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Background: Members of the interferon regulatory factor (IRF) family are transcriptional regulators that play vital roles in the 
inflammatory response of macrophages. IRF1, IRF3, and IRF9 regulate the expression of immune-responsive gene 1 (IRG1) in 
macrophages. However, the role of IRF2 in the inflammatory response of macrophages remains somewhat contradictory. The 
regulatory relationship between IRF2 and IRG1 and their role in macrophages remain unclear. This study aimed to explore the role 
of IRF2 and IRG1 in macrophages.
Methods: Overexpression plasmids of IRF2 (IRF2-pcDNA3.1) and silencing siRNA targeting IRF2 and IRG1 (si-IRF2, si-IRG1) 
were constructed and transfected into RAW264.7 cells respectively. Subsequently, cells were treated with LPS and IFN-γ for 24 h. The 
expression of IRF2, IRG1, iNOS, IL-6, and BCL-xl was detected using Western blotting and qRT-PCR. Cell viability, migration and 
apoptosis were determined by CCK-8, transwell and flow cytometry. The IRG1 promoter region was cloned into the pGL3-basic 
plasmid. A dual-luciferase reporter assay was performed to verify the regulatory relationship between IRF2 and IRG1.
Results: IRF2 overexpression inhibited the expression of IL-6 and iNOS, cell migration, and apoptosis and elevated the expression of 
BCL-xl, IRG1, and cell viability of LPS- and IFN-γ-induced macrophages. IRF2 silencing had an opposite effect. IRF2 activated the 
promoter activity of IRG1. The inhibitory effects on LPS- and IFN-γ-induced proinflammatory responses, cell migration, apoptosis, 
and enhancing effects on the cell viability of over-expressed IRF2 were reversed by IRG1 silencing.
Conclusion: IRF2 promoted the promoter activity of IRG1 and regulated directly the expression of IRG1. IRF2 inhibited LPS and 
IFN-γ-induced pro-inflammatory responses, cell migration and apoptosis, enhanced cell viability in macrophages through regulating 
IRG1. IRF2 affected LPS- and IFN-γ-induced pro-inflammatory responses, cell viability, migration and apoptosis of macrophages by 
regulating IRG1.
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Introduction
In the initial stage of the host inflammatory response, macrophages, pivotal members of immune cells, mainly exhibit a pro- 
inflammatory phenotype (M1 polarization), whereas in the process of inflammation resolution, macrophages present 
a dominant anti-inflammatory phenotype (M2 polarization).1–6 Subsequently, macrophages can further affect the local 
immune response, regulate the infection of pathogens in the body and the immune response of tumors through synergistic 
effects with various cytokines, participate in immune regulation, tissue repair, and remodeling, and play a crucial role in 
inflammation, the occurrence and development of diseases, and the repair of tissues and organs.7–11 Interferon regulatory 
factor (IRFs) protein family members, including IRF1-9, are a class of transcriptional regulators that modulate the host cellular 
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response to interferon (IFN), bacterial, and viral infections and regulate the expression of downstream genes by binding to 
DNA. Available studies have shown that IRF proteins are involved in immunomodulation, IFN transcription, cell differentia-
tion and apoptosis, signal transduction, viral defense, and the regulation of several diseases.12–18

Members of the IRF family have different roles in the inflammatory response of macrophage.19 IRF1 synergistically 
enhances the expression of pro-inflammatory cytokines with NF-κB, ultimately leading to the M1 polarization of 
macrophages.20 Simultaneously, IRF1 binds to the IL-4 promoter and acts as a repressor of IL-4, thereby inhibiting 
M2 macrophage polarization.21 Mouse models of spinal cord injury pretreated with low-dose LPS showed elevated IRF3 
expression in brain microglia, resulting in upregulation of IL-10, causing macrophage polarization into the M2 
phenotype.22 IRF4 is a key transcription factor mediate M2 polarization of macrophages.23,24 The expression of related 
genes (Arg-1, FIZZ1, Ym1) of M2 polarization in macrophages also depends on the presence of IRF4.25 IRF4 and IRF5 
competitively bind to MyD88, thereby promoting the transformation of macrophages into M2 phenotypes.26,27 IRF5 is 
activated in macrophages through the TLR4-MyD88 pathway, thereby causing macrophages to polarize into the M1 
phenotype.28 IRF8 plays a key role in monocyte maturation and macrophage differentiation into pro-inflammatory M1 
phenotypes. In LPS-stimulated macrophages, IRF8 interacts with IRF1 and AP1 to induce the expression of proin-
flammatory cytokines, causing macrophages to exhibit a proinflammatory M1 phenotype.29 Under the stimulation of type 
I and type II IFN, IRF9 combines with STAT1 and STAT2 to form ternary complexes, inducing the expression of pro- 
inflammatory cytokines and causing M1 polarization of macrophages.30 Studies have shown that IRF2 is degraded in the 
early stage of LPS-induced macrophages (0–3 hours) through a proteasome-mediated pathway, is subsequently restored 
through trans-activation (3–6 hours), and exerts anti-inflammatory effects by regulating glycolytic-dependent genes.31 In 
addition, studies have shown that IRF2 inhibits macrophage polarization into the M2 anti-inflammatory phenotype by 
binding to the promoter region of IL-4.32 Therefore, the role of IRF2 in the inflammatory response of macrophages is 
somewhat contradictory and complex.

