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Grisanti LA, Repas AA, Talarico JA, Gold JI, Carter RL, Koch
WJ, Tilley DG. Temporal and gefitinib-sensitive regulation of cardiac
cytokine expression via chronic �-adrenergic receptor stimulation. Am
J Physiol Heart Circ Physiol 308: H316–H330, 2015. First published
December 8, 2014; doi:10.1152/ajpheart.00635.2014.—Chronic stim-
ulation of �-adrenergic receptors (�AR) can promote survival signal-
ing via transactivation of epidermal growth factor receptor (EGFR)
but ultimately alters cardiac structure and contractility over time, in
part via enhanced cytokine signaling. We hypothesized that chronic
catecholamine signaling will have a temporal impact on cardiac
transcript expression in vivo, in particular cytokines, and that EGFR
transactivation plays a role in this process. C57BL/6 mice underwent
infusion with vehicle or isoproterenol (Iso) � gefitinib (Gef) for 1 or
2 wk. Cardiac contractility decreased following 2 wk of Iso treatment,
while cardiac hypertrophy, fibrosis, and apoptosis were enhanced at
both timepoints. Inclusion of Gef preserved contractility, blocked
Iso-induced apoptosis, and prevented hypertrophy at the 2-wk time-
point, but caused fibrosis on its own. RNAseq analysis revealed
hundreds of cardiac transcripts altered by Iso at each timepoint with
subsequent RT-quantitative PCR validation confirming distinct tem-
poral patterns of transcript regulation, including those involved in
cardiac remodeling and survival signaling, as well as numerous
cytokines. Although Gef infusion alone did not significantly alter
cytokine expression, it abrogated the Iso-mediated changes in a
majority of the �AR-sensitive cytokines, including CCL2 and TNF-�.
Additionally, the impact of �AR-dependent EGFR transactivation on
the acute regulation of cytokine transcript expression was assessed in
isolated cardiomyocytes and in cardiac fibroblasts, where the majority
of Iso-dependent, and EGFR-sensitive, changes in cytokines occurred.
Overall, coincident with changes in cardiac structure and contractility,
�AR stimulation dynamically alters cardiac transcript expression over
time, including numerous cytokines that are regulated via EGFR-
dependent signaling.
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DURING HEART FAILURE (HF) chronic increases in circulating
catecholamines lead to sustained �-adrenergic receptor (�AR)
activation, which has been shown to adversely impact cardiac
function through changes in remodeling, including hypertro-
phy, fibrosis, and apoptosis (49). A major contributing factor
toward adverse cardiac remodeling is the regulation of cardiac
gene expression (19, 21), which has been reported in response
to both acute and chronic infusion of catecholamines (3, 7, 11,
13, 29, 44). Although these studies have generally focused on
expression changes via microarrays or RT-quantitative PCR
(RT-qPCR) analysis of select genes at a single timepoint of

infusion, few studies have assessed the dynamic regulation of
cardiac transcript expression by chronic �AR stimulation over
time. Because alterations in cardiac remodeling due to chronic
�AR stimulation may have distinct temporal aspects and be
reflected in alterations in transcript expression, we sought to
determine how cardiac transcript expression becomes altered
over time.

It is increasingly apparent that inflammation plays an im-
portant role in regulating cardiac remodeling in response to
adverse events, and elevations in cardiac and systemic cyto-
kines are associated with HF and contribute to cardiomyocyte
dysfunction, hypertrophy, apoptosis, and extracellular matrix re-
modeling (17, 46). Of particular importance is the timing of
inflammatory mediator production with acute and controlled in-
flammation being beneficial and excessive or prolonged inflam-
mation being detrimental. Increases in the pro-inflammatory cy-
tokines CCL2, TNF-�, IL-1�, and IL-6 have been shown to be
influenced by chronic �AR stimulation (6, 12, 17, 30); however,
a comprehensive assessment of how chronic �AR stimulation
alters cytokine expression in the heart is lacking.

Although chronic �AR stimulation is ultimately detrimental
to cardiac function through its impact on left ventricular (LV)
remodeling (49), we and others have shown that �AR-medi-
ated transactivation of epidermal growth factor receptor
(EGFR) conveys cardioprotective signaling, in part via regu-
lation of apoptotic gene expression (13, 32). Furthermore,
using a more comprehensive RNAseq approach, we recently
demonstrated that a substantial portion of cardiac transcripts
regulated acutely by �AR stimulation is sensitive to the EGFR
inhibitor gefitinib (42). However, the contribution of �AR-
mediated EGFR transactivation to changes in cardiac transcript
expression in response to chronic catecholamine stimulation
has not been assessed. Here, we perform RNAseq analysis on
murine left ventricular RNA samples at distinct timepoints of
catecholamine infusion to determine the overall impact of
chronic �AR stimulation on cardiac transcripts, with a focus on
cytokine transcript expression in particular, and whether
EGFR-dependent signaling influences this process.

MATERIALS AND METHODS

Mice. Wild-type C57BL/6 mice (male, 12 wk old, attained from
Jackson Laboratory) were administered vehicle (sterile PBS � 25%
DMSO) or isoproterenol (Iso; I6504; Sigma, St. Louis, MO; 3
mg·kg�1·day�1) via mini osmotic pumps (Alzet; 1.0 �l/h for 7 days
or 0.5 �l/h for 14 days), in conjunction with additional mini osmotic
pumps containing either vehicle or Gefitinib (Gef; G-4408; LC Lab-
oratories, Woburn, MA). Initial experiments were performed to as-
certain the concentration of Gef required to inhibit Iso-mediated
responses. Mice infused with increasing concentrations of Gef (1–25
mg·kg�1·day�1) for 1 day were treated with Iso (1 mg/kg) for 10 min
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and phosphorylated ERK1/2 (P-ERK1/2) levels assessed in their heart
lysates, shown previously by us to be a reliable readout of �AR-
mediated EGFR transactivation (13, 42). Complete inhibition of the
Iso-mediated P-ERK1/2 response was attained at 25 mg·kg�1·day�1,
which was used for the Gef � Iso pumps administered for 1 or 2 wk.
After 7 or 14 days mice were euthanized according to Animal Care

and Use Protocol No. 4091, and hearts were excised and frozen in
liquid N2 and stored at �80°C until biochemical analysis or fixed
in paraformaldehyde for histological analysis. All animal proce-
dures and experiments were carried out according to the National
Institutes of Health Guidelines for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and

Table 1. Primer sequences used for RT-PCR

Sequence

Gene Name Reference Sequence Forward Reverse

Ccl2
Mouse NM_011333 5=-CTC GGA CTG TGA TGC CTT AAT-3= 5=-TGG ATC CAC ACC TTG CAT TTA-3=
Rat NM_031531 5=-GTC TCA GCC AGA TGC AGT TAA T-3= 5=-CTG CTG GTG ATT CTC TTG TAG TT-3=

Ccl5
Mouse NM_013653 5=-CCA GAG AAG AAG TGG GTT CAA G-3= 5=-AGC AAT GAC AGG GAA GCT ATA C-3=

Ccl6
Mouse NM_009139 5=-GGA GGG AGA TGG GAC CAT ATA A-3= 5=-GCA CCA AGC TCA GAG GAA TAA-3=
Rat NM_001004202 5=-GGG CTC ATA CAA GAT ACG GTA AA-3= 5=-CAT GGG ATC TGT GAG GCA TAG-3=

