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Abstract

Obese individuals are at high risk for developing type 2 diabetes mellitus, cardiovascular diseases, and nonalcoholic fatty liver disease.
The aim of this review was to analyze the scientific literature and databases to reveal the fundamental role of neuregulin 4 (NRG4) and
its receptors in the development of obesity-associated metabolic disorders. This review demonstrates that NRG4 and its receptors are
promising therapeutic targets for the treatment of socially significant obesity-associated pathologies. The review contains nine chapters.
Information on the structure of ERBB4 and NRG4 splice isoforms and subsequent activation of downstream targets is presented. The
tissue-specific features of theNRG4 and ERBB4 genes and protein production are also highlighted. The role of NRG4 and ERBB3/4 in the
pathophysiological mechanisms of the development of metabolic disorders in obesity is discussed in detail. The final chapter of the review
is devoted to the miRNA-dependent regulation of NRG4 and ERBB4. Recent studies have shown that several miRNAs regulate ERBB4
expression, but no information was found on the interaction of NRG4 with miRNAs. We now demonstrate the putative relationships
between NRG4 and let-7a-5p, let-7c-5p, miR-423-5p, miR-93-5p, miR-23a-3p, and miR-15b-5p for the first time. In addition, we found
SNPmutations affecting the interaction of NRG4 and ERBB4 with miRNA in these genes as well as in miRNAs. In summary, this review
provides a detailed and comprehensive overview of the role of NRG4 in obesity-associated metabolic disorders. The review summarizes
all current studies on this topic and opens perspectives for future research.
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1. Introduction

Obese individuals are at high risk for developing
type 2 diabetes mellitus (type 2 DM), cardiovascular dis-
eases, non-alcoholic fatty liver disease (NAFLD), and other
obesity-associated diseases. The presence of these patholo-
gies significantly reduces quality of life and causes enor-
mous socio-economic losses.

Neuregulins are a group of growth factors that trans-
mit signals through a group of receptor tyrosine ki-
nases, the human epidermal growth factor (EGF) recep-
tors (ERBB/HER)—ERBB 1, 2, 3, 4—all of which reg-
ulate various biological processes [1]. Neuregulin family
proteins (NRG), NRG1 and NRG2, bind to both ERBB3
(HER3) and ERBB4 (HER4), while NRG3 and neuregulin
4 (NRG4) bind preferentially to ERBB4. Of particular in-
terest is the ERBB4 ligand NRG4, which is expressed in
liver [2], lung, pancreas [3], and most actively in adipose
tissue [4]. In a recent review, Blüher (2019) [5] and Tu-
tunchi et al. (2019) [6] demonstrated the important role
of pharmacological activation of brown adipose tissue in
metabolic health. Therefore, it is necessary to understand
the mechanisms of action and secretion of batokines, in-

cludingNRG4, in the pathogenesis of obesity andmetabolic
disorders [5,6].

NRG4 acts as an autocrine, paracrine and endocrine
factor through proteolytic release of an EGF-like domain.
ERBB4 has several salient features compared to othermem-
bers of the ERBB family, making it a potentially unique and
selective target in terms of signal transduction. Deletion of
ERBB 4 in mice was found to lead to dysregulation of car-
bohydrate and lipid metabolism [7] and to accelerate the
development and progression of renal fibrosis after kidney
injury [8].

However, scientific data on the involvement of
NRG4 and ERBB4 in various diseases are contradictory.
In a study, ERBB4 gene polymorphisms (rs10932374,
rs13003941, rs1595064, rs1595065) were associated with
the risk, severity, and prognosis of heart failure in the
Northern Han population [9].

Over the past two decades, compelling evidence has
accumulated for the involvement of microRNAs in the
development of several obesity-associated metabolic dis-
eases. However, data on miRNA-dependent regulation of
this pathway in metabolic disorders is extremely limited.
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The aim of this review was to comprehensively assess
the data on the fundamental role of NRG4 and its receptors
in the development of obesity-related metabolic disorders.
Before examining the role of NRG4 and its ERBB4 receptor
in metabolic diseases, we address the structural and genetic
features of these proteins. Structural variations of ERBB4
and NRG4 proteins influence their functions as well as their
role in the pathogenesis of socially significant diseases.

2. Structure of ERBB4 and NRG4
ERBB4 (a.k.a. HER4), a 147 kDa glycoprotein,

belongs to the ERBB receptor family, which also in-
cludes ERBB1 (EGFR/HER1), ERBB2 (HER2/NEU), and
ERBB3 (HER3). ERBB receptors are structurally sim-
ilar: they consist of a glycosylated extracellular region
(ectodomain), a small transmembrane region, and an intra-
cellular cytoplasmic domain (Fig. 1). The ectodomain of
the receptor consists of 4 subdomains and is responsible for
binding of the ligand, one of the growth factors, and for
dimerization of the receptor. Ligand binding to the extracel-
lular domain leads to homo- or heterotypic receptor dimer-
ization and activation of the intracellular tyrosine kinase do-
main. The intracellular region of ERBB receptors consists
mainly of three subdomains: a small juxtamembrane, a ty-
rosine kinase, and a C-terminal domain. In ERBB4, the
juxtamembrane is located in the ectodomain [10].

Ligand-activated receptors phosphorylate each other
in a series of tyrosine residues that serve as docking sites
for downstream enzymes or adapter proteins in the signal-
ing pathway [11]. ERBB4 is activated by the binding of one
of seven ligands: heparin-binding EGF-like growth factor,
epiregulin, betacellulin, and the neuregulin family of pro-
teins: NRG1, NRG2, NRG3, and NRG4 [12]. It is impor-
tant to note that members of the ERBB family (particularly
ERBB4) are capable of autophosphorylation even in the ab-
sence of the ligand when overexpressed [11].