Immune response gene 1 (IRG1) is a multi-functional regulator of inflammation and infection, is highly expressed 
in mammalian inflammatory processes, and plays an important role in immunity and diseases.33 Abnormal IRG1 
expression leads to immune disorders, tumor progression, and neurodegenerative diseases.34 Studies have suggested 
that IRF3 can regulate the expression of IRG1 through a synergistic action with JUN, thus playing an important role 
in lethal innate immunity.35 MiRNA93 can promote M2 polarization of macrophages in ischemic muscle by 
decreasing the expression of IRF9, and IRF9 regulates the expression of IRG1, thus promoting the formation of 
blood vessels and restoration of perfusion in peripheral artery disease.36 IRF1 silencing obviously lowered the 
expression of IRG1 in macrophages.37 These studies suggest a regulatory relationship between IRF3, IRF9, IRF1, 
and IRG1. However, the specific mechanisms require further investigation. However, the regulatory relationship 
between IRF2 and IRG1 remains to be elucidated. Therefore, our study aimed to explore the effects of IRF2 on 
macrophage inflammation, cell viability, migration, and apoptosis, to determine whether there is a regulatory relation-
ship between IRF2 and IRG1, and whether the effect of IRF2 on macrophage function is realized by regulating the 
expression of IRG1, in order to provide an experimental and theoretical basis for the diagnosis and treatment of 
clinically related diseases.

Materials and Methods
Cell Culture, Plasmid and siRNA Transfection, and Drug Administration
RAW264.7 cells were purchased from FuHeng Biology and cultured in DMEM containing 10% fetal bovine serum 
(FBS) (VivaCell) at 37 °C in a humidified atmosphere with 5% CO2. The full-length coding sequence of IRF2 was 
cloned into pcDNA3.1. si-IRF2 and si-IRG1 were designed and synthesized to silence IRF2 and IRG1 genes 
(GenePharma). The overexpressed plasmid and silencing RNA were transfected into RAW264.7, using Lipofectamine 
2000 according to the manufacturer’s instructions (Invitrogen). After transfection for 24 h, cells were incubated with LPS 
(400 ng/mL, Sangon) and IFN-γ (20 ng/mL, Solarbio) for another 24 h. The siRNA sequences used in this study are 
shown in Table 1.
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Western Blot Analysis
Proteins from each group were extracted using RIPA lysis buffer. The concentration of each protein group was 
determined using the BCA protein assay kit (Beyotime). Subsequently, the protein samples were electrophoresed by 
SDS-PAGE and transferred to a PVDF membrane (0.45 µm, Millipore). The membrane was then blocked with a protein- 
free rapid blocking buffer (EpiZyme) for 30 min at room temperature and immunoblotted with primary antibodies 
(GAPDH, IRF2, IRG1, iNOS, IL-6, and BCL-xl (Proteintech)) for 16 h at 4 °C. The membrane was washed five times 
with TBST buffer solution and then incubated with the secondary antibody to detect immunoreactive proteins by 
enhanced chemiluminescence (Proteintech).

Quantitative Real-Time qRT-PCR
RNA was isolated from the samples of each group using the TRIZOL reagent and reverse-transcribed into cDNA. qPCR 
amplification was performed using the SYBR Green reagent. Primer pairs used in this study are listed in Table 2. Gene 
expression levels were determined by 2-ΔΔCT, as previously described.38

CCK-8 Assay
Cell viability in each group was determined the CCK-8 assay. Briefly, RAW264.7 cells were seeded in 96-well plates at 
a density of 5*104 cells/well. CCK-8 reagent (Vazyme) was added and the cells were incubated for 3 h. The absorbance 
of the cell solutions was read at 450 nm using a microplate reader (Thermo Scientific), following the manufacturer’s 
instructions.

