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Introduction
Neuregulin-1 (NRG-1), a member of the neuregulin growth 
factor family, has been implicated in a number of cellular pro-
cesses via paracrine and juxtacrine signaling through receptor 
tyrosine kinases termed erythroblastic leukemia viral onco-
gene homologs (ErbBs), of the family of epidermal growth 
factor receptors.1 The discovery of neuregulins was made in the 
context of cancer and neural research, unrelated to the cardio-
vascular system.2–6 However, in the late 1990s, several groups 
performing studies to disrupt NRG/ErbB signaling discov-
ered its crucial role in cardiac development.7–9 NRG remained 
for the most part in the realm of neurological research, but in 
recent years, it resurfaced in the cardiovascular field due to 
the adverse side effects of chemotherapeutics that target this 
signaling pathway.10,11

Numerous studies of NRG-1/ErbB signaling in the heart 
have been carried out since the discovery of its critical roles 
in both cardiac development and disease. Results have indi-
cated its ubiquitous importance in the heart from the womb 
to the tomb (Fig. 1); however, the specifics of developmental, 
homeostatic, and cardioprotective mechanisms are broadly 
scattered and sometimes contradictory. This review aims to 
weave together many threads of information that have been 
gained about NRG/ErbB signaling during different spatial 

and temporal contexts into a cohesive and coherent time line. 
This is done to emphasize the potential of NRG-1 as a thera-
peutic agent throughout this time course: from a biostimulant 
in stem cell therapy, to a possible biomarker or drug dur-
ing cardiac disease. Because this review will follow NRG-1 
through development, homeostasis, and disease with a focus 
on cardiomyocyte biology, readers are directed to other reviews 
for additional details and a broader perspective of NRG/ErbB 
signaling.12–14

NRG-1 Structure and Signaling
NRG-1 is a member of the neuregulin family of signaling 
proteins that act on NRG-responsive cells by binding to the 
extracellular domain of ErbB receptor tyrosine kinases; it was 
discovered in 1992 during the search for ligands for ErbB2 in 
mammary tumor cells.1,3 Fifteen isoforms of NRG have been 
subsequently identified,15 indicative of the host of biological 
targets of the protein in vivo. Importantly, these isoforms are 
distinguished by their N-terminal sequence (NRG type I, II, or 
III), EGF-like domain (α or β, resulting from alternative splic-
ing at the C-terminal, which determines receptor affinity), and 
synthesis sites (transmembranous or nonmembranous).1 Type I 
NRG-1 is transmembranous and requires proteolytic cleavage 
by three transmembrane proteases (meltrin,16 memapsin,17 
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and tumor necrosis factor-α-converting enzyme18) to be 
active and secreted, with the EGF-like domain available for 
ErbB binding.19 This type of neuregulin is endogenous in the 
heart at high levels and will be the focus of this review. Type 
II NRG-1 expresses an N-terminal secretory signal peptide 
and is thus an active ligand upon secretion; it is not present at 
significant levels in the heart, and type II-specific research is 
mostly focused on its role in psychological disorders.20,21 Type 
III NRG-1 is, for the most part, expressed in neuronal cells 
and will not be discussed further. Henceforth, in this review, 
NRG-1 will refer to only type I NRG-1.

NRG-1 acts by means of paracrine signaling through 
ErbB2, 3, and 4.22 NRG-1 binds to the extracellular ligand-
binding domain of ErbB3 and ErbB4 (but not ErbB2), which 
induces a conformational change in ErbB3 and 4 and sub-
sequent dimerization with either ErbB2 or activated ErbB3 
or ErbB4. The many splice variants of NRG-1 constitute a 
source of possible redundancy in ErbB signaling, with the 
NRG-1α isoform displaying 100-fold weaker binding affinity 
than NRG-1β.23 Genetic variants in NRG-1 and ErbB4 have 
been associated with sudden cardiac death and congenital left 
ventricular (LV) outflow tract defects, respectively.24,25 Upon 

NRG-1 binding and dimerization, ErbB2, 3, and 4 receptors’ 
intracellular kinase domains phosphorylate their dimeriza-
tion partner’s C-terminus. This initiates a host of downstream 
signaling pathways, leading to, among other phenomena, 
migration, growth, adhesion, and differentiation in a context-
dependent manner. Investigation of these downstream effects 
has led not only to important discoveries in the cardiovascu-
lar realm but also to insights into cancer pathology.26 Mov-
ing forward, the spatial context examined will be within the 
heart, and the temporal context will span development to 
heart failure.

