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ABSTRACT 

The neuregulin-1 (NRG-1)/ErbB system is an endothelium-controlled paracrine system 

modulating cardiac performance and adaptation. Recent studies indicate that NRG-1 has 

anti-fibrotic effects in the left ventricle (LV), which were explained by direct actions on cardiac 

fibroblasts. However, the NRG-1/ErbB system also regulates the function of macrophages. In 

this study, we hypothesized that the anti-fibrotic effect of NRG-1 in the heart is at least 

partially mediated through inhibitory effects on macrophages. We also hypothesized that the 

anti-fibrotic effect of NRG-1 may be active in other organs, such as skin and lung. First, in a 

mouse model of angiotensin II (ATII)-induced myocardial hypertrophy and fibrosis, NRG-1 

treatment (intraperitoneal; 20µg.kg-1.day-1) significantly attenuated myocardial hypertrophy 

and fibrosis and improved passive ventricular stiffness (4 weeks). Interestingly, 1 week after 

exposure to ATII, NRG-1 already attenuated myocardial macrophage infiltration and cytokine 

expression. Furthermore, mice with myeloid-specific deletion of the ErbB4 gene 

(ErbB4F/FLysM-Cre+/-) showed an intensified myocardial fibrotic response to ATII. 

Consistently, NRG-1 activated the ErbB4 receptor in isolated macrophages, inhibited 

PI3K/Akt and STAT3 signaling pathways and reduced the release of inflammatory cytokines. 

Further experiments showed that the anti-fibrotic and anti-inflammatory effects of NRG-1 

were reproducible in mouse models of bleomycin-induced dermal and pulmonary fibrosis. 

Overall, this study demonstrates that the anti-fibrotic effect of NRG-1 in the heart is linked to 

an anti-inflammatory activity NRG-1/ErbB4 signaling in macrophages. Secondly, this study 

shows that NRG-1 has anti-fibrotic and anti-inflammatory effects in other organs than the 

heart, such as in skin and lung. 

 

Key words: Heart failure / Fibrosis / Neuregulin-1 / Macrophages 
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NEW AND NOTEWORTHY 

Our study contributes to the understanding of the anti-fibrotic effect of NRG-1 during 

myocardial remodeling. We show that the anti-fibrotic effect of NRG-1 is at least 

partially mediated through an anti-inflammatory activity, linked to ErbB4 activation in 

macrophages. Furthermore, we show that this effect is also present outside the heart. 
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INTRODUCTION 

Neuregulin-1 (NRG-1) is an epidermal growth factor (EGF)-related protein which signals 

through erythroblastic viral oncogene homolog (known as ErbB receptors) with various 

regulatory effects in the heart. NRG-1 is synthesized by and released from endothelial cells 

in the endocardium and myocardial microvasculature as a response to mechanical stretch, 

hypoxia and signaling peptides such as endothelin-1, contributing to paracrine intercellular 

communication in ventricular tissue.(8, 14, 16) In the adult heart, solubilized NRG-1 binds to 

membrane receptor tyrosine kinases ErbB4 of adjacent cardiomyocytes. This leads to ErbB4 

homodimerization or heterodimerization with ErbB2, with subsequent transphosphorylation of 

the ErbB cytoplasmic signaling tails which induces intracellular activation of the PI3K/Akt, 

MAPK/ERK, Src/focal adhesion kinase, and nitric oxide synthase (NOS). (9, 12, 40)  Mice 

with specific deletion of NRG-1, ErbB2 and ErbB4 expression show failure of cardiac 

development and death in utero.(13, 23, 24, 34, 41) These studies revealed that NRG-1 

required the formation of ErbB2/ErbB4 heterodimers to regulate the progression from a 

single-cell layer of ventricular myocardium to the formation of trabeculae. Also in the 

postnatal heart, the NRG-1/ErbB system remains to play a crucial role for the maintenance of 

structural and functional integrity of the adult heart.(15) This was accidentally discovered in 

women with metastatic breast cancer, developing heart failure during treatment with the anti-

ErbB2 antibody trastuzumab.(31) In subsequent studies, mice with endothelium-specific 

deletion of NRG-1 and with conditional cardiomyocyte-specific deletion of ErbB2 and ErbB4 

survived birth but developed dilated cardiomyopathy post-natally and showed increased 

susceptibility to ischemic insults, pressure overload or cardiotoxic medication.(6, 7, 26) 

Overall, these findings indicate that the paracrine NRG-1/ErbB signaling axis between 

endothelium and cardiomyocytes is required for physiological adaptation of the heart to 

changing demands and environmental factors.  

Based on these findings, the therapeutic effects of exogenously administrated recombinant 

human (rh)NRG-1 were tested in animal models with cardiomyopathy.(2, 18, 20, 38) Many 
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studies using different experimental set-ups and regimens have shown promising results, 

prompting development of NRG-1 as a biological drug for heart failure; phase III clinical trials 

are ongoing (ZS-01-210 www.ClinialTrials.gov).(5, 11) Interestingly, pre-clinical studies with 

the glial growth factor-2 (GGF2) isoform of NRG-1 have indicated that the cardiac effects of 

NRG-1 may go beyond the activation of ErbB receptors on cardiomyocytes and include the 

regulation of fibroblasts, which may further explain the beneficial effects of NRG-1 on left 

ventricle (LV) remodeling. In particular, in a swine model of myocardial infarction, Galindo et 

al. showed that GGF2 attenuated myocardial fibrosis, altered extracellular matrix (ECM) 

structure, and reduced the number of myofibroblasts.(4) These authors postulated that the 

anti-fibrotic effects of GGF2 occur through direct inhibitory effects on cardiac fibroblasts.(4) 

Recent studies indicate, however, that the NRG-1/ErbB pathway also regulates the function 

of macrophages, which are important regulators of tissue inflammation and regeneration. 

