 3.39 2.86 [3.08] 3.25 P=0.14 2.83 [3.00] 3.06 3.87 [3.98] 4.08 P=0.90 P=0.13 P=0.43

FS 24.5 [29.1] 32.6 29.4 [32.9] 35.7 P=0.04 28.6 [33.0] 36.5 15.2 [25.3] 30.6 P=0.002 P=0.17 P=0.019

IVS, cm 0.71 [0.81] 0.88 0.81 [0.95] 1.1 P=0.04 0.81 [0.81] 0.81 0.79 [0.85] 0.88 P=0.92 P=0.87 P=0.11

PW, cm 0.77 [0.86] 0.85 0.76 [0.96] 1.1 P=0.59 0.76 [0.88] 0.94 0.71 [0.88] 0.99 P=0.69 P=0.84 P=0.48

HR 94 [109] 119 93 [103] 117 P=0.14 91 [96] 102 95 [97] 100 P=0.90 P=0.13 P=0.43

The echocardiographic data were analyzed by the generalized least squares model to account for correlation within animals. Data are presented as lower quartiles [mean] upper quartiles.
FS indicates fractional shortening; HR, heart rate; IVS, interventricular septal wall thickness in cm; LVIDd and s, left ventricular inner diameter, diastole and systole in cm; PW, posterior wall
thickness in cm.

Table 3. Hemodynamic Measurements & Tissue Weight
Ratios

Parameter
Treated
(n=8)

Untreated
(n=5)

Test
Statistic

SV, mL 150 [161] 184 102 [107] 107 P=0.15

LVEDV, mL 200 [234] 269 235 [251] 327 P=0.40

LVESV, mL 45 [72] 88 47 [143] 224 P=0.26

LVEF, % 62 [71] 80 32 [45] 42 P=0.033

SPB, mm Hg 81 [84] 96 76 [81] 96 P=0.86

Baseline LVEDP,
mm Hg

2.9 [4.8] 5.8 1.0 [4.8] 5.9 P=0.784

Baseline HR, bpm 85 [89] 93 72 [79] 81 P=0.108

Heart/body weight 4.58 [4.79] 5.13 3.6 [4.06] 4.16 P=0.077

Lung W/D 2.60 [2.93] 3.20 3.11 [3.35] 3.48 P=0.15

The Wilcoxon rank sum test was used to analyze cardiac function parameters and tissue
ratios. The results are summarized as lower quartiles [mean] upper quartiles and the
corresponding test statistic. Heart/body weight indicates heart to body weight ratio; HR,
heart rate; Lung W/D, lung wet to dry ratio; LVEDP, left ventricular diastolic pressure;
LVEDV, left ventricular end diastolic volume; LVEF, left ventricular ejection fraction;
LVESV, left ventricular end systolic volume; SBP, systolic blood pressure; SV, stroke
volume.

A

B

Figure 2. Effect of NRG-1b on left ventricular contractility and
dobutamine reserve is shown. Chronic NRG-1b treatment (A) did
not alter baseline dP/dt maximum and minimum or dobutamine
responses. Acute NRG-1b treatment (B) reduced baseline dP/dt
maximum and minimum as well as response to low dose
dobutamine. Statistical results are shown in Table 4. GGF2
indicates glial growth factor 2; NRG-1b, neuregulin-1b.
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Electron Microscopy
Prior to electron microscopy, left ventricular tissue was fixed
in 4% glutaraldehyde in a 0.1 mol/L phosphate buffer solution
and stored at 4°C. For transmission electron microscopy
(TEM), samples were post-fixed with 1.0% osmium tetroxide,
epoxy-embedded, and sectioned to �70 nm thickness. Sec-
tions were post-stained with 2.0% uranyl acetate and
Reynolds lead citrate. Sections were analyzed using a
Philips/FEI T-12 Transmission Electron Microscope at an
accelerating voltage of 80 kV by an investigator (CG) blinded
to treatment group. Tissue handling post-fixation and image
collection was completed at the Vanderbilt Cell Imaging
Shared Resource (CISR). Images were acquired using a
Philips/FEI T-12 TEM.

For scanning electron microscopy (SEM), glutaraldehyde-
fixed tissues were macerated prior to processing for SEM,
samples were macerated using a modified method previously
published. Briefly, samples (�2000 mm3 in size each) were
incubated in 10% aqueous NaOH at room temperature for
10 days. In our hands, initial storage of samples in 4%
glutaraldehyde was required to generate samples of sufficient
size and quality to subsequently process. Fresh or frozen
samples disintegrated using this method. After maceration,
tissues were rinsed in distilled water until transparent and
then incubated in 1% tannic acid for 4 hours at room
temperature. Samples were then rinsed in distilled water
overnight and then further processed in the Cell Imaging
Shared Resource (CISR) microscopy core at Vanderbilt, as
follows: Samples were rinsed 3 times in 0.1 mol/L sodium
cacodylate buffer with 1% calcium chloride and transferred

into 1% osmium tetroxide in the same buffer solution.
Samples were again rinsed 3 times in the buffer, and then
dehydrated through a graded series of aqueous solutions of
ethanol, ending with 3 exchanges of pure ethanol. Samples
were transferred into the EMS 850 critical point dryer (CPD) in
pure ethanol. Ethanol was substituted with liquid carbon
dioxide in the CPD. Samples were dried at the critical point for
carbon dioxide.

Samples were removed from the CPD and mounted on
SEM stubs with carbon adhesive tabs and colloidal silver
paint. Samples were sputter coated with gold/palladium alloy
in the Cressington 108 sputter coater. Image data was
collected in the FEI Quanta 250 field emission gun scanning
electron microscope (FEG SEM) of the Cell Imaging Shared
Resource (CISR) at Vanderbilt University Medical Center. The
FEG SEM was operated in high-vacuum mode, at an accel-
erating voltage of 8 or 10 kV.