NRG-1/erbb Signaling in development
cardiac muscle development. The first associations 

made between NRG-1/ErbB signaling and the heart impli-
cated it in cardiac muscle development in vivo. When ErbB47 
or ErbB28 was deleted in mice, a significant deficit in ventric-
ular trabeculation and endocardial cushion formation (from 
which the atrioventricular valves develop) was observed, and 
mice died during midembryogenesis. Similar results were 
seen upon deletion of NRG-1 in mice: these mice also died 
during embryogenesis.9 A less severe phenotype was observed 

figure 1. nrg-1/erbB signaling has diverse, context-dependent physiological effects in the heart during development, homeostasis, and disease. 
Notes: Upon binding of nrg-1 to its erbB3/4 receptor, dimerization with another erbB2 (preferred), erbB3, or erbB4 receptor initiates a cascade of 
downstream signals in the heart. signaling plays an important role in the following: development of the ventricular wall, arteriovenous (aV) valves, and 
the cardiac conduction system; homeostatic function of the heart via cardiomyocyte adaptability to stress and microvascular support; and the adaptation 
to disease such as myocardial infarction (MI) in both acute and chronic heart failure (CHF), as reflected by changes in left ventricular ejection fraction 
(LVeF).
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in zebrafish, where erbb2-/- cardiomyocytes exhibited irregular 
myofibril organization, deviating from the spatiotemporal 
organization of wild-type cardiomyocytes.27 Significant tra-
beculation did not occur in erbb2-/- zebrafish, and by 4.5 days 
post fertilization, myofibrils were more dense at the base and 
less dense at the apex of the heart versus wild-type controls, 
accompanied by suppressed whole heart function as measured 
by fractional shortening (%FS). Although mutant zebrafish 
survived through early stages of development, defects result-
ing from ErbB2 removal caused early death. Further into 
cardiac development, NRG-1, synergistically with insulin-
like growth factor 1 (IGF-1), was shown to be necessary for 
compact zone expansion in mouse embryos, in addition to 
previously described effects.28 In vitro, treatment of neonatal 
rat ventricular myocytes (NRVMs) with NRG-1 resulted in 
increased protein production (indicated by .2-fold increase in 
S6 kinase peptide phosphorylation), F-actin organization, and 
subsequent hypertrophy (both assessed qualitatively through 
phalloidin staining).29 Rapamycin inhibited these effects, 
indicating that phosphatidylinositol 3-kinase (PI3K)/p70S6K 
activation is necessary for NRG-1-induced protein synthesis 
and myofibrillogenesis. Taken together, this evidence demon-
strates that NRG-1/ErbB signaling is crucial for proper heart 
formation, a process that must be at least partially recapitu-
lated in stem cell therapies aimed to regenerate the heart.

cardiac conduction system development. In vivo exper-
iments have demonstrated the importance of NRG-1 in the 
development of the cardiac conduction system (CCS). Injec-
tion of mouse embryos with NRG-1 induced ectopic CCS 
development in a dose-dependent manner (with no increased 
response above 2.5 pM) and increased both the number of 
pacemaker cells as well as the conduction velocity.30 Because 
trabeculation, endocardial cushion formation, compact zone 
expansion, and CCS development occur sequentially during 
development, these studies, when examined as a whole, dem-
onstrate the temporal importance of NRG-1/ErbB signaling 
and the multitude of downstream effectors of ErbB activation. 
When the nuances of these sequential effects are fully eluci-
dated, NRG-1 has the potential to become a tool with mul-
tiple specific uses in cardiac stem cell therapy. Administered at 
the appropriate time, it could direct cardiomyocyte subpopu-
lations into desired phenotypes during cardiac development.