2.1 Splice Isoforms of ERBB4
In 2008, Kaushansky et al. [11] demonstrated that

ERBB4 (CYT1 isoform) has 19 tyrosine residues in the
C-terminal domain, 18 of which can be phosphorylated
(pTyr). They noted that ERBB4 has more intracellular ty-
rosine residues capable of phosphorylation than most other
tyrosine kinase receptors. However, some of these 18 ty-
rosine sites are thought to be phosphorylated only in re-
sponse to specific ligands or only in certain cells. In ad-
dition, some of the identified pTyr sites might be phospho-
rylated only when the receptor is auto-activated by overex-
pression. In total, there are 14 proteins with Src homology
2 (SH2) domains that are recruited by ERBB4 kinase activ-
ity, namely PI3KR1-3, ABL2, SRC, SYK, PLCG2, CRK,
CRKL, RASA1, VAV2, SHC1, STAT1, and CBL.

The ERBB4 gene, located on human chromosome 2,
is alternatively spliced in two specific regions of the pri-
mary transcript: the C-terminal domain (CYT1 and CYT2

variants) [13] and the juxtamembrane region (JM-A, JM-
B, JM-C, JM-D) [14] (Fig. 1). The CYT-2 isoform has a
deletion of 16 amino acids in exon 26 corresponding to po-
sitions 1046-1061 in the human ERBB4 protein sequence.
As a result, this isoform loses its ability to directly acti-
vate the downstream signaling proteins phosphatidylinos-
itol 3-kinase-related kinase 1-3 (PI3KR1-3) and Cbl Proto-
Oncogene (CBL) since its potentiation occurs via pTyr at
position 1056 [9]. Alternative splicing of exons 16 (encod-
ing 23 amino acids) and 15b (encoding 13 amino acids) of
theERBB4 gene creates isoforms JM-A and JM-B [13]. The
functional difference between the JM-A and JM-B isoforms
lies in their different resistance to proteolytic cleavage. It
was discovered that the JM-A isoform loses its entire extra-
cellular domain upon exposure to phorbol esters, resulting
in loss of the ability to bind ligands. At the same time, the
JM-B isoform is resistant to phorbol esters. In malignant
medulloblastoma cells, two additional isoforms have been
found that either completely lack the JM-C or are elongated
by the contents of both exons 16 and 15b (JM-D) [14].

The ability for proteolytic cleavage is definitely not
a “defect” of the JM-A isoform, since this isoform is in-
volved in the so-called regulated intramembrane proteoly-
sis (RIP). Proteolytic cleavage of the JM-A ERBB4 isoform
occurs in response to tumor necrosis factor alpha convert-
ing enzyme (TACE) metalloprotease in the juxtamembrane
region between His-651 and Ser-652, resulting in the for-
mation of an 80-kDamembrane-bound fragment of ERBB4
(m80HER4) [15,16]. m80HER4 is in turn further processed
by a presenilin-dependent γ-secretase to release a cyto-
plasmic intracellular domain of ERBB4, termed the fourth
intracellular domain (4ICD), either E4ICD1/s80Cyt1 or
E4ICD2/s80Cyt2, depending on the splice isoform [10,17].
4ICD has the ability to migrate to the nucleus, where it pro-
motes nuclear translocation of various transcription factors
and acts as a transcription cofactor itself. For example, in
mammary cells, where ERBB4 has relatively high protein
expression, 4ICD binds the transcription factor STAT5A,
transports it to the nucleus, and acts as its cofactor when
bound to the beta-casein promoter, and is thus involved
in lactation-related responses [18]. Studies have demon-
strated that RIP of ERBB4 plays an important role in the
nervous system. For example, in neuronal progenitor cells,
4ICD binds the complex of transforming growth factor-beta
activated kinase 1 binding protein 1 and nuclear receptor
corepressor 1 and promotes the movement of this complex
into the nucleus, thereby inhibiting cell differentiation [19].
4ICD is also capable of translocating to the mitochondrial
matrix. 4ICD is functionally similar to the pro-apoptotic
members of the BCL-2 family, which play a critical role in
mitochondrial dysfunction by activating the pro-apoptotic
BAX/BAK proteins. Expression of 4ICD in primary hu-
man breast tumors has also been shown to be associated
with tumor apoptosis. Thus, ERBB4 may function as a pro-
apoptotic protein [20].
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Fig. 1. The structure and splice isoforms of the ERBB4 receptor and subsequent activation of downstream targets. CBL, Cbl
Proto-Oncogene; CYT, cytoplasmic; m80HER4, ERBB4 membrane-associated fragment of 80 kDa; 4ICD, ERBB4 intracellular do-
main; ICD, intracellular domain; JM, juxtamembrane; PIK3R1, phosphatidylinositol 3-kinase regulatory subunit alpha; RIP, regulated
intramembrane proteolysis; TACE, tumor necrosis factor-α converting enzyme; Y, tyrosine. Created with BioRender.com.

2.2 Structure and Splice Isoforms of NRG4

In 1999, during analysis of mouse DNA, Harari et al.
[21] discovered a fourth member of the neuregulin family,
NRG4 (later the open transcript was designated NRG4A1
[22]), which they hypothesized to be a ligand exclusively
for ERBB4. NRG4 was later shown to also cause a dose-
dependent increase in phosphorylation of ERBB3 tyrosine
residues in cultured HEK293 cells. However, ERBB3 has
no intrinsic kinase activity, and its increased phosphory-
lation is likely due to ligand-dependent heterodimerization
with ERBB4 in response to NRG4 [23].

NRG4 is a transmembrane protein with a unique EGF-
like motif and a short cytoplasmic domain. After cleavage
by the metalloprotease TACE, the extracellular region of
NRG4 containing the EGF-like domain enters the intercel-
lular space and acts as an ERBB4 ligand [21]. Analysis
of the nucleotide sequence of mouse NRG4 showed that it
has relatively low homology with other sequences of the

Nrg genes, especially near the transmembrane domain [22].
In addition, sequence analysis in the Ensembl database has
shown that the human NRG4 protein is much shorter than
other members of the neuregulin family: its length is 110–
115 amino acid residues, while NRG1–3 has a length start-
ing at about 500 amino acid residues [24].

