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Abstract
Background

The in�ammatory response caused by microglia in the central nervous system plays an important role in
Alzheimer's disease. Neuregulin-1 (NRG1) is a member of the neuregulin family and has been
demonstrated to have anti-in�ammatory properties. The relationship between NRG1, microglia phenotype
and neuroin�ammation remains unclear.

Materials and Methods

BV2 cells were used to examine the mechanism of NRG1 in regulating microglia polarization. Neuronal
apoptosis, in�ammatory factors TNF-α and iNOS, microglia polarization, ErbB4 and NF-κB p65
expression were assessed.

Results

We found that exogenous NRG1 treatment or overexpression improved microglial activity and reduced the
secretion of the in�ammatory factors TNF-α and iNOS in vitro. The expression of Bax in SH-SY5Y neuron
cells incubated with medium collected from the NRG1 treatment group decreased. Additionally, our study
showed that NRG1 treatment reduced the levels of the M1 microglia markers CD120 and iNOS and
increased the levels of the M2 microglia markers CD206 and Arg-1. Furthermore, we observed that NRG1
treatment attenuated Aβ-induced NF-κB activation and promoted the expression of p-ErbB4 and that
knockdown of ErbB4 abrogated the effects of NRG1 on NF-κB, Bax levels and M2 microglial polarization.

Conclusion

NRG1 inhibits the release of in�ammatory factors in microglia and regulates the switching of the M1/M2
microglia phenotype, most likely via ErbB4-dependent inhibition of the NF-κB pathway.

Introduction
The number of people with dementia worldwide is expected to reach 1, 315 million in 2050[1]. Among the
various types of dementia, Alzheimer's disease (AD) is the most well-known and the most di�cult to
manage. The microglia-mediated in�ammatory response in the central nervous system plays an
important role in the development of AD[2]. Some scholars categorize microglia as “classically activated”
and “alternatively activated” microglia[3]. Classically activated microglia, namely, M1
microglia[4], secrete the in�ammatory factors CD120, iNOS, and TNF-α to aggravate the in�ammatory
response. Alternatively activated microglia, or M2 microglia, express Arg-1 and CD206 and exert anti-
in�ammatory effects [5]. Hence, regulating the activation state of microglia, that is, promoting the switch
from the M1 to M2 phenotype, might hinder the progression of AD.
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Neuregulin-1 (NRG1) is a member of the neuregulin family, the members of which contain epidermal
growth factor (EGF)-like domains. Studies have shown that the expression of NRG1 in AD
mice is reduced[6]and that the NRG1 signaling pathway plays a bene�cial role in neuroin�ammation[7, 8].
ErbB family tyrosine kinases are the main receptors of NRG1, and ErbB4 has tyrosine kinase activity and
high a�nity for ligands[9]. NRG1/ErbB4 signaling regulates several basic functions, such as cognitive
processes[10] and neuronal migration[11], and has anti-in�ammatory effects[12]. NRG1 has been found
to regulate the activity of resident astrocytes and microglia in spinal cord injury and to promote the
preservation and functional recovery of white matter after spinal cord injury[13]. NRG1 also indirectly
protects neurons by reducing microglial activation[14]. Intrathecal injection of NRG1 activates ErbB2
receptors and causes microglia to proliferate and adopt an activated state[11, 15]. The above evidence
indicates that NRG1 is involved in neuroin�ammation and the regulation of microglia.

Although studies have highlighted the important role of NRG1 in regulating the in�ammatory response, its
possible effects on the microglial phenotype and the role of NRG1 in in�ammatory signaling in AD have
not been assessed. In the present study, we revealed that NRG1 inhibited the release of in�ammatory
factors in microglia and regulated the switching of M1/M2 microglia through ErbB4-dependent inhibition
of the NF-κB pathway.