cardiomyocyte differentiation from pluripotent stem 
cells. Some progress has been made in untangling NRG-1/
ErbB signaling effects in the stem cell environment. Impor-
tantly, NRG-1 also exhibits developmental effects in pluripo-
tent stem cell (PSC)-derived cardiomyocytes in vitro; however, 
treatment results vary and can be contradictory. By examining 
the context and time dependence of NRG-1/ErbB signal-
ing, seemingly disparate effects of NRG-1 administration in 
vitro instead become a road map of NRG-1’s diverse effects 
on cardiomyocyte development. Initial reports suggested that 
NRG-1 globally increased cardiomyocyte differentiation from 
mouse embryonic stem cells (mESCs).31 More specifically, 

NRG-1 was shown to increase cardiomyogenesis, in particular 
“working-type” atrial and ventricular cardiomyocytes, via 
ErbB signaling in mESCs when administered on days 5 
through 9 of differentiation.32 When treated with NRG-1 on 
days 1 through 3 of differentiation, mESCs were reported to 
preferentially differentiate into “nodal-type” pacemaker cardi-
omyocytes.33 During development in vivo, the CCS develops 
after heart trabeculation and compaction, which contradicts 
the aforementioned preferential differentiation of nodal-type 
cardiomyocytes (found almost exclusively in the CCS) with 
early NRG-1 treatment. Because differentiation methods vary 
among studies and the uniformity and time course of differ-
entiation vary depending on the differentiation method used, 
it is difficult to make comparisons of the timing of NRG-1 
treatments, and comprehensive time-course studies are neces-
sary. The in vitro platform will clearly not perfectly mimic in 
vivo processes, and the mechanisms of this preferential differ-
entiation may lead to further understanding of NRG-1’s uses 
in stem cell therapy (Table 1).

To reconcile the sometimes contradictory results, dif-
ferential receptor activation has been examined in mESCs 
treated with NRG-1. ErbB4 receptors were implicated in 
increased cardiomyocyte differentiation (.20% increase in 
beating embryoid bodies [EBs] relative to controls) in mESCs 
treated days 5 through 7 of differentiation via the hanging drop 
method. NRG-1 treatment also increased EB mRNA expres-
sion levels of cardiomyocyte contractile components cardiac 
troponin T (cTNT) and myosin light chain 2a (MLC2a), as 
well as protein expression levels of cTNT, Nkx2.5 (an impor-
tant cardiac lineage transcription factor), and connexin 40  
(a major component of gap junctions in the CCS).34 However, 
the ErbB3/ErbB2 receptors were shown to be necessary for 
cardiac induction of mESCs when treated with NRG-1 during 
days 1 through 3 of differentiation.35 Interestingly, in rat car-
diac myocytes, ErbB2 and ErbB4 expression has been shown 
to persist into adulthood, whereas ErbB3 expression ceases.36 
These studies help reconcile the different effects of and the 
cardiomyocyte subtypes produced by NRG-1 treatment 
during cardiomyocyte differentiation and help to illustrate 
the importance of the time dependence of NRG-1’s effects, 
particularly with respect to the receptor binding to ErbB3 or 
ErbB4. The differential downstream effects of specific ErbB 
receptor binding by NRG-1 need further investigation.

The use of mESCs to study NRG-1 in the context of dif-
ferentiation and development has led to important insights 
into timing and means of signaling, and yet it is important to 
utilize human cell platforms in order to orient the capabilities 
of NRG-1 toward tissue engineering and therapeutic appli-
cations in the clinical setting. When human ESC (hESC)- 
derived cardiomyocytes were treated with NRG-1 on day 10 of 
differentiation, an increase in the proportion of working-type 
cardiomyocytes was reported by patch clamp measurements 
of action potential, and when NRG-1/ErbB signaling was 
inhibited in these hESC-derived cardiomyocytes, an increase 
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in nodal-type cardiomyocytes was observed.37 Interestingly, 
the time dependence of these results does not always coincide 
with the time line of cardiac development in vivo, as mentioned 
above, demonstrating the need for a more robust study of tem-
poral NRG-1/ErbB signaling in human cardiomyocytes.