In 2007, a total of five NRG4 splice isoformswere dis-
covered: A1-2 andB1-3. NRG4A2 differs from the original
NRG4A1 by having a shorter intracellular domain. How-
ever, unlike NRG4A1, the NRG4A2 isoform has a PDZ
binding motif and a different cellular translocation [21].
The NRG4B1–3 isoforms were discovered by bioinformat-
ics analysis and their expression was confirmed in human
prostate cell lines. NRG4B1–3 are highly truncated com-
pared to the A isoforms (36, 35, and 56 amino acid residues,
respectively). They all lack transmembrane and intracellu-
lar segments as well as the exon encoding cysteine residues
5 and 6 of the EGF-like domain. Therefore, they possess
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only part of the EGF-like domain and appear unable to acti-
vate ERBB4, as demonstrated in the rat pheochromocytoma
cell line [25].

3. Regular ERBB4 Membrane Signaling
All ERBB4 isoforms possess two tyrosine residues

that serve as binding sites for SHC Adaptor Protein 1
(SHC1) [11]. Upon activation, ERBB4 acquires tyrosine ki-
nase activity and phosphorylates SHC1, leading to recruit-
ment of growth factor receptor-bound protein 2 (GRB2) and
Son of Sevenless (SOS1) protein. This event in turn ac-
tivates the mitogen-activated protein kinase (MAPK) sig-
naling pathway, which leads to increased cell survival by
inducing proliferation and cell differentiation through the
activation of proteins such as nuclear factor kappa B (NF-
kB), and inhibition of forkhead proteins (FOXO) (Fig. 2,
Ref. [23,26–28]).

The CYT1-ERBB4 isoform can directly trigger
PI3K/AKT signaling due to the presence of phosphorylated
tyrosine residue 1056 in the intracellular C-terminal do-
main. Of the four members of the ERBB protein family,
ERBB3, unlike EGFR and ERBB2, is also capable of di-
rectly activating phosphoinositide 3-kinases (PI3K). Thus,
the PI3K/AKT pathway can be recruited by dimers con-
taining ERBB-3/4. Activation of PI3K catalyzes the con-
version of phosphatidylinositol-3,4-bisphosphate (PIP2) to
phosphatidylinositol-3,4,5-triphosphate (PIP3). PIP3 on
the cell membrane activates protein kinase B (AKT) di-
rectly or indirectly via phosphoinositide-dependent kinase-
1 (PDK1). Phosphorylated AKT mediates numerous cellu-
lar functions, including angiogenesis (via endothelial nitric
oxide synthase), metabolism (via FOXO proteins, glycogen
synthase kinase (GSK3), protein kinase C (PKC)), growth,
proliferation, survival (via proteins FOXO, cAMP re-
sponse element-binding protein (CREB), cyclin-dependent
kinases, and cyclins) (Fig. 2) [26–28].

The mammalian target of rapamycin (mTOR) is a
highly conserved serine-threonine protein kinase that ex-
ists in two complexes, mTORC1 and mTORC2. mTORC1
is activated indirectly via AKT in the ERBB pathway and
plays an important role in regulating lipid metabolism (acti-
vates growth factor receptor-bound protein 10 (GRB10) and
lipin-1) and autophagy (inhibits autophagy-related protein
1 (ATG1). In contrast, mTORC2, which is also activated
via the PI3K/AKT pathway, controls cytoskeletal organiza-
tion andmetabolism (via PKC) and cell survival (via serine-
threonine protein kinase (SGK)) (Fig. 2) [26–28].

4. Tissue-Specific Production of ERBB4 and
NRG4

According to RNA-seq data from the Human Protein
Atlas (HPA) [4], in which the transcriptomes of 27 different
organs and tissues from a total of 95 individuals were exam-
ined by next-generation sequencing, ERBB4 expression in
humans is highest in the brain (particularly in the midbrain,

basal ganglia, hypothalamus, and cerebral cortex). In addi-
tion to brain structures, the fallopian tubes, breast, and kid-
neys also have relatively high ERBB4 gene expression [29].
It should be noted that ERBB4 protein levels are somewhat
inconsistent with transcriptome analysis data, as shown in
Fig. 3 (Ref. [30]).

NRG4 has the highest expression in brown adipose tis-
sue [23]. Of note, NRG4 gene expression in mouse white
adipose tissue is significantly increased upon exposure to
cold or differentiation into brown adipose tissue [31]. One
of the main differences between brown and white adipose
tissue is the degree of sympathetic innervation. Rosell et al.
(2014) [31] showed that NRG4 is secreted into the culture
medium of brown mouse adipocytes and this medium can
promote the growth of axons in neurons. This suggests that
NRG4 is a novel adipokine of brown adipose tissue with
important autocrine/paracrine functions in the development
of adipose tissue innervation [31]. According to HPA data,
the highest expression level of the NRG4 gene in humans is
found in the cerebellum [29].

Analysis of the production levels of NRG4A1 and
NRG4A2 isoforms by histological staining yielded the fol-
lowing results, which are summarized in Fig. 4 (Ref. [32]).

5. Neuregulin 4 in Cell Homeostasis
In the presence of pro-inflammatory (IFNγ/LPS) stim-

ulation of macrophages, activation of ERBB4 by its NRG4
ligand triggers their apoptosis [33]. ERBB4 is expressed
only in M1macrophages but not in M2. ERBB4 expression
was not found on other immunocompetent cells (dendritic
cells, neutrophils) [34]. M1 macrophages actively produce
NRG4 and form an autocrine feedback loop [33]. Thus, en-
dogenous NRG4 produced by macrophages limits the ex-
pression of pro-inflammatory cytokines and thus has a pre-
dominantly regulatory function. Disruption of NRG4 pro-
duction in a mouse model resulted in increased secretion of
the pro-inflammatory factors TNF, CXLC1, and IL-1b by
macrophages, but had no effect on IL-10 production. These
actions were described in the experimental dextran sulfate
sodium-induced colitis model in C57Bl/6 mice, in which a
decrease in NRG4 production was observed during active
inflammation.