Ccl20
Mouse NM_001159739 5=-ACA GCC CAA GGA GGA AAT G-3= 5=-AGT CCA CTG GGA CAC AAA TC-3=
Rat NM_019233 5=-CTG CCT CAC GTA CAC AAA GA-3= 5=-TCG ACT TCA GGT GAA AGA TGA TAG-3=

Col4a4
Mouse NM_007735 5=-AGC AAG CGG ATG ACA AAG A-3= 5=-AGC CAG AAG CCC AAT AGA TTA C-3=

Cxcl12
Mouse NM_021704 5=-GCT AAG GTT TGC CAG CAT AAA G-3= 5=-CGA GGG CAG GGA TGA ATA TAA G-3=

Cytl1
Mouse NM_001081106 5=-TTG GAG AGC AAG CAC CTT AG-3= 5=-GTG TAA GCA GAG ACC AGA AAG A-3=

Dapk1
Mouse NM_029653 5=-CCG CTG TCA ACT ACG ACT TT-3= 5=-GTC CTG GAT TGT CAT CCT CTT C-3=

Eln
Mouse NM_007925 5=-CTC ATC CAT CCA TCC ATC CAT C-3= 5=-GAC AGG TGA ACC AGG TTG ATA G-3=

Il1b
Mouse NM_008361 5=-ATG GGC AAC CAC TTA CCT ATT T-3= 5=-TT CTA GAG AGT GCT GCC TAA TG-3=
Rat NM_031512 5=-CTA TGG CAA CTG TCC CTG AA-3= 5=-GGC TTG GAA GCA ATC CTT AAT C-3=

Il2
Mouse NM_008366 5=-GCG GCA TGT TCT GGA TTT G-3= 5=-TGT GTT GTC AGA GCC CTT TAG-3=
Rat NM_053836 Forward 5=-GCA GGC CAC AGA ATT GAA AC-3= 5=-CCA GCG TCT TCC AAG TGA A-3=

Il6
Mouse NM_031168 5=-GAA GTT AGA GTC ACA GAA GGA GTG-3= 5=-GTT TGC CGA GTA GAC CTC ATA G-3=
Rat NM_012589 5=-CTA TGG CAA CTG TCC CTG AA-3= 5=-GGC TTG GAA GCA ATC CTT AAT C-3=

Il17a
Mouse NM_010552 5=-CGC AAT GAA GAC CCT GAT AGA T-3= 5=-CTC TTG CTG GAT GAG AAC AGA A-3=
Rat NM_001106897 5=-AAA CGC CGA GGC CAA TAA-3= 5=-GAA GTG GAA CGG TTG AGG TAG-3=

Lif
Mouse NM_001039537 5=-CTG CTC TCC CTC TTT CCT TTC-3= 5=-ACA TTC CCA CAG GGT ACA TTC-3=

Nppb
Mouse NM_008726 5=-ACC ACC TTT GAA GTG ATC CTA TT-3= 5=-GCA AGT TTG TGC TCC AAG ATA AG-3=

Nr4a1
Mouse NM_010444 5=-CTC CAC GTC TTC TTC CTC ATC-3= 5=-CTG GAG GAT AGG GTC TCA TCT A-3=

Osm
Mouse NM_001013365 5=-GTG CTC TCT CTC ATG CCT TAT C-3= 5=-CCA GAT CAG TGT TCC TTG GTA G-3=

Postn
Mouse NM_015784 5=-TGT GTA TCG GAC GGC TAT CT-3= 5=-CTC TGC TGG TTG GAT GAT TTC T-3=

Ppbp
Mouse NM_023785 5=-TGT GCT GAT GTG GAA GTG ATA G-3= 5=-GAT GAA GCA GCT GGT CAG TAA-3=

Thbs1
Mouse NM_011580 5=-CCT GGA CTT GCT GTA GGT TAT G-3= 5=-GTC ATC ATC TCT CTC GGT GTT G-3=

Tnfa
Mouse NM_013693 5=-CTA CCT TGT TGC CTC CTC TTT-3= 5=-GAG CAG AGG TTC AGT GAT GTA G-3=
Rat NM_012675 5=-ACC TTA TCT ACT CCC AGG TTC T-3= 5=-GGC TGA CTT TCT CCT GGT ATG-3=

Tnfsf11
Mouse NM_01163 5=-GGA AGC GTA CCT ACA GAC TAT C-3= 5=-CTC CCT CCT TTC ATC AGG TTA T-3=
Rat NM_057149 5=-CAT CGC TCT GTT CCT GTA CTT-3= 5=-CGA GTC CTG CAA ACC TGT AT-3=

Tnfsf12
Mouse NM_011614 5=-AGT CCT GTC CTC TCC TCA AA-3= 5=-TGG TGG GAT GGG ATG TTA AAG-3=

Tslp
Mouse NM_021367 5=-TCA TGA CCT GAC TGG AGA TTT G-3= 5=-AGC CAG GGA TAG GAT TGA GA-3=

Tpt1
Mouse NM_009429 5=-ATC ATC TAC CGG GAC CTC ATC-3= 5=-CCC TCT GTT CTA CTG ACC ATC T-3=
Rat NM_053867 5=-TGG AGC TGC AGA GCA AAT TA-3= 5=-TCT TCA CGG TAG TCC AGT AGA G-3=
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Use Committee, wherein all efforts were made to minimize suf-
fering.

Primary cell isolation. Cardiomyocyte and cardiac fibroblast cul-
tures were prepared from 1- to 2-day-old Sprague Dawley rat pups
(Harlan Laboratories, Indianapolis, IN) by enzymatic digestion.
Hearts were excised and placed in sterile ADS solution containing 116
mM NaCl, 20 mM HEPES, 80 �M Na2HPO4, 56 mM glucose, 5.4
mM KCl, and 800 mM MgSO4-7H2O (pH 7.35). Blood and connec-
tive tissue were removed, and ventricles were minced and subjected to
five 15-min enzymatic digestions using collagenase II (Worthington,
Lakewood, NJ) and pancreatin. Fibroblasts and myocytes were sep-
arated by preplating for 2 h. After isolation, cardiomyocytes were
cultured overnight in F-10 media containing 10% horse serum, 5%
FBS, and 1% penicillin-streptomycin-fungizone (PSF) at 37°C in a
humidified incubator with 5% CO2. The following day, media was
replaced with F-10 media containing 5% FBS and 1% PSF. Fibro-
blasts were cultured in MEM containing 10% FBS. Cells were treated
3 h with 10 �M Iso with or without a 10-min pretreatment with 1 �M
of the EGFR inhibitor AG1478.