NRG-1/erbb Signaling in Homeostasis
cardiomyocyte metabolic activity. Although the levels 

of NRG-1 decrease in the heart after development, NRG-1 
is still present and plays an important role in many homeo-
static processes. NRG-1/ErbB signaling has been implicated 
in mitochondrial activity in several contexts. The cardiopro-
tective actions of NRG-1/ErbB signaling have been studied 
in part because of the cardiotoxic side effects of chemothera-
peutic agents.38 Anthracyclines are some of the most effec-
tive anticancer drugs that have been developed, but cardiac 
complications began to be reported within 1–3 years of their 
introduction.39,40 Anthracyline-induced cardiotoxicity, which 
at the molecular level increases oxidative stress in the heart, 
manifests clinically with a variety of symptoms ranging from 
arrhythmias and sudden cardiac death to LV dysfunction and 
congestive heart failure.38 ErbB4 expression and its heterodi-
merization with ErbB2 were found to be downregulated in 
neonatal rat cardiomyocytes treated with the anthracycline 
doxorubicin.41 In rat cardiomyocytes, NRG-1/ErbB signal-
ing was able to attenuate myocardial damage resulting from 
anthracycline-associated oxidative stress.39,42

The mechanisms of the cardioprotective effects of NRG-1/
ErbB signaling have been further investigated and found in 
adult rat cardiomyocytes to be at least in part due to increased 
voltage-gated ion channel expression, mitochondrial turnover, 
and fatty acid transporter mRNA suppression.43 Similar results 
have been observed in rats in vivo, wherein administration of 

NRG-1 has rescued mitochondrial function, reduced oxidative 
stress, and inhibited cytochrome c release in coronary ligation-
induced heart failure.44 Conversely, when a Cre–loxP system 
was implemented in mice to delete ErbB2 in cardiomyocytes, 
attenuating NRG-1/ErbB signaling, the number and disorga-
nization of mitochondria increased.45 A second mechanism of 
NRG-1’s cardioprotective effect is the downstream activation 
of Src/focal adhesion kinase (FAK). NRG-1β-specific Src and 
FAK phosphorylation in cardiomyocytes resulted in increased 
sarcomere organization (via p130CAS and CRB adaptor pro-
teins), myosin light chain activation (via Erk1/2), cell survival, 
and cell–cell junction formation at intercalated disks.46,47

Studies of NRG/ErbB signaling in both cardiac and non-
cardiac cells have shed light on its role in metabolic activity. Glu-
cose uptake was stimulated by NRG-1 treatment in neonatal rat 
ventricular myocytes.48 The same phenomenon was observed in 
L6E9 rat skeletal muscle cells, wherein chronic NRG-1 treat-
ment enhanced oxidative metabolism and mitochondrial activity 
by stimulating the expression of peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (PGC-1α) and peroxisome 
proliferator-activated receptor delta (PPARδ).49 In ErbB4-
expressing PC12 cells, NRG-1 treatment was found to regulate 
elevation of reactive oxygen species by H2O2-induced oxidative 
stress via the PI3K-PKB/Akt pathway.50 ErbB2 signaling was 
found to regulate mitochondrial activity in a temporal manner 
via the mitochondrial inner membrane protein UCP2. Upon 
constitutive overexpression of ErbB2 in MCF7 cells, UCP2 lev-
els were increased, which contributes to mitochondrial uncou-
pling and has been shown to increase cardiomyocyte viability 
during oxidative stress.51 Taken together, evidence from stud-
ies covering a wide scope of contexts clearly implicates NRG/
ErbB signaling as a crucial player in regulating metabolic activ-
ity through multiple pathways.

Table 1. studies conducted on nrg-1/erbB signaling during cardiac development.

