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Effect of connexin 43 in LPS/IL-4-induced 
macrophage M1/M2 polarization
An observational study
Pengchen He, MMa, Mingxing Dai, MMb, Zongpin Li, PhDa, Xiaoyi Wang, MMa, Hongyuan Liu, MMa, 
Yixiao He, MMc, Han Jiang, MMb,*

Abstract 
Lipopolysaccharide (LPS) and interleukin-4 (IL-4) play important roles in inducing M1 and M2 macrophage polarization. Studies 
have shown that LPS can promote the polarization of macrophages to M1-type and produce many pro-inflammatory cytokines, 
while IL-4 can promote the polarization of macrophages to M2-type and produce many anti-inflammatory cytokines. Moreover, 
Connexin 43 (Cx43) is widely expressed in macrophages and has various regulatory functions. However, whether Cx43 is involved 
in the regulation of macrophage M1/M2 polarization has not been fully studied. This study examined the role of Cx43 and M2 
polarization markers using Western blot, immunofluorescence, flow cytometry. Cx43 overexpression was induced using Cx43 
overexpressing lentivirus. The statistical software SPSS 20.0 (IBM Corp.) and GraphPad Prism 8.0 (GraphPad Software, La Jolla, 
CA, United States) were used to analyze the results. P values < .05 were considered to indicate statistically significant differences. 
Our results showed that LPS promotes the polarization of macrophages to M1-type, which is accompanied by an increase in 
Cx43 expression from 0 to 24 hours. Moreover, the application of the Cx43-specific blockers Gap19 and Gap26 reduces the 
expression of macrophage M1-type polarization markers. Thus, the expression of Cx43 increases first, and then, due to the 
initiation of intracellular autophagy during LPS-induced macrophage M1 polarization. Cx43 is degraded and the expression of 
Cx43 decreases from 24 hours to 48 hours. IL-4 decreases the expression of Cx43 from 24 hours to 48 hours and promotes 
the transformation of macrophages to M2-type. The application of Cx43 overexpression lentivirus leads to a reduction in the 
expression of M2 polarization markers. IL-4-induced M2 polarization of macrophages inhibits cell autophagy, reducing Cx43 
degradation and leading to an increase in Cx43 from 24 hours to 48 hours. Thus, Cx43 expression in M2-type polarization 
experiences a reduction at first and then an increase from 24 hours to 48 hours. The direction of macrophage polarization can be 
controlled by regulating the expression of Cx43, thus providing a theoretical basis for treating atherosclerosis, tumors, and other 
diseases associated with macrophage polarization.

Abbreviations: Arg-1 = arginase-1, Cx43 = connexin 43, IFN-γ = interferon-γ, IL-4 = interleukin-4, iNOS = inducible nitric oxide 
synthase, LPS = lipopolysaccharide, OE = overexpress.
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1. Introduction
Macrophages are one of the most common immune cells 
in the body, and they play an irreplaceable role in the pro-
gression of various diseases.[1] Macrophage polarization 
can be divided into different phenotypes.[2] Among these, 
the most studied are M1-type and M2-type macrophages.[3] 
Lipopolysaccharide (LPS) and Interferon-γ (IFN-γ) can 

induce macrophage polarization toward M1-type, which 
secrete inflammatory factors such as TNF-α, IL-6, and 
IL-1.[4] M1-type macrophages are also characterized by 
significant increases in CD86 and inducible nitric oxide 
synthase (iNOS), which play an important role in the 
pro-inflammatory response, accelerating atherosclerosis 
and anti-tumor processes.[5]
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In contrast, M2 polarization can be induced by interleukin- 
4 (IL-4) and IL-13 and leads to the secretion of anti- 
inflammatory cytokines. Macrophage M2 polarization plays 
crucial roles in reducing the inflammatory response and accel-
erating tumor progression.[6,7] The process of autophagy is 
affected by M2-type polarization. Indeed, it has been reported 
that M2-type polarization inhibits the process of autophagy. 
Besides, the increase of M2-type macrophages favors tumor 
progression.[8]

Gap junction channels or hemichannels composed of connex-
ins are widely expressed in macrophages and are involved in 
the immune response to various diseases. Gap junctions play 
a significant role in cell-cell interactions and signal transduc-
tion by allowing ions with a molecular weight <1.5 kDa to 
pass through freely.[9] Connexins are the basic components of 
gap junctions. The hemi-channel of connexins is made up of 6 
hexamers formed by 6 of the same connexins.[10] The connexin 
hemichannels in 2 closely adjacent cells form the gap junction. 
Recent studies have shown that Cx30, Cx31, and Cx40 play key 
roles in the macrophage polarization process.[11] The matura-
tion of airway epithelium cells has also been associated with the 
down-regulation of Cx26 and connexin 43 (Cx43), while Cx30 
has been shown to be involved in astroglial polarization process.

Cx43 is the most widely expressed connexin in macro-
phages.[12] To explore the effect of Cx43 in immune process, 
the inhibitor of Cx43 Gap19 and Gap26 is widely used. They 
were small peptides. Previous studies indicated that Cx43 
mimetic peptides Gap26 and Gap27 may protect cerebral isch-
emic injury. Gap19 is a new specific inhibitor of Cx43 hemi-
channels.[13] Gap19 blocks HCs but not GJCs and is specific for 
Cx43.[14]

However, the mechanism by which Cx43 acts in M1 and M2 
polarization remains unclear and whether Cx43 can influence 
related diseases by regulating macrophage polarization is also 
unknown. Recent studies show that formononetin can reduce 
inflammation and atherosclerosis by influencing macrophage 
polarization. Whether there are other ways to alter polarization 
and thus reduce inflammation is not known.[15] Therefore, the 
main purpose of this paper was to explore whether Cx43 affects 
M1/M2-type polarization, and if so, what role it plays, with the 
aim to provide clues for the development of a new treatment for 
AS and cancer.

2. Materials and methods

2.1. Cell culture

RAW264.7 macrophages were bought from the Shanghai 
Institutes for Biological Sciences, Chinese Academy of Sciences. 
The ethical approval was not necessary, because this experi-
ment only used cells. The cells were cultivated in a culture dish 
at a density of 3 × 105/mL in a CO2 thermostatic incubator at 
37°C and 5% CO2 in Dulbecco Modified Eagle Media (DMEM; 
Gibco, Thermo Fisher Scientific, Inc.) with 12% fetal bovine 
serum (Gibco, Thermo Fisher Scientific, Inc.). The cells were 
passaged after reaching 70% to 80% confluence.

RAW264.7 macrophages were cultured and treated as fol-
lows: Control group, macrophages cultured in DMEM/fetal 
bovine serum with no treatment; LPS group, cells were treated 
with 100 ng/mL LPS (Sigma) for 24 hours at 37°C[16]; IL-4 
group, cells were pre‑treated with 20 ng/mL IL-4 (Protechnol) 
at 37°C for 24 hours; LPS + Cx43 inhibitor Gap19 or Gap26 
group, cells were pre‑treated with 2 × 10‑5 mol/l Gap19 or 
2 × 10‑5 mol/l Gap26 (APExBIO Technology LLC) at 37°C 
for 30 minutes prior to treatment with 100 ng/mL LPS for 24 
hours; IL-4 + Cx43 overexpression lentivirus group, cells were 
pre‑treated with 20 mol/L Cx43 overexpression lentivirus 
(Genechem) at 37°C for 30 minutes prior to treatment with 
20 ng/mL IL-4 for 24 hours; Macrophages were treated with 
LPS (100 ng/mL) for 0 hours, 6 hours, 12 hours, 24 hours, or 48 

hours, and with IL-4 (20 ng/mL) for 0 hours, 6 hours, 12 hours, 
24 hours, or 48 hours, respectively.

2.2. Western blot

The protein expression levels of CD86, CD206, iNOS, 
Arginase-1 (Arg-1), Cx43, Beclin-1, and LC3B were detected 
by Western blot. Briefly, macrophages were lysed on ice for at 
least 15 minutes. Total protein was extracted from cells using 
RIPA lysis buffer (cat. no. R0020; Beijing Solarbio Science 
and Technology Co., Ltd.) and quantified using the BCA 
method. Samples with equivalent amounts of protein were 
separated by SDS-PAGE in 5 × loading buffer. The separated 
proteins were then transferred onto a PVDF membrane (EMD 
Millipore) and blocked with 5% skimmed milk in TBS‑0.2% 
Tween‑20 (TBST; Sangon Biotech, Co., Ltd.) for 2 hours at 
room temperature. Next, the membranes were incubated with 
primary mouse or rabbit antibodies specific for the relative 
proteins at 4°C overnight: Anti‑CD86 (1:1000, ab39075,  
Abcam, United Kingdom), anti‑Cx43 (1:1000, ab314908, Abcam,  
United Kingdom), anti‑iNOS (1:1000, ab178945, Abcam,  
United Kingdom), anti‑CD206 (1:1000, ab64693,  
Abcam, United Kingdom), anti‑β‑actin (1:1000, ab8226, Abcam,  
United Kingdom), anti-Beclin-1 (1:1000, ab207612, Abcam,  
United Kingdom), anti-LC3B (1:1000, ab192890,  
Abcam, United Kingdom), and anti‑GAPDH (1:1000, ab8245, 
Abcam, United Kingdom). After primary antibody incubation, 
the membranes were washed 3 times with TBST (10 minutes/
wash) and the secondary antibody (1:10000, PV-6001-3ml, 
Beijing Zhongshan Jinqiao Biotechnology, Beijing, China) was 
incubated with the PVDF membrane at room temperature 
for 2 hours. The membrane was washed 3 times with TBST 
(10 minutes/wash) before incubating with ECL reagent (GE 
Healthcare Life Sciences, London, United Kingdom). The col-
lected images were analyzed using ImageJ software (version 
1.8.0; National Institutes of Health). All of theses reagents 
used green nanomaterials.

2.3. Immunofluorescence

To generate cell slides, 4 × 105/mL RAW264.7 macrophages 
were plated into 6-well plates at 37°C for 24 hours with ster-
ile coverslips. Next, the slides were washed with phosphate- 
buffered saline (PBS; Beijing Solarbio Science & Technology Co., 
Ltd.) thrice and then incubated with 4% paraformaldehyde for 
10 minutes at room temperature. The slides were then subjected 
to 3 washes with PBS (2–3 minutes/wash), permeabilized with 
0.2% Triton X-100 for 3 minutes at room temperature, washed 
thrice with PBS (3 minutes per wash), and then blocked with 
5% bovine serum albumin (BSA; Sigma-Aldrich; Merck KGaA) 
blocking solution at 37°C for 30 minutes. Subsequently, sections 
were probed with relevant primary antibodies (anti-Cx43 poly-
clonal antibody [1:100, Abcam], anti-CD86 polyclonal anti-
body [1:100, Abcam],[17] and anti-CD206 polyclonal antibody 
[1:100, Abcam]). Samples were incubated with the primary anti-
body for 3 hours at 37°C. Samples were washed thrice with PBS 
(2 minutes/wash) prior to incubation with the fluorescent sec-
ondary antibody (1:50; Goat anti-rabbit secondary antibodies; 
Beijing Zhongshan Jinqiao Biotechnology Co., Ltd.) for 1 hour 
at 37°C. Following incubation, the secondary antibody solution 
was discarded and samples were washed 3 times with PBS (3 
minutes/wash). Slides were subsequently incubated with propid-
ium iodide (1:1000; Beijing Solarbio Science & Technology Co., 
Ltd.) at 10°C at room temperature in the dark for 10 minutes 
before being washed 3 times with PBS (10 minutes/wash). An 
anti-fluorescence attenuating sealer was then added to the slides 
and the staining was observed using a Zeiss LSM 510 META 
laser confocal microscope (magnification, ×630; Carl Zeiss AG, 
Germany).
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2.4. Flow cytometry

CD86 (Invitrogen; Thermo Fisher Scientific, Inc.) expression 
was detected by flow cytometry. Cells (1.5 × 106/well) were 
cultivated for 24 hours, digested with 0.25% trypsin, cen-
trifuged at 1000 rpm/min for 5 minutes at 37°C, and subse-
quently retained as a pellet. The supernatant was discarded 
and each pellet was resuspended with 1 mL PBS, centrifuged 
at 1000 rpm/min at 37°C for 5 minutes, and retained as a pel-
let. Using 200 µL PBS to resuspend the pellets in Eppendorf 
tubes, 2 µL phycoerythrin (PE)‑CD86 antibody (1:100, 
MHCD8604, Invitrogen; Thermo Fisher Scientific, Inc.) was 
added to each Eppendorf tube and cultured at 37°C in the 
dark for 45 to 50 minutes.[18] Subsequently, PBS was added 
to each tube and the cells were centrifuged at 1000 rpm/min 
for 5 minutes at 37°C. The supernatant was removed and the 
pellets were resuspended in 200 µL PBS. Formulated fixative 
Fixation Concentrate (BD Biosciences) was added to each tube 
at room temperature for 20 minutes before incubation with a 
PE‑CD206 antibody (1:100, 12-2069-42, Invitrogen; Thermo 
Fisher Scientific, Inc.) at 37°C in the dark for 30 minutes. 
Subsequently, cells were resuspended in 1 mL 1 × permeabili-
zation reagent (BD Biosciences) for 30 minutes at 25°C and 
centrifuged at 1000 rpm/min for 5 minutes at 37°C. The super-
natant was discarded, the cell pellets were resuspended with 
200 µL PBS, and CD206 and CD86 expression levels were 
analyzed by flow cytometry (FACSort; BD Biosciences) with 
BD CellQuest Pro software (version 2.0, system OS2; Becton, 
Dickinson and Company).

2.5. Statistical analysis

The statistical software SPSS 20.0 (IBM Corp.) and GraphPad 
Prism 8.0 (GraphPad Software, La Jolla, CA) were used to 
analyze the results. The values are expressed as means ± stan-
dard errors, and one-way analysis of variance (ANOVA) and 
t-test were used to analyze the differences among groups. P 
values < .05 were considered to indicate statistically significant 
differences.

3. Results

3.1. Cx43 is increased in LPS-induced M1-type 
macrophages and inhibiting Cx43 reduces the expression 
of M1 polarization markers

To investigate the level of Cx43 in LPS-induced M1 polariza-
tion, a Western blot was used to detect the expression levels 
of Cx43 in RAW264.7 macrophages. Compared with the con-
trol groups, the levels of Cx43 expression were significantly 
increased following LPS treatment for 24 hours (Fig. 1A and 
B). Furthermore, the localization of Cx43 in RAW264.7 mac-
rophages was determined using an immunofluorescence assay. 
The results showed that Cx43 was expressed in RAW264.7 
macrophages. Compared with the control groups, the protein 
expression levels of Cx43 in macrophages were consistent with 
the results obtained from Western blotting (Fig. 1C and D).

To investigate the role of Cx43 in macrophage M1-type 
polarization, RAW264.7 macrophages were pretreated with 
Gap19 or Gap26 for 30 minutes before being treated with 
LPS for 24 hours. Western blot was used to detect the effect 
of Gap19 and Gap26 in reducing Cx43 expression. The results 
showed that Cx43 levels were significantly reduced in Gap19 
and Gap26 groups (Fig. 1E and F). Western blotting analysis 
demonstrated that CD86 and iNOS expression levels in the LPS 
groups were significantly increased compared with the control 
groups, and were significantly decreased in the LPS + Gap19 and 
LPS + Gap26 groups compared with the LPS groups (Fig. 1G–J).

Furthermore, the localization and expression levels of CD86 
in macrophages were analyzed using an immunofluorescence 
assay. The results indicated that CD86 was expressed in the cell 
membrane and nucleus. Compared with the control groups, 
the protein expression levels of CD86 in the LPS groups were 
higher than those in the control groups, and were decreased in 
the LPS + Gap19 and LPS + Gap26 groups compared with the 
LPS groups (Fig. 2A and B). These results were consistent with 
those obtained from Western blotting. Additionally, the fre-
quency of CD86 expression in macrophages was detected by 
flow cytometry. The levels of CD86 were significantly higher in 

Figure 1.  Expression levels of Cx43 in LPS-induced macrophage polarization. (A) Total protein levels of Cx43 in RAW264.7 macrophages in the control and LPS 
groups. (B) Statistical analysis of Cx43. Data are presented as the mean ± SEM (n = 3). *P < .05 vs control groups. (C) Expression levels of Cx43 in RAW264.7 
macrophages as detected by immunofluorescence (n = 3). (D) Statistical analysis of Cx43. Data are presented as the mean ± SEM (n = 3). *P < .05 vs control 
groups. (E) Total protein levels of Cx43 in RAW264.7 macrophages in the control, Gap26 and Gap19 groups. (F) Statistical analysis of Cx43. Data are pre-
sented as the mean ± SEM (n = 3). *P < .05 vs control groups. #P < .05 vs LPS groups. (G–H) The total expression levels of CD86 in RAW264.7 macrophages 
in the control, LPS, LPS + Gap19, and LPS + Gap26 groups (n = 3). (I–J) The total expression level of iNOS in RAW264.7 macrophages in the control, LPS, 
LPS + Gap19, and LPS + Gap26 groups (n = 3). Data are presented as the mean ± SEM (n = 3). *P < .05 vs control groups. #P < .05 vs LPS groups. Cx43 = 
connexin 43, iNOS = inducible nitric oxide synthase, LPS = lipopolysaccharide, PI = propidium iodide.
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the LPS groups than in the control groups, and this increase was 
prevented by pretreatment with Gap19 and Gap26 (Fig. 2C and 
D). These results suggest that blocking Cx43 can decrease the 
expression of macrophage M1 polarization markers.

3.2. M1-type polarization induces autophagy in 
macrophages and decreases Cx43 expression at 48 hours

To investigate the role of autophagy in macrophage M1-type 
polarization, RAW264.7 macrophages were pretreated with LPS 
for 48 hours. Western blotting analysis showed that Beclin-1 
and LC3B expression levels in the LPS groups were significantly 
increased compared with the control groups (Fig. 3A–D). To 

further characterize the role of Cx43 in autophagy, Cx43 pro-
tein expression was detected using Western blot following treat-
ment with 100 ng/mL LPS for 0, 6, 12, 24, and 48 hours. The 
protein expression levels of Cx43 first increased, before reach-
ing a maximum at 24 hours and then decreasing (Fig. 3E and F).

3.3. Cx43 is decreased following IL-4-induced M2 
polarization from 0 to 24 hours

To investigate the effect of Cx43 in IL-4-induced M2 polariza-
tion, a Western blot was used to detect the expression levels 
of Cx43 in RAW264.7 macrophages. Compared with the con-
trol groups, the levels of Cx43 expression were significantly 

Figure 2.  Expression of M1-type polarization markers with Cx43 inhibitors. (A–B) The location and expression levels of CD86 in RAW264.7 macrophages pre-
treated with Gap19 and Gap26 in the control, LPS, LPS + Gap19, and LPS + Gap26 groups (n = 3). (C–D) Flow cytometry was used to detect the expression 
frequency of CD86 in RAW264.7 macrophages pretreated with Gap19 and Gap26 (n = 3). Data are presented as the mean ± SEM (n = 3). *P < .05 vs control 
groups; #P < .05 vs LPS groups. Cx43 = connexin 43, LPS = lipopolysaccharide, PE = phycoerythrin.
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decreased following IL-4 treatment for 24 hours (Fig. 4A and 
B). The localization of Cx43 in RAW264.7 macrophages was 
next determined using an immunofluorescence assay. The results 
showed that Cx43 was expressed in the membrane and nucleus 
of macrophages. Compared with the control groups, the protein 
expression levels of Cx43 in the IL-4 group were lower than 
those in control groups, which were consistent with the results 
obtained from Western blot (Fig. 4C and D).

3.4. Overexpression of Cx43 reduces the expression of 
macrophage M2 polarization markers

To investigate the role of Cx43 in macrophage M2 polarization, 
RAW264.7 macrophages were pretreated with Cx43 overex-
pression lentiviral (OE) for 30 minutes before being treated with 

IL-4 for 24 hours. Western blotting analysis demonstrated that 
CD206 and Arg-1 expression levels in the IL-4 group were sig-
nificantly increased compared with those in the control groups. 
However, CD206 and Arg-1 were significantly decreased in the 
IL-4 + OE groups compared with the IL-4 groups (Fig. 5A–C). 
The localization and expression levels of CD206 in macrophages 
were analyzed using an immunofluorescence assay. The results 
indicated that CD206 was expressed in the membrane and 
nucleus of macrophages. Compared with the control groups, 
the protein expression of CD206 was higher in the IL-4 groups 
than in the control groups, and was decreased in the IL-4 + OE 
groups compared with the IL-4 groups. These results were con-
sistent with those obtained from Western blotting (Fig. 5D and 
E). The expression of CD206 in macrophages was also detected 
using flow cytometry. The results showed that the levels of 

Figure 3.  Expression of autophagy-related markers Beclin-1 and LC3B following 48 h LPS treatment. (A) Western blotting was used to detect the expression 
levels of Beclin-1 in macrophages pretreated with LPS (n = 3). (B) Statistical analysis of Beclin-1. (C) Western blotting was used to detect the expression levels of 
LC3B in macrophages pretreated with LPS (n = 3). (D) Statistical analysis of LC3B. (E) Total protein expression levels of Cx43 in RAW264.7 macrophages treated 
with 100 ng/mL LPS at different time points (0, 6, 12, 24, and 48 h). (F) Statistical analysis of Cx43. Data are presented as the mean ± SEM (n = 3). *P < .05 vs 
control groups, **P < .01 vs control groups. Cx43 = connexin 43, LPS = lipopolysaccharide.
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CD206 were significantly higher in the IL-4 groups compared 
with those in the control groups, and this increase was pre-
vented by pretreatment with OE (Fig. 5F and G). These results 
suggest that overexpressing Cx43 can decrease the expression of 
macrophage M2 polarization markers.

3.5. M2-type polarization reduces autophagy in 
macrophages at 48 hours, and Cx43 protein expression 
was first decreased and then increased by IL-4 in 
RAW264.7 macrophages

To investigate the role of autophagy in macrophage M2-type 
polarization, RAW264.7 macrophages were pretreated with 
IL-4 for 48 hours. Western blotting analysis demonstrated that 
Beclin-1 and LC3B expression levels in the IL-4 group were sig-
nificantly lower than those in the control groups at 48 hours 
(Fig. 6A–D). Treatment of macrophages with 20 ng/mL IL-4 for 
0, 6, 12, 24, and 48 hours led to a first decrease and then an 
increase in Cx43 protein expression. (Fig. 6).

4. Discussion
The polarization of macrophages is easily affected by exter-
nal environmental factors. Under the stimulation of different 
environmental factors, macrophages differentiated into M1 or 
M2 subtypes.[19] Different subtypes of cells may play different 
roles, such as pro-inflammatory or anti-inflammatory effects. 
In the present study, Western blot, immunofluorescence and 
flow cytometry showed that 24-h LPS treatment of macro-
phages led to increases in the expression of CD86 and iNOS 
compared with the control groups (Figs. 1 and 2). These results 
corroborate the findings of numerous previous studies. In con-
trast, M2-type macrophages are mainly induced by IL-4 and 
secrete anti-inflammatory factors such as CD206, Arg-1, and 
interleukin-10.[20] M2-type macrophages regulate the function 
of immune system, inhibit inflammation, and promote tumor 
formation.[21] In this study, Western blot, immunofluorescence 
and flow cytometry demonstrated that 24-h IL-4 treatment 

of macrophages resulted in an increase in the expression of 
M2-type polarization markers CD206 and Arg-1 compared 
with the control groups (Fig. 5). These results are consistent 
with the findings of numerous previous studies.

Macrophages possess various connecting channels.[22] Gap 
junction channels are composed of connexin proteins, includ-
ing Cx32, Cx37, Cx40, and Cx43, all of which are widely 
expressed in immune cells.[23] Cx43 is the most widely expressed 
on various immune cells and plays an important role in immune 
response.[24] Studies have shown that macrophages express 
Cx43, and that Cx43 is upregulated following stimulation with 
LPS and IFN-γ.[25] Moreover, the ability of macrophages to cross 
the blood-brain barrier is decreased after intervention with the 
nonspecific gap blocker 18α-glycyrrhizic acid.[26] This result sug-
gests that Cx43 can regulate the function of macrophages.[27] In 
our work, we detected the expression of Cx43 in macrophage 
M1- and M2-type polarization and found that Cx43 was widely 
expressed (Figs. 1 and 4).

As specific blockers of Cx43, Gap19 and Gap26 are involved 
in the regulation of cell function. The main function of Gap19 is 
to regulate the domain of the Cx43 CL pH receptor and block the 
Cx43 semi-channel.[28] In the myocardial ischemia-reperfusion  
model, Gap19 has been shown to decrease the expression of 
Cx43 in mitochondria, thereby reducing the size of myocardial 
infarction. It has also been found that Gap19 can block Cx43 
and reduce apoptosis,[29] indicating that Gap19 may reduce 
Cx43 expression and affect the physiological function of cells 
and the progression of disease. Gap26, another specific blocker 
of Cx43, is a synthetic peptide derived from the extracellular 
ring of Cx43.[30] Studies have shown that Gap26 can protect 
the heart from ischemic damage in rats, while treatment with 
Gap26 after ischemia can reduce the damage of heart tissue,[31] 
suggesting that Gap26 can affect disease process by blocking 
Cx43. Researchers have found that Gap-134, a Cx43 activa-
tor, prevents age-related development of ventricular fibrosis in 
Scn5a± mice. These results indicate that the regulation of Cx43 
can affect the disease process. We found that Gap19, Gap26, 
and Cx43-OE are involved in the regulation of macrophage 
polarization by blocking or overexpressing Cx43. