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Abstract. Neuregulin‑1 (NRG‑1) is a type of epidermal growth 
factor‑like protein primarily distributed in the nervous and 
cardiovascular systems. When sepsis occurs, the incidence of 
cardiac dysfunction in myocardial injury is high and the mecha-
nism is complicated. It directly causes myocardial cell damage, 
whilst also causing damage to the structure and function of 
myocardial cells, weakening of endothelial function and coro-
nary microcirculation, autonomic dysfunction, and activation of 
myocardial inhibitory factors. Studies investigating NRG‑1 have 
been performed using a variety of methods, including in vitro 
models, and animal and human clinical trials; however, the 
results are not consistent. NRG‑1/ErbBs signaling is involved 
in a variety of cardiac processes, from the development of the 
myocardium and cardiac conduction systems to the promotion 
of angiogenesis in cardiomyocytes, and in cardio‑protective 
effects during injury. NRG‑1 may exert a multifaceted cardio-
vascular protective effect by activating NRG‑1/ErbBs signaling 
and regulating multiple downstream signaling pathways, 
thereby improving myocardial cell dysfunction in sepsis, and 
protecting cardiomyocytes and endothelial cells. It may alle-
viate myocardial microvascular endothelial injury in sepsis; its 
anti‑inflammatory effects inhibit the production of myocardial 
inhibitory factors in sepsis, improve myocardial ischemia, 
decrease oxidative stress, regulate the disruption to the homeo-
stasis of the autonomic nervous system, improve diastolic 
function, and offer protective effects at multiple target sites. As 

the mechanism of action of NRG‑1 intersects with the pathways 
involved in the pathogenesis of sepsis, it may be applicable as a 
treatment strategy to numerous pathological processes in sepsis.
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1. Introduction

Cardiac injury and cardiac insufficiency can be as high 
as 40‑50% in patients with sepsis  (1). In case of impaired 
cardiac function, the mortality rate can increase from 20 to 
70%, and it continues to increase in a number of countries (2). 
Studies have shown that early improvement of cardiac func-
tion can be achieved to significantly improve patient survival 
rates (1,2). The mechanism of cardiac insufficiency in sepsis is 
complex. Infection caused in the body not only directly causes 
myocardial cell damage, but also causes cardiac dysfunction, 
including myocardial cell structure and function impairment, 
deregulation of endothelial function and coronary microcircu-
lation, attenuation and activation of myocardial inhibitors and 
autonomic dysfunction (3). Previously, clinicians have used 
new drugs such as anti‑inflammatory cytokines to treat sepsis 
cardiac dysfunction, but due to of their relatively singular 
therapeutic targets, it has not achieved the expected results in 
clinical applications.

Neuregulin‑1 (NRG‑1) belongs to the family of epidermal 
growth factor‑like proteins, encoded by 4 neuregulin genes. 
It is primarily distributed in the nervous and cardiovascular 
systems. NRG‑1 signaling is transduced by the ErbB family, 
which belongs to the receptor protein tyrosine kinase family, 
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and phosphorylation and dimerization of these receptors 
leads to activation of downstream pathways (4). NRG‑1 acts 
on multiple targets such as heart, blood vessels, nerves and 
interstitial fluid, and protects the myocardium, promoting the 
improvement of cardiac function through a combined multi-
faceted effect. It may have potential and important clinical 
significance for the treatment and prognosis of sepsis (4‑7).

2. Presentation of sepsis‑induced cardiac dysfunction

Sepsis‑3 defines sepsis as a ‘life‑threatening organ dysfunction 
caused by abnormal reactions to infection’, and recommends 
sequential organ failure assessment (SOFA) and quick SOFA 
scores as the basis for diagnosis of sepsis (5‑7); however, it 
does not include the criteria for measuring target organ 
dysfunction (4‑7). Using this definition, ‘host response’ and 
‘organ dysfunction’ are the two core elements considered 
to be involved in the complex pathophysiological reactions 
produced by the body in response to infection (4‑7). Current 
understanding of the complex pathophysiological mecha-
nisms involved in immune and inflammatory responses to 
sepsis remains incomplete, but it is clear that sepsis involves 
the immune system, accompanied by inflammation and 
microcirculatory failure. Despite the improvement of current 
treatment strategies, and the fact that new treatment concepts 
and methods are being updated continuously, sepsis and 
septic shock remain the primary causes of mortality in severe 
cases (8). A total of >70% of sepsis‑associated mortalities are 
due to organ failure, and 50% are confirmed to exhibit myocar-
dial dysfunction (8). The heart is one of the important target 
organs in sepsis; toxins, cytokines and complement immune 
response, oxidative stress and calcium overload, apoptosis 
and autophagy, as well as energy metabolism disorders, are 
involved in the occurrence of septic cardiomyopathy (9).