Immunoblotting. Left ventricular or HEK 293 cell samples were
homogenized in lysis buffer containing 20 mM Tris (pH 7.4), 137 mM
NaCl, 10% glycerol, 1 mM EDTA, 1% Nonidet P-40, 10 mM NaF
(chemicals attained from Fisher Scientific, Pittsburgh, PA), 1� HALT
protease inhibitor cocktail (78437; Thermo Scientific, Rockford, IL),
and phosphatase inhibitor cocktail set IV (524628; Calbiochem).
Equal amounts of lysates were resolved by SDS-PAGE (10% gels)
and transferred to Immobilon-PSQ polyvinylidene fluoride 0.2 �m
pore size membranes (Millipore, Billerica, MA). Odyssey Blocking
Buffer (LI-COR Biosciences; Lincoln, NE) was used to prevent
nonspecific binding. Immunoblotting was performed overnight at
4°C with diluted antibodies against P-ERK1/2 (1:1,000; Cell Sig-
naling, Danvers, MA) or total-ERK1/2 (1:5,000; Cell Signaling).
After being washed with TBS-T, membranes were incubated at room
temperature for 60 min with the appropriate diluted secondary anti-
body [IRDye680 Donkey anti-rabbit IgG (H � L) at 1:20,000;
IRDye800CW Goat anti-mouse IgG (H � L) at 1:15,000; LI-COR
Biosciences]. Bound antibody was detected using the LI-COR Bio-
sciences Odyssey System (LI-COR Biosciences). P-ERK1/2 intensi-
ties were normalized to corresponding T-ERK1/2 intensities.

Echocardiography. Cardiac function was assessed via transthoracic
two-dimensional echocardiography performed at 0, 7, or 14 days
post-minipump implantation using a 12-mHz proble on mice anesthe-
tized with isoflurane (1.5%). M-mode echocardiography was per-
formed in the parasternal short-axis view to assess several cardiac
parameters including left ventricular (LV) end-diastolic dimension,

wall thickness, LV fractional shortening and ejection fraction. Percent
fractional shortening was calculated using the this equation: [(LV
internal dimension;diastole � LV internal dimension;systole)/LV in-
ternal dimension;systole] � 100%. Percent ejection fraction was
calculated using this equation: [(LV volume;diastole � LV volume;
systole)/LV volume;diastole] � 100%.

Histological analysis. Excised hearts were fixed in 4% paraformal-
dehyde, paraffin embedded, and sectioned at 5 �m thickness. Depar-
affinized sections were stained for hematoxylin-eosin (Sigma-Al-
drich) or Masson trichrome (Sigma-Aldrich). NIS Elements software
was used to measure fibrosis from 8 random fields per section. An in
situ cell death detection kit, TMR Red (Roche Diagnostics, Mann-
heim, Germany), was used to measure apoptosis in deparaffinized
heart sections via terminal deoxynucleotidyl-transferase-mediated
dUTP nick-end labeling (TUNEL). Deparaffinized sections were in-
cubated with proteinase K, and DNA strand breaks were labeled
according to manufacturer’s instructions using tetra-methyl-rhoda-
mine-dUTP. Cells were visualized at 20� magnification using Nikon
Eclipse microscope and the percentage of TUNEL-positive nuclei
calculated in relation to the number of 4=,6-diamidino-2-phenylindole-
stained nuclei from 10 random fields per section.

Whole transcriptome analysis. Total RNA was isolated from LV
samples using a Qiagen RNeasy Fibrous Tissue Midi Kit with Pro-
teinase K and DNAseI digestion according to manufacturer’s protocol
(Qiagen, Valencia, CA). Total RNA from four hearts per treatment
condition were combined (as unreplicated pooled samples) and sub-
mitted for whole transcriptome analysis with the SOLiD 4 platform
(Applied Biosystems, Foster City, CA) as a fee-for-service using the
Cancer Genomics Shared Resource at the Kimmel Cancer Center
(Philadelphia, PA). A detailed description of RNAseq fragment map-
ping to the mouse genome using Life Technologies/Applied Biosys-
tems Bioscope software (version 1.3), where 1 copy number 	 3 reads
per kilobase of exon per million mapped reads, and differential gene
expression analysis of unreplicated samples using Cufflinks software
by the Cancer Genomics Shared Resource has been described previ-
ously (22). P values attained in the differential expression analysis
were adjusted for multiple testing using the Benjamini-Hockberg
correction (36), yielding q values. Genes were considered signifi-
cantly altered if q 
 0.05 and the absolute fold-change in expression
was �1.5. The raw unfiltered transcriptome data were available at
Dryad (http://doi.org/10.5061/dryad.5s9r5). Hierarchical clustering
was performed using Gene Cluster 3.0 (4). Functional annotation of
data sets, network, and upstream regulator analyses were performed
using Ingenuity Pathway Analysis (Ingenuity Systems, Redwood
City, CA). Significance of association between sets of genes and

Fig. 1. Effects of chronic isoproterenol
(Iso) � gefitinib (Gef) stimulation on car-
diac contractility. A: representative M-mode
echocardiography from C57BL/6 mice be-
fore treatment and following 1 or 2 wk.
Vehicle (Veh) � Gef or Iso � Gef. Left
ventricular fractional shortening (FS; B) and
ejection fraction (EF; C) were measured at
the short axis from M mode using Visual-
Sonic Analysis Software. *P � 0.05 vs.
Veh; n � 8–16 each, 2-way ANOVA.
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related molecular and cellular functions was assessed using the Fish-
er’s Exact Test with P values 
0.05, indicating a statistically signif-
icant nonrandom association. Functional activation predictions were
based on the directionality of transcripts altered in the various mo-

lecular categories of the data sets that yielded z-scores, with a z-score
�2 indicating activation and a z-score ��2 indicating inhibition.

RT-qPCR. cDNA was synthesized from the total RNA of individual
LV samples or isolated cardiac myocytes and fibroblasts using the

Table 2. Echocardiography dimensions

Vehicle Iso Gef Gef � Iso

Baseline 1 Week 2 Weeks Baseline 1 Week 2 Weeks Baseline 1 Week 2 Weeks Baseline 1 Week 2 Weeks

n 14 14 7 14 14 7 16 16 8 16 16 8

Diastolic

LV volume, �l 69.4 � 3.3 71.3 � 2.9 69.5 � 3.6 67.4 � 4.9 75.8 � 3.9 91.8 � 3.1 72.6 � 3.2 65.2 � 3.4 74.2 � 2.8 74.3 � 2.2 64.6 � 3.6 71.4 � 2.4
LVAW, mm 0.74 � 0.02 0.68 � 0.03 0.64 � 0.05 0.73 � 0.02 0.81 � 0.05* 0.70 � 0.06 0.65 � 0.03 0.69 � 0.04 0.75 � 0.03 0.71 � 0.02 0.75 � 0.03 0.80 � 0.04
LVEDD, mm 3.72 � 0.10 3.81 � 0.11 3.60 � 0.16 3.74 � 0.10 4.02 � 0.11 4.28 � 0.16* 4.03 � 0.07 3.81 � 0.08 4.13 � 0.10 4.09 � 0.05 4.00 � 0.13 4.04 � 0.07
LVPW, mm 0.68 � 0.04 0.66 � 0.03 0.71 � 0.04 0.67 � 0.02 0.75 � 0.03 0.85 � 0.08 0.63 � 0.03 0.85 � 0.07 0.76 � 0.06 0.70 � 0.02 0.93 � 0.07 0.80 � 0.02
LVID, mm 3.84 � 0.10 3.88 � 0.11 3.69 � 0.16 3.80 � 0.11 3.94 � 0.12 3.96 � 0.31 4.05 � 0.08 3.86 � 0.09 4.09 � 0.07 4.09 � 0.05 3.88 � 0.10 4.02 � 0.06