MoDEL aNIMaL TREaTMENT RESULTS

In Vivo mouse erbB 4 deleted7 Death in utero, decreased trabeculation and aV cushion formation

erbB 2 deleted8 Death in utero, decreased trabeculation and aV cushion formation

nrg-1 deleted9 Death in utero, decreased trabeculation and aV cushion formation

Zebrafish nrg-1 deleted27 Myofibrilar disorganization

mouse embryo nrg-1 & igF-1 injected e11.5-e12.528 gFs necessary for compact zone expansion and aV cushion formation

nrg-1 9.5–11.5 dpc30 nrg-1 necessary for full CCs development

In Vitro nrVms nrg-1, 24 hours29 increased F-actin organization and hypertrophy

mesCs nrg-1 d1-d3 of differentiation33 Preferrential differentiation to nodal-type cardiomyocytes

nrg-1 d1-d3 of differentiation35 increased cardiac induction via erbB3/erbB2 signaling

nrg-1 d3-d7 of differentiation31 global increase in cardiogenesis

nrg-1 d5-d7 of differentiation34 increased cardiogenesis via erbB4 signaling, increased contractile  
components

nrg-1 d5-d9 of differentiation32 erbB signaling increases working-type cardiogenesis

hesCs nrg-1 agonist d5-d12 of differentiation37 increased proportion of working type cardiomyocytes

Notes: studies include in vivo and in vitro platforms in mice, zebrafish, and mouse embryos, as well as rat, mouse, and human cell lines. Different experimental 
results are observed depending on platform, timing, and duration of treatment.
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Maintaining cardiac homeostasis. NRG-1/ErbB sig-
naling is critical for cardiomyocyte response to physiological 
stress. During exercise-induced physiological hypertrophy in 
rats, NRG-1 was upregulated at both the mRNA and protein 
expression levels in ventricular cardiomyocytes in conjunction 
with hypertrophy (assessed by heart weight and cardiomyo-
cyte diameter) and proliferation (by an increase in mononu-
cleated bromodeoxyuridine [BrdU]-positive cardiomyocytes, 
indicating a true increase in new, rather than multinucleated, 
cells). In the same study, isolated c-kit-positive embryonic 
cardiac stem cells showed .3-fold incorporation of BrdU 
relative to control.52 These results are supported by a similar 
study in which NRG-1 treatment increased hypertrophy in 
both neonatal and adult rat ventricular myocytes (ARVMs) 
and increased proliferation in only neonatal ventricular car-
diomyocytes, with emphasis here on the temporal context 
dependence of signaling.36 As cardiomyocyte proliferation 
peaks during development in utero and declines drastically 
to negligible levels in adulthood, the ability to stimulate car-
diomyocyte proliferation in NRVMs over ARVMs may be 
a result of developmental biology of the cells themselves.53 
During pregnancy-induced physiological hypertrophy in 
mice and rats, phosphorylation levels of NRG-1 and ErbB2 
and ErbB4 increased in the mother, and partial inhibition 
of NRG/ErbB signaling reduced the LV FS and enhanced  
pregnancy-induced LV dilatation.54 In vivo, and to some 
extent in vitro, models clearly demonstrate that NRG/ErbB 
signaling responds to physiological changes during homeo-
stasis and affects cardiomyocyte physiology.

NRG-1 has also been implicated in regulating the car-
diac response to β-adrenergic activity. When myocytes iso-
lated from heterozygous NRG-1-knockout mice underwent 
β-adrenergic stimulation to increase contractility, presence 
of a muscarinic agonist was unable to decrease contractility, 
indicating that NRG-1 plays an important role in modulat-
ing β-adrenergic stimulation via inhibitory parasympathetic 
activity.55 In isolated rabbit papillary muscle, NRG-1 treat-
ment decreased sensitivity to the β-adrenergic agonist isopro-
terenol, presenting a negative inotropic effect (evidenced by a 
decreased peak twitch active tension response to isoprotere-
nol of papillary muscles simultaneously treated with NRG-1). 
This response was attenuated by a nitric oxide synthase inhibi-
tor, suggesting that nitric oxide, to some extent, mediates the 
negative inotropic effect of NRG-1.56 When stimulated with 
the β-adrenergic agonist norepinephrine, ARVMs were pro-
tected from apoptosis by NRG-1 treatment only when simul-
taneously undergoing electrical stimulation.57 NRG-1/ErbB 
signaling responds to both physiological and pathological 
stresses via multiple, nonredundant pathways and permeates 
heart function throughout adulthood.