Materials And Methods
Cell culture

The BV2 microglial cell line and SH-SY5Y neuronal cell line were obtained from Shanghai Institute of Cell
Research (Shanghai, China). The cells were cultured in Dulbecco’s modi�ed Eagle’s medium (DMEM,
Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco, USA) in a 5% CO2 incubator at 37°C. When
the BV2 cells reached approximately 80% con�uence, 0.25% trypsin (trypsin, Gibco, USA) was used to
detach the cells, and the cells were inoculated in 6-well or 24-well plates. 

Lentiviral transfection of BV2 cells

BV2 cells were detached with trypsin and seeded in a 6-well plate at a density of 5×104 cells/well.
Transfection was performed when the cell density reached 30%-50%. NRG1 lentiviral
particles (sequences: 5′-CTGGGACCAGCCATCTCATAA-3′, 5′-CGTGGAATC AAACGAGATCAT-3′, and 5′-
GCCTCAACTGAAGGAGCATAT-3′), LV-ErbB4-RNAi lentiviral particles (sequences: 5′-
GCTTTGACATTTGCTGTCTAT-3′, 5′GCACCCAATCAAGCTCAACTT -3′, and 5′- GCAACCTGTGTTATTACCATA
-3′) and their negative controls (sequence: 5′-TTCTCCGAA CGTGTCACGT-3′) were constructed and
synthesized by Gene Pharma Co. (Shanghai, China). One milliliter of medium, and an appropriate volume
of virus (NRG1-MOI=50, ErbB4-MOI=10) and Hitrans G A or P (Gene, Shanghai, China) were added to each
well. The 2 stably expressing cell lines were designated OVER-N and ER4KD. The lentiviral vector carries
the green �uorescent protein (GFP). 

Cell viability test
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Cell viability was analyzed by the Cell Counting Kit-8 (CCK-8, Dojindo, Rockville, MD) method. Cells were
inoculated in 96-well plates at a density of 1 × 104 cells/well and cultured in a 37°C incubator for 24 h
prior to analysis. A total of 5 wells were analyzed. The cells were stimulated with Aβ1-42 for 4 h and then
treated with 0, 5, 20, 50, or 100 ng/ml NRG1 for 4 h. CCK-8 reagent (10 μmol/L) and 100 μl culture
medium were added to each well, and the cells were incubated for 1 h. A microplate reader was used to
measure the absorbance at 450 nm. Cell viability was calculated as follows: (OD value of experimental
group OD value of blank group)/(OD value of control group OD value of blank group).

Enzyme-linked immunosorbent assay

After different treatments, the supernatant of each group was collected and centrifuged at 4°C and 3000
r/min for 5 min. The content of iNOS and TNF-α in the supernatants was measured
with a sandwich enzyme-linked immunosorbent assay kit (ELISA, CUSABIO, Wuhan, China, CSB-E04741
m/96T, CSB-E08326 m/96T). The absorbance was measured with a microplate reader at 570 nm, and the
concentrations of iNOS and TNF-α in the sample were determined according to the standard curve.

SH-SY5Y cell induction

The supernatants of cultured BV2 cells were collected after different treatments. The supernatants were
�ltered through a 0.45-µm �lter and stored in a refrigerator at -80°C. The collected medium was used as
conditioned medium, and SH-SY5Y cells were incubated in this medium for 24 h. The Bax levels in SH-
SY5Y cells were measured by Western blotting and immuno�uorescence.

Western blotting

A cell scraper was used to quickly collect cells from each group, and nuclear and
cytoplasmic proteins were extracted according to the instructions of a Nuclear and Cytoplasmic Protein
Extraction Kit (Beyotime, Shanghai, China, P0028). The protein concentrations were determined by the
BCA method. Thirty micrograms of protein was added to a 10% SDS-PAGE gel and then transferred to
polyvinylidene �uoride membranes. The membranes were incubated with fast blocking solution and then
incubated with the following primary antibodies overnight at 4°C: rabbit anti-NF-κB p65 (1:2000,
Beyotime, Shanghai, China, AF0246), rabbit anti-ErbB4 (1:500, Abcam, United Kingdom, ab32375), rabbit
anti-p-ErbB4 (1:500, Abcam, United Kingdom, ab109273), mouse anti-Bax (1:1000, SANTA, Shanghai,
China sc-7480), mouse anti-NRG1 (1:1000, SANTA, Shanghai, China, sc-393006), rabbit anti-histone H3
(1:1000, Beyotime, Shanghai, China, AF5614), rabbit anti-GAPDH (1:5000, Abcam, United Kingdom,
AF1186), and rabbit anti-β-actin (1:5000, Proteintech, Chicago, USA, 66009-1-lg). The membranes were
incubated with horseradish peroxidase-conjugated secondary antibodies (Pierce, Rockford, IL, USA) for 2
h at room temperature. The bands were detected by enhanced chemiluminescence
(ECL). ImageJ software was used to assess the optical density values.