Western Blot Analysis
Swine LV heart samples collected from areas remote from the
site of infarct were stored at �80°C until needed. For protein
analysis, samples were homogenized in RIPA buffer (Milli-
pore), supplemented with protease and phosphatase inhibi-
tors (Thermo Scientific), passed through syringes at least 5
times, centrifuged at 8000g for 10 minutes, and the super-
natants collected for SDS polyacrylamide gel electrophoresis.
Protein samples (30 lg/lane) were mixed with Lamaellie
loading buffer (Bio-Rad) with b-mercaptoethanol added, run in
a 19 solution of running buffer (Bio-Rad) at 100 V for 1 to
2 hours and then transferred to PVD membrane. Membranes

Table 4. Estimated Lowest Quartile, Mean, and Upper Quartile Maximum and Minimum dP/dt at Each Dobutamine Dose Before
and After Acute NRG-1b, and Test Statistic for Comparison (Data Shown Graphically in Figure 2)

Dose

Before Infarction After Infarction

P ValueXXX XXX XXX XXX XXX XXX

dP/dT maximum, mm Hg/ms

0 1273 1823 2610 454 651 932 7.0e-05

5 2644 3324 4181 1119 1407 1769 2.0e-07

10 4282 5515 7104 2121 2732 3520 1.2e-04

20 6688 9259 12 818 4256 5892 8157 5.4e-02

40 4881 7386 11 175 4342 6570 9941 7.0e-01

dP/dT minimum, mm Hg/ms

0 �1635 �2163 �2861 �839 �1110 �1469 0.00096

5 �1921 �2430 �3074 �1081 �1367 �1730 0.00070

10 �2227 �2731 �3347 �1374 �1684 �2064 0.00100

20 �2812 �3447 �4226 �2084 �2554 �3131 0.04137

40 �3720 �5495 �8115 �3980 �5878 �8682 0.81047
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Figure 3. Representative TEM images of untreated (left) and GGF2 treated (right) swine (n=5) are shown. The
first row (96500) displays a low magnification view of sarcomeric structure. The second row (922 000) highlights
differences in intercalated disc structure, while the third (9110 000) shows mitochondrial abnormalities,
including swollen morphology, bloated cristae and numerous mitochondrial granules, in untreated animals. GGF2
indicates glial growth factor 2; TEM, transmission electron microscopy.
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were rinsed in TBS, blocked in 5% milk (in TBST) for 1 hour at
room temperature, washed in TBST 3 times (15 minutes
each). Primary antibody purchased from Santa Cruz (rabbit
anti-ErbB3) was diluted 1:1000 in TBST with 5% BSA added
and incubated overnight at 4°C. The membrane was then
washed in TBST 3 times (15 minutes each). The membrane
was subsequently incubated in HRP-linked goat anti-rabbit
(Santa Cruz), diluted 1:2000 in 5% milk-TBST for 1 hour at
room temperature. Membranes were again washed, followed
by incubation in chemiluminescence (Pierce), exposure to X-
ray film, and development using standard X-ray film in a dark
room.

Isolation of Mouse Cardiac Fibroblasts
As previously described,10 hearts from three 8- to 10-week-
old C57Bl6 mice (Jackson Laboratories) were dissected to

isolate ventricular tissue, which was then minced and
incubated with 10 mL of digestion solution (10 mg/mL
collagenase II, 2.5 U/mL dispase II, 1 lg/mL DNase I, and
2.5 mmol/L CaCl2) for 20 minutes at 37°C. A filtered
myocyte-free single-cell suspension in PBS containing 0.5%

Table 5. Functional Analysis of NRG-1b-Induced
Transcriptional Changes

Functional Category No. of Genes P Value

Molecular and cellular functions

Cellular growth and proliferation 116 4.8910�11

Cell death 108 6.8910�10

Cell cycle 73 3.8910�9

Cellular movement 76 1.4910�8

Cellular development 88 8.8910�7

Physiological system development
and function

Tissue development 82 2.6910�7

Connective tissue development
and function

54 8.8910�7

Nervous system development
and function

42 5.9910�6

Cardiovascular system
development and function

34 1.1910�4

Embryonic development 59 1.1910�4

Top transcription factors

TP53 (Affected) 29 5.9910�10

AHR (activated, z score=2.665) 12 6.9910�6

ACTB (inhibited, z score=�2.000) 4 8.0910�5

Top NRG-1b -induced transcripts

FOSB (18.5), AREG/AREGB (12.4), NR4A2 (10.0), IFRD1 (9.7), KLF5
(6.7), FAM46A (5.4), TRIB1 (5.4), FOS (5.0), plk2 (4.4), IER5 (4.3)

Top NRG-1b-depressed transcripts

C1QTNF3 (�7.9), ZNF367 (�7.5), HBB (�5.9), HBA1/2 (�5.9),
POSTN (�5.5), PBK (�5.2), LMO4 (�4.5), SERPINB13 (�4.4),
RACGAP1 (�4.2), ZNF436 (�3.8)

ACTB indicates beta actin; AHR, aryl hydrocarbon receptor; NRG-1b, neuregulin-1b.