Heterotypic interactions with endothelial cells. Car-
diac vascular endothelium is a critical component of cardiac 
maintenance; it physically and biochemically communi-
cates with cardiomyocytes, in addition to being susceptible 

to the effects of NRG/ErbB signaling. Endothelial cells are 
themselves the major producers of NRG-1, and interrupting 
this signaling in mouse endothelium has led to capillary loss, 
increased expression of hypoxia-inducible transcription factor, 
and decreased cardiac function.58,59 Isolated cardiac microvas-
cular endothelial cells have been reported to release NRG-1 in 
a dose-dependent response to oxidative stress by H2O2 treat-
ment, and this activity was shown to subsequently decrease 
H2O2-induced apoptosis in ARVMs.60 The protective effects 
of cardiac microvascular endothelium (CMVE) against car-
diomyocyte apoptosis were diminished when ErbB2 signaling 
was blocked in a similar study, indicating, once again, a recep-
tor dependence of the protective action of NRG-1 signaling.61 
Endothelial cells can themselves use autocrine NRG/ErbB  
signaling to induce angiogenesis in a metalloproteinase- 
dependent manner.62 In vitro and in vivo endothelial cell 
platforms have also indicated that hypoxia-induced endothe-
lial NRG-1 expression increases angiogenesis via paracrine 
upregulation of vascular endothelial growth factor (VEGF).63 
The importance of NRG-1 in CMVE provides yet another 
avenue for exploration, which could reveal therapeutic appli-
cations of NRG-1 limited not just to cardiomyocytes but to 
their support system as well.

NRG-1/erbb Signaling in Heart disease
Acute heart failure. NRG-1/ErbB signaling is ubiqui-

tous throughout cardiac development and homeostasis, and 
its role in heart disease (both acute and chronic heart failure 
[CHF]) has been the focus of a major portion of NRG-1- 
related research. An indication of the role of NRG-1 in acute 
heart failure is the decrease in ErbB2 and NRG-1 expression 
associated with the need for inotropic support and decreased 
ejection fraction (EF), respectively, in clinical data.64 In acute 
heart failure models, NRG-1 can often exert a cardioprotec-
tive effect by means of pathways discussed above. NRG-1 and 
phosphorylated ErbB4 levels have been reported to increase 
directly after ischemic/reperfusion injury in rats, and pre-
conditioning with NRG-1 intravenously, 20 minutes before 
injury, reduces the resulting infarct in a PI3K/Akt-dependent 
manner.65 Endothelial cell-derived NRG-1 has been impli-
cated in this cardioprotective mechanism; when NRG-1 
was selectively deleted in ECs in an ischemic mouse model, 
systolic function was significantly impaired.66 In a rat myo-
cardial infarct (MI) model, intravenous NRG-1 administra-
tion 4 weeks after injury reduced mitochondrial dysfunction 
and myocyte apoptosis, thus reducing LV remodeling after 
injury.44 When human NRG-1 was introduced in a simi-
lar rat MI model using lentiviral gene transduction at the 
infarcted border zone, also 4 weeks after injury, an increase in 
microvasculature was observed in the infarcted myocardium, 
accompanied by an upregulation of VEGF.67 When NRG-1 
was administered 4 days post-MI for sustained periods using 
microparticle delivery (shown to stably release growth fac-
tors for 4 weeks in vitro) in rats, overall cardiac function was 
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improved, as indicated by increased LVEF and LV mass, as 
well as the increase in end-systolic and end-diastolic dia-
meters (LVESD and LVEDD, respectively) and volumes.68 
More specifically, cardiomyocyte proliferation increased, as 
demonstrated by an increased number of Ki67-positive cells 
in the infarcted and peri-infarcted zones, and apoptosis and 
fibrotic remodeling decreased. Clearly, the beneficial effects of 
NRG-1 treatment and the detrimental effects of its removal in 
acute heart failure models provide solid evidence of its impor-
tance in the heart’s response to injury.