Transwell Assay
RAW264.7 cells were diluted to 1.5×105 cells in serum-free medium and grown in a Transwell chamber (8.0 μm, 
Corning, USA) which was added complete medium in the lower chamber. After incubation at 37 °C with 5% CO2 for 
48 h, the cells were fixed with 4% paraformaldehyde and stained with a 0.1% crystal violet solution. The cells remaining 
on the upper surface of the membrane were removed and the cells on the lower surface of the membrane were the 
migrated cells. The cell migration was observed and photographed using an inverted microscope.

Flow Cytometry
RAW264.7 cells were seeded into 6-well plates, collected when the cell density reached 80%, and subsequently 
incubated with Annexin V-FITC and PI staining solution to detect apoptosis using the Annexin V-FITC/PI Apoptosis 
Detection Kit (Vazyme).

Table 1 The siRNA Sequences Used in This Study

Name Sequence (5′–3′) Sequence (5′–3′)

si-IRF2 GGGCUAAAGUGGCUGAACATT UGUUCAGCCACUUUAGCCCTT
si-IRG1 CACGGUGGAAAGCCUUAUATT UAUAAGGCUUUCCACCGUGTT

si-NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

Table 2 Primers Used for qRT- PCR

Name Sense (5′–3′) Antisense (5′–3′)

IRF2 TAGCCCATTACCCACGCCTCTC CTTCTCCTCCTCCTCCTCCAAGATG

IRG1 AACTACTCCTGCCATCCACTCCTG TCCTCTTGCTCCTCCGAATGATACC
IL6 CTTCTTGGGACTGATGCTGGTGAC TCTGTTGGGAGTGGTATCCTCTGTG

iNOS ATCTTGGAGCGAGTTGTGGATTGTC TAGGTGAGGGCTTGGCTGAGTG
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Dual-luciferase Reporter Assay
Promoter region of IRG1 was cloned into the pGL3-basic plasmid. IRF2-pCDNA3.1, pCDNA3.1 empty, IRG1-pGL3, or 
pGL3 empty and pRL-SV40 were co-transfected into RAW264.7 cells. Forty-eight hours after successful co-transfection, 
firefly and Renilla luciferase activities were determined using a dual-luciferase reporter assay kit (Beyotime) following 
the manufacturer’s protocols.

Statistical Analysis
Data were analyzed using SPSS software (version 17.0) and expressed as the mean ± SD of at least three independent 
experiments. The differences between the groups were evaluated using the Student’s t-test and one-way analysis of 
variance (ANOVA). P<0.05 was regarded as statistically significant.

Results
IRF2 Inhibited LPS and IFN-γ-Induced Pro-Inflammatory Responses of Macrophages
To determine the expression of IRF2 in the inflammatory response of macrophages, RAW264.7 cells were treated with 
LPS and IFN-γ for 24 h, and the expression of IL-6 and iNOS protein and mRNA levels were verified by Western 
blotting and qRT-PCR. The results showed that the expression of iNOS and IL-6 protein and mRNA was significantly 
elevated after 24 h of LPS and IFN-γ treatment, indicating that the establishment of the inflammation model was 
successful (Figure 1A, C and D). To explore the influence of IRF2 on the inflammatory process in macrophages, 
overexpressed plasmids and siRNAs of IRF2 were transfected into RAW264.7 cells respectively. Results of qRT-PCR 
and Western blotting showed that the expression levels of IRF2 protein and mRNA in the IRF2-pCDNA3.1 group were 
higher than those in the control group (Figure 1A, C and D, Figure S1). In contrast, IRF2 protein and mRNA levels in the 
si-IRF2 group were lower than those in the control group (Figure 1B, C, and D, Figure S1), indicating that transfection 
was successful. IRF2 overexpression significantly repressed the expression of iNOS and IL-6 (Figure 1A, C and D), 
whereas IRF2 silencing had the opposite effect (Figure 1B, C and D), suggesting that IRF2 may be a negative regulator 
of the inflammatory response of macrophages.

IRF2 Elevated Cell Viability of Macrophages
CCK8 assay was performed to explore the effect of IRF2 on macrophage viability. Our observations showed that after 
24 h of treatment with LPS and IFN-γ, the viability of RAW264.7 cells reduced. Overexpression of IRF2 elevated the 
viability of RAW264.7, whereas IRF2 silencing had a negative effect (Figure 2A). This suggests that IRF2 increases the 
viability of macrophages.

IRF2 Inhibited Migration of Macrophages
Transwell assay was performed to determine the influence of IRF2 on macrophage migration. The data revealed that after 
a 24-hour treatment with LPS and IFN-γ, an increase in the number of cells passing through the chamber compared with 
control group exhibited. There was a reduction in the number of cells traversing the chamber in the LPS+IFN-γ+IRF2- 
pcDNA3.1 group compared to LPS+IFN-γ group and LPS+IFN-γ+pcDNA3.1 group. Conversely, the LPS+IFN-γ+si- 
IRF2 group presented more cells acrossing the chamber compared with LPS+IFN-γ group and LPS+IFN-γ+si-NC group. 
(Figure 2B and C). This suggested that IRF2 repressed macrophage migration.

IRF2 Suppressed Apoptosis of Macrophages
To determine the effect of IRF2 on macrophage apoptosis, the expression level of the anti-apoptotic protein BCL-xl and 
the cell apoptosis rate were detected by Western blotting and flow cytometry assays. After 24 h of treatment with LPS 
and IFN-γ, BCL-xl levels were significantly reduced compared to those in the control group (Figure 3A and C). When 
IRF2 was overexpressed, BCL-xl expression significantly improved (Figure 3A and C). IRF2 silencing suppressed BCL- 
xl expression (Figure 3B and C). Flow cytometric analysis showed that macrophage apoptosis increased after 24 h of 
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Figure 1 Effects of IRF2 overexpression and silencing on the protein and mRNA expression levels of IRF2, iNOS and IL-6 in LPS+IFN-γ-induced macrophages. 
Representative Western blot bands of IRF2, iNOS and IL-6 (A and B); Relative protein levels of IRF2, iNOS and IL-6 were normalized to that of the GAPDH internal 
control (C); Relative mRNA levels of IRF2, iNOS and IL-6 (D); Mean±standard error of the mean values is presented for each group. *: LPS+IFN-γ group compared with 
control group, P < 0.05; #: LPS+IFN-γ+IRF2-pcDNA3.1 group compared with LPS+IFN-γ group and LPS+IFN-γ+pcDNA3.1 group, P < 0.05; @: LPS+IFN-γ+si-IRF2 group 
compared with LPS+IFN-γ group and LPS+IFN-γ+si-NC group, P < 0.05. P < 0.05 by one-way analyse of variance (ANOVA). Control group was defined as RAW264.7 cells 
without LPS+IFN-γ treated group.
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LPS and IFN-γ treatment. IRF2 overexpression reduced macrophage apoptosis, whereas IRF2 silencing induced macro-
phage apoptosis (Figure 3D and E, Figure S2). This indicated that IRF2 suppressed macrophage apoptosis.

IRG1 Was a Direct Target of IRF2
First, we performed Dual-Luciferase reporter assay to verify the transcriptional regulatory relationship between IRF2 and 
IRG1. The results showed that the luciferase activity of the IRF2-pcDNA3.1+IRG1-PGL3+pRL-SV40 group was 
significantly higher than that of the other groups, demonstrating that IRF2 positively regulated the promoter activity of 
IRG1 (Figure 4A). IRG1 expression was determined using Western blotting and qRT-PCR. The findings indicated that 
after transfection with IRF2-pcDNA3.1, the protein and mRNA levels of IRG1 were increased, whereas the expression 
level of IRG1 was significantly decreased after transfection with si-IRF2 (Figure 4B–E). These findings indicated that 
IRG1 was a direct target of IRF2.

IRG1 Affected the Inflammatory Response, Cell Viability, Migration and Apoptosis of 
Macrophages
To determine the function of IRG1 in the inflammatory response, cell viability, migration, and apoptosis of macrophages, 
si-IRG1 was designed and transformed into RAW264.7 cells. Western blotting and qRT-PCR results showed that IRG1 