Systolic

LV volume, �l 29.3 � 2.0 31.07 � 2.2 28.17 � 2.6 31.4 � 3.8 31.5 � 2.3 43.3 � 2.9 29.7 � 1.9 26.4 � 2.0 33.5 � 2.1 30.0 � 1.5 27.9 � 2.6 29.6 � 2.2
LVAW, mm 1.14 � 0.03 1.09 � 0.04 1.02 � 0.06 1.13 � 0.04 1.26 � 0.07* 1.12 � 0.03 1.06 � 0.04 1.10 � 0.04 1.16 � 0.04 1.16 � 0.04 1.23 � 0.04 1.29 � 0.07
LVESD, mm 2.76 � 0.08 2.83 � 0.07 2.73 � 0.10 2.79 � 0.14 2.86 � 0.08 3.26 � 0.10 2.80 � 0.07 2.63 � 0.09 2.52 � 0.61 2.82 � 0.05 2.55 � 0.10 2.82 � 0.12
LVPW, mm 1.05 � 0.04 1.02 � 0.03 1.07 � 0.05 1.10 � 0.04 1.05 � 0.04 1.15 � 0.03 0.94 � 0.03 1.24 � 0.09 1.12 � 0.10 1.08 � 0.04 1.31 � 0.12 2.78 � 0.08
LVID, mm 2.65 � 0.09 2.70 � 0.09 2.62 � 0.14 2.78 � 0.12 2.62 � 0.16 2.75 � 0.30 2.78 � 0.07 2.63 � 0.09 2.93 � 0.07 2.80 � 0.06 2.61 � 0.09 1.17 � 0.03
Heart

weight/body
weight, mg/g — 4.73 � 0.06 4.92 � 0.12 — 5.85 � 0.19* 5.88 � 0.20* — 4.76 � 0.11 4.76 � 0.10 — 5.40 � 0.16* 4.84 � 0.07‡

Values are means � SE. Gef, gefitinib; Iso, isoproterenol; LV, left ventricular; LVAW, LV anterolateral wall; LVEDD, LV end-diastolic diameter; LVESD,
LV end-systolic diameter; LVPW, LV posterior wall; LVID, LV internal dimension. *P 
 0.05 vs. vehicle; ‡P 
 0.05 vs. Iso.

Fig. 2. Effect of chronic Iso � Gef stimula-
tion on cardiac hypertrophy. Representative
hematoxylin-eosin (H&E) staining (A), and
gravimetric analysis of heart weight to tibia
length (HW/TL; B), of hearts from mice
treated with Veh � Gef or Iso � Gef for 1 or
2 wk is shown. *P � 0.05, ‡P � 0.001; n �
8–16 each; 1-way ANOVA. ns, Not significant.
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high capacity cDNA reverse transcription kit (Applied Biosys-
tems), and RT-qPCR was performed with SYBR Select Master Mix
(Applied Biosystems) in triplicate for each sample using primers
listed in Table 1 at an annealing temperature of 60.1°C. All RT-qPCR
data was analyzed using Applied Biosystems Comparative CT
Method (��CT). Gene expression analysis was normalized to trans-
lationally controlled tumor protein -1 (TPT1). Validation of transcrip-
tome results and IPA predictions with biological replicates for each
condition were performed on 3–5 independent RNA samples isolated
from mouse hearts.

ELISA. Levels of secreted CCL2 or TNF-� were detected using
a mouse CCL2 DuoSet ELISA kit (R&D Systems, Minneapolis,
MN) or mouse TNF-� DuoSet ELISA kit (R&D Systems) accord-
ing to manufacturer’s instructions using plasma collected from the
mice at time of euthanization. In brief, 96 well plates were coated
overnight with Capture Antibody. Plates were blocked with Re-
agent Diluent and incubated with plasma. After incubations with
the Detection Antibody and Streptavidin-HRP, substrate solution
was added and absorbance was measured at 450 nm with a 540 nm
wavelength correction.

Statistical analysis. Data presented are expressed as mean or
relative quantity (RQ) � standard error (SE). Statistical analysis was
performed using unpaired two-tailed Student t-tests and one- and
two-way ANOVA with a Newman-Keuls multiple comparison test
where appropriate using Prism 5.0 software (GraphPad Software; San
Diego, CA) with P values indicated in figure legends.

RESULTS

Effects of chronic �AR stimulation on cardiac function,
structure, and survival. To assess changes in cardiac transcrip-
tome expression in response to chronic catecholamine stimu-
lation at distinct timepoints, C57BL/6 mice underwent osmotic

minipump implantation to deliver a constant infusion of Iso,
Gef, or Gef plus Iso for 1 or 2 wk. Cardiac function of the mice
was monitored via weekly echocardiography (Fig. 1A and
Table 2) and cardiac structure assessed postinfusion to assess
the impact of chronic Iso � Gef stimulation. Although con-
tractility was maintained following 1 wk of Iso infusion,
contractile dysfunction was apparent by 2 wk, with significant
decreases in both percent fractional shortening (Fig. 1B) and
percent ejection fraction (Fig. 1C) in comparison with those of
vehicle controls. Combined Gef plus Iso infusion prevented
Iso-mediated decreases in percent fractional shortening and
percent ejection fraction, whereas Gef did not induce changes
in contractile function on its own. Although decreased contrac-
tility occurred only after 2 wk of Iso infusion, LV hypertrophy
was evident after 1 wk of Iso infusion as indicated via both
echocardiography (increased LV wall thickness and LV dila-
tion) (Table 2), as well as cardiac morphometric analysis (Fig.
2A) and gravimetric analysis of heart weight to tibia length
(Fig. 2B) or body weight (Table 2). Although Gef did not
impact these parameters after 1 wk of Iso infusion, cardiac
function was preserved and LV hypertrophy reduced at the
2-wk timepoint compared with that of Iso alone. In addition to
hypertrophy, LV fibrosis, as estimated by Masson trichrome
staining (Fig. 3, A and B), and apoptosis, as estimated via
TUNEL-positive nuclei (Fig. 4, A and B), were significantly
increased at both 1 and 2 wk following Iso treatment. Interest-
ingly, Gef treatment prevented Iso-induced increases in apo-
ptosis but had no effect on Iso-induced fibrosis while inducing
fibrosis on its own at both 1 and 2 wk of infusion.

Fig. 3. Effect of chronic Iso � Gef stimula-
tion on cardiac fibrosis. Representative Mas-
son trichrome staining (A), and quantifica-
tion of Masson trichrome staining (B), of
hearts from mice treated with Veh � Gef or
Iso � Gef for 1 or 2 wk is shown. *P � 0.05,
†P � 0.01, ‡P � 0.001; n � 8–16 each;
1-way ANOVA.
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Differential temporal regulation of the cardiac transcrip-
tome by chronic �AR stimulation. Having confirmed the dele-
terious effects of chronic �AR stimulation on cardiac structure
and contractility over time, we next subjected total RNA
isolated from LV samples to whole transcriptome analysis.
Initially, 1,006 and 811 cardiac transcripts were identified as
being regulated in response to chronic Iso infusion for 1 or 2

wk, respectively (Fig. 5A). Interestingly, the vast majority of
transcripts altered at either 1 or 2 wk were unique to that
timepoint, whereas relatively few transcripts were similarly
altered at both timepoints, only 113 out of a total of 1,817
transcripts (Fig. 5B). Further analysis was performed to filter
out false discovery rate-adjusted transcripts with q values
0.05 (36), leaving 780 and 689 transcripts significantly al-

Fig. 4. Effect of chronic Iso � Gef stimulation on
cardiac survival. Representative transferase-mediated
dUTP nick-end labeling (TUNEL) staining (A), and
percentage of TUNEL-positive (TUNEL �ve) cells (B),
in hearts from mice treated with Veh � Gef or Iso �
Gef for 1 or 2 wk is shown. *P � 0.05, †P � 0.01, ‡P �
0.001; n � 8–16 each; 1-way ANOVA.
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tered at 1 and 2 wk in response to chronic Iso infusion,
respectively (Supplemental Tables S. 1 and S2). The relative
proportion of filtered transcripts up- or downregulated at each
timepoint differed slightly, with 64% up/36% down at 1 wk
and 55% up/45% down at 2 wk.