Several mechanisms have been proposed to further elu-
cidate the beneficial effects of NRG-1 during acute heart 
failure. Some studies have suggested that the positive effects 
of NRG-1 treatment after MI may be due to increased car-
diomyocyte proliferation68,69; however, definitive evidence 
of this phenomenon is yet to be presented. Another study 
sought to explain NRG-1’s mechanism of action using a rat 
MI model and found that NRG-1 treatment significantly 
upregulated cardiac MLC kinases and phosphorylation of 
ventricular MLC2, which accompanied an increase in car-
diac function (characterized by increased EF, %FS, LVEDD, 
and LVESD).70 NRG-1 may also exert beneficial effects by 
downregulating genes involved in fibrosis (eg, matricellular 
proteins, collagens, and basal lamina components).71 All these 
studies report an increase in cardiac function, and it is clear 
that NRG-1 acts through a multitude of pathways to protect 
and help restore heart function during the remodeling process 
that follows ischemic injury.

As has been a common thread in the discussion of NRG-1/
ErbB signaling thus far, the timing of NRG-1 administra-
tion in acute heart failure appears to be important. Temporal 
dependence of treatment was investigated in a rat MI model 
when NRG-1 was injected via the tail vein 1 or 8 weeks after 
injury. A decreased sensitivity to NRG-1 was observed with 
increasing time post-MI for NRG-1 administration, which 
may be caused by a temporary increase in ErbB2 expression 
immediately after injury. In addition to improving heart func-
tion, NRG-1 was reported to “normalize” expression of genes 
related to metabolic function back to the expression levels in 
uninjured animals.72 In a similar model of rat MI, intravenous 
NRG-1 treatment, either 1 or 8 weeks post-MI, improved 
hemodynamic function (increased mean arterial pressure, 
LV pressure, and rate of contraction and relaxation relative 
to the same in untreated rats) and showed an additive effect 
when administered with an angiotensin-converting enzyme 
inhibitor.73 Both studies suggest that activation of NRG-1/
ErbB signaling at various time points after acute MI can 
attenuate adverse remodeling and improve heart function, 
implying the temporally broad therapeutic benefits of NRG-1 
administration.

chronic heart failure. NRG-1/ErbB signaling not 
only is limited to acute injury in the heart but also has been 
implicated during CHF. Although there are fewer studies 
in this context, NRG-1 continues to exhibit cardioprotec-

tive effects in CHF, as previously described for acute heart 
failure. In a study examining 899 systolic heart failure 
patients, serum NRG-1 levels were found to be indepen-
dently associated with the severity of heart failure.74 Circu-
lating level of NRG-1 may be a biomarker for heart failure 
as increased levels indicate increased compensatory efforts 
of the cardiovascular system. Increased level of circulating 
NRG-1, however, is accompanied with decreased expression 
of ErbB2 and ErbB4 receptors in failing human myocar-
dium.75 Expression levels can be rescued upon implantation 
of ventricular assist devices, indicating that ErbB levels are 
modulated by the degree of overload in CHF.76 This phe-
nomenon has been reported by the same group in an aor-
tic stenosis rat model, where ErbB2 and ErbB4 levels were 
stable after 6 weeks of stenosis but significantly decreased 
22 weeks after stenosis.77 Because CHF is associated with 
depressed ErbB receptor levels, administration of NRG-1 
alone may no longer be sufficient to improve cardiac func-
tion in the long term. These studies emphasize the impor-
tance of uncovering the mechanisms of NRG-1 action over 
the course of disease progression in order to harness its ben-
efits most effectively.