Sepsis‑3 included stricter requirements for the diagnosis 
of sepsis myocardial injury and cardiac insufficiency (5‑7). 
The pathophysiological mechanism of septic heart dysfunc-
tion and the effect of NRG‑1 on cardiac function in patients 
with sepsis are as follows: Organ dysfunction is the primary 
manifestation during sepsis. In the early stages of sepsis, 
echocardiography measurements demonstrate left ventricular 
ejection fraction (LVEF) values of >55%, which may be due to 
transient myocardial contraction enhancement caused by early 
increase of adrenaline secretion due to increased vascular 
permeability, decreased vascular tension and lower stroke 
output (10). However, this increased compensatory heart rate 
is insufficient to maintain effective cardiac output. Clinical 
symptoms are usually accompanied by elevated blood lactate 
level and decreased oxygen saturation.

With the progression of sepsis, the LVEF gradually 
decreases, and in addition, the contractile and diastolic func-
tions of the heart gradually decrease, which is accompanied 
by hypotension, heart failure, arrhythmia and shock (10). In 
addition to the direct damage caused by inflammatory factors 
to cardiomyocytes, the dysfunction of mitochondria in cardio-
myocytes, dysregulation of the autonomic nervous function, 
disruption of the myocardial cell calcium cycle, apoptosis, 
microcirculatory insufficiency, and dysregulation of other 
processes, leading to cardiac insufficiency, also occur (10). 
Clinically, it is usually accompanied by increased levels 

of myocardial enzymatic markers and myocardial necrosis 
markers, changes in electrocardiogram outputs and hemody-
namic disorders (10).

3. Effects of NRG‑1 on the heart

In the cardiovascular system, NRG‑1 is a protein synthesized 
and released by endothelial cells located in the microvasculature 
of the heart, which is regulated by neurohumoral factors (11,12). 
Its receptors include ErbB2 and ErbB4, distributed in atrial and 
ventricular myocytes, and ErbB3, distributed in the endocardial 
cushion (12). In recent years, the important role of NRG‑1/ErbBs 
in embryonic development and functional protection of the 
cardiovascular system has been gradually identified. It has need 
demonstrated that the activation of NRG‑1/ErbBs may activate 
PI3K/Akt, mitogen‑activated protein kinase kinase (MEK)/ 
extracellular signal‑regulated kinase (ERK), steroid receptor 
coactivator (Src)/focal adhesion kinase (FAK), JAK/STAT, and 
other downstream signaling pathways. In addition, it serves a 
protective role in myocardial cell structure, promotes myocardial 
cell proliferation, inhibits apoptosis, regulates mitochondrial 
function and intracellular calcium circulation, and maintains 
cardiac microvascular endothelial functions (12). In addition, it 
may promote angiogenesis and regulate the balance of cardiac 
autonomic nervous function.

It was identified that NRG‑1/ErbBs were activated in the 
early stage of a heart failure model, which may be associated 
with the stimulation of NRG‑1 secretion by cardiac microvas-
cular endothelial cells by mechanical tension of the ventricular 
wall. The changes of NRG‑1/ErbBs activity are closely associ-
ated with the degree of cardiac insufficiency in sepsis (11,12). 
The dynamic changes of NRG‑1/ErbBs may persist in the 
early stage of myocardial injury and cardiac insufficiency 
in sepsis, and may become a biological index for evaluating 
cardiac function in sepsis.

NRG‑1/ErbBs were identified to serve an indispensable role 
in embryonic cardiac development by knocking out NRG‑1, 
ErbB2 and ErbB4 genes (11,12). It has been demonstrated that 
NRG‑1/ErbBs are also indispensable in the mature cardio-
vascular system  (11,12). At present, there are few reports 
concerning NRG‑1/ErbBs and sepsis; however, the biological 
effects of NRG‑1/ErbBs may antagonize a number of complex 
mechanisms of septic myocardial injury and cardiac insuffi-
ciency (11,12), at multiple targets and multiple levels. Therapeutic 
measures targeting NRG‑1/ErbBs will become an effective 
intervention strategy to reverse septic cardiac insufficiency. 
Intervention using NRG‑1 in sepsis may serve a comprehensive 
role in protecting the structure and function of cardiomyocytes 
and subcellular processes, inhibiting endothelial cell injury, 
downregulating myocardial inhibitors, and regulating cardiac 
autonomic nervous function, by activating the direct and indirect 
cardiovascular protection of NRG‑1/ErbBs. In addition, NRG‑1 
may serve a key role in the maturation of the cardiac plexus, 
and if such effects are attenuated or affected, it may lead to a 
decrease in cardiomyocyte maturity, function and survival (12).

A number of biological effects mediated by NRG‑1/ErbBs 
have been demonstrated to antagonize the mechanisms of 
cardiac insufficiency in sepsis at multiple target sites. Therefore, 
in view of the mechanism of cardiac insufficiency caused by 
sepsis myocardial injury, exploring endogenous bioactive 
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substances with multi‑target regulation and protective effects 
on heart and blood vessels may result in the identification of 
potential diagnostic markers and intervention targets for the 
diagnosis and treatment of sepsis.

4. Target of myocardial injury in sepsis and the reversal 
effect of NRG‑1

As the pathogenesis of septic cardiomyopathy and the mecha-
nism of action of NRG‑1/ErbBs on cardiac function have 
numerous intersecting facets, the present review has summa-
rized the primary role and development of NRG‑1/ErbBs in 
cardiac dysfunction in sepsis.

When sepsis occurs, the mechanism of cardiomyocytes 
dysfunction is complex, and may include apoptosis of cardio-
myocytes, myofibrillar lysis, mitochondrial dysfunction and 
intracellular calcium regulation disorders (9,13). NRG‑1/ErbBs 
participate in the proliferation and development of cardiomyo-
cytes, promote the structural integrity and orderly arrangement 
of cardiomyocytes, and have a direct protective effect on 
cardiomyocytes (14). Previous study has examined the effect of 
NRG‑1 on cardiac structure and function in sepsis rats; cecum 
ligation and perforation (CLP) was used to establish a sepsis 
rat model (15). It was identified that intravenous administra-
tion of recombinant human NRG‑1 (rhNRG‑1) significantly 
improved cardiac function and myocardial cell pathology in 
rats 24 h after CLP (15). This study also demonstrated that 
NRG‑1/ErbBs have important protective effects on the struc-
ture and function of cardiomyocytes and their organelles (15).

Mitochondrial function of cardiomyocytes. Myocardial mito-
chondrial matrix edema accompanied by cystic changes of 
mitochondrial ridge was observed in patients with sepsis (16). 
Animal models also demonstrated that sepsis resulted in the 
opening of mitochondrial membrane permeability transition 
pores (mPTP), destruction of membrane potential, abnormal 
activity of cytochrome oxidase, increase of nitric oxide (NO) 
and reactive oxygen species  (ROS) in the mitochondria, 
depletion of ATP, swelling and apoptosis of the mitochondria, 
and promotion of the dysfunction of myocardial cells (17). 
It was identified that NRG‑1 isozyme intervention improved 
the mitochondrial function of myocardial cells in rats with 
myocardial infarction  (18). NRG‑1 was demonstrated to 
increase the mitochondrial membrane potential, inhibit the 
release of cytochrome C, enhance the activity of ATPase, 
improve respiratory function, and decrease the dysfunction of 
myocardial cells (19). Therefore, NRG‑1 not only protects the 
function of the mitochondria, but also serves an important role 
in the protection of the endoplasmic reticulum. In 2016, it was 
identified that intravenous administration of NRG‑1 signifi-
cantly decreased endoplasmic reticulum stress and myocardial 
infarction area (20), thereby protecting myocardial cells in rat 
model of myocardial ischemia/reperfusion (19,20) .

Apoptosis of cardiomyocytes. During sepsis, the Akt pathway 
and its downstream signaling factors are activated, and the 
expression levels of the apoptotic factors Bax/Bcl‑2, caspase‑3 
and platelet‑derived growth factor  (PDGF) are increased. 
Together, these changes result in vascular endothelial cell 
damage and cardiomyocyte apoptosis (18‑20).

Previous study has suggested that the activation of endog-
enous NRG‑1/ErbBs may decrease myocardial apoptosis in rats 
with myocardial infarction (20). In a previous study, NRG‑1 was 
combined with degradable PLGA microspheres and injected into 
the periphery of myocardial infarction areas. It was identified 
that NRG‑1 promoted the expression levels of mF2c+/antigen 
Ki‑67+ in cardiac cells, which are markers of myocardial cell 
proliferation, and ultimately decreased infarct size and improved 
cardiac function (21). In addition, a change in cytochrome C can 
directly affect the oxidative phosphorylation of the mitochon-
dria, release apoptotic factors into the cytoplasm, and participate 
in cardiomyocyte apoptosis. NRG‑1 is able to inhibit the release 
of cytochrome C, thereby decreasing the level of dysfunction of 
cardiomyocytes (18). In addition, in 2014, it was identified that 
NRG‑1 promoted mitosis of myocardial cells, decreased the level 
of apoptosis, and enhanced cardiac function by injecting NRG‑1 
into the periphery of the infarction area using hydrogel (22).

Calcium circulation disorder is the direct cause of 
cardiac function decline due to sepsis‑associated myocardial 
injury (23). Transient decreases in calcium concentration, and 
decreases in L‑type calcium current density in the myocardial 
cell membrane, the expression levels of alanine receptors and 
the sarcoplasmic reticulum calcium pump, functioning of 
phosphoproteins, in sarcoplasmic reticulum uptake, and in the 
function of the sodium‑calcium exchanger all contribute to 
disruption of calcium homeostasis (24). Through the addition 
of NRG‑1 into cultured rat cardiac myocytes, a previous study 
confirmed that NRG‑1/ErbBs participated in the regulation of 
calcium homeostasis in cardiac myocytes, by increasing the 
recovery of sarcoplasmic reticulum calcium, calcium transients, 
and upregulating the expression of the sarcoplasmic reticulum 
calcium pump and phosphoproteins (24). In vivo studies have 
demonstrated that activation of NRG‑1/ErbBs can improve 
cardiac function in model animals, and the associated cellular 
and subcellular protective mechanisms may serve a preventive 
and therapeutic role in cardiac insufficiency caused by septic 
myocardial injury (23‑25). It was observed that the structural 
and functional changes of cardiac myocytes and subcellular 
processes in sepsis directly caused the decline of cardiac 
contractile function (15,23,24), which is an important target for 
the prevention and treatment of cardiac insufficiency in sepsis.

Function of microvascular endothelial cells. Microcirculation 
is first involved in sepsis. Cytokines and inflammatory media-
tors released by systemic inflammatory reaction may lead to 
injury of vascular endothelial cells, activation of leukocytes 
and platelets, and further, to the release of inflammatory and 
adhesion factors, dysfunction of the coagulation system and 
microthrombosis in capillaries, finally resulting in multiple 
organ failure  (25). The decline of cardiac and systemic 
microvascular endothelial cell function eventually leads to a 
worsening of cardiac insufficiency in sepsis.

The expression levels of vascular cell adhesion factor 
(VCAM‑1), intercellular adhesion molecule  (ICAM), 
E‑selectin, and von Willebrand factor  (vWF) increase in 
patients with sepsis, which results in local neutrophil infil-
tration in the heart. Concomitantly, cardiac microvascular 
endothelial cells also suffer from swelling and necrosis 
and deposition of fibrin in the blood vessels, resulting in 
increased resistance to coronary microcirculation and uneven 
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distribution of blood flow, aggravating myocardial ischemic 
damage (7,26). A previous study identified that NRG‑1 may 
prevent endothelial hyper permeability, decrease the expres-
sion of VCAM‑1 and E‑selectin in microvascular endothelial 
cells, and decrease the adhesion of neutral cells to endothelial 
cells, thereby alleviating endothelial injury (27).

Studies have identified that the integrity of the vascular 
endothelial structure and its function in patients with sepsis 
directly affects disease progression  (28). The involvement 
of microcirculation in the whole body results in decreased 
vascular responsiveness, microcirculation disturbance in 
vital organs, and an imbalance of inflammatory cell regula-
tion (28). Endocardial and vascular endothelial cells of the 
heart synthesize and release NRG‑1, which is critical for the 
development of the adult circulatory system and maintenance 
of cardiovascular function (28‑30). Recently, an increasing 
number of studies have demonstrated that NRG‑1 is a regulator 
of vascular endothelial regeneration. Previous studies have 
identified that NRG‑1/ErbBs may promote the proliferation of 
microvascular endothelial cells and decrease apoptosis, while 
serving an important role in maintaining endothelial function 
and promoting angiogenesis (28‑33). Parodi and Kuhn (29), 
demonstrated that NRG‑1 and ErbB receptors are expressed in 
vascular endothelial cells, and that the stimulation of endothelial 
cells in vitro may induce the formation of vascular endothelial 
cells. The results from the study by Hedhli et al (30), indicated 
that angiogenesis and arteriogenesis were induced following 
ligation of the femoral artery, and that NRG‑1 was a crucial 
factor in this process. In addition, the injection of exogenous 
NRG‑1 promoted this process.

It has been suggested that the activation of NRG‑1/ErbBs 
can transcriptionally activate proteins by phosphorylation, 
and then stimulate the secretion of vascular endothelial cells 
by paracrine action to produce an endothelial regeneration 
effect (31). Local NRG‑1 intervention in the ischemic myocar-
dium can induce endothelial progenitor cell recruitment (31). 
In addition, it increased the density of α‑smooth muscle actin+ 
and caveolin‑1+ cells, which are markers of angiogenesis and 
microangiogenesis (21). The effects of NRG‑1 treatment on 
myocardial angiogenesis and signal transduction of vascular 
endothelial growth factor/vascular endothelial growth factor 
receptor 2 and angiopoietin‑1 (Ang‑1)/angiopoietin‑1 receptor 
in diabetic cardiomyopathy rats were studied using animal 
models. The results indicated that NRG‑1 treatment signifi-
cantly increased the expression of vascular endothelial growth 
factor (VEGF) and Ang‑1 in coronary artery smooth muscle 
cells (32). The intervention of NRG‑1 may increase myocardial 
angiogenesis through the direct effect of NRG‑1 and increased 
expression of VEGF and Ang‑1 (30). NRG‑1 is a regulator of 
angiogenesis, and previous data has indicated that VEGF and 
Ang‑1 regulate myocardial angiogenesis and growth through 
the NRG‑1/ErbBs signaling pathway (33,34). These results 
may help to identify a novel method of reversing the damage 
incurred in the vascular regeneration processes in coronary 
artery disease.

Therefore, activation of NRG‑1/ErbBs can inhibit 
microvascular endothelial injury in sepsis. By evaluating 
the function of microvascular endothelial cells and applying 
potential drugs to improve endothelial function, the diagnosis 
and treatment sepsis may be improved.

Expression of myocardial depression factors. Inflammatory 
mediators activated during sepsis are currently considered one of 
the important causes of cardiac insufficiency in sepsis (13,34‑42). 
These include tumor necrosis factor‑α (TNF‑α), interleukin 
(IL)‑1, IL‑2, IL‑4, IL‑6, IL‑8, IL‑10, and interferon‑γ (IFN‑γ), 
which are also known as myocardial depressant factors (34). 
There is evidence to show that NRG‑1/ErbBs can regulate 
neurological and humoral immunity and exert anti‑inflamma-
tory and anti‑oxidative effects. In vivo and in vitro experiments 
have identified that NRG‑1 mutation may cause immune system 
dysfunction and increase the expression of TNF‑α, IL‑6, and 
IL‑8 in lymphoblasts (34).

With increased blood circulation, myocardial inhibitors 
may directly or indirectly damage the myocardium and affect 
cardiac contractile function (33‑35). The inhibitory effects 
of TNF‑α, IL‑1 and IL‑6 can inhibit myocardial contractile 
force and decrease LVEF. Their direct negative inotropic 
effects are mediated by NO synthase. Pathan et al (36) identi-
fied that the level of IL‑6 in patients with sepsis was directly 
associated with cardiac insufficiency. In addition, another 
study also confirmed the role of IL‑6 in the pathogenesis of 
organ dysfunction in children with sepsis (36,37). It can cause 
cardiac dysfunction by activating the p38 mitogen‑activated 
protein kinase pathway (36). In the CLP model of septic shock 
in mice, the severity of sepsis could be predicted by IL‑6 
levels, 6 h after the onset of sepsis (38).

NRG‑1 may decrease the levels of TNF‑α, IL‑1β and IL‑6 
in the blood circulation of septic rats, and decrease the level of 
macrophage migration inhibitory factor (MIF) in myocardial 
tissue (13). NRG‑1 binds to ErbB, which initiates intracellular 
signal transduction and the development of a series of cellular 
responses, including cell proliferation and survival (39,40). 
Mencel et al (41) studied the effects of NRG‑1 on the synthesis 
of TNF‑α and IL‑6, which are the key mediators of inflamma-
tion. Secretory TNF‑α and IL‑6 were collected from cultured 
cells, and the results demonstrated that NRG‑1 decreased the 
secretion levels of TNF‑α and IL‑6 by 33 and 80%, respec-
tively. The NRG‑1 signaling pathway may antagonize the 
inflammatory response of microglia, decrease the inflamma-
tory response and alleviate lipopolysaccharide (LPS)‑induced 
TNF‑α synthesis in microglia.

A previous study also identified that NRG‑1 may alleviate 
delayed neuronal injury induced by neurotoxic drugs by 
decreasing the expression of IL‑6 and IL‑1β in experimental 
studies of other diseases (41). A previous study has indicated 
that NRG‑1 may decrease the levels of circulatory and local 
pro‑inflammatory factors like TNF‑α, IL‑6 and IL‑1β, and 
significantly improve the survival rate of experimental 
cerebral malaria rats (42). Therefore, the inhibitory effects 
of NRG‑1/ErbBs on inflammatory factors, locally or in the 
bloodstream, appear to attenuate the adverse effects of certain 
myocardial inhibitors on cardiac function in sepsis.

Autonomic nervous system homeostasis. Localized processes 
associated with autonomic nervous system dysfunction often 
occur in sepsis. These include apoptosis of glial cells and 
neurons in the cardiovascular center, imbalance of sympathetic 
and vagal nerve function, abnormal secretion of neurohor-
mones, and low reactivity of parts of the heart, such as the 
sinoatrial node to autonomic nerve regulation, all of which 
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may affect cardiovascular activity and aggravate cardiac 
insufficiency (43).

The NRG‑1/ErbBs pathway is particularly important in 
early cardiac and neurological repair processes. A previous 
experimental study suggested that insufficient expression 
of NRG‑1 in the process of establishing a cardiac plexus 
may result in decreased cardiac maturation, function and 
survival (44).

Previous studies have suggested that drug activation of the 
peripheral and central nervous pathways may inhibit inflam-
mation, thereby achieving an equivalent effect to that observed 
in the treatment of sepsis (12,45). Cardiac autonomic nervous 
dysfunction is commonly observed in patients with sepsis, and 
autonomic nervous dysfunction may aggravate cardiac insuf-
ficiency. Previous studies have identified that NRG‑1/ErbBs 
also serve a role in the regulation of the cardiovascular center. 
Intrathecal injection of NRG‑1 inhibited sympathetic hyper-
excitability and improved heart failure caused by pressure 
overload (46,47).

The results from Matsukawa et al  (47) demonstrated a 
reversible decrease in heart rate variability (HRV) indica-
tors, reflecting cardiac autonomic nervous function, in 
healthy volunteers following intravenous endotoxin injec-
tion. Follow‑up studies also confirmed that the decrease of 
HRV in patients with sepsis was a marker of poor prognosis. 
NRG‑1/ErbBs are involved in the regulation of cardiac auto-
nomic nervous homeostasis (47). The secretion of NRG‑1 is 
regulated by neurohormones. Other studies have identified that 
adrenaline and angiotensin II can change the expression of 
NRG‑1 in myocardial microvascular endothelial cells (33,34). 
NRG‑1 may prevent Ang II‑induced left ventricular concentric 
remodeling and diastolic dysfunction, without affecting arterial 
blood pressure (33,34). These effects help explain the beneficial 
effects of NRG‑1 in heart failure. Furthermore, these results 
suggest that NRG‑1/ErbBs are involved in the regulation of 
autonomic nervous homeostasis in the cardiovascular system.

In addition, according to the central mechanism of autonomic 
nervous imbalance in sepsis, in vivo and in vitro experiments 
have confirmed that NRG‑1 may promote the growth and 
differentiation of glial cells, inhibit neuronal apoptosis, and 
have a neuroprotective effect (48). This non‑cardiovascular 
biological effect may also serve a role in antagonizing the 
imbalance of the autonomic nervous system in sepsis.

5. Multiple downstream signaling pathway

It has been confirmed that NRG‑1 improves cardiac function by 
regulating multiple downstream signaling pathways, including 
mitogen‑activated protein kinase (MAPK)/ERK, PI3K/Akt, 
transforming protein RhoA (RhoA)/Rho‑associated protein 
kinase (ROCK), Janus kinase 2 (JAK2)/signal transducer and 
activator of transcription 3 (STAT3), and Src/FAK (48‑77). 
The effect of NRG‑1/ErbBs on the regulation of sarcomeric 
actin polymerization in cardiomyocytes may be antagonized 
by specific inhibitors of PI3K and ERK (48). Jabbour et al (49) 
added NRG‑1 to the perfusate of isolated functional heart 
cells and observed that it protected cardiomyocytes, improved 
cardiac function, and was associated with the increased phos-
phorylation of Akt, ERK and STAT3. NRG‑1/ErbB signaling 
serves a critical role in cardiac repair and regeneration in heart 

failure (49). A previous study suggested that activation of the 
NRG‑1/ErbBs system may be one of the underlying mecha-
nisms of cardiac repair and regeneration after myocardial 
infarction (49). Activating the signal transduction of ErbB2, 
ErbB4 and PI3K/Akt by upregulating NRG‑1 expression may 
help to promote cardiomyocyte repair.

A previous study indicated that the myocardial inhibition 
of IL‑6, an inflammatory mediator activated during sepsis, 
depends on p38 MAPK signaling pathway (50), which regulates 
inflammation, cell proliferation, apoptosis, differentiation and 
other processes (47,48). By inhibiting the p38 MAPK pathway, 
the effect of reversing the negative muscle strength of IL‑6 can 
be achieved (46,47). Experimental studies have confirmed the 
activation of p38 MAPK in myocardium, lung, and brain tissue 
during sepsis (12,43,45,48), suggesting that MAPK has a broad 
role in the pathophysiology of multiple organ dysfunction in 
sepsis. In an animal model of LPS‑induced acute lung injury, 
it was identified that the downregulation of the downstream 
NF‑κB pathway alleviated lung injury by inhibiting the p38 
MAPK signaling pathway (51). In another animal models, the 
p38 MAPK pathway was also demonstrated to be involved in 
the disease progression of sepsis; Zhou et al (52) identified that 
MAPK pathways exhibited significant levels of activation in 
children with septic shock.

The inhibitory effects of TNF‑α and endotoxins on the heart 
muscle are also transduced through the MAPK pathway (53). 
During myocardial ischemia‑reperfusion, MAPK activa-
tion induces cardiomyocyte apoptosis, increases adhesion 
molecule expression and decreases myocardial myofilament 
sensitivity (54). In addition, the inhibition of MAPK decreased 
myocardial TNF‑α expression and improved cardiac function 
and survival in endotoxemic rats (53). The results from RNA 
expression studies in patients with sepsis have demonstrated 
an increased transcription levels of MAPK upstream activator 
genes  (53). The increased expression of the IL‑6 receptor, 
JAK2 and Akt, and downstream mediators including tran-
scription factors such as NF‑κB and activating transcription 
factors, MAPK‑activated protein kinases and inflammatory 
cytokines, confirms the important role of the MAPK pathway 
in sepsis (55). Other inflammatory mediators with myocardial 
inhibitory effects such as the complement component C5a and 
the pro‑inflammatory cytokine TNF‑α, have also been shown 
to activate the p38 MAPK pathway (32,55).

In addition, previous studies have identified that in 
other forms of systemic inflammatory activation, such as 
burns (56), ischemia‑reperfusion (57), and cardiopulmonary 
shunts (58,59), MAPK activation is associated with multiple 
organ dysfunction. Therefore, these data have improved the 
current understanding of the association between NRG‑1 and 
the MAPK signaling pathway. Upstream or downstream acti-
vators and inhibitors that regulate this pathway have garnered 
increasing attention in studies of animal and human sepsis 
models (60‑63).

NRG‑1 is produced by endocardial and myocardial micro-
vascular endothelial cells and binds to the receptor tyrosine 
kinase of the ErbB family on the cell surface of adjacent cardio-
myocytes, activating the PI3K/Akt signaling pathway (64). 
The PI3K/Akt pathway has been demonstrated to serve a 
key cardioprotective role in myocardial ischemia/reperfu-
sion (65,66). PI3K/Akt signaling is the central regulator of the 
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NRG/ErbB signaling network (67). It was also identified that 
activation of PI3K/Akt signaling pathway may alleviate the 
inflammatory response induced by LPS, and improve cardiac 
dysfunction in sepsis (68,69). NRG‑1 inhibits cardiomyocyte 
apoptosis caused by sepsis cardiac dysfunction, and previous 
studies have indicated that a number of cardioprotective agents 
act by inhibiting the opening of the mPTP via the PI3K/Akt 
signal‑dependent pathway (68,69). rhNRG‑1 has significant 
potential for use as a therapeutic agent for apoptosis, induced 
by oxidative stress. Wang et al (17) suggested that NRG‑1 may 
decrease myocardial infarct size and apoptosis in vivo. The 
PI3K inhibitor LY294002 suppressed the phosphorylation of 
AKT and abolished the cardioprotective effects induced by 
NRG‑1. These results indicate the therapeutic potential of 
NRG‑1 as a pharmacological postconditioning agent against 
myocardial reperfusion injury (17).

Previous studies have identified that endotoxins activate 
the RhoA/Rho kinase (RhoA/ROCK) signaling pathway, 
which induces mitochondrial autophagy by altering the 
cytoskeleton, causing cardiac dysfunction in mice  (53,54). 
Activation of the RhoA/ROCK signaling pathway decreases 
NO availability, upregulates the expression of the leukocyte 
adhesion factor ICAM‑1, and participates in various inflam-
matory responses. In addition, RhoA/ROCK signaling causes 
endothelial cell shedding, increases serum levels of vWF, and 

increases the permeability of the vascular endothelium. RhoA 
activation has been demonstrated to be involved in oxidative 
stress (70). ROCK regulates the development of cardiovas-
cular diseases by inducing the expression of NO synthase in 
endothelial cells (71). Insufficient NO production in vascular 
endothelial cells leads to impaired endothelium‑dependent 
vasodilation (72). In addition, inhibition of the RhoA/ROCK 
pathway activates NO production and attenuates vascular 
inflammation (73). 

NRG‑1 has also been demonstrated to inhibit RhoA activa-
tion (Fig. 1), decrease myosin light chain phosphorylation, and 
decrease microvascular endothelial cell permeability, which in 
turn inhibits the microcirculatory inflammatory response (54). 
NRG‑1‑induced tumor cell motility is known to negatively 
regulate ROCK signaling (74). A previous study demonstrated 
that activation of RhoA/Rho kinase signaling promotes the 
level of VEGF in vitro and induces endothelial cell migration, 
angiogenesis and cytoskeletal changes; by contrast, the inhibi-
tion of Rho kinase prevented mechanical wounding (75). The 
RhoA/ROCK pathway induces thrombin‑induced ICAM‑1 
expression via the activation of I B kinase (76) and exacerbates 
LPS‑induced endothelial hyper‑permeability by mediating 
the formation of stress fibers in endothelial cells. Therefore, 
inhibition of RhoA/ROCK activation may improve vascular 
hyper‑permeability in sepsis (77).

Figure 1. Exogenous LPS directly leads to an increase in the production of white adhesion molecules and other cytokines such as ICAM‑1 and vWF. In addi-
tion, LPS activates MAPK, PI3K/Akt and other downstream signaling pathways, producing IL‑6, IL‑1β, TNF‑α and other inflammatory factors, and excessive 
oxidative stress leads to a significant amount of NO production. Activation of the RhoA/ROCK signaling pathway produces the same effect. Conversely, 
NRG‑1/ErbBs may attenuate or inhibit these processes. It serves a protective role in myocardial cell structure, inhibits apoptosis and oxidative stress and 
decreases inflammation. LPS, lipopolysaccharide; ICAM‑1, intercellular adhesion molecule 1; vWF, von Willebrand factor; MAPK, mitogen‑activated protein 
kinase; IL, interleukin; TNF‑α, tumor necrosis factor; NO, nitric oxide; NRG‑1, neuregulin‑1; rhNRG‑1, recombinant human NRG‑1; ROS, reactive oxygen 
species; TLR4, toll‑like receptor 4; rhNRG‑1, recombinant human NRG‑1; RhoA/ROCK, transforming protein Rho/Rho‑associated protein kinase.
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Although the associated signaling pathways are 
less‑studied in sepsis, it has been suggested that MEK/ERK 
and JAK2/STAT3 may be used as therapeutic targets for the 
protection of organs during sepsis (51). Therefore, the regula-
tory effect of NRG‑1 on multiple signaling pathways may be 
important in antagonizing myocardial injury in sepsis.

6. Current treatment of sepsis

At present, there is no specific treatment for septic myocardial 
injury and cardiac insufficiency. Available treatment options 
primarily include early anti‑infective drugs, fluid resuscitation 
and continuous blood purification. In addition, decreasing of 
myocardial interstitial edema, organ function support, positive 
inotropic drugs and drugs for improving myocardial microcir-
culation are occasionally administered. 

At present, levosimendan, angiotensin and endothelin 
receptor antagonists are the primary drugs used to improve 
cardiac function during sepsis. Levosimendan is a calcium 
sensitizer that enhances myocardial contractility. However, 
a small‑scale study failed to demonstrate that levosimendan 
could significantly decrease the mortality rate of patients with 
sepsis  (78). Endothelin receptor antagonists may improve 
cardiac function by blocking endothelin receptors A and B. 
Bonner et al (79) identified that sepsis‑induced acute heart 
failure was attributed to the activation of the endothelin system. 
It has been demonstrated that endothelin receptor antagonists 
have therapeutic significance: A previous study indicated 
that decreases in the circulatory levels of endothelial damage 
markers was observed in patients treated with nangibotide, 
a Triggering receptor expressed on myeloid cells‑1 pathway 
inhibitor (80).

Positive inotropic drugs increase myocardial cell calcium 
concentration, thereby increasing myocardial oxygen 
consumption, and have a poor therapeutic effect on septic heart 
dysfunction (15,78‑80). In addition, the treatment is expensive 
and the drugs are single‑target, therefore, it is important to 
identify a novel drug that acts on multiple targets.

7. NRG‑1 treatment and clinical studies

Our previous study demonstrated that NRG‑1 improved cardiac 
function and protects cardiac myocytes in CLP‑induced septic 
rats by inhibiting immune inflammation, release of myocardial 
inhibitors and over activation of the renin‑angiotensin‑aldo-
sterone system (15). The results of the study by Fang et al (81) 
indicated that pretreatment with NRG‑1 analogues may alle-
viate myocardial ischemia‑reperfusion injury, and significantly 
improve myocardial function impairment. The downregulation 
of NRG‑1/ErbB4 signaling pathway is closely associated with 
myocardial dysfunction in septic rats (15,81). NRG‑1 precon-
ditioning may attenuate myocardial function impairment in 
septic rats, and ErbB4 antagonists can inhibit this effect (15,81).

Other studies have demonstrated that NRG‑1 may improve 
symptoms in animal models of heart disease including 
ischemia, dilated myocardial function, and viral cardiomy-
opathy (82,83). NRG‑1 promotes cardiomyocyte growth and 
survival (84), regulates myofibrillar disorders (85), maintains 
mitochondrial function and integrity (86), stimulates glucose 
uptake (87), and increases sarcoplasmic reticulum calcium 

uptake (88). These effects of NRG‑1 are beneficial for cardiac 
function.

In addition, NRG‑1/ErbBs also exert systemic effects, 
such as an inhibition of the inflammatory response, mitiga-
tion of oxidative stress, protection of central and peripheral 
nerve functions, and extensive protection in a variety of 
pathological conditions (89‑91). Increasing evidence suggests 
that NRG‑1 intervention is a promising treatment for heart 
failure (14,89‑91). In a clinical study involving 899 patients 
with heart failure, elevated levels of NRG‑1 in the blood were 
positively correlated with the severity of heart failure (89‑92). 
In addition, high levels of NRG‑1 were independently associ-
ated with mortality and heart transplantation, which may be 
exploited as a new biomarker for heart failure diagnosis and 
prognosis evaluation (26).

A phase II clinical trial (trial no. ACTRN12607000330448) 
of rhNRG‑1 short‑term continuous (10 or 11 days) intravenous 
administration for heart failure was conducted. The results 
demonstrated that rhNRG‑1 may increase cardiac output, 
ejection fraction, and decrease pulmonary wedge pres-
sure. Peripheral vascular resistance and improved cardiac 
function was observed within 2 h of rhNRG‑1 intravenous 
infusion, and the effect lasted until the 12th week of the study 
follow‑up (91). In addition, patients tolerated the treatment 
well, without adverse reactions (92). All of these data suggest 
that NRG‑1 intervention may be a useful therapeutic strategy 
for improving cardiac function, and exhibits great prospects 
for clinical application.

8. Conclusions

In summary, sepsis is an uncontrolled inflammatory reaction 
that may result in multiple organ dysfunction. The pathogen-
esis of sepsis involves multiple factors, which together can lead 
to patient mortality. At present, clinical treatment for sepsis to 
improve symptoms is poor, and a multi‑target drug is required. 
NRG‑1 may serve an important role in the treatment of septic 
myocardial injury by targeting the multiple pathogenesis of 
sepsis, thereby providing new treatment options for patients 
with sepsis and improving disease prognosis.

The NRG‑1/ErbBs system exerts a multifaceted network 
effect on cardiovascular protection. Myocardial injury cardiac 
dysfunction is a common complication of sepsis, driven 
by a complex mechanism; early assessment and prompt 
intervention are the key to decreasing mortality. NRG‑1 
may specifically antagonize the associated mechanisms of 
myocardial depression in sepsis, thereby exerting a more 
comprehensive therapeutic effect. The activation and changes 
of NRG‑1/ErbBs system may be associated with the course of 
cardiac dysfunction in sepsis myocardial injury. Monitoring 
its activity may provide a new biomarker for evaluating 
cardiac function in sepsis; early NRG‑1 intervention may 
serve a role in directly protecting the structure and function 
of cardiomyocytes, and improve cardiac dysfunction in sepsis 
myocardial injury by promoting endothelial function, antago-
nizing myocardial inhibitory factor, and regulating cardiac 
autonomic balance. 

The presence of different types of NRGs indicates the 
complexity of the NRG‑1/ErBbs signaling system, and the 
numerous effects of NRG‑1 on the cardiovascular system is 
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promising for the treatment of sepsis, and it may gradually be 
adopted into clinical practice. Further study of the association 
between NRG‑1/ErbBs and sepsis may provide a new direction 
for the diagnosis of sepsis cardiac dysfunction to identify poten-
tial diagnostic markers and intervention targets. NRG‑1 has the 
potential to be used as a therapeutic tool in clinical diagnosis 
and treatment of sepsis, and its application will help to improve 
the management of cardiac complications in sepsis in the future.
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