Ingenuity analysis was used to analyze the disease and
cellular functional categories associated with the altered car-
diac transcripts following chronic Iso infusion. For the 1-wk
transcripts, the top associated disease category was cardiovas-
cular disease (p � 2.08e-11), and, in line with the data above,
cardiac hypertrophy was the top associated cardiotoxicity-
related category for both the 1- and 2-wk timepoints (p �
1.46e-4 and 1.61e-5, respectively). The relative quantity of up-
and downregulated transcripts following 1 or 2 wk of Iso was
determined in the most significantly associated cellular func-
tion categories (Fig. 5C). Although some categories, including
cell proliferation, function, adhesion, and development, were
represented by transcripts altered in both Iso infusion cohorts,
several functional categories, such as cell morphology, move-
ment, organization, death, gene expression, and lipid metabo-
lism, were only represented by transcripts from either the 1-wk
or the 2-wk group. Interestingly, although the cell death cate-

gory only accounted for �5% of the cardiac transcripts regu-
lated at the 1-wk timepoint, this category contained the highest
activation prediction score of any other category, specifically
for organismal death (z-score of 7.757, p � 2.52e-6), which
corresponds well with the increased TUNEL staining we ob-
served in the LV sections. To independently confirm the whole
transcriptome findings, changes in expression of transcripts
from the datasets that are involved in cardiac remodeling and
survival (Col4a4, Dapk1, Eln, Nppb, Nr4a1, Postn, Thbs1)
were assessed via RT-qPCR (Fig. 6, A and B), attaining similar
results. The significantly enhanced expression of transcripts
encoding collagen, elastin, periostin, BNP, and Nur77 fits well
with the increased fibrosis and hypertrophy observed following
chronic Iso infusion.

Impact of chronic �AR stimulation on cardiac cytokine
expression. Because inflammation has been shown to nega-
tively regulate cardiac structure and function in response to
adverse conditions, such as chronic catecholamine signaling (6,
17, 35, 46), and levels of select inflammatory cytokines have
been shown to become altered in response to �AR stimulation
(30), we sought to more broadly assess changes in cardiac
cytokine expression following 1 or 2 wk of Iso infusion. Thus

Fig. 5. Differential temporal regulation of the cardiac transcriptome by chronic �-adrenergic receptor (�AR) stimulation. A: heatmap depicting significant (P �
0.05) changes in cardiac transcript expression in mouse hearts treated with Iso compared with Veh for 1 vs. 2 wk as detected by transcriptome analysis. Each
RNAseq sample (Veh 1 wk, Iso 1 wk, Veh 2 wk, and Iso 2 wk) contained total RNA from 4 individual hearts per condition. B: Venn diagram depicting the number
of cardiac transcripts significantly (P � 0.05) increased or decreased following 1 or 2 wk Iso treatment. C: ingenuity analysis revealed the 10 most significantly
associated cellular function categories of the cardiac transcripts regulated by 1 or 2 wk of Iso infusion.
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we performed ingenuity upstream analysis to identify cyto-
kines with predicted involvement in the regulation of the
cardiac transcripts in our datasets. This analysis resulted in the
identification of 48 cytokines (prediction p values 
0.05;
Table 3), 37 of which were predicted to be involved in the
regulation of cardiac transcripts following 1 wk of Iso infusion,
two of which following 2 wk and 9 of which at both time-
points. Network analysis based on experimentally observed
relationships in various models indicated that �AR have been
shown to regulate the expression of 35 of these 48 cytokines
(Fig. 7A), including Il-6 and Il-1�, the cytokines most highly
activated in response to chronic Iso infusion (p � 5.52e-12,
z-score of 3.923; and p � 2.96e-5, z-score of 4.144, respec-
tively). Changes in expression of cytokine transcripts selected
from each category (predicted regulation in Table 3) or that
were present in the �AR-regulation network or transcriptome
datasets were confirmed via RT-qPCR at 1 wk (Fig. 7B) and 2
wk (Fig. 7C), reinforcing the potential importance of dynamic
temporal-dependent cytokine responses to catecholamine over-
stimulation in the heart.

Chronic �AR-mediated regulation of cardiac cytokine ex-
pression is sensitive to EGFR inhibition. Network analysis
between EGFR and the 48 cytokines predicted to be involved
in Iso-mediated cardiac transcript regulation indicates that

EGFR has been experimentally shown to modulate the expres-
sion of 37 of the cytokines (Fig. 8A), several of which were
validated to be regulated by chronic Iso infusion via RT-qPCR
(Fig. 7, B and C). To determine whether EGFR transactivation
plays a role in the regulation of cardiac cytokine transcripts in
response to chronic �AR stimulation, we compared changes in
the transcript levels in the hearts of Iso-treated versus Gef �
Iso-treated mice. We previously demonstrated the importance
of EGFR transactivation with regard to acute �AR-mediated
increases in Thbs1 transcript expression (42). Because Thbs1
was upregulated in response to chronic Iso at both the 1 and 2
wk timepoints (Fig. 6, A and B), we tested whether concurrent
Gef infusion resulted in predicted blockade of Iso-induced
Thbs1 expression. Indeed, Iso-mediated increases in Thbs1
expression at both 1 and 2 wk were blocked by co-infusion

Fig. 6. Temporal regulation of transcripts involved in cardiac remodeling and
survival signaling by chronic �AR stimulation. RT-quantitative PCR (RT-
qPCR) validation of changes in expression of transcripts predicted by tran-
scriptome analysis to be involved in cardiac remodeling and survival following
Iso infusion for either 1 wk (A) or 2 wk (B) is shown. *P � 0.05, †P � 0.01
vs. Veh of same transcript; n � 4–6 each; 2-tailed t-test. RQ, relative quantity.