Schumacher et al. demonstrated that ErbB4 activation on pro-inflammatory macrophages 

stimulates apoptosis, serving as a feed-back regulation during colonic inflammation.(30) 

Ryzhof et al. found that human peripheral blood mononuclear cells express ErbB receptors 

and are responsive to GGF2.(29)  

Further building on these observations, we hypothesized that the anti-fibrotic effect of NRG-1 

in the heart is partially mediated through inhibitory actions on macrophages. Since tissue 

inflammation and fibrosis is a general pathophysiologic mechanism of dysfunction, we also 

hypothesized that NRG-1 has anti-fibrotic and anti-inflammatory effects in other organs.  

MATERIALS AND METHODS 

Animal models and study design 

All experiments were approved by the institutional ethics committee and conform to the 

Guide for the Care and Use of Laboratory Animals, 8th edition published by the US National 

Institutes of Health in 2011.  
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The anti-inflammatory and anti-fibrotic effect of rhNRG-1 was examined in 3 different fibrotic 

disorders; angiotensin II (ATII)-induced myocardial fibrosis, bleomycin (BLEO)-induced 

dermal fibrosis and BLEO-induced pulmonary fibrosis. 

Myocardial inflammation and fibrosis was induced in 8-week-old male C57BL/6N mice (n=10 

per group, JAX) by ATII treatment (1000ng.kg-1.day-1, respectively 4, 7 or 10 days and 4 

weeks as indicated, Sigma Aldrich) using micro-osmotic pumps (model 1004 or model 

1007D, Alzet) as previously described.(10) Control mice were sham-treated with phosphate-

buffered saline (PBS). Simultaneously, subgroups were treated with daily intraperitoneal 

injections of either rhNRG-1 (β-isoform, 20µg.kg-1.day-1, Peprotech) or PBS. rhNRG-1 

treatment was started directly after implanting the micro-osmotic. Animals were randomly 

assigned in each model. 

Dermal inflammation and fibrosis was induced in 8-week old male C57Bl/6N mice 

(n=10/group) by daily interscapular subcutaneous injections of BLEO (1U.kg-1, respectively 7 

days and 4 weeks, Sigma). Control mice were sham-treated with PBS. Simultaneously, 

subgroups were treated with daily subcutaneous injections of either rhNRG-1 (β-isoform, 

20µg.kg-1.day-1, Peprotech) or PBS. rhNRG-1 treatment was started directly after the first 

BLEO injection.  

Pulmonary inflammation and fibrosis was induced in 12-week old male C57BL/6N mice 

(n=10/group) by a single intratracheal instillation of BLEO (4U.kg-1, respectively 7days and 

2weeks) using a 27-gauge needle as previously described.(25) Survival was monitored for 

28 days after BLEO installation. Control mice were sham-treated with PBS. Simultaneously, 

subgroups were treated with daily intraperitoneal injections of either rhNRG-1 (β-isoform, 

20µg.kg-1.day-1, Peprotech) or PBS. rhNRG-1 treatment was started after the single BLEO 

administration.  

ErbB4F/FLysM-Cre+/- knock-out (KO) mice were generated by breeding LysM-Cre+/+ mice 

(B6.129P2-Lyz2tm1(cre)Ifo/J, 004781, JAX) with ErbB4F/F mice (B6;129-Erbb4tm1Fej/Mmucd, 
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#010439-UCD, MMRRC) carrying loxP-flanked ErbB4 alleles. Myocardial and dermal 

inflammation and fibrosis were induced in the KO mice and compared with ErbB4+/+LysM-

Cre+/- wild type (WT) littermates. 

Hemodynamic measurements 

Invasive hemodynamic measurements were recorded as previously described.(21) Briefly, 

anesthetized mice (with a mixture of urethane (1000 mg.kg-1), etomidate (10 mg.kg-1) and 

morphine (1 mg.kg-1)) were mechanically ventilated and fluid was administered via the left 

jugular vein. After thoracotomy, a four-electrode pressure conductance catheter (1.4F, SPR-

839, Millar Instruments) was inserted into the LV through the apex. After stabilization, steady-

state measurements were recorded. Subsequently, LV preload was decreased by occlusion 

of the inferior vena cava for 5-10s to derive load-independent parameters of contractility 

(Powerlab/4SP, ADInstruments, LabChart 7 Pro Software). Both steady-state and load-

independent parameters were determined offline in a blinded fashion using PVAN 3.5 

Software (Millar Instruments). Hemodynamic recordings measured were the heart rate (HR); 

end-systolic volume (Ves); end-diastolic volume (Ved); stroke volume (SV); ejection fraction 

(EF); cardiac output (CO); stroke work (SW); arterial elastance (Ea); end-diastolic pressure 

(Ped); slope of the end-systolic pressure-volume relationship (ESPVR); preload recruitable 

stroke work (PRSW); slope of the end-diastolic pressure-volume relationship (EDPVR). 

Echocardiographic evaluation 

Transthoracic echocardiograms were performed on lightly anesthetized mice (1.5-2% 

(vol/vol) isoflurane (Forene®, Abbvie)) using the Vevo 2100 Imaging System (VisualSonics) 

equipped with a MS400 probe for mice. A 2D short axis-view of the mid LV was obtained at 

chordal level using the B-mode. Intraventricular septum thickness (IVSd, IVSs), LV posterior 

wall thickness (LVPWd, LVPWs) and LV internal diameter in diastole and systole (LVIDd, 

LVIDs) were measured on three consecutive M-mode cycles and averaged by a single 
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observer in a blinded fashion. Afterwards, fractional shortening (FS%) and EF were 

calculated. 

Histological analysis  

The apical half of the heart, skin and left lung were fixed in 4% buffered formalin and 

embedded in paraffin. Sections were stained for Masson’s trichrome according to the 

manufacturer’s instructions or with antibodies specific for Mac3 (PharMingen) to determine 

tissue fibrosis and macrophage infiltration. In the heart sections, cardiomyocyte outline and 

capillaries were stained with laminin (Novus Biologicals) and biotinylated  isolectin 4 (IB4, 

Vector laboratories) to determine cardiomyocyte-cross sectional area and capillary density. 