Therapeutic administration of NRG-1 has been shown 
to improve cardiac function in a variety of in vivo mod-
els of CHF. NRG-1 improved heart function and survival 
in a mouse myocarditis model.73 Similar beneficial effects 
were observed in a canine chronic pacing model, wherein 
NRG-1 injections for 5 days improved LV end diastolic and 
systolic pressure, cardiac contractility, and relaxation only in 
chronically paced animals and not in the control group, indi-
cating that elevated levels of NRG-1 alone are not sufficient 
to elicit such responses.73 In a study examining diabetic car-
diomyopathy in rats, NRG-1 had similar beneficial effects, 
which were attributed to attenuation of myocardial interstitial 
fibrosis.78 Although much work is yet to be done to untangle 
the mechanisms of NRG-1 action in clinical and preclinical 
models of CHF, existing studies suggest that NRG-1 imparts 
benefits on heart function across a broad spectrum of disease 
pathologies.

NRG-1 in clinical trials
Because of the cardioprotective role of NRG-1/ErbB signal-
ing and the dire consequences when this signaling is inhibited, 
recombinant human NRG-1 (rhNRG-1) has been used in two 
clinical trials with reported results and in several other ongo-
ing clinical trials.79–82 A phase II, randomized, double-blind 
trial enrolled 44 CHF patients, characterized by an LVEF 
#40%. CHF patients received rhNRG-1 intravenously, 
8 hours a day for 10 days and LVEF improved 31.99% in 
treated patients compared with a 15.05% increase in patients 
treated with placebo for 90 days, indicating that short-term 
administration can have long-term effects on the inhibition 
of adverse remodeling.83 In a single-center, prospective, non-
randomized, open-label study, rhNRG-1 was administered 
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intravenously to 15 CHF patients (LVEF: #40%) 6 hours a 
day for 11 days, and both acute and sustained hemodynamic 
responses were measured by Swan–Ganz catheterization.84  
Significant changes in cardiac function were observed within 
8 hours of rhNRG-1 treatment, including increased cardiac 
output, stroke volume, and mean arterial pressure; however, 
mean arterial pressure was the only hemodynamic parameter 
to display a significant change at 84 days posttreatment. The 
promising results of these two trials suggest that therapeutic 
use of rhNRG-1 will continue to be investigated in the CHF 
patient population. As scientific research continues to unravel 
the specific mechanisms of NRG-1/ErbB cardioprotection 
and improvement of contractile and hemodynamic function, 
the specificity of NRG-1/ErbB therapeutic treatment can be 
applied to an increasing diversity of developmental and dis-
ease conditions.

conclusion
Because of the large number of time- and context-dependent 
effects of which NRG-1/ErbB signaling is capable, NRG-1 
will continue to be studied as a tool for both tissue engineer-
ing and therapeutic purposes. Human PSCs have provided 
a platform for tissue engineering with clinical applications, 
and the advent of cardiomyocyte differentiation from human 
PSCs in fully defined conditions85,86 has set the stage for 
engineering functional cardiac tissue. Human PSC-derived  
cardiomyocytes, and thus the tissues made from them, dis-
play an immature phenotype,87 and NRG-1, whose signal-
ing has been implicated in cardiac development, is a prime 
candidate for increasing maturation of engineered myocar-
dium. By obtaining a fuller understanding of when and how 
NRG-1/ErbB signaling directs cardiac development, we 
can harness this pathway for stem cell therapies targeting 
the heart.

NRG-1/ErbB signaling also plays an important role 
in angiogenesis and cardiac homeostasis, as well as having 
cardioprotective and therapeutic effects pre- and postmyo-
cardial injury. At least five clinical trials are currently under 
way in which rhNRG-1 is administered to CHF patients.88 
The effects of NRG-1 in the clinical setting are yet to be fully 
uncovered, and the mechanisms of the observed homeostatic 
and cardioprotective functions must be untangled in order to 
fully utilize and tailor NRG-1/ErbB-based therapy. However, 
the ubiquity of NRG-1/ErbB signaling throughout life is an 
undeniably encouraging discovery with respect to NRG-1’s 
possible therapeutic targets. The vast therapeutic applications 
of NRG-1 in cardiac development and disease are an incred-
ible motivation to more fully understand the context depen-
dence of NRG-1/ErbB signaling.
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