Table 3. P values of cytokines predicted to be involved in
Iso-mediated changes in cardiac transcript expression

Cytokine 1 Week 2 Weeks

IL6 5.52E-12 1.40E-02
OSM 7.32E-09 4.18E-03
CSF2 8.71E-09 P  0.05
TNF 1.70E-06 1.36E-02
EDN1 3.22E-06 2.51E-03
IL1A 9.69E-06 P  0.05
LIF 1.63E-05 P  0.05
IFNG 1.95E-05 P  0.05
WNT3A 2.16E-05 P  0.05
IL1B 2.96E-05 6.03E-03
IL13 3.07E-05 P  0.05
CCL5 3.69E-05 2.89E-02
IL11 4.73E-05 P  0.05
CSF1 1.04E-04 P  0.05
IL1 2.56E-04 P  0.05
TNFSF11 2.94E-04 P  0.05
IL4 6.90E-04 P  0.05
WNT1 6.97E-04 P  0.05
IL3 6.97E-04 1.78E-04
IL15 7.20E-04 2.67E-02
CD40LG 9.74E-04 P  0.05
PRL 1.33E-03 P  0.05
CTF1 1.35E-03 P  0.05
FAM3B 4.00E-03 P  0.05
SPP1 5.27E-03 P  0.05
IL17A 6.72E-03 P  0.05
CCL2 8.37E-03 P  0.05
IL5 9.57E-03 P  0.05
IFNB1 1.06E-02 P  0.05
TNFSF14 1.22E-02 P  0.05
Il3 1.49E-02 P  0.05
TSLP 1.63E-02 P  0.05
CX3CL1 1.92E-02 P  0.05
IL9 1.98E-02 P  0.05
Ifn 2.17E-02 P  0.05
TNFSF12 2.57E-02 P  0.05
CRH 2.62E-02 P  0.05
CYTL1 2.90E-02 P  0.05
PPBP 3.24E-02 P  0.05
CXCL12 3.41E-02 P  0.05
THPO 3.55E-02 P  0.05
IL7 3.59E-02 P  0.05
EPO 3.65E-02 4.31E-02
IL16 4.57E-02 P  0.05
CSF3 4.85E-02 P  0.05
MIF 4.98E-02 P  0.05
IL2 P  0.05 2.28E-03
CCL20 P  0.05 4.79E-02
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with Gef (Fig. 8B). Furthermore, several of the 12 cytokine
transcripts shown to be significantly altered by chronic �AR
signaling were differentially sensitive to Gef at the 1 and 2 wk
timepoints (Table 4). Iso-mediated changes in Ccl2 (Fig. 8C),
Ccl6, Ccl20, Il2, Il17a, and Tnfa (Fig. 8D) levels were blocked
by concurrent Gef infusion at both 1 and 2 wk, whereas
Iso-regulated Ccl5, Il1b, and Osm expression were completely
insensitive to Gef. Interestingly, a handful of cytokine tran-
scripts had distinct temporal sensitivity to Gef, where Iso-
induced changes in Il6 and Tnsfs11 expression were sensitive
to Gef at 1 wk, but not at 2 wk. Conversely, the Iso-mediated
increase in Tslp expression was sensitive to Gef at 2 wk, but

not at 1 wk. Importantly, Gef infusion did not induce signifi-
cant alterations in transcript expression alone, although there
was a trend toward Iso-independent Gef-sensitivity for a few
transcripts, especially at the 2-wk timepoint.

To determine whether changes in cytokine transcript levels
correlate with protein levels, we measured the expression of
CCL2 and TNF-�, which were the two most significantly
Iso-regulated transcripts that were also sensitive to Gef infu-
sion. Secreted CCL2 and TNF-� were measured in serum
obtained from mice under each treatment condition at both 1
and 2 wk. As observed at the transcript level, Gef alone did not
alter expression of either cytokine but completely abrogated

Fig. 7. Impact of chronic �AR (ADRB)
stimulation on cardiac cytokine transcript
expression. A: network analysis between
ADRB and the 48 cytokines predicted to be
regulated by Iso. RT-qPCR analysis of 17
cytokine transcripts were predicted to be-
come altered following Iso infusion for 1 wk
(B) or 2 wk (C). *P � 0.05, †P � 0.01, ‡P �
0.001 vs. Veh of same transcript; n � 3–6
each; 2-tailed t-test.
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the Iso-mediated changes in the expression of both CCl2 (Fig.
8E) and TNF-� (Fig. 8F).

�AR-dependent and EGFR-sensitive cytokine transcript reg-
ulation predominates in cardiac fibroblasts. Finally, to assess
whether EGFR-sensitive �AR-mediated changes in cardiac
cytokine expression are cell-type dependent, and whether these
changes occur in the absence of chronic alterations in cardiac
structure and function, RT-qPCR was performed on RNA from

primary rat neonatal cardiomyocytes or cardiac fibroblasts
treated acutely with Iso (3 h). The cardiomyocytes did not
express all of the transcripts examined, and Iso-induced
changes in expression were only observed for Il1b and Il6,
which were increased as observed in the heart, and Tnfa, which
was decreased in opposition of the in vivo results (Fig. 9A).
Each of the transcripts examined were detected in the cardiac
fibroblasts, and aside from Il2, expression levels for all were

Fig. 8. Chronic �AR-mediated regulation of cardiac cytokine expression is sensitive to epidermal growth factor receptor (EGFR) inhibition. A: network analysis
between EGFR and the 48 cytokines predicted to be regulated by Iso. �, Cytokines validated to be regulated by chronic Iso infusion via RT-qPCR (in Fig. 7,
B and C). The effects of Gef on changes in Iso-mediated transcript expression were assessed by RT-qPCR at 1 and 2 wk timepoints for Thbs1 (B), Ccl2 (C),
and Tnfa (D). *P � 0.05, †P � 0.01, ‡P � 0.001; n � 4–6 each; 1-way ANOVA. ELISAs for CCL2 (E) or TNF-� (F) were performed on serum from mice
treated for 1 or 2 wk with Veh � Gef or Iso � Gef. *P � 0.05; n � 4 each; 1-way ANOVA.
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significantly altered following Iso stimulation (Fig. 9B).
EGFR-sensitivity of the Iso-induced changes in transcript ex-
pression was evaluated via pretreatment of the cells with the
EGFR antagonist AG1478 (Table 5). As observed in the whole
heart, pretreatment of the cardiomyocytes with the EGFR
antagonist had no impact on Iso-enhanced Il1b and Il6 expres-
sion but did block Iso-mediated changes in Tnfa expression. In
the cardiac fibroblasts, Iso-induced changes in Ccl6, Il1b, and
Il6 expression were unaltered by EGFR inhibition, whereas
Iso-mediated changes in Ccl2, Ccl20, Il17a, Tnfa, and Tnfsf11
expression were significantly inhibited by AG1478. These
findings suggest that a majority of the EGFR-sensitive cytokine
responses to Iso stimulation in the heart may be primarily
mediated in cardiac fibroblasts.

DISCUSSION

Chronic Iso infusion in mice is a common model system that
mimics the elevated catecholamines and sustained �AR stim-
ulation observed during HF that lead to structural and func-
tional cardiac deficits (3, 11, 12, 29). Indeed, we found in our
current study that Iso infusion in C57BL/6 mice increased
cardiac hypertrophy, cardiomyocyte death, interstitial fibrosis,
and cardiac dysfunction over time. Although the mechanisms
responsible for relaying long-term structural and functional
changes in response to chronic Iso are multivariate, alterations
in cardiac gene expression, as detected via RT-PCR or mi-
croarray analysis, have been associated with cardiac dysfunc-
tion (3, 11, 29, 44). To more comprehensively assess the
differential impact of chronic Iso infusion over time on cardiac
transcript expression, we used RNAseq analysis, which iden-
tified 780 and 689 cardiac transcripts significantly altered in
response to chronic Iso at 1 and 2 wk, respectively. The
majority of the transcripts regulated at the two timepoints were
distinct from one another and associated with cell growth and
proliferation, cellular maintenance and cell death and survival
pathways, each of which have been demonstrated to be regu-
lated by cytokine signaling. Indeed, elevations in proinflam-
matory cytokines are associated with chronic heart failure and
are correlated with disease severity and progression (6, 17, 35,
46), and although inflammation is necessary for healing, it can
become maladaptive if prolonged and excessive. Thus orches-
tration of the inflammatory response is crucial for determining

the outcome of cardiac injury (14). In particular, TNF�, IL-6,
IL-1�, and IL-18 are known to contribute to cardiomyocyte
hypertrophy, contractile dysfunction, cardiomyocyte apoptosis,
and extracellular matrix remodeling in human HF and rodent
models of HF (6, 17). Furthermore, chronic Iso infusion has
been demonstrated to elevate expression of CCL2, TNF-�,
IL-1�, and IL-6 in rodent hearts (12, 30). Transcriptome and
network analysis of hearts from the Iso-infused mice revealed
48 cytokine transcripts altered in response to 1 or 2 wk of
continuous �AR stimulation. Several of these genes, including
Ccl2, Tnfa, Il1b, and Il6, have been shown to change with
chronic Iso treatment while others have not been previously
reported to be regulated by �AR, such as Ccl6, Ccl20, Osm,
and Tslp.