Images were acquired with an Olympus U-TU1X-2 microscope and analyzed with ImageJ 

1.42 software. Pulmonary and cardiac fibrosis was quantified by calculating the percentage 

of positively stained ECM area to total tissue area in digitalized microscopic images. Severity 

of dermal fibrosis was determined by measuring dermal thickness between epidermal-dermal 

junction and dermal-hypodermal junction. Macrophage infiltration was quantified by 

calculating percentage of macrophage infiltration. Cardiomyocyte cross-sectional areas were 

calculated by averaging over 20 representative cardiomyocytes per section per animal (5 

sections per animal) after measuring the cross sectional area cardiomyocytes at the nucleus 

level using Image J. Capillary density was calculated by measuring the number of capillaries 

per mm² on 5 images per animal. Quantification was performed by a person blinded to the 

treatment protocol. 

Cell culture 

Primary fibroblasts were isolated from mouse heart tissue biopsies as previously 

described.(33) Fibroblasts were cultured in Dulbecco's Modified Eagle Medium (DMEM, 

Invitrogen) containing 10% heat-inactivated Fetal Bovine serum (FBS) (Invitrogen), 100 

U.mL−1 penicillin, 100 µg.mL−1 streptomycin. The purity of the fibroblasts was verified by 

vimentin staining (ab92547, Abcam). 
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Cardiomyocytes were isolated from adult mice as reported previously.(16)  Briefly, the 

ventricles were cut into pieces, and incubated overnight at 4 °C in 0.05% trypsin (Invitrogen). 

Ventricular tissue was then digested with collagenase type XI (1hour, 1000U.mL-1, Sigma-

Aldrich) and centrifuged at 50×g to remove less dense cells. These cells were plated in 

DMEM containing 10%FBS, 100U.mL−1 penicillin, 100µg.mL−1 streptomycin. 

The murine macrophage cell line J774.1 (ATCC) was grown in DMEM supplemented with 

FBS, penicillin and streptomycin. J774.1 cells were stimulated with LPS (100ng.mL-1, 

PeproTech) for 8hours in the presence or absence of rhNRG-1β (50ng.mL-1). ErbB receptor 

phosphorylation was determined after 15 minutes of rhNRG-1β-exposure. Bone marrow-

derived monocytes were obtained as previously described.(32) Briefly, bone-marrow was 

flushed out of the femur/ tibia with RPMI1640 medium containing 20mg.mL−1 heparin using a 

25-gauge needle. Finally, bone-marrow cells were cultured in RPMI1640 medium 

supplemented with 15% L929-cell conditioned medium, antibiotics and 10% FBS. All cells 

were cultured in a humidified 5%CO2 incubator at 37°C. 

Western analysis and immunoprecipitation 

Western analysis and immunoprecipitation were performed as described previously.(14) 

Membranes (PVDF; Invitrogen) were incubated overnight with primary antibodies ErbB4 

(sc283) and phospho-tyrosine-horseradish peroxidase (HRP,sc508) (Santa Cruz), ErbB2 

(ab16901), collagen-1 (ab34710) (Abcam) and, phospho-signal transducer and activator of 

transcription-3 (P-STAT3,9131), STAT3 (9132), phospho-extracellular signal–regulated 

kinase 1/2 (P-ERK1/2,9101), ERK1/2 (9102), phospho-phosphatidylinositide 3-kinase 

p85/p55 (P-PI3K,4228), PI3K p85 (4292), phospho-protein kinase B (P-Akt,4058) and Akt 

(9272) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH,2118) (Cell signaling) at 

4°C, all diluted at 1:1,000, detected with HRP-conjugated antibodies anti-rabbit (sc2030) or 

anti-mouse (sc2314) (Santa Cruz) and enhanced using chemiluminescence (Invitrogen). 

Western blots were analyzed using ImageJ 1.42 software. 
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Real-Time quantitative PCR 

mRNA expression was analyzed by quantitative PCR using Taqman real-time PCR 

(Invitrogen) performed on a 7300 Real-Time PCR system (Applied Biosystems). Total RNA 

was extracted from cells or tissue with Mammalian Total RNA Miniprep kit (Qiagen). 

Following Taqman primers were used (Invitrogen); NRG-1 (Mm01212130_m1), collagen 1a1 

(COL1A1, Mm00801666_g1), collagen 3a1 (COL3A1, Mm01254476_m1), fibronectin-1 

(Mm01256744_m1), fibroblast-specific protein-1 (FSP-1 or s100a4,Mm00803372_g1), 

interleukin-6 (IL6, Mm00446190_m1), interleukin-1β (IL1β, Mm00434228_m1), tumor 

necrosis factor-α (TNFα, Mm00443258_m1), interferon-γ (IFNγ, Mm01168134_m1), 

transforming growth factor-β1 (TGFβ1, Mm01178820_m1), and inducible nitric oxide 

synthase (iNOS, Mm00440502_m1). 

White blood cell count 

Peripheral blood of ErbB4+/+LysM-Cre+/- and ErbB4F/FLysM-Cre+/- mice was collected via 

cardiac puncture, drawn into EDTA collection tubes and quickly mixed by inversion. White 

blood cells were measured on a Sysmex XS 1000i automated hematology analyzer. Blood 

smears were prepared by an Advia 2120i Hematology System (Siemens). A May-Grünwald 

Giemsa staining was used for morphological inspection of the white blood cells to count 

macrophages, neutrophils and lymphocytes. A Leica DMLB fluorescent microscope was 

used for differential manual counting of 200 white blood cells. 