Figure 2 IRF2 influenced cell viability and migration in LPS+IFN-γ induced macrophages. Relative cell viability of different group (A) and representative images of transwell 
assay in each group (B) when IRF2 overexpression and silencing. Relative migration rate in different groups (RAW264.7 cells) (C); Mean±standard error of the mean values is 
presented for each group. *: LPS+IFN-γ group compared with control group, P < 0.05; #: LPS+IFN-γ+IRF2-pcDNA3.1 group compared with LPS+IFN-γ group and LPS+IFN-γ 
+pcDNA3.1 group, P < 0.05; @: LPS+IFN-γ+si-IRF2 group compared with LPS+IFN-γ group and LPS+IFN-γ+si-NC group, P < 0.05. P < 0.05 by one-way analyse of variance 
(ANOVA). Control group was defined as RAW264.7 cells without LPS+IFN-γ treated group. Scale bar, 100 μm.
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silencing decreased the expression of IRG1 (Figure 5A and B, Figure S3), suggesting that IRG1 siRNA was transfected 
successfully. IRG1 silencing enhanced the expression of iNOS and IL-6 and lowered the expression of BCL-xl 
(Figure 5A and B), indicating that IRG1 might act as a negative regulator of the inflammatory response and apoptosis 
of macrophages. In addition, CCK-8, Transwell, and flow cytometry results indicated that IRG1 silencing inhibited cell 
viability and promoted cell migration and apoptosis (Figure 5C–G). These findings indicated that IRG1 affected the 
inflammatory response, cell viability, migration, and apoptosis of macrophages.

IRF2 Influenced the Inflammatory Response, Cell Viability, Migration and Apoptosis of 
Macrophages by Regulating IRG1
To determine the effect of IRF2 on the physiological function of macrophages by regulating IRG1, IRF2-pcDNA3.1, and 
si-IRG1 were co-transfected into RAW264.7 cells and treated by LPS+IFN-γ for 24 hours. si-IRG1 weakened the 
enhancing effect of IRF2 overexpression on IRG1 expression and the inhibitory effect of IRF2 overexpression on iNOS 
and IL-6 expression (Figure 6A and B). This indicated that IRF2 affected the inflammatory response of macrophages by 
targeting IRG1. Subsequently, the effect of IRF2 on macrophage viability via the regulation of IRG1 was investigated. 
The results of the CCK-8 assay showed that si-IRG1 reduced the enhancing effect of IRF2 overexpression on macro-
phage viability (Figure 7A). This suggested that IRF2 influenced macrophage viability by regulating IRG1 expression. 
Moreover, the results of the transwell assay revealed that si-IRG1 lowered the inhibitory effect of IRF2 overexpression 

Figure 3 The influences of IRF2 on cell apoptosis in LPS+IFN-γ induced macrophages. Representative Western blot bands of BCL-xl (A, B) and relative protein levels of 
BCL-xl were normalized to that of the GAPDH internal control (C); Representative images of flow cytometry in each group (D). Relative apoptosis rate in different groups 
(E); Mean±standard error of the mean values is presented for each group. *: LPS+IFN-γ group compared with control group, P < 0.05; #: LPS+IFN-γ+IRF2-pcDNA3.1 group 
compared with LPS+IFN-γ group and LPS+IFN-γ+pcDNA3.1 group, P < 0.05; @: LPS+IFN-γ+si-IRF2 group compared with LPS+IFN-γ group and LPS+IFN-γ+si-NC group, 
P < 0.05. P < 0.05 by one-way analyse of variance (ANOVA). Control group was defined as RAW264.7 cells without LPS+IFN-γ treated group.

Journal of Inflammation Research 2024:17                                                                                          https://doi.org/10.2147/JIR.S490655                                                                                                                                                                                                                       

DovePress                                                                                                                       
9657

Dovepress                                                                                                                                                              Qin et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=490655.pdf
https://www.dovepress.com
https://www.dovepress.com


on cell migration of RAW264.7 cells (Figure 7B and C). The influence of IRF2 on macrophage apoptosis via the 
regulation of IRG1 was confirmed. Western blotting and flow cytometry assays showed that silencing of IRG1 reduced 
the enhanced effect of IRF2 overexpression on BCL-xl expression (Figure 8A and B) and the inhibitory effect of IRF2 
overexpression on macrophage apoptosis (Figure 8C and D). This demonstrated that IRF2 caused a difference in 
macrophage apoptosis by regulating IRG1.