EGFR activation is known to influence cytokine expression
in several cell types including keratinocytes, epidermal, and
inflammatory cells; however, the role of EGFR in the produc-
tion of inflammatory mediators in the heart has not been
investigated (20, 25, 34). Inhibition of EGFR both pharmaco-
logically and using epidermis-selective EGFR knockout mice
have shown that EGFR regulates production of a number of
inflammatory mediators including CCL2, CCL5, TNF-�, and
IL-1� (20, 27, 33, 34, 37). Furthermore, cytokines can increase
MMP activity in inflamed tissue, leading to the cleavage of
HB-EGF, further perpetuating EGFR involvement in inflam-
mation (5). Previously we have shown that �AR-dependent
EGFR transactivation acutely regulates cardiomyocyte apopto-
tic gene expression in vitro as well as cardiac transcript
expression in vivo (13, 42). EGFR-sensitive cardiac transcripts
acutely regulated by Iso in vivo were primarily involved in cell
signaling, cell cycle, cell death, and cell development, includ-
ing Thbs1 (42), which we show in this study to be similarly
EGFR-sensitive even under conditions of chronic catechol-
amine stimulation. Thus we sought to determine the contribu-
tion of EGFR signaling in altering cardiac cytokine transcript
expression following chronic �AR activation. Although the
influence of �AR-mediated EGFR transactivation on cardiac
cytokine expression has not been previously reported, here we
have demonstrated that several Iso-regulated cytokine tran-
scripts are differentially sensitive to EGFR inhibition, with
some transcripts up- or downregulated in a temporally distinct
manner (Tables 4 and 5 and Fig. 10). In some instances, as

Table 4. RQ values from qRT-PCR analysis of left ventricular cytokine expression

1 Week 2 Weeks

Gene Name Vehicle Iso Gef Gef � Iso Vehicle Iso Gef Gef � Iso

n 4 4 3 4 5 5 4 4
Ccl2 1.00 � 0.05 1.91 � 0.09* 1.33 � 0.07 1.27 � 0.16‡ 1.00 � 0.08 0.70 � 0.10 0.86 � 0.04 1.18 � 0.11‡
Ccl5 1.00 � 0.08 0.67 � 0.08* 0.91 � 0.09 0.59 � 0.06* 1.00 � 0.07 0.99 � 0.18 1.14 � 0.05 0.99 � 0.20
Ccl6 1.00 � 0.12 1.89 � 0.40* 0.95 � 0.12 1.45 � 0.10‡ 1.00 � 0.11 2.26 � 0.45* 0.68 � 0.08 0.69 � 0.15‡
Ccl20 1.00 � 0.06 0.33 � 0.15* 0.85 � 0.05 1.19 � 0.25‡ 1.00 � 0.09 0.25 � 0.07* 0.99 � 0.06 1.14 � 0.26‡
Il1b 1.00 � 0.07 2.52 � 0.60* 0.97 � 0.16 2.81 � 0.49* 1.00 � 0.03 1.64 � 0.07* 1.10 � 0.19 1.98 � 0.14*
Il2 1.00 � 0.17 1.70 � 0.28* 0.72 � 0.08 0.83 � 0.04‡ 1.00 � 0.18 1.78 � 0.07* 0.78 � 0.12 0.41 � 0.04*‡
Il6 1.00 � 0.05 1.82 � 0.22 0.82 � 0.17 2.77 � 0.42*‡ 1.00 � 0.12 0.80 � 0.04 1.28 � 0.17 1.15 � 0.20
Il17a 1.00 � 0.13 0.43 � 0.14* 1.07 � 0.11 3.10 � 0.28*‡ 1.00 � 0.08 0.20 � 0.07* 1.63 � 0.40 1.96 � 0.40*‡
Osm 1.00 � 0.06 1.40 � 0.14 1.03 � 0.07 1.30 � 0.17 1.00 � 0.08 0.81 � 0.02 1.20 � 0.11 0.99 � 0.18
Tnfa 1.00 � 0.07 1.94 � 0.09* 0.84 � 0.05 0.83 � 0.17‡ 1.00 � 0.04 1.51 � 0.15* 0.55 � 0.18 0.52 � 0.07‡
Tnfsf11 1.00 � 0.14 0.68 � 0.02* 1.15 � 0.09 1.30 � 0.21‡ 1.00 � 0.13 0.50 � 0.08* 1.46 � 0.14 0.33 � 0.06*
Tslp 1.00 � 0.13 3.84 � 1.16* 0.34 � 0.03 3.59 � 0.56* 1.00 � 0.30 2.15 � 0.41* 0.74 � 0.21 1.06 � 0.27‡

Values are relative quantity (RQ) � SE. qRT-PCR, quantitative reverse transcription PCR. *P 
 0.05 vs. vehicle; ‡P 
 0.05 vs. Iso, one-way ANOVA with
Newman-Keuls multiple comparison test.
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observed with IL-17a, EGFR transactivation actually acts to
repress �AR-mediated transcript regulation, but under condi-
tions of EGFR inhibition the remaining �AR signaling
branches act overwhelmingly to increase transcript expression.

Although we have observed significant inhibition of �AR-
mediated alterations in cardiac cytokine expression by concur-
rent EGFR inhibition, there exists the possibility that these
changes occurred secondary to alterations in cardiac structure
and function. Although we cannot rule out this possibility in
the context of our in vivo experiments, our in vitro data
demonstrates that acute �AR-mediated EGFR transactivation
does directly influence cytokine transcript expression in the
absence of chronic changes in cardiac structure and function.
In particular, and consistent with their known role in inflam-
mation, cardiac fibroblasts predominantly mediate �AR-de-
pendent changes in cytokine expression in an EGFR-sensitive
manner. However, some cytokines, such as IL2, were not
altered by Iso stimulation in isolated cardiomyocytes or cardiac

fibroblasts, suggesting a different cell population, likely im-
mune cells, may be responsible for these changes.