Flow cytometry 

Lungs were removed, finely minced and incubated for 30 minutes in RPMI 1640 containing 

collagenase XI and DNAase 1 (Sigma Aldrich). After digestion, lung cells were dispersed by 

gently pipetting followed by filtration through a 40 µm cell strainer. EDTA-treated whole blood 

was collected and incubated with red blood cell lysis buffer (Sigma Aldrich). The fluorophore-

conjugated monoclonal antibodies used to characterize leukocytes, macrophages, 
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monocytes and neutrophils are listed in table 1. Rat anti-mouse CD16/32 antibody 

(Biolegend) was used to block nonspecific Fc-receptor binding. Cells were analyzed on a BD 

Accuri C6 flow cytometer (BD Biosciences). Debris and dead cells were excluded based on 

forward scatter, side scatter and positive staining for propidium iodide (Life Technologies). 

Data analysis was performed with FCS Express 4 (De Novo Software). Flow cytometry 

gating strategy for myeloid cell populations in blood and lung tissue is shown in figure 7. 

Data analysis and statistics 

Data are expressed as means ± SEM. Differences between groups were analyzed by one-

way or two-way ANOVA with Bonferroni corrections for multiple comparisons. Western blots 

were subjected to densitometric analysis using ImageJ 1.42 software. Mortality was analyzed 

using the Gehan-Breslow-Wilcoxon test. Statistical significance was defined as p<0.05. All 

statistical analyses were done using GraphPad Prism 7 and IBM SPSS Statistics 22.
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RESULTS  

NRG-1 attenuates ATII-induced myocardial fibrosis and prevents ATII-induced LV 

diastolic stiffening 

Delivery of ATII to C57Bl/6N mice with micro-osmotic pumps induced LV hypertrophy, 

interstitial myocardial fibrosis and increased LV diastolic stiffening (increased slope of the 

end diastolic pressure volume relation, EDPVR) (Fig.1A,B, C and Table 2). RhNRG-1 (further 

abbreviated as NRG-1) treatment mitigated ATII-induced hypertrophy (attenuating LV wall 

thickening, increased heart weight/body weight ratio and increased cardiomyocyte cross 

sectional area (Fig.1A)) without influencing the LV internal diameter. ATII-induced myocardial 

fibrosis was also significantly reduced by NRG-1 treatment from 2.9±.0,3% to 0.7±0.5%, 

(p<0.001, Fig.1B). Furthermore, NRG-1 decreased upregulation of LV COL3A1 mRNA 

(p<0.001, Fig.1B). At a functional level, NRG-1 prevented the ATII-induced LV diastolic 

stiffening and restored LV stroke volume (Table 2, Fig.1C, representative pressure-volume 

loops). Neither ATII, nor NRG-1 affected parameters of LV systolic function (Table 2) or 

capillary density (Fig.1D). Interestingly, upon induction of ATII-induced myocardial fibrosis in 

C57Bl/6N mice, endogenous NRG-1 expression in the heart rapidly increased more than 10-

fold within the first 10 days, returning to normal levels after 4 weeks (Fig.1E). 

These observations on the anti-fibrotic effects of NRG-1 are consistent with previous 

observations by Galindo et al. in a model of myocardial infarction and by Li et al in a model of 

diabetic cardiomyopathy.(4, 17) The increased endogenous NRG-1 expression in the 

myocardium during the early, inflammatory, phase of myocardial fibrosis, suggests early 

counter-regulatory effects of the NRG-1/ErbB system. Therefore, we further explored 

whether NRG-mediated anti-inflammatory effects contributed to its anti-fibrotic effects.   

NRG-1 attenuates macrophage infiltration and cytokine expression 

Seven days after starting ATII-treatment in C57BL/6N mice, histological sections showed 

increased density of macrophages within the myocardium (Fig.2A). Co-treatment with NRG-1 
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significantly attenuated macrophage density in the myocardium (p<0.05, Fig.2A) and also 

significantly reduced ATII-induced up-regulation of iNOS mRNA (Fig.2B). There was a trend 

towards attenuated induction of TGFβ mRNA (p=0.07) and TNF mRNA (p=0.11) by NRG-1 

(Fig.2B). Expression of IL-6 mRNA was not affected.  

These data show that NRG-1 has anti-inflammatory effects during ATII-induced myocardial 

fibrosis, provoking the hypothesis that these effects may contribute to attenuation of 

subsequent fibrosis. 

ErbB4 gene deletion in myeloid cells exacerbates cardiac fibrosis 

To further test this hypothesis, we generated myeloid-specific ErbB4 KO mice by breeding 

LysM-Cre+/+ with ErbBF/F mice carrying loxP-flanked ErbB4 alleles. Analysis of ErbB4 protein 

expression in different cell types cultured from these transgenic mice showed that ErbB4 

expression was fully silenced in macrophages of ErbB4F/FLysM-Cre+/- mice, and unchanged 

in cardiomyocytes and fibroblasts (Fig.3A). ErbB4F/FLysM-Cre+/- KO mice exhibited no 

phenotypic abnormalities at baseline and in particular showed normal white blood cell counts 

in blood, normal heart and spleen weights, normal echocardiographic parameters and no 

signs of spontaneous myocardial fibrosis (Table 3, Fig.3C). Interestingly, after 7 days of ATII 

treatment, also LV macrophage density was similar in ErbB4F/FLysM-Cre+/- KO mice and their 

WT littermates (Fig.3B). By contrast, after 4 weeks of ATII treatment ErbB4F/FLysM-Cre+/- KO 

mice showed a significantly exaggerated myocardial fibrotic response in comparison to their 

WT littermates (p<0.05, Fig.3C), this in the presence of a normal LV hypertrophic response.  