Inhibition of γ-secretase protects against NRG4-
induced cell death. Necroptosis and apoptosis are the major
forms of programmed macrophage death. NRG4-induced
cell death is maintained when necroptosis is inhibited by
RIPK1 inhibitors, in contrast to inhibition of apoptosis
via impaired apoptosome formation/caspase-9 activation,
which leads to increased survival of M1 macrophages [34].
NRG4 induces a mitochondrial apoptosis pathway in M1
macrophages.

6. Neuregulin 4 and Obesity
Obesity results from an imbalance between energy in-

take and expenditure that leads to excessive accumulation
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Fig. 2. Regular ERBB4 membrane signaling and resulting metabolism-related processes. Activation of ERBB receptors by au-
tophosphorylation of their tyrosine residues in intracellular domains leads to mobilization of a variety of metabolic pathways, of which the
following are particularly noteworthy: mitogen-activated protein kinase (MAPK) signaling pathways, phosphoinositide-3-kinase/protein
kinase B (PI3K/AKT), and mammalian target of rapamycin (mTOR). Based on open data from the Kyoto Encyclopedia of Genes and
Genomes [26–28] and adapted from [23]. Created with BioRender.com.

of adipose tissue [6]. Excess body fat is associated with
the development of type 2 diabetes, hypertension, dyslipi-
demia, and chronic inflammation, leading to the develop-
ment of cardiovascular disease. Adipose tissue is consid-
ered a highly active metabolic organ that secretes a number
of biologically active compounds called adipokines, which
can regulate energy homeostasis [35].

In 2014, two studies reported that NRG4 has a high
production profile in adipose tissue, particularly brown adi-
pose tissue (BAT), and is considered an adipokine [23,31].
It has been previously mentioned that although NRG4 is
abundant in BAT, NRG4 expression is upregulated in white

adipose tissue (WAT) upon exposure to cold [31]. There-
fore, NRG4 may be a key factor in the acquisition of BAT
functions in the WAT depot, such as more advanced inner-
vation. In addition, NRG4 is able to regulate adipose tissue
vascularization. It is assumed that in obesity, an increase in
the volume of adipose tissue is associated with vasocon-
striction and the development of hypoxia, which in turn
is associated with an inflammatory phenotype (activation
of HIF-1α) — it has been shown that in patients with se-
vere obesity, adipose tissue is under conditions of hypoxia
[36]. NRG4 triggers endothelial angiogenic functions and
angiogenesis both in vitro and in vivo [37], which are re-

5

BioRender.com
https://www.imrpress.com


Fig. 3. Intensity of histological staining of human body tissues with antibodies against ERBB4 protein according to the HPA study
[30]. The intensity of the staining (the concentration of the protein) corresponds to the color in the figure.

Fig. 4. Intensity of histological staining of human body tissues with antibodies against two isoforms of NRG4 protein. Adapted
from [32]. The intensity of the staining (the concentration of the protein) corresponds to the color in the figure.

quired to maintain a healthy metabolic profile. To eluci-
date themechanism ofNRG4 deficiency in adipose tissue of
obese mice, brown and white adipocytes were treated with
the cytokine TNF-α, resulting in a decrease in NRG4 ex-
pression in BAT and WAT [23]. Thus, the systemic pro-
inflammatory activity associated with the metabolic syn-
drome contributes to the suppression of NRG4 in BAT and
WAT.

In obese adults and children, NRG4 gene expression
decreases in adipose tissue [38]. A cross-sectional study
of 1212 obese adult subjects showed that patients with
metabolic syndrome had lower circulating NRG4 levels
than patients without metabolic syndrome and that, in turn,
metabolic syndrome was diagnosed more frequently in sub-
jects with reduced circulating NRG4 levels. In addition,
patients with low circulating NRG4 levels are more likely
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to have significant increases in fasting blood glucose and
blood pressure [39]. NRG4 expression in subcutaneous
adipose tissue of children has also been shown to corre-
late negatively with body mass index and standard devia-
tion score. A large study from China found an association
between NRG4 and metabolic syndrome in patients with
newly diagnosed type 2 diabetes mellitus [40]. However,
these authors stress that their results may not be generaliz-
able to other populations; and it was not possible to deter-
mine the correlation between NRG4 levels and IR, HOMA-
IR, apoB/apoA, and the TyG index. Plasma NRG4 has been
shown to be a useful biomarker for metabolic and cardio-
vascular disorders associated with obesity [41].

It should be noted that physical exercise leads to an in-
crease in blood NRG4 levels. Thus, resistance training, es-
pecially interval training, increased plasma levels of NRG4
and adiponectin and decreased leptin levels in obese men
[42]. It is important to point out that blood NRG4 levels
also seem to depend on hormonal background. For exam-
ple, obese girls diagnosed with polycystic ovary syndrome
(PCOS) were found to have elevated NRG4 levels com-
pared with control subjects without PCOS. In contrast, cir-
culating NRG4 levels do not increase in girls with PCOS
but decrease after weight loss [43]. This should be further
investigated and consideredwhen evaluatingNRG4 expres-
sion profiles.

Thus, a decrease in NRG4 expression in adipose tissue
is observed in obesity in an animal model, in adults, and
in children. The decrease in NRG4 levels is influenced by
pro-inflammatory activity, but increased physical activity
and exposure to cold can stimulate NRG4 expression.

7. Neuregulin 4 and Type 2 Diabetes
In 2016, Kang et al. [44] first found a positive corre-

lation between NRG4 levels and glucose, HOMA-IR, and
fasting triglyceride levels. Subsequently, in several stud-
ies NRG4 has been proposed as a marker for type 2 DM
[45,46]. Kocak et al. [46] found a significant increase in
serum NRG4 in type 2 DM that correlated positively with
glucose levels compared to the control group. A compar-
ative analysis of patients with well-controlled type 2 DM
(glycated hemoglobin (HbA1c)<7%), patients with poorly
controlled type 2 DM (HbA1c ≥7%) and a group without
type 2 DM showed significant differences between these
groups. The authors suggested that an increase in NRG4
levels may predict poor short term control of type 2 DM,
whereas control of HbA1c may provide a better long-term
assessment of glycemic control. A one-unit (0.1 ng/mL) in-
crease in NRG4 levels has been shown to increase the inci-
dence of type 2 DM4.4-fold, independent of other variables
[46].