Of the cytokines identified within the transcriptome analysis,
Tnfa and Ccl2 are known to be regulated by both �AR
stimulation and EGFR activation (3, 5, 29, 33); however, we
show for the first time that �AR-mediated EGFR transactiva-
tion can regulate the expression of these transcripts, both
acutely in isolated cardiac cells and chronically in vivo, where
a sustained increase in Tnfa and Ccl2 expression in the heart
and TNF-� and CCL2 levels in the plasma with continued Iso
infusion were prevented with EGFR inhibition. The role of
TNF-� in HF has been extensively studied and although it has
been shown to be beneficial at earlier timepoints, excessive
TNF-� becomes detrimental with chronic inflammation and
promotes hypertrophy (39, 43, 47). TNF-� also contributes to
cardiomyocyte apoptosis due to its ability to induce apoptosis
through both intrinsic and extrinsic apoptotic pathways (15).
Excessive TNF-� influences collagen synthesis in cardiac fi-
broblasts by causing an imbalance between extracellular matrix
synthesis and degradation by dysregulation of degradative
enzymes like MMPs, leading to LV dilation (24, 40, 41). CCL2
(monocyte chemoattractant protein-1, MCP-1) is also known to
play an important role in the heart, primarily through its ability
to recruit monocytes/macrophages to the site of inflammation.
Overexpression of CCL2 leads to cardiac hypertrophy, dila-
tion, and increased LV dysfunction (31). In addition to its role
in chemotaxis, CCL2 has a direct effect on cardiomyocytes
through the induction of ER-stress-response proteins, which
protects cardiomyocytes against further stress (1). CCL2 has
been found to promote fibrosis through several different mech-
anisms in different tissues including production of MMPs in
immune cells and myocytes and stimulation of TGF-� secre-
tion to increase extracellular matrix production (9, 16, 45).
Thus our findings identify �AR-mediated EGFR transactiva-
tion as a mechanism of cytokine regulation in the heart and
may help to explain why in this study we observe an amelio-
rative effect of pharmacologic EGFR inhibition on cardiac
hypertrophy and apoptosis in response to chronic Iso infusion.
The earliest in vivo timepoint examined in this study followed
1 wk of Iso infusion, and although cardiac function was

Fig. 9. Acute �AR-mediated and EGFR-sensitive regulation of cytokine
expression occurs primarily in cardiac fibroblasts. RT-qPCR analysis of
changes in cytokine expression following acute Iso stimulation (3 h) in primary
isolated rat neonatal cardiomyocytes (A) or rat neonatal cardiac fibroblasts (B)
is shown. *P � 0.05, †P � 0.01, ‡P � 0.001 vs. Veh of same transcript; n �
4–8 each; 2-tailed t-test. ND, not detected.

Table 5. RQ values from qRT-PCR analysis of isolated
primary cardiac cell cytokine expression

Gene Name Vehicle Iso AG1478 AG1478 � Iso

Cardiomyocyte
n 4 8 4 7
Il1b 1.00 � 0.03 1.95 � 0.23* 0.81 � 0.12 1.92 � 0.24*
Il6 1.00 � 0.16 2.92 � 0.55* 1.28 � 0.23 3.44 � 0.89*
Tnfa 1.00 � 0.16 0.58 � 0.22* 1.12 � 0.07 1.21 � 0.07‡

Cardiac Fibroblast
n 5 6 4 5
Ccl2 1.00 � 0.20 11.51 � 4.02* 0.77 � 0.26 1.68 � 0.21‡
Ccl6 1.00 � 0.18 3.88 � 1.31* 1.51 � 0.28 4.03 � 0.82*
Ccl20 1.00 � 0.17 1.92 � 0.28* 0.61 � 0.07 0.97 � 0.14‡
Il1b 1.00 � 0.49 48.49 � 24.55* 1.34 � 0.32 44.66 � 18.03*
Il6 1.00 � 0.17 9.50 � 3.30* 0.73 � 0.11 8.78 � 2.25*
Il17a 1.00 � 0.28 0.38 � 0.09* 0.84 � 0.19 3.06 � 1.14*‡
Tnfa 1.00 � 0.11 9.17 � 1.86* 1.16 � 0.20 2.63 � 0.35‡
Tnfsf11 1.00 � 0.34 3.86 � 0.64* 0.99 � 0.34 0.87 � 0.41‡

Values are relative quantity (RQ) � SE. *P 
 0.05 vs. vehicle; ‡P 
 0.05
vs. Iso, one-way ANOVA with Newman-Keuls multiple comparison test.
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maintained, structural changes were already evident. Due to the
importance of temporal expression changes in directing a
balance between beneficial versus detrimental effects of cyto-
kines, and with consideration of the rapid changes in cytokine
expression in response to �AR-mediated EGFR transactivation
we observed in isolated cardiac fibroblasts, it may be useful to
examine in vivo cytokine changes at earlier timepoints before
substantial cardiomyocyte death and fibrosis has occurred.

Concurrent EGFR inhibition prevented chronic Iso-medi-
ated cell death, hypertrophy, and contractile dysfunction; how-
ever, Gef alone induced interstitial fibrosis that was indepen-
dent of Iso-mediated fibrosis. Thus we have shown that EGFR-
transactivation influences some, but not all, cardiac remodeling
associated with chronic Iso-induced HF. Other studies have
shown that transactivation of EGFR by distinct GPCRs includ-
ing EP4, �1AR, angiotensin II, and urotensin II promotes
hypertrophy (10, 18, 23, 26, 28, 48). Although global EGFR
genetic ablation is embryonic lethal, EGFR inhibition alone in
adult animals has been demonstrated to impact cardiac struc-
ture and function. Female C57BL/6 mice treated orally for 3
mo with the EGFR inhibitors EKB-569 or AG-1478 displayed
decreased cardiac function with increases in LV wall thickness,
cell death, and as we observe in our study, fibrosis (2).
Furthermore, SM22 promoter-mediated deletion of EGFR in
vascular smooth muscle cells and partial EGFR deletion in
cardiomyocytes was recently shown to increase cardiac fibro-
sis, LV wall thickness and LV diameter, supporting the obser-
vation that EGFR inhibition can increase fibrosis (38). Our
findings contrast with previously reported enhancement of
chronic catecholamine-induced cardiac dysfunction and apo-
ptosis with the EGFR antagonist erlotinib, administered via
daily intraperitoneal injection (32). In our study, we have used
the EGFR antagonist gefitinib, with a different selectivity
profile than erlotinib (8), administered via constant subcutane-
ous infusion, which may account for the differences in patho-
physiologic outcomes of the two EGFR inhibitors under con-

ditions of chronic catecholamine stimulation. A more refined
genetic approach, such as conditional cardiac-specific deletion
of EGFR, would be useful in future studies to definitively
attribute changes in cardiac pathophysiology specifically to
�AR-mediated EGFR transactivation.

In summary, using an RNASeq approach, we have demon-
strated that chronic �AR stimulation induces temporally dy-
namic alterations in cardiac transcript expression associated
with increased cardiac remodeling and decreased cardiac con-
tractility. In particular, changes in cytokine transcript expres-
sion in response to �AR activation over time may reflect a
worsening phenotype and are differentially sensitive to inhibi-
tion of EGFR signaling. Although �AR-mediated EGFR trans-
activation has been shown to promote survival signaling,
especially at acute timepoints (13, 42), EGFR inhibition in this
study led to long-term decreases in cardiac hypertrophy and
apoptosis, as well as altered cytokine expression, in response to
chronic Iso stimulation. Acutely, these effects appear to pre-
dominate in cardiac fibroblasts. Overall, the potential benefit of
targeting EGFR-dependent �AR signaling in the treatment of
HF may best be considered temporally, such that specific
windows of opportunity for selective activation or inhibition of
this pathway and resulting cytokine expression can adequately
relay cardioprotective outcomes.
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