Taken together, these data show that NRG-1 acts as an anti-inflammatory substance, and 

that deletion of ErbB4 in macrophages aggravates ATII-induced myocardial fibrosis. The 

NRG-1/ErbB4 system thus seems to act as a counter-regulatory system to attenuate 

myocardial fibrosis, and a direct inhibitory action on myeloid inflammatory cells seems to be 

part of the underlying mechanism.    
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NRG-1 directly downregulates PI3K/AKT and STAT3 signaling and cytokine synthesis 

in cultured J774.1 macrophages 

We further studied the direct actions of NRG-1 on macrophages. Consistent with previous 

experiments by Xu et al., cultured J774.1 macrophages expressed ErbB3 and ErbB4 protein 

(Fig.4A), but expression of ErbB2 was absent (not shown).(39) Treatment of these 

macrophages with NRG-1 increased ErbB4 phosphorylation, whereas levels of 

phosphorylated ErbB3 remained unchanged. Strikingly, NRG-1 suppressed LPS-induced 

activation of inflammatory genes, including IL-1, IL-6, iNOS and TNF, the latter reaching 

borderline statistical significance (p=0.06) (Fig.4B). In addition, consistent with an inhibitory 

action on cytokine expression of ma  crophages, NRG-1 also attenuated phosphorylation of 

PI3K, Akt and STAT3 in J774.1 macrophages, whereas ERK1/2 was slightly and transiently 

activated (Fig.4C). 

NRG-1 has anti-inflammatory and anti-fibrotic effects in skin and lung 

Since tissue inflammation and subsequent fibrosis is a general mechanism of dysfunction in 

many tissues, we analyzed whether anti-inflammatory and anti-fibrotic effects by NRG-1 

could be recapitulated in BLEO-induced dermal fibrosis, and in BLEO-induced pulmonary 

fibrosis. 

First, we observed that NRG-1 also has anti-inflammatory effects in the skin of C57BL/6N 

mice. Figure 5A demonstrates that daily treatment with NRG-1, started upon subcutaneous 

BLEO-injections, robustly attenuated dermal infiltration of macrophages and inhibited dermal 

upregulation of IL6, IL1β, TNFα and IFNγ mRNA. NRG-1 also attenuated BLEO-induced 

dermal fibrosis and thickening (p<0.001 vs. BLEO) and inhibited the upregulation of pro-

fibrotic markers, including induced expression of collagen, fibronectin-1 and FSP-1 (Fig.5B-

C). Interestingly, subcutaneous BLEO-exposure of the ErbB4F/FLysM-Cre+/- mice showed 

increased macrophages density in the dermis after 7 days (p<0.05) and exaggerated dermal 

fibrosis (p<0.001) after 4 weeks in comparison to WT littermate controls (Fig.5D-E). 
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Second, whereas a single intra-tracheal BLEO injection induced severe pulmonary 

inflammation within the first week in C57BL/6N mice, NRG-1 tended to attenuate infiltration 

of macrophages in BLEO-treated lungs (from 5.7% to 2.9%, p=0.2), and significantly inhibited 

mRNA expression of the inflammatory cytokines IL-1, IL-6, and TNF- (Fig.6A). After 2 

weeks of NRG-1 treatment, BLEO-exposed mice developed less pulmonary fibrosis 

(p<0.001, Fig.6B). In addition, survival rates of these mice following intra-tracheal BLEO 

injection increased from 10% to 29% at 28 days (p<0.05, Fig.6C). Anti-inflammatory effects 

of NRG-1 in the BLEO-treated lung were confirmed by flow cytometry analysis of blood and 

lung tissue (Fig.7-8). NRG-1 treatment normalized the number of Gr-1+ cells (neutrophils), 

Ly6Clow cells (anti-inflammatory monocytes), and Ly6Chigh cells (inflammatory monocytes) in 

blood of BLEO-exposed mice (Fig.8A). In lung tissue, NRG-1 treatment prevented influx of 

Gr-1+ cells and Ly6Chigh cells, increased the amount of Ly6Clow cells and had no effect on 

tissue-resident macrophages, including F4/80+CD11bint cells (alveolar macrophages) and 

F4/80+CD11b+ cells (interstitial macrophages) (Fig.8B).  

DISCUSSION  

This study shows the anti-inflammatory and anti-fibrotic effects of NRG-1 during tissue 

fibrosis through ErbB4-mediated direct inhibitory effects on macrophages. First, the anti-

fibrotic effect of NRG-1 in a mouse model of ATII-induced myocardial fibrosis was confirmed. 

Subsequently, during the stage of ATII-induced myocardial inflammation, NRG-1 reduced the 

density of myocardial macrophages and the myocardial expression of cytokines, reflecting a 

suppressed inflammatory state (Fig. 2A-B). The exaggerated cardiac fibrotic responses of 

ErbB4F/FLysM-Cre+/- mice (Fig.3 and 5) illustrated that direct ErbB4-mediated actions of NRG-

1 on macrophages are of crucial importance during the process of myocardial fibrosis. In 

cultured macrophages, NRG-1 activated the ErbB4 receptor, downregulated several 

signaling cascades and reduced synthesis of cytokines (Fig.4A-C), which at least partly 

unmasks the mechanisms underlying the in vivo observations. Interestingly, anti-

inflammatory and anti-fibrotic effects of NRG-1 were reproducible in skin and lung, extending 
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the regulatory effects of NRG-1 beyond the heart and to other triggers of fibrosis (Fig.5-6). 

Several aspects of these observations deserve further discussion.  

Galindo and coworkers showed that GGF2 attenuates ventricular fibrosis in swine after a 

post-myocardial infarction and postulated direct effects of GGF2 on cardiac fibroblasts.(4) 

However, we observed that NRG-1 gene expression is upregulated during the early 

inflammatory phase of the fibrosis process, moreover, recent reports indicate that 

macrophage function is regulated by NRG-1 (29, 30). This led to the hypothesis that the anti-

fibrotic effects of NRG-1 may  also involve anti-inflammatory effects. Tissue resident 

macrophages along with recruited monocytes are important drivers of inflammatory and 

tissue regenerative responses.(37) Upon tissue damage or overload, chemokines and 

cytokines induce infiltration and activation of macrophages, followed by the activation and 

proliferation of fibroblasts, ECM synthesis, and finally, tissue fibrosis. This study suggests 

that upon exposure to fibrotic stimuli, tissue NRG-1 is released, activates ErbB4 receptors in 

macrophages, downregulates the PI3K/AKT signaling cascade and the phosphorylation of 

STAT3, and subsequently decreases the release of pro-inflammatory cytokines (IL-1β, IL-6, 

iNOS and TNFα) (Fig.9). Suppression of inflammation will result into reduced organ fibrosis. 