Immuno�uorescence
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BV2 cells and SH-SY5Y cells were detached with trypsin and seeded in a 24-well culture plate at a density
of 104 cells/well. Polylysine-coated glass slides were placed in the bottom of the 24-well plate in
advance. The cells were �xed with 4% paraformaldehyde for 20 min at room temperature and washed 3
times with PBS. Triton X-100 (0.1%) was used to permeabilize the cell membrane for 20 min at room
temperature. The cells were incubated with rabbit anti-NF-κB p65 (1:400, Beyotime, Shanghai, China,
AF0246) and mouse anti-Bax (1:100, SANTA, Shanghai, China sc-7480) primary antibodies overnight at
4°C, incubated with secondary antibody (Beyotime, Shanghai, China, A0216, A0208) and 4', 6-diamidino-
2-phenylindole (DAPI, Beyotime, Shanghai, China, C1006) for 1 h at room temperature. 

Flow cytometry

The cells were resuspended in 1 ml of precooled PBS. The number of cells in each tube was adjusted to
1×106. Surface staining was performed using PE-conjugated anti-mouse CD120 (Biolegend, CA, USA,
113003) and Brilliant Violet 421TM-conjugated anti-mouse CD206 (Biolegend, CA, USA, 141717)
antibodies. For intracellular staining, the cells were �xed with 2% paraformaldehyde (Solarbio, Beijing,
China) and lysed with 1× Intracellular Staining Perm Wash Buffer (Biolegend, CA, USA). Then, the
cells were incubated with PE-conjugated iNOS (Biolegend, CA, USA, 696805) and APC-conjugated Arg-1
(R&D, MN, USA, IC5868A) antibodies. All samples were evaluated with a BD FACSC Anto �ow cytometer,
and the data were analyzed with CytExpert software.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 6 (GraphPad Software, Inc.), and all data are
presented as the mean ± SEM. When there were three or more groups, one-way analysis of variance
(ANOVA) was used to analyze the data. Each experiment was independently repeated three times, and
mean values used as results. P<0.05 indicates statistical signi�cance.

Results
NRG1 increased the activity of Aβ-stimulated BV2 microglia, reduced the expression levels of iNOS and
TNF-α

To study whether NRG1 can ameliorate the decrease in microglial activity caused by Aβ, we conducted a
CCK-8 assay. The results of the CCK-8 assay showed that the cell activity of the Aβ-treated group was
signi�cantly reduced compared with that of the control group(P<0.05). The cell viability of the groups
treated with 20, 50, and 100 ng/ml NRG1 was increased compared with that of the Aβ-treated group
(P<0.05, Fig. 1A). The most effective concentration of NRG1 was 20 ng/ml. Therefore, we chose 20 ng/ml
NRG1 for the following experiments.

To investigate the role of NRG1 in inhibiting neuroin�ammation, lentivirus transfection was used to
upregulate NRG1 expression in BV2 cells. The lentiviral vector carries the green �uorescent protein
(GFP). Compared with the control group, the protein expression of NRG1 in the OVER-N group was
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increased (P<0.001, Fig. 1B, C). The �ow cytometry results showed that compared with that in the control
group, the number of positive cells in the lentivirus-transfected group was higher (P<0.01, Fig. 1D, E),
which suggested that high expression of NRG1 in BV2 cells was successfully achieved.

Once activated under pathological conditions, microglia release in�ammatory factors. We used ELISA kits
to measure the expression of the in�ammatory factors TNF-α and iNOS in the cell supernatants.
Compared with those in the control group, the contents of TNF-α and iNOS in the Aβ-treated group were
signi�cantly increased (P<0.01). Compared with those in the Aβ-treated group, the levels of TNF-α and
iNOS in the Aβ+N group and the Aβ+OVER-N group were signi�cantly reduced (P<0.01, Fig. 1F, G). The
results suggested that NRG1 reduced the in�ammatory response caused by the activation of microglia.
TNF-α and iNOS are also surface marker molecules of M1 microglia. We speculated that NRG1 may
promote the conversion of microglia from the proin�ammatory M1 phenotype to the anti-in�ammatory
M2 phenotype.

NRG1 switched microglia from the M1 to M2 phenotype

We used �ow cytometry to assess the expression of the M1 microglial surface markers iNOS and CD120
and the M2 microglial surface markers CD206 and Arg-1. The results of FACS phenotype analysis
showed that compared with those in the control group, the percentages of cells positive for CD120 (Fig.
2A) and iNOS (Fig. 2B) in the Aβ-treated group were higher (P<0.001). Compared with those in the Aβ-
treated group, the percentages of cells positive for CD120 and iNOS in the Aβ+N group and the Aβ+OVER-
N group were lower (P<0.001). In addition, the expression of Arg-1 (Fig. 2C) and CD206 (Fig. 2D)
increased in the Aβ+N group and the Aβ+OVER-N group (P<0.05). The above results indicated that NRG1
promoted the transformation of microglia from the proin�ammatory M1 phenotype to the anti-
in�ammatory M2 phenotype.

NRG1 inhibited the neuronal damage caused by microglial activation

To test whether NRG1 alleviate the neuronal damage caused by the activation of microglia,
immuno�uorescence and Western blotting were carried out to evaluate the expression of Bax in SH-SY5Y
cells cultured with conditioned medium. Compared with that in the control group, the expression of Bax in
the Aβ-treated group was increased (P<0.001). Compared with that in the Aβ-treated group, the expression
of Bax in the Aβ+N group and the Aβ+OVER-N group was decreased (P<0.001, Fig. 3A-C). The above
results proved that NRG1 inhibited neuronal apoptosis caused by the activation of microglia.

NRG1 inhibited NF-κB p65 nuclear translocation caused by BV2 microglial activation by activating the
ErbB4 receptor

To further explore the mechanism underlying the changes described above, the effect of NRG1 on ErbB4
was further analyzed by Western blotting. There was no signi�cant difference in the protein expression of
ErbB4 in any group. However, compared with that in the Aβ-treated group, the expression of p-ErbB4 in the
Aβ+N group and the Aβ+OVER-N group was signi�cantly increased (P<0.001, Fig. 4A, B).
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Compared with that in the control group, the protein expression of the p65 subunit in the nucleus in the
Aβ-treated group was signi�cantly increased (P<0.01). Compared with that in the Aβ-treated group, the
protein expression of the p65 subunit in the nucleus in the Aβ+N group and the Aβ+OVER-N group was
signi�cantly reduced (P<0.05, Fig. 4A, C). The change in the protein expression of p65 in the cytoplasm
was opposite that observed in the nucleus (Fig. 4A, D). The immuno�uorescence results were consistent
with the Western blotting results (Fig. 4E). These results indicated that Aβ-induced microglial activation
led to the activation of the NF-κB signaling pathway and that NRG1 treatment inhibited the activation of
the NF-κB signaling pathway.

Silencing ErbB4 reversed the anti-in�ammatory response induced by NRG1 treatment

To investigate the role of ErbB4 in the anti-in�ammatory effect of NRG-1, ErbB4 expression was
speci�cally inhibited by siRNA transfection in NRG1-pretreated BV2 cells. The Western blotting results
showed that the protein expression of ErbB4 in the ER4KD group was reduced (P<0.01, Fig. 5A, B).
Consistent with this blockade of ErbB4 expression, downregulation of the expression of the
in�ammatory factors TNF-α and iNOS (P<0.001, Fig. 5C, D) and the M1 microglia markers CD120 and
iNOS was abolished (P<0.001, Fig. 6G-J). As expected, ErbB4 siRNA transfection diminished the
protective effects of NRG1 against Aβ-induced expression of Bax (P<0.001, Fig. 5E-F). Interestingly, we
found that the downregulation of NF-κB-p65 subunit expression in the nuclei of NRG1-treated BV2 cells
was also blocked by ErbB4 siRNA transfection (P<0.05, Fig. 5K-M). All these results strongly suggested
that the ErbB4 and NF-κB signaling pathways are closely related to the anti-in�ammatory effects of NRG-
1.

Discussion
Glial cells account for 90% of cells in the brain, and microglia are the main effectors of
neuroin�ammatory reactions[16]. Accumulating data show that NRG1 is closely related to microglial
activity[17]. However, the role of NRG1 in microglial phenotype polarization remains unclear. We
demonstrated that the overexpression of NRG1 was closely related to in�ammation and microglial
activity. In particular, NRG1 acts as a microglial modulator to reverse microglial phenotype polarization
from M1 to M2, and suppress NF-κB p65 nuclear translocation. However, with the knockdown of the
ErbB4 receptor, the effect of NRG1 on microglia was reversed.

Polarizing M1 microglia to M2 type microglia improves the neuroin�ammatory response and pathological
damage of AD[18]. However, the connection between NRG1 and microglia polarization has never been
reported. We demonstrated that NRG1 promotes the transformation of microglia from the
proin�ammatory M1 phenotype to the anti-in�ammatory M2 phenotype. Switching of M1 microglia to the
M2 microglial phenotype may be a potential target against neuroin�ammation. Indeed, inhibition of TLR4
receptors promotes the polarization of M2-type microglia against in�ammation in APP/PS1 mice[19].
Magnesium lithospermate B promotes the phenotypic transition of lipopolysaccharide-induced microglia
from the M1 phenotype to the M2 phenotype in the hippocampus of adult mice to reduce
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neuroin�ammation[20]. IRF5/4 signaling can regulate the activation of M1/M2 microglia and affect the
prognosis of stroke[21]. 

The polarization state of microglia is different in different periods of AD. The polarization state of
microglia is affected by many factors, such as the exposed pathological environment[22], the age of
microglia[23], and the connection with surrounding cells[24]. Activated microglia act on synapses and
change the activity of neuronal cells through phagocytosis and the release of different immune
in�ammatory factors[25]. Excessive neuroin�ammation releases toxic substances such as NO and
proin�ammatory cytokines to cause neuronal damage[26]. We cultured SH-SY5Y cells in conditioned
medium and Aβ-containing medium to induce neuronal apoptosis. These results indicate that NRG1 may
have neuroprotective functions by inhibiting the activation of microglia and inhibiting the release of
cytotoxic substances.

NF-κB has been shown to be an important transcription factor that regulates cell differentiation,
proliferation and survival[27]. The main effect of enhanced in�ammation is upregulated expression of the
nuclear transcription factor NF-κB, leading to a series of uncontrollable long-term autoregulatory
processes and a vicious cycle of impaired autotransmission, thereby exacerbating the in�ammatory
response[28, 29]. Studies have shown that the activity of NF-κB in astrocytes in patients with
amyotrophic lateral sclerosis is signi�cantly enhanced[30]. Autopsies of Parkinson's patients have
revealed that the number of dopaminergic neurons containing NF-κB in the nucleus is signi�cantly higher
in patients than in normal people[31]. In neuroin�ammation in the context of AD, hypoxia regulates the
M1/M2 polarization of microglia through the NF-κB signaling pathway[32]. Our study revealed that Aβ
caused the activation of the NF-κB signaling pathway. After NRG1 treatment, the nuclear transcription of
p65 in microglia decreased, indicating that NRG1 inhibited the activation of the NF-κB signaling pathway.

ErbB4 has been associated with in�ammation. Increaseing the expression of ErbB4 in pro-in�ammatory
macrophages reduce the symptoms of colitis[33]. Neuroin�ammation-mediated destruction of NRG1-
ErbB4 signaling transduction in parvalbumin interneurons may cause abnormal gamma oscillations and
lead to cognitive impairment in Sepsis-Associated Encephalopathy mouse model[34]. The mice with
increased excitability of 5-HT neurons in the dorsal raphe nucleus mediated by ErbB4 de�ciency showed
a high degree of anxiety-like behavior and impaired fear resolution[35]. NRG1/ErbB4 signaling has
important anti-in�ammatory effects[36, 37]. Studies have shown that after ErbB4 is introduced into
mesenchymal stem cells, it promotes the synthesis and secretion of NRG1 and myocardial repair after
myocardial infarction[36]. Inhibition of NRG1-ErbB4 signaling prevents the recovery of spinal cord
function and neuroplasticity[38]. We demonstrated that ErbB4 de�cient microglia not effectively
cooperate with NRG1 to play an anti-in�ammatory role.

We initially revealed the role of NRG1 in microglial polarization and in�ammation. In the future, we should
focus on regulating the ratio of M1/M2 microglia rather than inhibiting the activation of microglia.
Changing the ratio of M1/M2 microglia to regulate neuroin�ammation is a promising treatment option
for AD. 
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Conclusion
NRG1 reduced the expression of the in�ammatory factors TNF-α and iNOS and inhibited the
neuroin�ammatory response mediated by microglia. The underlying mechanism may be related to
inhibition of the NF-κB signaling pathway through activation the ErbB4 of receptor, which promotes the
transformation of microglia from the proin�ammatory M1 phenotype to the anti-in�ammatory M2
phenotype to exert neuroprotective effects.
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Figures

Figure 1

A BV2 cell viability was measured by the CCK-8 assay. B, C Western blot analysis showing the expression
level of NRG1 in the control group, OVER-N group, and OVER-N negative control group. D, E The number of
positive cells determined by �ow cytometry was used to verify the success of lentivirus transfection. The
expression of F iNOS and G TNF-α in the supernatant was measured using an ELISA kit. TNFα, tumor
necrosis factor α, iNOS, inducible NOS.

Figure 2

Cells from each group were collected and stained with anti-mouse CD120, iNOS, Arg-1, and CD206
monoclonal antibodies. Flow cytometry was used to analyze the expression pro�les of microglia from
each group. A CD120-positive cells. B iNOS-positive cells. C CD206-positive cells. D Arg-1-positive cells.

Figure 3

NRG1 decreased the expression of Bax in SH-SY5Y cells. A, B The levels of Bax were determined by
Western blot analysis. β-Actin was used as an internal control. C Translocation of Bax was visualized by
immuno�uorescence staining. Bax (green), DAPI (blue). Scale bar, 20 µm.

Figure 4

Effect of NRG1 on the ErbB4 and NF-κB pathways in Aβ‐stimulated BV2 microglia. A Western blot
analysis of NF‐κB p65 expression in nuclear and cytoplasmic extracts. His H3 and GAPDH were used as
internal controls. Representative immunoblot of p-ErbB4. ErbB4 were used as internal controls. B
Quantitative analysis of p-ErbB4 expression. C Quantitative analysis of nuclear p65 and D cytoplasmic
p65 expression. E Translocation of the NF‐κB p65 subunit in BV2 cells was visualized by double
immuno�uorescence staining. NF‐κB p65 (red), DAPI (blue). Scale bar, 20 µm.

Figure 5

A, B Western blot analysis showing the expression level of ErbB4 in the control group, ER4KD group, and
ER4KD negative control group. The expression of C iNOS and D TNF-α in the supernatant was measured
using ELISA kits. E-F the levels of Bax were determined by Western blot analysis. β-Actin was used as an
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internal control. G-J FACS was used to analyze the expression pro�les of microglia in each group. K-M
Western blot analysis of NF‐κB p65 expression in nuclear and cytoplasmic extracts.