In obese patients, serum NRG4 levels correlate
negatively with insulin sensitivity (hyperinsulinemic-
euglycemic clamp method) and positively with the
high-sensitivity inflammatory marker C-reactive protein

(hsCRP) [47]. These results suggest that pro-inflammatory
and anti-inflammatory signals have opposing effects on
NRG4 expression in adipocytes. Inflammation of adi-
pose tissue reduces NRG4 expression in adipose tissue and
which likely explains the decrease in NRG4 expression in
patients with persistent type 2 DM.

The development of hyperglycemia in type 2 DM oc-
curs through an increase in endogenous glucose levels due
to increased gluconeogenesis in the liver. The role of NRG4
in the liver in humans and animal models is controversial.

Zhang et al. (2019) [47] showed that NRG4 in the
liver plays a critical role in the regulation of gluconeo-
genesis. Knockdown of NRG4 in the liver of C57BL/6
and db/db mice inhibited the expression of peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1α) [47]. In another study, a culture of HepG2 hep-
atitis cells exposed to palmitate and treated with human re-
combinant NRG4 showed a decrease in the expression of
genes for gluconeogenesis (PEPCK, G6PC, GLUT2) and
mitochondrial biogenesis (NRG1, PGC-1α) [48].

These authors suggested that NRG4 may be a good
predictor of one or more diabetic microvascular compli-
cations (DME): retinopathy, neuropathy and nephropathy
[45]. NRG4 levels in patients with type 2 DM were 1.23
(0.02–5.1) ng/mL in groups with DME and 2.5 (0.21–6.01)
ng/mL in groups without DME (p < 0.001). NRG4 levels
were significantly lower in diabetic patients with neuropa-
thy compared with patients without this complication. A
similar outcome was observed in patients with nephropa-
thy. Although it has been confirmed that females with ges-
tational diabetes mellitus (GDM) have a 7-fold higher risk
of developing type 2 DM than females with normoglycemic
pregnancies (RR 7.43, 95%CIs 4.79–11.51), little is known
about the proposed mechanisms for transition from one dis-
ease to the other. In patients with GDM, low NRG4 levels
are associated with both insulin and the HOMA-IR index
[49]. In a recent study (2022) [50], NRG4, afamin, and the
serpin family member 1 B were highly sensitive markers of
insulin resistance in patients with GDM.

A recent Chinese study (2021) [51] found an associa-
tion between NRG4 and NRG1 levels in the development
of GDM and a high risk of transition to type 2 DM. Low
NRG4 levels and high NRG1 levels in the circulation are
considered risk factors for GDM [51]. Therefore, determi-
nation of NRG4 levels in the bloodstream is of clinical im-
portance for the diagnosis of type 2 diabetes. The negative
effect of NRG4 on the liver is manifested by alteration of
metabolic and mitochondrial functions, whereas NRG4 in
adipose tissue protects against obesity-induced insulin re-
sistance. Thus, in a culture of 3T3-L1 cells with NRG4
knockdown (2021) [52], an increase in the expression of
pro-inflammatory cytokines and a violation of insulin sig-
naling due to a decrease in the expression of insulin and
GLUT4 receptors were detected. However, we have not yet
found any publications on the effects of drug treatment of
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type 2 DM and its complications on serum levels of NRG4
in patients with this disease. In 2022, the first study was
published showing that 6 months of metformin therapy im-
proved NRG4 levels and glycemic control in children with
type 1 diabetes [53].

In view of these findings, the multidirectional dynam-
ics of bloodNRG4 levels could be caused by the experimen-
tal design, the specifics of the analytical methods, and to
an even greater extent, by the characteristics of the popula-
tion that was studied. In addition, serum levels of NRG4 in
patients with type 2 diabetes may be affected by drug ther-
apy. A meta-analysis of observational studies has shown
that circulating NRG4 levels are positively associated with
glucose levels, but the exact role of circulating NRG4 in the
pathogenesis of T2DM is still unclear [54].

8. Neuregulin 4 and Non-Alcoholic Fatty
Liver Disease

NAFLD is emerging as one of the most common
chronic liver diseases worldwide [55,56]. Simple steatosis
may progress to steatohepatitis, fibrosis, and hepatocellular
carcinoma or manifest over a long period of time as only a
small accumulation of lipids in the liver. Therefore, timely
diagnosis and identification of new targets for the treatment
of NAFLD and its complications are particularly important.

Specific binding assays on histological sections al-
lowed the identification of the liver as the main target tis-
sue of NRG4 [23]. The functions of NRG4 in the liver
include regulation of metabolism and protection of hep-
atocytes. The protective effect of NRG4 was confirmed
in a study in which NRG4-overexpressed adipose-derived
MSCs (ADSCs) were transplanted into mice [57]. These
mice had low plasma and liver triglyceride and total choles-
terol levels compared with mice treated with regular AD-
SCs. Recently, recombinant NRG4-Fc protein was shown
to inhibit pathological reprogramming of the liver microen-
vironment in NASH and prevent hepatocellular carcinoma
(HCC) formation in mice [58]. In addition, transplantation
of NRG4-ADSCs decreased the expression of SREBP1c
and fatty acid synthase [57].

Li et al. (2021) [59] identified two rare missense mu-
tations, p.R44H and p.E47Q, in the EGF-like domain in the
NRG4 gene in Chinese patients with metabolic syndrome
and obesity. Examination of these mutations showed that
NRG4 has a protective effect in NAFLD. Experiments with
recombinant mice showed that E47Q is a gain-of-function
mutation. NRG4 with this amino acid substitution more
potently activated ERBB4 phosphorylation and suppressed
de novo lipogenesis in hepatocytes via the ERBB4-STAT5-
SREBP-1C pathway compared withWT-NRG4. The R44H
mutation is a loss-of-function, and this NRG4 does not bind
to ERBB4. Thus, genetic variations in NRG4 may result in
mutant proteins with aberrant functions. Impaired or en-
hanced NRG4 function may be either a risk or protective
factor in NAFLD and associated metabolic disorders.