Surprisingly, NRG-1 downregulated the PI3K/AKT-pathway in J774.1 macrophages while in 

other cell types, including cardiomyocytes and breast cancer cells, this pathway is strongly 

activated. A possible explanation for the difference in intracellular response may be the lack 

of ErbB2 expression in macrophages. A previous study in lung epithelial cells by Lui et al has 

shown that NRG-1 activates the JAK/STAT signaling pathway through ErbB2/ErbB3 

heterodimers.(19) Since ErbB2 was not expressed and ErbB3 was not phosphorylated by 

NRG-1, we assume that the dephosphorylation of STAT is due to ErbB4 activation. 

In vivo, ErbB4 activation with NRG-1 reduced the number of tissue macrophages during 

inflammation in heart, skin and lung. This observation may be explained by a scenario in 

which NRG-1 attenuates the recruitment of new monocytes or alternatively induces 

macrophage clearance. In this study, we only have evidence for the first scenario. Cytokines 
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released by activated macrophages play a major role in the recruitment and activation of 

circulating monocytes.(36) Our in vivo and in vitro data show that NRG-1 decreases the 

cytokine production of activated macrophages, which could lead to reduced recruitment of 

new circulating monocytes. However, a recent study by Schumacher et al. showed that 

activation of ErbB4 activation also induces macrophage clearance by inducing apoptosis, 

thereby promoting resolution of colonic inflammation through death of activated 

macrophages.(30). Whether induction of macrophage apoptosis by NRG-1 contributes to the 

observations in the present paper deserves further investigation.   

The observations in this study challenge a number of important conceptual paradigms in the 

field. Traditionally, the NRG-1/ErbB system is regarded as a protective and regenerative 

system in the heart through the activation of ErbB4/ErbB2 signaling on cardiomyocytes.(1, 3)  

However, expression of ErbB2 in cardiomyocytes decreases 1 week after birth, conflicting 

with the fact that the adult failing heart remains sensitive to the therapeutic effects of NRG-

1.(3, 22) This paper adds to the conjecture that also non-myocytes are involved in the 

therapeutic effects of NRG-1 in heart failure, and that cardioprotective effects of NRG-1 may 

be independent of ErbB2..   

This study shows combined anti-inflammatory and anti-fibrotic effects of NRG-1 in different 

organs, including skin, lung and heart. There is growing evidence that the NRG/ErbB system 

is active in various organs throughout the organism.(15, 28, 35) NRG-1, other neuregulins 

and ErbB receptors are widely expressed, including in mammary glands, lung, liver, gut, 

brain, skeletal muscle and kidneys, which implies a wide physiological role of the NRG/ErbB 

system.(27) The observation that the NRG-1/ErbB pathway has anti-fibrotic activity in various 

organs endorses this conjecture. Accordingly, when used as a cardioprotective or 

cardioregenerative drug during chronic heart failure, “off-target” effects in other organs may 

be expected. However, given that these effects include anti-inflammatory and anti-fibrotic 

activity, the overall pharmacological result of these “off-target” effects may be advantageous. 

In addition, this study suggests that drug therapy with NRG-1 may have a broader indication 
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than heart failure, and may include inflammatory and fibrotic disorders. Obviously, further 

research is necessary to substantiate this hypothesis. 

In conclusion, this study shows that the anti-fibrotic effect of NRG-1 is linked to the anti-

inflammatory activity of the NRG-1/ErbB4 pathway in macrophages. Moreover, this study 

also shows anti-inflammatory and anti-fibrotic effects of NRG-1 outside the heart, and more 

particularly in skin and lung.   
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Figure 1. NRG-1 attenuates ATII-induced myocardial fibrosis and LV diastolic 

stiffening. A. Echocardiographic measurements, heart weight/body weight ratio and 

cardiomyocyte cross-sectional area of C57Bl/6N mice treated for 4 weeks with either PBS, 

NRG-1, ATII or ATII+NRG-1. B. Left: Representative Masson’s Trichrome stained LV 

sections of C57Bl/6N mice treated for 4 weeks with either PBS, NRG-1, ATII or ATII+NRG-1 

(scale bar=100µm). Right: Quantification of percentage of fibrotic area by Masson’s 

Trichrome (n=10-12/group). Fold induction of COL3A1 mRNA expression levels in LV tissue 

samples of the same mice. C. Representative pressure-volume loops of ATII-treated mice 

versus ATII with NRG-1-treated mice. Mean values of slope EDPVR in C57Bl/6N mice 

treated with PBS, NRG-1, ATII (micro-osmotic pumps) and ATII with NRG-1 and mean 

values of end-systolic pressure-volume relationships (slope ESPVR) (n=10-12/group). D. 

Measurements of capillary density/mm² of C57Bl/6N mice treated for 4 weeks with either 

PBS, NRG-1, ATII or ATII+NRG-1. E. NRG-1 mRNA expression levels in ATII-treated 

C57BL/6N mice after 4, 10 and 28 days (n=10/group). *p<0.05,**p<0.01,***p<0.001; Results 

as mean ± SEM. 
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Figure 2. NRG-1 attenuates ATII-induced myocardial inflammation A. Left: 

Representative Mac3 stained LV sections of C57Bl/6N mice treated for 7 days with PBS, 

NRG-1, ATII and ATII+NRG-1 (Scale bar=100µm). NRG-1 treatment was started after 

implanting the micro-osmotic pumps. Right: Quantification of area of Mac3 staining 

compared to total area (n=10/group). B. Bar graphs representing IL6, iNOS, TNFα and TGFβ 

mRNA expression in LV (n=6/group). *p<0.05,**p<0.01,***p<0.001; Results as mean ± SEM 
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Figure 3. ErbB4 gene deletion in myeloid cells exacerbates myocardial fibrosis. A. 

ErbB4 protein levels in macrophages (Mϕ), cardiomyocytes (CM), and fibroblasts (fibro) of 

ErbB4+/+LysM-Cre+/- (Mye-WT) and ErbB4F/FLysM-Cre+/- (Mye-KO) mice using Western blot 

(repeated twice). B. Representative Mac3 stained LV sections of mye-WT littermate controls 

and mye-KO mice treated for 7 days with PBS or ATII (Scale bars=100µm). Quantification of 

percentage of area of Mac3 staining compared to total area (n=7/group). C. Representative 

Masson’s Trichrome stained LV sections and heart weights of Mye-WT littermate controls 

and Mye-KO mice treated for 4 weeks with PBS or ATII (Scale bars= respectively 1000µm 

and 100µm). Quantification of percentage of fibrotic area by Masson’s Trichrome 

(n=10/group). *p<0.05,**p<0.01,***p<0.001; Results as mean ± SEM 
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Figure 4. NRG-1 suppresses J774.1 macrophage activation. A. Western blot analysis 

confirming the expression of ErbB3 and ErbB4, and the phosphorylation of ErbB4 receptors 

in J774.1 macrophages (repeated twice). J774.1 macrophages were exposed with NRG-1 for 

15 minutes. B. Bar graphs of IL6, IL1β, TNFα, and iNOS mRNA expression in J774.1 

macrophages treated for 8 hours with PBS, NRG-1, LPS and LPS with NRG-1 (n=8/group). 

C. Protein levels of (P-)AKT, (P-)ERK, (P-)PI3K and (P-)STAT3 determined with Western blot 

analysis in J774.1 macrophages after 0-15-30-60 and 120 min of NRG-1 exposure (repeated 

twice). *p<0.05,**p<0.01,***p<0.001; Results as mean ± SEM 
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Figure 5.  NRG-1 attenuates BLEO-induced dermal inflammation and fibrosis and 

ErbB4 gene deletion exacerbates dermal inflammation and fibrosis. A. Left: 

Representative Mac3 stained skin sections of C57Bl/6N mice treated for 7 days with PBS, 

NRG-1, BLEO (daily subcutaneous injections) and BLEO with NRG-1 (Scale bar=100µm). 

NRG-1 treatment was started directly after the first BLEO injection. Right: Quantification of 

percentage of area of Mac3 staining compared to total area (n=10/group). Bar graphs 

showing fold induction of mRNA expression of IL6, IL1β and TNFα, and IFNγ in skin samples 

(n=10/group). B. Left: Representative Masson’s Trichrome stained skin sections of C57Bl/6N 

mice treated for 4 weeks with either PBS, NRG-1, BLEO or BLEO with NRG-1 (scale 

bar=150µm). Right: Quantification of dermal thickness (150µm, n=10/group). Bar graphs 

showing fold induction of mRNA expression of COL1A1, COL3A1, fibronectin-1, and FSP-1 

in skin samples (n=10/group). C. Western blot analysis on skin sections using a specific 

antibody to collagen-1 (n=5/group). D. Left: Mac3 stained skin sections of ErbB4+/+LysM-

Cre+/- (Mye-WT littermate controls) and ErbB4F/FLysM-Cre+/- (Mye-KO) mice treated for 

7days with PBS or BLEO (scale bar=100µm). Right: Quantification of percentage of area of 

Mac3 staining compared to total area (n=8/group). E. Left: Masson’s Trichrome stained skin 

sections of Mye-WT littermate controls and Mye-KO mice treated for 4 weeks with PBS or 

BLEO (scale bar=150µm). Right: Quantification of dermal thickness (n=8/group).. *p<0.05, 

**p<0.01, ***p<0.001; Results are expressed as mean ± SEM. 
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Figure 6. NRG-1 attenuates BLEO-induced pulmonary inflammation and fibrosis. A. 

Left: Representative Mac3 stained left lung sections of C57Bl/6N mice treated for 7 days with 

PBS, NRG-1, BLEO (single intratracheal instillation), and BLEO with NRG-1 (Scale 

bar=150µm). NRG-1 treatment was started directly after the single intratracheal BLEO 

instillation. Right: Quantification of percentage of area of Mac3 staining compared to total 

area (n=10/group). Bar graphs showing fold induction of mRNA expression of IL6, IL1β and 

TNFα. (n=10/group). B. Left: Representative Masson’s Trichrome stained left lung sections of 

C57Bl/6N mice treated for 2 weeks with either PBS, NRG-1, BLEO (single intratracheal 

injection) or BLEO with NRG-1 (Scale bar=150µm). NRG-1 treatment was started directly 

after the intratracheal BLEO instillation. Right: Quantification of percentage of fibrotic area 

(n=10/group). Bar graphs showing fold induction of mRNA expression of COL1A1, COL3A1, 

fibronectin-1, and FSP-1 in lung samples (n=10/group). C. Effects of NRG-1 on pulmonary 

fibrosis-induced mortality in BLEO or BLEO with NRG-1 treated C57Bl/6N mice 

(n=30/group). *p<0.05, **p<0.01, ***p<0.001; Results are expressed as mean ± SEM. 
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Figure 7. Flow cytometry gating strategy for myeloid cell populations in blood and 

lung tissue. A. The leukocyte population was stained with a CD45 pan leukocyte antibody. 