Table 6. Quantitative RT-PCR Confirmation of Gene
Expression Results

Low High

Array RT Array RT

Col1a2 �1.1 �1.6 �2.7 �1.6

Col3a1 nc nc �2.1 �1.7

Col4a1 �1.1 �3.4 �1.6 �2.1

Col5a2 nc nc �2.5 �1.5

Col12a1 �1.2 �1.4 �2.1 �1.5

Gadd45B nc nc 3.6 2.0

MyoCd nc nc 2.6 1.6

FosB 1.3 2.8 18.5 8.0

Nr2a4 1.4 3.3 10.0 25.5

Areg 1.6 1.8 12.4 3.4

KLF5 3.9 1.9 6.7 5.5

Fold-differences (NRG-1b-treated/untreated) for selected genes (first column) that were
determined to be significantly altered based on microarrays (Array) were verified by
quantitative RT-PCR (RT). Results for low and high dose NRG-1b are shown. A negative
sign (“�”) before the number indicates down-regulation in NRG-1b-treated animals,
relative to untreated controls. NRG-1b indicates neuregulin-1b.
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Figure 4. Area chart showing log2 fold-differences for glial growth
factor 2-treated pigs, compared to untreated control animals. Genes
are grouped by function and colored accordingly. The vertical axis
indicates the relative change (up or down), and the horizontal
represents individual genes found as significantly differential by the
amount shown. Functional categories were assigned based on a
combination of enriched biological processes identified by functional
analysis and information available in NCBI Entrez Gene, Genecards,
Aceview, and Pubmed databases. ECM indicates extracellular matrix.
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BSA and 2 mmol/L EDTA (PBS/BSA/EDTA) was treated with
mouse BD Fc Block (clone 2.4G; BD Biosciences), and immune
cells were magnetically removed with CD45 microbeads
(Miltenyi Biotec Inc). CD45-depleted cell suspension was
incubation with phycoerythrin (PE)-conjugated CD31 (clone
390; eBioscience) and allophycocyanin (APC) -conjugated
CD105 (clone MJ7/19; Biolegend) antibodies. CD31+ endo-
thelial cells were removed using anti-PE microbeads (Miltenyi
Biotec) and CD105+ cardiac fibroblasts were magnetically
isolated with anti-APC microbeads (Miltenyi Biotec) from the
flow-through CD31�-negative cells. Primary cardiac fibro-
blasts (CD105+CD31�CD45�) were plated at a density of
29107 cells/mm2 and cultured in DMEM supplemented with
10% FBS, 100 IU/mL penicillin, 0.1 mg/mL streptomycin,
and 2 mmol/L glutamine under a humidified atmosphere of
air/CO2 (19:1) at 37°C.

Isolation and Growth of Rat Cardiac Fibroblasts
Hearts from 6- to 7-week-old male Sprague–Dawley SD rats
(Jackson Laboratories) were isolated by retrograde perfusion
to obtain supernatants for fibroblasts, as previously
described.11 The Langendorff-perfusion apparatus was
prepared by running hot water through the tubing for
10 minutes, followed by Tyrode’s Ca2+ solution (137 mmol/
L NaCl, 5.4 mmol/L KCl, 1.2 CaCl292H2O, 0.5 mmol/L
MgCl2, 10 mmol/L HEPES, 10 mmol/L glucose) for 2 min-
utes. After isoflurane anaesthetization, the rat heart was
excised, placed in KB buffer (85 mmol/L KOH, 30 mmol/L
KCl, 30 mmol/L KH2PO4, 3 mmol/L MgSO4, 0.5 mmol/L
EGTA, 10 mmol/L HEPES, 50 mmol/L L-glutamic acid,
20 mmol/L taurine, 10 mmol/L glucose), and then clamped
and tied to the Langendorff apparatus. The heart was

Figure 5. Results of transcription factor analysis using Ingenuity Pathway Analysis software program for
NRG-1b treatment-induced gene expression changes observed in post-MI swine. Based on this analysis of
observed gene expression alterations, AHR (aryl hydrocarbon receptor) activity was predicted to be
activated (center, orange square). Conversely, TGFbeta (TGFbeta shown in blue) was predicted to be
inhibited. Genes regulated by AHR and/or TGFbeta that were altered in expression based on microarrays
are shown on the periphery and colored according to level of alteration. Up-regulated genes are colored in
various shades of pink to red, with darker indicating higher magnification of change. Similarly, down-
regulated genes are shown in light to dark green, the latter indicating a greater magnitude of inhibition
compared to lighter shades. Figure produced using Ingenuity Pathway Analysis program (Qiagen). MI
indicates myocardial infarction; NRG-1b, neuregulin-1b.
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perfused with Tyrode’s Ca2+ solution at a flow rate of 20 for
�1 minutes (or until blood was completely removed). The
heart was then perfused with Tyrode’s Ca2+-free solution
(135 mmol/L NaCl, 4 mmol/L KCl, 1 mmol/L MgCl2,
0.33 mmol/L NaH2PO492H2O, 10 mmol/L HEPES,
10 mmol/L Glucose) for 5 to 10 minutes until contractions
stopped and heart size increased. Enzyme solution (15 mg
non-specific protease and 55 mg of 300 U/mg collagenase in
75 mL Tyrode’s Ca2+-free buffer) was subsequently perfused
through the heart for 20 minutes, followed by KB buffer for
5 minutes. The heart was further processed and cells filtered
to produce fibroblast-containing supernatant, which was
centrifuged for 15 minutes at 850g. After spinning down,
the supernatant was aspirated and the pellets suspended in
15 mL of growth medium (500 mL Gibco DMEM, 7% FBS, 1%
penicillin streptomycin).

Flow Cytometric Analysis of a Smooth Muscle
Actin (aSMA) Expression
Flow cytometry was performed as previously described.10

Briefly, primary cardiac fibroblasts (CD105+CD31�CD45�)
from passage 1 were cultured in 10% FBS DMEM in the
absence or presence of 30 ng/mL of Neuregulin-1b for
48 hours. Cells were trypsinized, washed with PBS and
resuspended in PBS/0.5% BSA/2 mmol/L EDTA buffer
containing murine Fc block reagent (BD Biosciences). The
cells were then incubated with CD105-APC (clone MJ7/19;
Biolegend) antibody for 20 minutes at 4°C, washed once
with 10 volumes of cold PBS/BSA/EDTA, fixed and
permeabilized using 4% paraformaldehyde and 0.1% saponin
in Ca/Mg free DPBS. Cells were stained with fluorescein
isothiocyanate (FITC)-conjugated anti-aSMA (Clone 1A4,
Sigma) antibody for 25 minutes at 4°C. Mouse FITC-
conjugate IgG2a (Clone UPC-10, Sigma) were used as an
isotype control. Viable and nonviable cells were distin-
guished using LIVE/DEAD Fixable Blue Stain kit (Invitrogen).
Data acquisition was performed using an LSRII flow cytom-
eter (BD Biosciences), and the data were analyzed with
WinList 5.0 software (Verity Software House, Inc). Antigen
negativity was defined as having the same fluorescent
intensity as the isotype control.

Statistical Analysis
Statistical analyses of echocardiography and dobutamine
challenge data were performed using the generalized least
squares method using compound symmetry structure. This
linear regression model accounts for correlation within
animals and was used to investigate whether GGF2 treatment
affected the 35-day outcomes (fractional shortening [FS %]),
LV inner diameter at diastole (LVIDd), and other echocardio-

graphic measures. Estimated mean values were fit using
restricted maximum likelihood or REML and are shown with
95% confidence intervals.