In addition to themechanisms described above, NRG4
is able to activate autophagy via the AMPK/mTOR-
dependent signaling pathway [60] (Fig. 2). Studies in aged
C57BL/6mice fed a high-fat diet and L-02 cells treatedwith
palmitic acid confirmed that NRG4 administration activates
autophagy through activation of the microtubule-associated
light chain 3B-II (LC3BII) gene and a decrease in p62 [61].
AMPK/mTOR-dependent autophagy is able to reduce lipid
accumulation and inflammation in hepatocytes [62]. Since
hepatocyte apoptosis is the main event in the initiation and
maintenance of fibrosis, autophagy can be considered an
anti-fibrogenic process required for liver cell survival.

A study by De Munck et al. (2021) [63] failed to
confirm the involvement of NRG4 in the pathogenesis of
NAFLD in humans. In another study, decreased plasma
Nrg4 levels are associated with increased oxidative stress,
inflammation, and dyslipidemia [64]. Decreased plasma
levels of NRG4 have been found in children with NAFLD
[65]. Tutunchi et al. [66] also showed a correlation be-
tween decreased NRG4 levels and BMI, waist circumfer-
ence, TG, cholesterol and HDL levels, and the HOMA-IR
index. In addition, NRG4 is an independent predictor of
NAFLD [67].

Thus, NRG4 possesses several mechanisms that in-
hibit the progression of NAFLD including reducing the ac-
cumulation of lipids in liver cells, activating autophagy,
and suppressing apoptosis and necroptosis. However, these
mechanisms have only been confirmed in cell lines or an-
imal models. The role of NRG4 in the pathogenesis of
NAFLD is still uncertain and requires further investigation.

9. Neuregulin 4 and Cardiovascular Diseases
The role of NRG/ERBB signaling in the cardiovascu-

lar system and understanding how it responds to physio-
logical and pathological stress is a rapidly evolving area of
science. Studies showed that ERBB receptor expression in
tissues and cells of the cardiovascular system varies both
spatially (in subcellular localization and tissue distribution)
and temporally (e.g., developmental stage, physiological
and pathological stress) [68]. Expression of all ERBB re-
ceptors, including ERBB1, ERBB2, ERBB3, and ERBB4,
was detected on cardiac endothelial cells, fibroblasts, and
highly proliferative cells. ERBB2 and ERBB4 receptors are
expressed on adult cardiomyocytes. ERBB3 and ERBB4
are expressed on monocytes and cardiac macrophages [68].

NRG4, as an autocrine, paracrine, or endocrine fac-
tor, can activate the tyrosine kinases ERBB4 and presum-
ably ERBB3 in the cardiovascular system, which are im-
portant transcriptional regulators of cardiomyocyte prolif-
eration and both glucose and lipid metabolism and thermo-
genesis. NRG4 levels are inversely related to the severity
of ischemic heart disease (IHD) [69]. Decreased levels of
NRG4 correlated with the presence of IHD and were nega-
tively associated with the SYNTAX score. Adjustment for
age, sex, BMI, and HbA1C failed to attenuate this associ-
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ation. In another study, a negative association was found
between NRG4 serum levels and the risk of developing
acute coronary syndrome (including acute myocardial in-
farction and unstable angina), whereas no such association
was found for stable angina. A negative association be-
tween NRG4 levels and the extent of vascular damage was
also demonstrated [70]. A decrease in NRG4 levels was as-
sociated with an increase in carotid intima thickness [71],
an increase in high-sensitivity C-reactive protein concentra-
tion [72], an increase in angiographic severity of IHD [69]
and the acute coronary syndrome [70]. These results sug-
gest that NRG4 may be a novel adipokine with protective
properties against the progression of IHD.

Wang H. et al. [60] demonstrated a protective effect
of NRG4 in diabetic cardiomyopathy. They found that au-
tophagy mediates myocardial improvement through NRG4
intervention and that NRG4 treatment alleviates diabetic
cardiomyopathy by promoting autophagy [73]. AMPK is
a key autophagy activator that suppresses mTOR, a nega-
tive regulator of autophagy. NRG4 can activate AMPK,
inhibit mTOR, and thereby induce autophagy both in vivo
and in vitro [60]. Deletion of NRG4 (NRG4 -/-) in mice has
been shown to exacerbate endothelial dysfunction and pro-
mote inflammation. Wang H. et al. [62] demonstrated that
the anti-atherosclerotic activity of NRG4 is mediated via
ERBB4–AKT–NF-kB signaling. NRG4 represses the tran-
scriptional activity of NF-kB by prior activation of AKT
[74].

The cardioprotective effects of NRG4 may be as-
sociated with a number of direct and indirect mecha-
nisms. Animal studies showed a direct relationship between
NRG4, ERBB4, and activation of downstream signaling
pathways involved in cardiomyocyte proliferation. The
NRG4/ERBB4 signaling pathway not only controls car-
diomyocyte formation, differentiation, and migration [75],
but also plays a critical role in the repair of cardiac in-
juries [36]. NRG4 has anti-apoptotic effects on cardiomy-
ocytes through activation of PI3K/Akt (Fig. 2) and prevents
apoptosis of endothelial cells, smooth muscle cell senes-
cence, and also reduces pro-inflammatory activation of tis-
sue macrophages and their differentiation into foam cells,
thereby inhibiting the progression of atherosclerosis [68].
NRG4 is thus able to regulate the response of the cardiovas-
cular system to inflammation or injury. This adipokine has
beneficial effects in both diastolic and systolic heart fail-
ure and also prevents atherosclerosis. Through its direct
action on cardiomyocytes, endothelial cells, immune cells
and fibroblasts, NRG4 is able to exert a therapeutic effect
in various forms of cardiopathology.