Discussion
It is widely recognized that the polarization of macrophage M1/M2 balance during inflammation or injury determines the 
outcome of organ function. When an infection or inflammation is severe enough to affect an organ, macrophages initially 
adopt the M1 phenotype, secreting pro-inflammatory cytokines such as TNF-α, IL-1β, IL-12, and IL-23 in response to 
stimulation. However, if the M1 stage persists, it may lead to tissue damage. Therefore, M2 macrophages secrete large 
amounts of IL-10 and TGF-β to inhibit inflammation, promote tissue repair, remodeling, angiogenesis, and maintain 
homeostasis.1 Macrophages are involved in multiple organ systems, and they not only promote inflammation and wound 
healing, but are also involved in fibrosis, anti-inflammatory responses, anti-fibrosis, and promote dissolution and tissue 
regeneration.39,40 For example, recent studies have shown that although genetic destiny mapping studies have confirmed 
that most macrophages in the adult heart are derived from yolk sacs and fetal progenitor cells, the macrophages that 
dominate the early inflammatory response after heart tissue injury are CCR2+ monocyte derived macrophages.41 On the 
contrary, resident cardiac macrophages, which originate from embryonic sources, are pivotal cells that facilitate 
recovery.42 These studies have demonstrated that these resident tissue macrophages stimulate cardiomyocyte prolifera-
tion and blood vessel development. This implies that macrophages derived from embryonic tissue and those from CCR2+ 
monocytes have distinct roles in the process of heart repair. Therefore, macrophages play an important role in human and 
animal disease models.

Figure 4 IRG1 was a direct target of IRF2. The luciferase activity of IRG1 promoter (A), Representative Western blot bands of IRG1 (B and C) and relative protein and 
mRNA levels of IRG1 were normalized to that of the GAPDH internal control (D and E) when IRF2 was overexpressed and silencing; Mean±standard error of the mean 
values is presented for each group. and: pcCDNA3.1+IRG1-PGL3+pRL-SV40 group compared with pcDNA3.1+PGL3+pRL-SV40 group and IRF2-pcDNA3.1+PGL3+pRL- 
SV40 group, P < 0.05; ^: IRF2-pcDNA3.1+IRG1-PGL3+pRL-SV40 group compared with pCDNA3.1+IRG1-PGL3+pRL-SV40 group, P < 0.05; *: LPS+IFN-γ group compared 
with control group, P < 0.05; #: LPS+IFN-γ+IRF2-pcDNA3.1 group compared with LPS+IFN-γ group and LPS+IFN-γ+pcDNA3.1 group, P < 0.05; @: LPS+IFN-γ+si-IRF2 
group compared with LPS+IFN-γ group and LPS+IFN-γ+si-NC group, P < 0.05. P < 0.05 by one-way analyse of variance (ANOVA). Control group was defined as RAW264.7 
cells without LPS+IFN-γ treated group.
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Figure 5 IRG1 affected the inflammatory response, cell viability, migration and apoptosis of macrophages. Representative Western blot bands of IRG1, iNOS, IL-6 and BCL- 
xl (A) and relative protein levels of IRG1, iNOS, IL-6 and BCL-xl were normalized to that of the GAPDH internal control (B) when IRG1 was silencing. Relative cell viability 
rate of different group (C) and representative images of transwell assay (D) and Relative migration rate in each group (E), Representative images of flow cytometry (F) and 
apoptosis rate in each group (G) when IRG1 was silencing; Mean±standard error of the mean values is presented for each group. *: si-IRG1 group compared with control 
group and si-NC group, P < 0.05; #: LPS+IFN-γ group compared with control group and si-NC group, P< 0.05; @: LPS+IFN-γ+si-IRG1 group compared with LPS+IFN-γ 
group and LPS+IFN-γ+si-NC group, P < 0.05; and: LPS+IFN-γ+si-NC group compared with control group and si-NC group, P < 0.05. P < 0.05 by one-way analyse of variance 
(ANOVA). Control group was defined as RAW264.7 cells without LPS+IFN-γ treated group. Scale bar, 100 μm.

Figure 6 IRF2 affected the inflammatory response of macrophages by target regulating IRG1. Representative Western blot bands of iNOS and IL-6 (A) and relative protein levels of 
iNOS and IL-6 were normalized to that of the GAPDH internal control (B); Mean±standard error of the mean values is presented for each group. *: LPS+IFN-γ group compared 
with control group, P < 0.05; #: LPS+IFN-γ+IRF2-pcDNA3.1 group compared with LPS+IFN-γ group and LPS+IFN-γ+pcDNA3.1 group, P < 0.05; @: LPS+IFN-γ+pcDNA3.1 group 
compared with LPS+IFN-γ+IRF2-pcDNA3.1 group, P < 0.05; &: LPS+IFN-γ+IRF2-pcDNA3.1+si-IRG1 group compared with LPS+IFN-γ+IRF2-pcDAN3.1 group and LPS+IFN-γ 
+IRF2-pcDAN3.1+si-NC group, P < 0.05. P < 0.05 by one-way analyse of variance (ANOVA). Control group was defined as RAW264.7 cells without LPS+IFN-γ treated group.
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Members of the IRFs family have been proven to be multi-functional in regulating immune responses and to play 
a strong role in the physiological environment.29,30 During inflammation, IRF family proteins perform important 
functions by regulating the pro-inflammatory and anti-inflammatory processes of immune cells, especially macrophages. 
IRF1, IRF5, IRF8, and IRF9 participate in mediating pro-inflammatory effects (M1 polarization) of macrophages, 
whereas IRF3 and IRF4 participate in mediating anti-inflammatory effects (M2 polarization) of macrophages.20,28 