B. Within the leukocyte population, we identified neutrophils as positive for Gr-1. C. A 

distinction was made between Ly6Clow and Ly6Chigh monocytes. D. Macrophages in blood 

were identified as positive for F4/80. E. Macrophage subsets in lung tissue were identified as 

alveolar macrophages (F4/80+ CD11bint) or interstitial macrophages (F4/80+ CD11b+).  
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Figure 8. Effect of NRG-1 on infiltration of neutrophils and inflammatory monocytes 

during pulmonary inflammation. A. Flow cytometry of blood of C57Bl/6 mice treated for 7 

days with PBS, BLEO (single intratracheal instillation) and BLEO with rhNRG-1. Within CD45 

positive leukocytes, neutrophils (Gr-1+), monocytes (Ly6Clow and Ly6Chigh) and macrophages 

(F4/80+) were identified (n=10-12/group). B. Flow cytometry of lung tissue samples of the 

same experiment. Within CD45 leukocytes, neutrophils (Gr-1), monocytes (Ly6Clow and 

Ly6Chigh) and alveolar macrophages (F4/80+ CD11bint) and interstitial macrophages (F4/80+ 

CD11b+) were identified (n=10-12/group).*p<0.05, **p<0.01, ***p<0.001; Results are 

expressed as mean ± SEM. 
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Figure 9. Schematic overview of the anti-inflammatory effect of NRG-1. 
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 Table 1. Monoclonal antibodies used for flow cytometric analysis in this study 

Marker Conjugate Clone Specificity Source 

Anti-mouse antibodies 

CD45 FITC 30-F11 Leukocytes BioLegend 
F4/80  FITC BM8 Macrophages BioLegend 
Ly-6G/Ly-6C (Gr-1) PE RB6-8C5 Neutrophils BioLegend 
CD45 PerCP 30-F11 Leukocytes  BioLegend 
Ly-6C APC HK1.4 Monocytes BioLegend 
CD11b PE M1/70 Macrophages BioLegend 
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Table 2. Invasive Hemodynamic measurements by cardiac catheterization in C57Bl/6N mice 
treated for 4 weeks with PBS, NRG-1, ATII and ATII+NRG-1.  

Parameter PBS 
(n=10) 

 NRG-1 
(n=10) 

ATII 
(n=10) 

ATII+NRG-1 
(n=10) 

Steady state     

HR (bpm) 489±22 527±14 514±21 469±29 

Ves (µL) 2.8±0.9 4.0±0.9 2.4±1.1 5.0±2.0 

Ved (µL) 18.1±2.2 18.8±1.8 15.3±3.3 17.4±2.8 

SV (µL) 16.3±1.8 14.0±1.1 10.8±1.7* 15.4±1.2† 

EF (%) 88±10 80±11 88±12 79±16 

CO (µL/min) 8087±1059 7437±676 5675±1031 7062±668 

SW (mmHg*µL) 940±145 1007±92 801±156 1205±166 

Ea (mmHg/µL) 3.7±0.5 5.6±0.3 7.5±1.8 5.5±0.6 

Ped (mmHg) 2.0±0.3 2.7±0.4 2.6±0.5 3.9±0.9 

After preload reduction     

Slope ESPVR (mmHg/µL) 10.01±2.16 15.71±5.05 19.21±9.79 20.86±5.25 

PRSW (mmHg) 83.05±8.25 93.90±6.44 89.89±13.26 82.11±5.18 

Slope EDPVR (mmHg/µL) 0.20±0.02 0.31±0.03 0.59±0.07‡§ 0.40±0.05† 

HR, heart rate; Ves, end-systolic volume; Ved, end-diastolic volume; SV, stroke volume; EF, ejection 
fraction; CO, cardiac output; SW, stroke work; Ea, arterial elastance; Ped, end-diastolic pressure; 
slope ESPVR, slope of the end-systolic pressure-volume relationship; PRSW, preload recruitable 
stroke work; slope EDPVR, slope of the end-diastolic pressure-volume relationship. *, P<0.05 vs 
vehicle; †, P<0.05 vs ATII; ‡, P<0.005 vs vehicle; §, P<0.01 vs vehicle + NRG-1; n=10/group; Results 
as mean ± SEM. 
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Table 3. Phenotyping myeloid-specific ErbB4 KO 

Parameter Myeloid-specific ErbB4 WT 
(n = 4) 

 Myeloid-specific ErbB4 KO 
(n = 4) 

WBC count (10^3/µL) 2.2 ± 0.5 2.3 ± 0.3 

Neutrophils (%) 37.5 ± 11.1 46.0 ± 9.7 

Lymphocytes (%) 60.2 ± 10.7 54.0 ±9.7 

Monocytes (%) 0.0 ± 0.0 0.0 ± 0.0 

Heart weight/ Body weight 
 

0.0050 ± 0.0005 0.0040 ± 0.0001 

Spleen weight/ Body weight 0.0040 ± 0.0007 0.0060 ± 0.0020 

Echocardiographic 
measurements 

Myeloid-specific ErbB4 WT 
(n = 6-7) 

 Myeloid-specific ErbB4 KO  
(n = 6-7) 

IVS;d (mm) 0.89 ± 0.05 0.99 ± 0.06 

IVS;s (mm) 1.17 ± 0.09 1.41 ± 0.06 

LVID;d (mm) 3.65 ± 0.21 3.31 ± 0.11 

LVID;s (mm) 2.81 ± 0.26 2.31 ± 0.21 

LVPW;d (mm) 1.34 ± 0.22 0.98 ± 0.12 

LVPW;s (mm) 1.58 ± 0.21 1.26 ± 0.14 

EF (%) 51.87 ± 4.38 59.17 ± 4.21 

FS (%) 26.11 ± 2.56 29.92 ± 2.98 

WT, wild type; KO, knock-out; WBC; white blood cell; IVS;d/s, intraventricular septum thickness in 

diastole and systole; LVID;d/s, left ventricular internal diameter in diastole and systole; LVPW;d/s, left 

ventricular posterior wall thickness in diastole and systole; EF, ejection fraction; FS, fractional 

shortening. Results are expressed as mean ± SEM. 

 