10. RNA-Dependent Epigenetic Regulation
of NRG4 and ERBB4

Mature miRNAs bind to mRNA according to the com-
plementarity principle. Depending on the completeness of
binding, the mRNA is either translationally repressed by

deadenylation and decapping (if complementarity is only
partial) or cleaved and degraded by target hydrolysis (if
complementarity is complete) [76]. In most cases, mi-
croRNAs only partially bind to the target and only repress
protein translation, which is why they are also referred to
as “transcriptome sculptors”. Incomplete complementar-
ity leads to the phenomenon of “multifunctionality”—each
microRNA can regulate hundreds of target genes (multi-
plicativity), and conversely, each target gene can be regu-
lated by numerous microRNAs (cooperativity), suggesting
a complex genetic network [77,78]. MicroRNAs regulate
almost all biological processes in metabolically active tis-
sues. Therefore, their deregulation may serve as an impor-
tant indicator of pathology in these organs.

As previously noted, ERBB4 is able to activate the
phosphorylation of MAPK42/44 (or ERK1/2), which is a
negative regulator of adipogenesis [26–28]. In the study
by Wang et al. (2022) [79], ERBB4 was the target gene
for miR-146a-5p. miR-146a-5p interacts with ERBB4
and thereby promotes pre-adipocyte differentiation via the
ERK1/2/PPAR-γ pathway. In vivo studies have shown that
increased expression of miR-146a-5p correlates with adi-
pogenesis in mice [79].

Huang et al. (2022) [80] demonstrated that miRNa-
205-5p inhibits ERBB4 and AKT phosphorylation in aor-
tic vascular smooth muscle cells induced by oxidized low-
density lipoprotein. Proliferation and migration of aortic
smooth muscle cells are closely related to the development
of atherosclerosis. miRNa-205-5p decreased the cell vi-
ability of smooth muscle cells induced by oxidized low-
density lipoprotein by increasing the expression of Bax/Bcl-
2 and cleaved caspase-3, which are required to stimulate
cell apoptosis. This suggests that miR-205-5p plays an im-
portant role in the initiation and development of atheroscle-
rosis and represents a novel target for alleviating the symp-
toms of atherosclerosis.

In cardiac myocytes from STAT-deficient mice,
knockdown of miR-199a leads to upregulation of ERBB4
protein. Conversely, Erbb4 is downregulated while miR-
199a is overexpressed, and miR-199a has been shown to
bind directly to Erbb4. Knockdown of Erbb4 in cardiomy-
ocytes by a different mechanism (siRNA) leads to a de-
crease in pyruvate content and metabolic activity [81]. Up-
regulation of miR-146a expression in mouse cardiomy-
ocytes after anthracycline treatment with doxorubicin en-
hancedmyocyte damage via targeting theERBB4 gene [82].
Peripartum cardiomyopathy develops in females before or
after child birth. Studies have shown an increase in nine
microRNAs (miR-199a-5p and miR-199a-3p, miR-145a-
5p, miR-130a-3p, miR-135a-5p, miR-221-3p, miR-222-
3p, miR-23a-3p, and miR-19b-3p) in plasma from patients
with PPCM, all targeting the ERBB4 gene. Overexpression
of these microRNAs reduces the expression of ERBB4 in
cardiomyocytes. In a mouse model with cardiomyocyte-
specific suppression of Erbb4, it was shown that deficiency
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of Erbb4 during pregnancy can lead to left ventricular di-
latation and enlargement of cardiomyocytes without ev-
idence of myocardial apoptosis or inflammation. These
findings suggest that ERBB4 is required to protect the ma-
ternal heart from perinatal stress [83].

Recent studies have shown that miR-193b-3p regu-
lates keratinocyte activity, in part by targeting ERBB4. An
association between hyperactivation of ERBB4 protein and
miR-193b-3p deficiency was found in psoriasis [84]. In
addition, miR-204-5p, miR-320b, miR-323a-3p, and miR-
331-3p were upregulated in the anterior cingulate cortex
and habenula of individuals with major depressive disor-
ders. ERBB4 gene expression was downregulated in both
regions and affected by miR-323a-3p in vitro [85].

In our previous study of microRNA profiling in blood
serum, we showed that 23 microRNAs were differentially
expressed in patients with steatohepatitis and in patients
with steatosis [86]. ERBB signaling was significantly en-
riched in the NASH group but not in patients with steato-
sis, suggesting a significant impact of ERBB signaling on
metabolism. The ERBB4 gene was thought to be regu-
lated by miR-423-5p, miR-200c-5p, miR-93-5p, miR-27a-
3p, miR-26a-5p, miR-23a-3p, miR-15b-5p, miR-1-3p, let-
7c-5p, and let-7a-5p. The NRG4 gene was thought to be
regulated by let-7a-5p, let-7c-5p, miR-423-5p, miR-93-5p,
miR-23a-3p, and miR-15b-5p (Fig. 5A, Ref. [86–88]).

Recently, the study of SNPs in miRNAs and their tar-
get genes has attracted increasing interest. Therefore, we
decided to investigate how the interaction between ERBB4
and NRG4 and the microRNAs we identified in our previ-
ous study can bemodulated by the presence of SNPs. Using
the miRNASNP-v3 database [88], we found a SNP in miR-
423-5p (rs766187585(G/T)) in its seed region that enhances
the binding of this miRNA to theNRG4 gene. The presence
of such a substitution in the miRNA is likely to reduce the
expression of NRG4 to a greater extent (Fig. 5B). In con-
trast, the presence of rs782662324(T/G) in hsa-miR-222-
3p and rs1328828703(A/G) in miR-93-5p in their seed re-
gions may abolish full complementarity to the ERBB4 gene
and lead to downregulation of miRNA function (Fig. 5B).
Due to different target prediction algorithms, MirWalk does
not predict ERBB4 as a target for hsa-miR-222-3p, whereas
miRNASNP-v3 does, which requires further study. A fur-
ther search in the database also revealed several SNPs in
ERBB4 and NRG4 that affect binding to the miRNAs iden-
tified in our study. For example, rs1262413833(G/C) and
rs962364205(G/A) in the ERBB4 gene affect the interaction
with miR-1-3p and miR-23a-3p by enhancing and attenuat-
ing the interaction with the miRNA. For NRG4, the SNP
mutation rs1460481822(T/G) was found to affect binding
to let-7a-5p (Fig. 5C).

An analysis of the literature revealed that data on
miRNA-dependent regulation of the NRG4-ERBB4 path-
way in diseases associated with metabolic disorders is lim-
ited and further research is needed. It has been shown

that miR-146a-5p, miRNa-205-5p, miR-199a, miR-193b-
3p, miR-145a-5p, miR-130a-3p, miR-135a-5p, miR-221-
3p, miR-222-3p, miR-23a-3p, and miR-19b-3p directly or
indirectly affect the level of ERBB4 in various pathologies.
In our literature search, we did not find any work analyzing
the interaction of microRNAs with NRG4. Therefore, to
the best of our knowledge, this review is the first to mention
the concept of miRNA-dependent epigenetic regulation of
NRG4. We hypothesize that the presence of SNPs in miR-
222-3p and miR-423-5p, miR-93-5p in their seed regions
and SNPs in the ERBB4 and NRG4 genes, may affect the
interaction between miRNAs and target genes.

11. Conclusions
NRG4 is capable of acting as an autocrine, paracrine,

and endocrine adipokine. ERBB4 is a transmembrane ty-
rosine kinase receptor and its gene is alternatively spliced
in two specific regions of the primary transcript: the C-
terminal cytoplasmic domain (CYT1 and CYT2 variants)
and the juxtamembrane ectodomain (JM-A, JM-B, JM-
C, and JM-D variants). The CYT-2 isoform has a dele-
tion of exon 26, which causes it to lose the ability to di-
rectly activate the downstream signaling proteins PI3KR1-
3 and CBL. Alternative splicing of exons 16 and 15b of
the ERBB4 gene results in the JM-A and JM-B isoforms.
Isoform JM-D contains both exons 16 and 15b, whereas
JM-C contains none. The soluble intracellular domain of
ERBB4—4ICD—is able to enter the mitochondrial matrix
and nucleus and enhance the translocation of transcription
factors and act as a transcription cofactor.

In humans, the NRG4 protein is much shorter than
other members of the neuregulin family. Five splice iso-
forms of NRG4 have been discovered: A1-2 and B1-3; only
the first two isoforms have the ability to activate ERBB4.
Activation of ERBB receptors leads to mobilization of a
variety of metabolic pathways involved in angiogenesis,
lipid and carbohydrate metabolism, growth, proliferation,
regulation of cell death, apoptosis, and autophagy. The
PI3K/AKT pathway can be directly activated by dimers
containing ERBB3/4. In M1 macrophages, NRG4 is able
to induce the mitochondrial apoptosis pathway. In the
presence of metabolic dysfunction and the development of
chronic inflammation, NRG4 expression decreases in adult
and pediatric adipose tissue and in animal models. In con-
trast, levels of NRG4 production are inconsistent in studies
of patients with type 2 DM, which may be related to the
experimental design, the specific analytical methods that
were utilized, and to a greater extent, the demographics of
the population that was studied. Further studies are needed
to determine the effects of drug treatment of type 2 DM
and its effects on serum NRG4 levels and mRNA expres-
sion in metabolically active tissues. In the liver, NRG4
is able to reduce lipid accumulation in liver cells, activate
autophagy, and suppress apoptosis and necroptosis, all of
which are protective mechanisms that inhibit the progres-
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Fig. 5. MicroRNA-dependent regulation of the ERBB4 and NRG4 genes. (A) Relationships between microRNAs and genes of the
ERBB signaling pathway. In our study [86], microRNAs were differentially expressed in patients with NASH, and their interaction with
the ERBB4 and NRG4 genes was bioinformatically predicted by the MirWalk platform [87]. Multiple arrows of a single microRNA
indicate that this microRNA is likely to have multiple targeting sites on the mRNA sequence of the gene. The color of the arrow indicates
the type of targeting, as shown in the legend. (B,C) Single nucleotide polymorphism (SNP) in miRNAs and the ERBB4 and NRG4 genes,
targeting predicted by miRNASNP-v3 [88]. (B) Presence of SNPs in the seed region of miR-423-5p, miR-222-3p and miR-93-5p and
the effects of these SNPs on targeting of the NRG4 and ERBB4 genes. (C) Presence of SNPs in the ERBB4 and NRG4 genes affecting
the binding strength of these genes to miR-1-3p, miR-23a-3p and let-7a-5p miRNAs.

sion of NAFLD. However, the role of NRG4 in the patho-
genesis of NAFLD in humans is still uncertain and needs
to be investigated. NRG4 has direct effects on cardiomy-
ocytes, endothelial cells, immune cells, and fibroblasts, and
may have important therapeutic effects in various forms of
cardiac pathology.

There is very little data on miRNA-dependent regu-
lation of the ERBB pathway in diseases associated with
metabolic disorders. An analysis of the literature re-
vealed that the ERBB4 gene is regulated by miR-146a-5p,
miR-205-5p, miR-199a, miR-193b-3p, miR-145a-5p, miR-
130a-3p, miR-135a-5p, miR-221-3p, miR-222-3p, miR-
23a-3p, andmiR-19b-3p. It was shown for the first time that
let-7a-5p, let-7c-5p, miR-423-5p, miR-93-5p, miR-23a-3p,
and miR-15b-5p most likely regulate NRG4 gene expres-
sion. In addition, the presence of SNPs in the seed regions
of miR-222-3p, miR-93-5p, and miR-423-5p may affect the

interaction with ERBB4 and NRG4. Thus, the presence of
mutations can lead to both gain and loss of function, which
holds great potential for understanding the regulation of bi-
ological processes. This information will need to be veri-
fied in further experimental and clinical studies.
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