Analysis of intraventricular hemodynamics data was per-
formed using the generalized least square method and the
Wilcoxon rank sum test. The GLS regression model was fit to
investigate the dose effect of dobutamine on the 1st
derivative or rate of change of ventricular pressure (�dP/
dt). Non-linearity was addressed by applying tail-restricted
cubic splines with 3 knots to dose variable, and transforma-
tion was applied when the normality assumption did not hold.
Predicted mean values were fit using REML and are shown
with its 95% confidence interval. SV, EDV, ESV, LVEF%, LVEDP,
and heart rate were analyzed using the Wilcoxon rank sum
test. The Wilcoxon rank sum test was performed for
comparison of continuous variables and summarized as
medians, upper quartiles, and lower quartiles.

Statistical analysis of microarray data was performed as
previously described.6 For analysis of in vitro experiments,
results were statistical analysis was performed using Student
t test or ANOVA with Bonferroni correction for multiple
comparisons as indicated.

Untreated

GGF2

A B

C

*

Figure 6. A. Graphical representation of percent fibrosis in swine
ventricular samples collected remote from the site of infarct. Error
bars represent the standard error of the mean (�SEM) calculated
from 3 untreated control animals and a total of 6 GGF2-treated
animals. (*P=0.006 by t test). B and C, Representative immu-
nohistochemistry of untreated (B) and GGF2-treated (C) left
ventricular tissues, collected from post-MI swine, remote from
the site of infarction. After fixation, tissues were stained with DAPI
(blue), phalloidin (red) and anti-collagen IV (green). As shown,
Collagen IV was more evenly spaced and thinner in GGF2-treated
animals, compared to untreated control pigs. Scale bar represents
10 lm. DAPI indicates 4’,6-diamidino-2-phenylindole; GGF2,
glial growth factor 2; MI, myocardial infarction; NRG-1b, neureg-
ulin-1b.
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Figure 7. Representative scanning electron micrographs of the 3-dimensional arrangement of LV extracellular matrix
in untreated and GGF2-treated pigs, after NaOH maceration. The top 2 panels show the matrix in cross section, with a
typical honey-comb structure that is thicker and less regular in untreated pigs (A), compared to GGF2-treated animals
(B). Middle panels show the matrix in longitude, which highlights the regular spatial arrangement of fibers in GGF2-
treated pigs (D), Conversely, untreated animals exhibited a thick, matte-like matrix, as shown in the (C). Higher
magnification revealed a very different ultrastructure of matrix fibers between treated and untreated animals. Cardiac
matrix fibers of untreated pigs contained many proteinaceous “flake”-like nodules along the longer collagen bundles
(E), as compared to GGF2-treated animals, which exhibited more spacing between fibers that contained very few of
these nodule-like attachments (F). Bars=40 lmol/L (A through D) and 2 lmol/L (E and F). GGF2 indicates glial growth
factor 2; LV, left ventricular.
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Results

GGF2 Treatment Alters Post-MI Left Ventricular
Remodeling
Thirteen of 23 swine survived acute infarction and completed
the study, 5 untreated and 8 treated, which is similar to post-
MI survival rates for other studies in swine.7 Pretreatment
echocardiographic measurements of LVIDd, LVIDs, and FS
were acquired at 1 week post-MI and subsequently at
5 weeks post-MI (Figure 1, Table 2). Baseline measures were
similar between groups, while biweekly GGF2 treatments for

4 weeks was associated with improved FS% (P=0.019) and
reduced LVIDd (P=0.003) compared with untreated animals.
Untreated animals demonstrated progressive remodeling as
evidenced by an increase in LVIDd from day 7 to 35
(P=0.0003), and decline in FS% (P=0.002). In contrast, GGF2
treated animals showed no increase in LVIDd (P=0.41), with
improved FS% (P=0.04). GGF2 was associated with an
increase in LV interventricular septal thickness (P=0.04),
though there was no increase in posterior wall thickness
(P=0.59), thus, GGF2 treatment prevented LV dilation and
improved left ventricular systolic function in post-MI swine.

A

C D

E

B

Figure 8. Representative immunohistochemistry of swine LV tissues from untreated (A) and GGF2-
treated (B) post-MI pigs. Tissues were stained with DAPI (blue), phalloidin (red), and anti-aSMA
(green). C, Representative cytofluorographic dot plots showing the percentage of aSMA+ fibroblasts
incubated in the absence (vehicle, upper panel) or presence of 30 ng/mL NRG-1b (lower panel) for
48 hours; (D) Graphic representation of data from flow cytometric analysis of aSMA expression in
cardiac fibroblasts incubated in the absence (vehicle, open bar) or presence of 30 ng/mL NRG-1b
(closed bar) for 48 hours. Number of aSMA+ cells was calculated from percentage of aSMA-
expressing and total number of cells; E, Mean fluorescence intensity of aSMA expression in cardiac
fibroblasts as assessed by flow cytometry. Data represent mean�SEM from 3 independent
experiments. P-values indicate significance level calculated by t test. GGF2 indicates glial growth
factor 2; LV, left ventricular; MI, myocardial infarction; NRG-1b, neuregulin-1b; aSMA, a smooth
muscle.
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Assessment of Left Ventricular Volume,
Contractility and Dobutamine Response
Hemodynamic assessment of systolic and diastolic function
by Millar� conductance catheter at 35 days post-MI (HR, SBP,
LVEDP, SV, LVEDV, LVESV, Table 3) were not different
between groups. However, LVEF% (LVEDV�LVESV/LVEDV)
was higher in the treated group (P=0.033, Figure 1C). There
was no difference in baseline dP/dt maximum and minimum
between animals treated for 4 weeks with NRG-1b and
untreated animals (Figure 2A). Chronic GGF2 treatment also
did not change the contractile response to dobutamine.

To assess effects of an acute challenge of GGF2 on cardiac
contractility after 4 weeks of treatment, a single dose (2 mg/
kg) was administered and hemodynamics were recorded at
baseline and the response to dobutamine was reassessed
(Table 4). An acute GGF2 challenge reduced dP/dt maximum
and minimum, as well as blunted contractile response to
dobutamine infusion (Figure 2B). GGF2 administration had no
effect on heart rate at baseline or in response to dobutamine
infusion (data not shown).

Myocardial and Tissue Responses to GGF2
Heart weight/body ratios were generally higher in treated
swine (P=0.077), while lung wet/dry ratios tended to be lower
(P=0.15, Table 3). No obvious differences were seen in left
ventricular sections stained by H&E, and myocyte cross-
sectional area was similar between untreated and treated
(430�92 versus 436�107 lmol/L2). However, ventricular
ultrastructures were different when assessed by TEM (Fig-
ure 3). Intercalated discs were more difficult to locate and
severely disrupted in untreated swine LV samples compared
with those in GGF2-treated swine, which were generally
abundant and well defined. In addition, there were many
morphologically abnormal mitochondria in untreated swine
that were not found in treated animals.

GGF2 Treatment Alters Global Gene Expression
Profiles in Post-MI Swine
Left ventricular tissue remote from the site of infarct was
collected from each of 8 animals (3 untreated controls, 5
GGF2-treated) and global gene expression assessed using
microarrays. Analysis yielded 528 statistically significant
probes (fold-difference ≥1.5, ANOVA P value ≤0.05) among
the 3 groups of animals, including 245 characterized swine
genes and 283 transcripts that did not include curated gene
information. To characterize these differential transcripts,
each probe source sequence was manually searched against
the human reference genome using the UCSC Genome

Bioinformatics’ tool, BLAT. This analysis yielded an additional
172 orthologous human transcripts, representing 157 unique
genes (Table S1).

GGF2 Treatment Down-Regulates Expression of
Extracellular Matrix Transcripts
Based on functional analysis using Ingenuity Pathway Analysis
software, enriched functions included cellular growth and
proliferation, cell death, cell cycle, cell movement, and cellular
development (Table 5). When differential genes were grouped
by function (Figure 4), a clear pattern emerged showing that
GGF2 up-regulated genes encoding cell cycle arrest and cell
survival proteins, while depressing transcripts involved in cell
proliferation and cell death. A notable finding was alteration of
genes encoding ECM and matricellullar proteins, which were
almost exclusively down-regulated (Figure 4). These included
9 collagens (COL1a2 [�2.7-fold], COL3a1 [�1.9-fold],
COL4a1 [�1.6-fold], COL5a2 [�2.5-fold], COL8a1 [�2.1-fold],
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Figure 9. Graphical representation of
ErbB receptor mRNA levels in flow-sorted
primary mouse cardiac fibroblasts, relative
to b-actin, as assessed by qRT-PCR. qRT-
PCR indicates quantitative reverse tran-
scriptase-polymerase chain reaction.
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Figure 10. A. Representative flow cytometric histograms showing
cell surface expression of TGFbRII in the absence (vehicle) or
presence of 30 ng/mL neuregulin-1b (NRG1b). Gray-shaded histo-
grams represent isotype-matched control and open histograms are
specific anti-Tgfbr2 antibody. B, Mean fluorescence intensity of
TGFbRII. Data represent mean�SEM from 4 independent experi-
ments. TGFbRII indicates transforming growth factor beta receptor 2.
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COL12a1 [�2.1-fold], COL14a1 [�2.9-fold], COL15a1 [�1.5-
fold], and COL21a1 [�2.3-fold]) and 17 matricellular proteins
(eg, SPARC, FBN1, NID1, POSTN and VCN) (Table S1). Eleven
genes were chosen for validation by real-time RT-PCR, the
results of which confirmed GGF2-mediated regulation of these
genes (Table 6).

Analysis to identify potential upstream regulators likewise
suggested that post-MI GGF2 treatment inhibited ECM
transcription. For example, TGFbeta-regulated transcripts
were overrepresented, including 12 down-regulated genes
(eg, 4 collagens, versican, and periostin). The aryl hydrocar-
bon receptor (AHR) was predicted to be activated (Z
score=2.7) in response to GGF2 treatment (Table 5). Altered
target genes known to be inhibited by AHR included 8 ECM
genes (Figure 5) that were down-regulated in response to
GGF2 treatment.

GGF2 Alters Fibrosis and Collagen IV Distribution
While left ventricle samples collected remotely from the
infarct site in untreated pigs exhibited low levels of fibrosis

(0.19%), this was reduced when compared to animals that
received GGF2 treatment post-injury, as measured by tri-
chrome staining (P=0.006, Figure 6A). Consistent with this
finding, there was a trend toward reduced hydroxyproline
content in GGF2-treated tissues (0.47�0.03 lg/mg tissue)
compared with untreated control animals (0.54�0.03 lg/mg
tissue, P=0.065). One of the down-regulated collagens
(collagen type IV) is a major perimysial structural protein
that is readily visualized by immunohistochemistry. Ventric-
ular tissue from GGF2-treated swine exhibited normal Colla-
gen IV staining, enveloping individual myocyte bundles in a
classic “honeycomb-like” pattern (Figure 6C, bottom panel).
Regions of collagen IV staining in untreated control pig
tissues, on the other hand, were thicker and less organized
around cardiomyocytes (Figure 6C, top panel).

GGF2 Treatment Affects the Ultra-Structure of
the Cardiac ECM
To examine ECM ultra-structure, we macerated swine tissues
from both GGF2-treated and untreated animals in NaOH,

A

B C

Figure 11. A. Representative Western blot analysis of NRG-1b-treated rat cardiac fibroblasts treated
with 50 ng/mL of recombinant NRG-1b at various doses for 48 hours (lanes 1 to 6), 1 ng/mL TGFb for
48 hours (lane 7) or with NRG-1b for 24 hours followed by 1 ng/mL TGFb or 24 hours (lanes 8 to 13) and
probed with anti-a-smooth muscle actin (aSMA) or phospho-SMAD3 (pSMAD3). B and C, Graph of
Western blot analyses for aSMA and pSMAD3, respectively. NRG-1b inhibited basal and TGFb induced
aSMA at all concentrations (P<0.0001, ANOVA), and basal aSMA expression at concentrations of 10 ng/
mL and above (P,0.001, ANOVA). NRG-1b inhibited basal and TGFb induced pSMAD3 at concentrations of
10 ng/mL and above (P<0.0001, ANOVA), without any effect on basal pSMAD3. ANOVA indicates analysis
of variance; NRG-1b, neuregulin-1b.
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which effectively eliminates all cellular material without
disrupting the structure of the proteinaceous matrix.12,13

Subsequent scanning electron microscopy (SEM) of pro-
cessed samples revealed differences between GGF2-treated
and untreated swine (Figure 7A and 7B). Cross-sections of
treated ventricles displayed the typical honeycomb structure
associated with non-diseased cardiac tissue; whereas these
same structures were thicker, more densely packed, and less
organized in untreated swine. There was a clear periodicity of
fibers in GGF2-treated samples viewed on the long axis
(Figure 7D) that was less obvious in untreated pigs (Fig-
ure 7C). Transverse sections of the ECM matrix from
untreated controls were instead more mat-like in appearance,
with little separation between individual proteinaceous fibers
(Figure 7C). Closer inspection at a much higher magnification
(Figure 7E and 7F) indicated that the fibers were very different
in appearance, presumably due to differences in collagen

composition and/or post-translational processing and sub-
sequent organization into 3-dimensional structures.

GGF2 Suppresses Myofibroblast (myoFb)
Induction
GGF2 abrogation of pro-fibrotic gene expression and improve-
ment in cardiac ECM structures could occur via regulation of
cardiac fibroblasts. To assess this possibility, we performed
immunohistochemistry using phalloidin, which stains actin
fibers in both fibroblasts and myoFbs, and FITC-conjugated
anti-smooth muscle actin, which is a marker for myoFbs but
not fibroblasts. Ventricular tissue collected from GGF2-
treated pigs exhibited fewer myoFbs than did tissues from
untreated control animals (Figure 8).

We also examined whether GGF2/NRG-1b receptors are
expressed in cardiac fibroblasts isolated from mouse heart by

C
on

tr
ol

TG
Fβ

N
R

G
-1

β 
+ 

TG
Fβ

N
R

G
-1

β

αSMA Collagen I Phalloidin Merge

Figure 12. Immunohistochemistry of rat cardiac fibroblasts stimulated for 48 hours with TGFb or NRG-
1b (1 or 50 ng/mL, respectively) or pre-treated with 50 ng/mL NRG1-b for 24 hours before treatment with
TGFb (1 ng/mL for an additional 24 hours). After fixation, cells were stained with anti-aSMA to label
myofibroblasts, anti-collagen I, phalloidin to stain actin filaments, and DAPI to visualize nuclei.
Representative images of 3 independent experiments are shown. NRG-1b indicates neuregulin-1b; aSMA,
a-smooth muscle actin.
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flow cytometry. Flow sorted mouse fibroblasts express high
levels of ErbB2, moderate levels of ErbB3, and very little
ErbB4 (Figure 9). To examine whether GGF2/NRG-1b directly
acts on cardiac fibroblasts, we sorted single suspensions of
mouse heart cells to isolate cardiac fibroblasts, cultured them
for 6 days in the presence or absence of recombinant NRG-
1b, and then measured the levels of fibroblasts versus
myofibroblasts using flow cytometry. Forty-eight-hour treat-
ment with NRG-1b (30 ng/mL) resulted in a lower percentage
of myofibroblastss, as assessed by levels of a smooth muscle
actin (aSMA), the most commonly used marker for distin-
guishing myofibroblastss from non-active fibroblasts (Fig-
ure 8C). This reduction was not due to a decrease in the cell
surface expression of the receptor for TGFb as measured by
flow cytometry (Figure 10). NRG-1b also inhibited expression
of aSMA protein as measured by Western blot analysis
(Figure 11A and 11B) and immunohistochemistry (Figure 12)
in rat cardiac fibroblasts with or without TGFb stimulation.
NRG-1b likewise reduced phosphorylation levels of the
downstream TGFb transcriptional effector SMAD3 (Fig-
ure 11A and 11C). While TGFb treatment of rat cardiac
fibroblasts induced classic myofibroblasts morphology, NRG-
1b-treated cardiac fibroblasts exhibited a reduction in the
active myofibroblast phenotype (Figure 12).

Discussion
Our main finding is that the recombinant GGF2 isoform of
NRG-1b improved cardiac function in association with
improved remodeling in a large animal model of post-MI
heart failure. Chronic GGF2 treatment did not produce any

adverse effects on diastolic function, and did not reduce beta-
adrenergic responsiveness, which supports the further explo-
ration of this growth and survival factor as a possible therapy
for systolic heart failure. Analysis of gene expression led to
our finding that GGF2 suppressed myocardial fibrosis. Con-
sistent with a direct effect on remodeling, these observations
provide additional mechanisms for the therapeutic effect of
this cardiovascular growth factor.

Acute infusion of GGF2 lowered blood glucose in swine,
which has not been reported in other species. NRG-1b is
known to increase glucose uptake in cardiac myocytes, as
well as skeletal muscle.14,15 The hypoglycemic effect might
therefore be expected, and may be more pronounced in swine
specifically bred for rapid growth and overall mass of skeletal
muscle. The hypoglycemic effect may explain the change in
dobutamine responsiveness observed shortly after GGF2
infusion. It is also possible that GGF2 decreased dobutamine
sensitivity by another mechanism, as the myocardium is able
to maintain high-energy phosphate stores as well as myocar-
dial function in the setting of hypoglycemia stimulated by
insulin.16 In cardiac muscle where metabolic substrate
availability is controlled, NRG-1b reduces contractility by
altering Ca2+ handling via NOS activation.17

Acute effects of recombinant NRGs on cardiac output may
be further complicated by effects on systemic vascular
resistance. Jabbour, et al studied the parenteral administra-
tion of the recombinant EGF-domain only fragment of NRG-1b
in humans with stable heart failure and observed an increase
in cardiac output in association with a 20% drop in systemic
vascular resistance.3 We did not measure systemic vascular
resistance in the current study; however, we did not observe
an effect of acute GGF2 infusion on end-systolic volume or
systemic blood pressure, suggesting that there was no acute
vasodilator effect of GGF2 in anesthetized post-MI swine.
Further experimental work is needed simultaneously measur-
ing myocardial contractility and vascular function as well as
cardiac output to understand the acute effects of recombinant
NRGs on cardiovascular function.

To identify the potential underlying mechanisms for GGF2/
NRG-1b treatment, we examined tissue and cellular structure
as well as global gene expression in GGF2-treated swine.
NRG-1b is known to regulate myofilament formation,18

mitochondrial function,19 and focal adhesion formation at
the intercalated disk,20 all of which showed improved
appearance in GGF2-treated swine. GGF2 normalization of
mitochondrial structure is consistent with improved mito-
chondrial function reported in rodents treated with recombi-
nant NRG-1b,21 as well as changes in gene expression we
observed in GGF2-treated rats.6 A number of genes involved
in regulation of growth were also over-represented in the
microarray. It is possible that these relate to the increased LV
septal wall thickness seen after treatment with GGF2, along

Table 7. GGF2 Gene Expression Alterations Compared to
Human Heart Disease

Study Samples n Sig Genes Common Genes

This study Untreated 3 506 —

NRG-1b 5

E-TABM-480 Controls 4 1875 28

Idiopathic 5

GSE1145 Normal 15 4628 183

Cardiomyopathy 92

GSE1869 Unused donor 6 3469 109

Pre-LVAD heart
failure

31

GSE5406 Non-failing 16 309 34

Cardiomyopathy 194

Total across human studies 363 7551 222

GGF2 indicates glial growth factor 2; LVAD, left ventricular assist device; NRG-1b,
neuregulin-1b.
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Table 8. Genes Altered in Human Heart Failure and NRG-1b-Treated Swine

Symbol NRG-1b Human Function

COL14A1 �2.6 3.2 Regulation of fibrillogenesis, muscle development, important for growth and structural integrity of the myocardium30,31

COL15A1 �1.5 2.0 Member of the FACIT collagen family (fibril-associated collagens with interrupted helices) deficiency is associated with
muscle and microvessel deterioration

COL1A2 �2.7 2.7 Fibril-forming collagen

COL21A1 �2.3 2.3 FACIT collagen

COL3A1 �1.9 2.5 Fibrillar collagen found in extensible connective tissues, frequently in association with type I collagen

CXCL12 �1.7 1.8 Also called SDF-1, sustained expression leads to increased fibrocyte recruitment,32 cardioprotection, activation of
cardiac stem cells33

DPT �2.1 1.8 ECM protein, enhancement of TGF-beta activation, inhibits cell proliferation, accelerates collagen fibril formation,
stabilizes collagen fibrils, expression increased in the infarct zone in rats after MI34

EFEMP1 �1.7 1.9 Member of the fibulin family of extracellular matrix glycoproteins, binds EGF receptor

ETFDH 1.5 1.5 Electron transfer flavoprotein

FBN1 �2.6 1.7 Large, ECM glycoprotein, structural component of calcium-binding microfibrils, heart development

HBB �5.9 1.5 Regulation of blood pressure, blood vessel size

IQGAP2 �1.8 1.8 Regulation of actin cytoskeleton

LMOD2 1.7 1.6 Actin and tropomyosin binding, critical for sarcomere assembly35

LRRC17 �3.6 1.9 Osteoblast differentiation

LUM �1.9 3.3 Binds to laminin, may regulate collagen fibril organization, expression level increased in the ischemic and reperfused
rat heart36

MAP3K3 �1.6 1.8 Regulates SAPK/JNK and ERK pathways by activating SEK/JNK and MEK1/2, essential for early embryonic
cardiovascular development (Yang), promotes TGF-beta-dependent epithelial to mesenchymal transformation37

MARCKS �2.2 1.9 Filamentous (f) actin cross-linking protein and most prominent cellular substrate for PKC, binds calmodulin, actin, and
synapsin, prevents myoblast migration38

NPR3* �1.9 2.2 Regulation of blood pressure

PLSCR4 �2.2 2.0 Blood coagulation

POSTN �5.5 2.0 Expression is induced by TGFb following inflammation at the infarct border, leading to the production of type I collagen,
also promotes collagen cross-link formation39,40

PROS1 �1.7 2.0 Inhibition of blood coagulation

RASL11B �2.5 1.7 Closely related to the Ras branch of GTPases

SFXN1 �1.6 1.8 Iron transport

SPARC �1.8 1.7 Matrix-associated protein, involved in ECM synthesis and promotion of changes to cell shape, regulates collagen
interaction with cardiac fibroblast cell surfaces41; mediates early ECM remodeling after MI42,43 mediates fibrosis44–47

ZBTB1 �1.6 2.1 Transcription factor that is essential for lymphocyte development

ZNF91 �1.8 1.5 Transcription regulation

ADAMTS1 2.2 �1.9 Heart trabecula formation, TGFb activation, ECM remodeling

AREG 12.4 �1.6 Autocrine growth factor, fibroblast mitogen

BAG3 2.4 �1.5 Cell survival, regulation of angiogenesis, incorporated into the Z disc. Chaperone of HSP70

ELL2 3.8 �1.8 Regulation of transcription

FOS 5 �2.9 Transcription factor, downstream of SAPK/JNK

GADD45B 3.7 �1.6 Stress response, regulation of cell growth and survival

GPX3 1.8 �1.6 Detoxification of hydrogen peroxide

IFRD1 9.7 �1.6 Myoblast cell fate determination, adult somatic muscle development, muscle cell differentiation, stimulates muscle cell
regeneration48

KLF5 6.7 �2.1 Promotes vascular smooth muscle cell proliferation, activates many genes inducible during cardiovascular remodeling49

Continued
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with the generally higher HW/BW ratios suggesting some
degree of cardiac hypertrophy.

The GGF2-associated reduction in pro-fibrotic genes,
including transcripts for ECM structural proteins (eg, colla-
gens and fibrillins), matricellular proteins (eg, osteonectin,
periostin, and versican), and myoFb markers was an
unexpected finding. The novel effect of NRG-1b on cardiac
fibroblasts in vitro and on ECM structure in vivo suggests
that NRG-1b might prevent and/or reverse pathogenic
remodeling in the heart. In conjunction with the down-
regulation of ECM genes that are typically associated with
the development and progression of fibrosis, the pro-fibrotic
TGFb signaling pathway was likely inhibited by GGF2/NRG-
1b treatment, based on gene expression profiles of GGF2-
treated swine and cardiac fibroblast cell culture experiments.
For example, GGF2 increased transcriptional expression of
RANBP3, which negatively regulates TGFb signaling by

mediating the nuclear export of SMAD transcription fac-
tors.22 GGF2 also decreased expression of the gene
encoding P311 protein, which induces TGFb activation and
conversion of fibroblasts to myoFbs.23

Further analysis of microarray results revealed a potential
role for GGF2 in activation of AHR (aka dioxin receptor), an
inducible transcription factor important for xenobiotic detox-
ification and other cellular stress responses. Ahr null mice
develop cardiovascular disease,24 liver dysfunction and fibro-
sis,25 dermal fibrosis,26 liver retinoid accumulation,27 and
shortened life span.28 More recently, Lehmann et al reported
AHR-mediated inhibition of TGFb-induced trans-differentiation
of human fibroblasts to myoFbs,29 which is consistent with
the observed decrease in cardiac tissue aSMA-expressing
myoFbs in GGF2-treated swine.

We compared swine microarray data with several curated
human cardiomyopathy data sets (Table 7), including a total

Table 8. Continued

Symbol NRG-1b Human Function

LNX1 2.2 �2.1 E3 ubiquitin ligase, targets interacting proteins for degradation through ubiquitination, interacts with ErbB250

NR4A2 10 �2.7 Transcription factor, smooth muscle cell differentiation, regulation of muscle cell metabolism

PNP 1.5 �2.2 Enzyme responsible for formation of purine bases in DNA, crucial under energy-deprived conditions for the cell to
metabolize adenosine during ATP degradation

RRAD 1.9 �2.0 Negative regulation of cell growth, inhibits cardiac fibrosis through connective tissue growth factor51

TBX5 2.2 �1.6 Heart development, contributes to cardiac repair through reprogramming resident cardiac fibroblasts52

EGF indicates epidermal growth factor; NRG-1b, neuregulin-1b.
*NPR3 was down-regulated in low dose NRG-1b-treated swine but up-regulated (2.2-fold) in swine that received the higher dose.

Table 9. Functional Analysis of Human Heart Failure Transcripts That Responded to NRG-1b Treatment in Post-Infarcted Swine

Gene Ontology Count B-H, P Value Genes

Biological process

Collagen fibril organization 5 5.3910�4 COL14A1, LUM, COL3A1, COL1A2, POSTN, DPT

Extracellular matrix organization 6 2.1910�3

Extracellular structure organization 6 1.2910�2

Cellular component

Proteinaceous extracellular matrix 12 2.3910�9 COL21A1, LUM, FBN1, EFEMP1, COL3A1, COL15A1,
POSTN, SPARC, CXCL12, COL14A1, GPX3, COL1A2,
ADAMTS1, AREG, PROS1, DPT

Extracellular matrix 12 2.6910�9

Extracellular region part 15 6.2910�8

Extracellular matrix part 8 8.6910�8

Collagen 5 1.4910�5

Extracellular region 16 5.2910�5

Fibrillar collagen 3 3.3910�3

Molecular function

Extracellular matrix structural constituent 6 3.7910�4 COL14A1, LUM, FBN1, COL3A1, COL1A2, COL15A1

NRG-1b indicates neuregulin-1b.
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of 15 separate patient group versus control group compar-
isons. We found an overlap of 222 genes differentially
expressed between normal and failing human hearts that were
also transcriptionally altered in response to GGF2 treatment
in the swine MI model (Table 8). These overlapping genes
exhibited a statistically significant functional pattern related
to the structure and organization of the ECM (Table 9). This
suggests potential targets of GGF2/NRG-1b therapy in heart
failure that might be useful as indicators of efficacy as the
clinical development of NRG’s proceeds.

Microarray results suggest additional signaling changes
occur that may also contribute to the beneficial effects of
GGF2 on cardiac structure and function. GGF2 treated swine
heart showed increased expression of several cardioprotec-
tive genes, such as KLF5,53 CRYAB,54 and PER2,55 while
down-regulating transcripts associated with cardiac dysfunc-
tion (eg, BNP and IL6ST).56,57 Alterations in expression of
genes important for angiogenesis, blood pressure regulation,
and coagulation were also observed. For example, the genes
encoding coagulation factor V and thrombomodulin were
both up-regulated in GGF2 treated swine (F5: 1.8-fold,
THBD: 2-fold), while the PLSCR4 gene, which encodes a
phospholipid scramblase, and the gene encoding Protein S
(PROS1) were down-regulated (�2.3-fold and �1.7-fold,
respectively).

Several days of prolonged infusions of the EGF-domain only
fragment of NRG-1b in humans with stable heart failure has
persistent beneficial effects on cardiac function.3,4 The finding
that twice-weekly infusion of the GGF2 isoform of NRG-1b
improves ventricular remodeling in swine suggests that
prolonged infusions may not be necessary to achieve a
benefit from this form of NRG-1b. Preliminary results of a
phase 1, double-blind, placebo-controlled study of single
ascending doses of GGF2 in patients with left ventricular
dysfunction and symptomatic heart failure has recently been
reported.58 While subjects in this study received only a single
dose of placebo or GGF2, the study was notable for trends of
dose-related and long-lasting improvement in cardiac func-
tion. Further clinical studies are needed to define the
reproducibility and durability of these effects, and whether
there is an associated improvement in clinical outcome.
Exploration of how recombinant NRGs alter biomarkers that
have been associated with cardiac fibrosis, as well as
measurement of fibrosis by non-invasive methods seems
warranted in future clinical trials.
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