However, IRF2 exhibits unique characteristics that differ from those of the other IRF proteins. On the one hand, IRF2 
supports the production of IFN-γ, IL-1, and IL-12 induced by LPS and inhibits macrophage polarization into the M2 
phenotype through binding to the promoter region of IL-4, showing a pro-inflammatory effect.43 In contrast, IRF2 
inhibited LPS-induced TNF-α expression and exerted anti-inflammatory effects.31 Therefore, the effects of IRF2 on 
macrophages are somewhat contradictory and complex.

In our study, the findings indicated that overexpression of IRF2 inhibited the expression of IL-6 and iNOS, cell 
migration, and apoptosis, and elevated the expression of BCL-xl and cell viability in RAW264.7 cells treated by LPS and 
IFN-γ (treated 24 hours). In contrast, silencing of IRF2 enhanced the expression of IL-6 and iNOS, cell migration, and 

Figure 7 IRF2 affected cell viability and migration of macrophages by regulating IRG1. Relative cell viability of different group (A), representative images of transwell assay 
(B) and relative migration rate in different groups (C); Mean±standard error of the mean values is presented for each group. *: LPS+IFN-γ group compared with control 
group, P < 0.05; #: LPS+IFN-γ+IRF2-pcDNA3.1 group compared with LPS+IFN-γ group and LPS+IFN-γ+pcDNA3.1 group, P < 0.05; @: LPS+IFN-γ+pcDNA3.1 group 
compared with LPS+IFN-γ+IRF2-pcDNA3.1 group, P < 0.05; and: LPS+IFN-γ+IRF2-pcDNA3.1+si-IRG1 group compared with LPS+IFN-γ+IRF2-pcDAN3.1 group and LPS 
+IFN-γ+IRF2-pcDAN3.1+si-NC group, P < 0.05. P < 0.05 by one-way analyse of variance (ANOVA). Control group was defined as RAW264.7 cells without LPS+IFN-γ 
treated group. Scale bar, 100 μm.
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apoptosis, decreased the expression of BCL-xl, and decreased the viability of macrophages (Figures 1–3). These results 
indicated that IRF2 affects the inflammatory response, cell viability, migration, and apoptosis of macrophages.

IRG1 is a multi-functional regulator of inflammation and infection.33 IRG1-encoded cis-aconite decarboxylase 
produces itaconate via cis-decarboxylation.44 Itaconate is an organic compound that inhibits isocitrate lyase, a key 
enzyme that diverts glyoxylic acid, and is necessary for bacterial growth under certain conditions. Related research has 
indicated that the TET-family DNA dioxygenase (TET) is the main target of itaconate in blocking LPS-induced gene 
expression, including genes controlled by the NF-κB and STAT signaling pathways. Itaconate alleviates LPS-induced 
acute pulmonary edema and lung and liver injury. This study has identified itaconate as an immunomodulatory metabolite 
that selectively targets the TET enzyme to suppress inflammatory responses.44 Another study has shown that itaconate 
and its derivatives have anti-inflammatory effects in preclinical models of sepsis, viral infection, psoriasis, gout, 
ischemia/reperfusion injury, and pulmonary fibrosis, suggesting that itaconic acid-based therapies may be useful for 
a range of inflammatory diseases.33,45 A recent study demonstrates that a cell-permeable derivative of itaconate can 
reduce the prolonged inflammatory response by activating the transcription factor Nrf2.46 Considering that IRG1/ 
itaconate pathway triggers an Nrf2-mediated antioxidative response in hepatocytes, thereby protecting the liver from I/ 
R injury.47 The IRG1 pathway observed in macrophages may also play a role in this protective mechanism. Furthermore, 
lentivirus-encoded Irg1 shRNA significantly reduced peritoneal tumors and led to decreased ROS production and ROS- 

Figure 8 IRF2 affected the apoptosis of macrophages by regulating IRG1. Representative Western blot bands of BCl-xl (A), relative protein levels of BCl-xl were normalized 
to that of the GAPDH internal control (B), representative images of flow cytometry in each group (C) and relative apoptosis rate in different groups (D); Mean±standard 
error of the mean values is presented for each group. *: LPS+IFN-γ group compared with control group, P < 0.05; #: LPS+IFN-γ+IRF2-pcDNA3.1 group compared with LPS 
+IFN-γ group and LPS+IFN-γ+pcDNA3.1 group, P < 0.05; @: LPS+IFN-γ+pcDNA3.1 group compared with LPS+IFN-γ+IRF2-pcDNA3.1 group, P < 0.05; and: LPS+IFN-γ 
+IRF2-pcDNA3.1+si-IRG1 group compared with LPS+IFN-γ+IRF2-pcDAN3.1 group and LPS+IFN-γ+IRF2-pcDAN3.1+si-NC group, P < 0.05. P < 0.05 by one-way analyse of 
variance (ANOVA). Control group was defined as RAW264.7 cells without LPS+IFN-γ treated group.
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mediated MAPK activation in tumor cells.48 As reflected in the literature, IRG1 and members of the IRFs family are 
inextricably linked. siRNA-mediated silencing of IRF1 in macrophages sharply reduced IRG1 expression at both the 
gene and protein levels, which was associated with reduced itaconic acid production.37 Overexpressed IRF9 elevated the 
mRNA level of IRG1 in macrophages.36 This suggests that some IRF family members regulate IRG1 expression, and 
some IRF family members may play a pivotal role in inflammation, the onset and progression of diseases, as well as in 
the repair of tissues and organs by modulating the expression of IRG1. However, it is unclear whether IRF2 has 
a regulatory relationship with IRG1, and whether it plays a role in inflammatory responses and other biological processes 
in macrophages. Therefore, further experiments were conducted to explore these mechanisms. In order to verify the 
targeted regulatory relationship between IRF2 and IRG1, dual-luciferase reporter assay was used for verification. The 
promoter of IRG1 was cloned into PGL3 plasmid and transfected into RAW264.7 cells for dual-luciferase reporter assay. 
The experimental results indicated that IRF2 could activate the promoter activity of IRG1 (Figure 4A). And over-
expression of IRF2 enhanced the expression of IRG1, while silence of IRF2 inhibited the expression of IRG1 
(Figure 4B–E). This indicated that IRF2 had a positive regulatory effect on IRG1.

In addition, IRG1 silencing by si-IRG1 increased the expression of iNOS and IL-6 and decreased the expression of BCL-xl 
(Figure 5A, B), suggesting that IRG1 might function as a negative regulator of the inflammatory response and apoptosis of 
macrophages. Furthermore, IRG1 silencing suppressed cell viability and enhanced cell migration and apoptosis (Figure 5C–G). 
These findings demonstrated that IRG1 affected the inflammatory response, cell viability, migration, and apoptosis of macro-
phages. Moreover, after co-transfection of IRF2-pcDNA3.1 and si-RG1 into macrophages, it was found that the inhibitory effects 
on inflammation, cell migration, apoptosis, and enhancing effects on the cell viability of IRF2 over-expression were reversed by 
IRG silencing. Previous studied had showed that IRG1/itaconate pathway functioned as an suppressor of inflammatory responses 
by modulating NF-κB, STAT and Nrf2 signaling,44–46 suggesting that IRF2 might inhibit inflammation responses by regulating 
the IRG1/itaconate pathway. Subsequent investigation on the regulation of the IRF2 and IRG1/itaconate pathway might further 
elucidate the relevant mechanisms. Our above observations indicated that there was a positive regulatory relationship between 
IRF2 and IRG1, and that IRF2 affected the inflammatory responses, cell viability, migration, and apoptosis of macrophages by 
directly regulating IRG1.

Conclusion
In summary, these findings suggested that IRF2 could repress the inflammatory response, cell migration, apoptosis and 
improve cell viability of macrophages. IRG1 was a regulatory target of IRF2. IRF2 caused differences in inflammation, 
cell migration, apoptosis, and macrophage viability by regulating IRG1. Therefore, the IRF2/IRG1 axis is expected to 
provide new clues for clinical macrophage-related inflammatory diseases and offer a new direction for the better clinical 
diagnosis and treatment of related diseases.
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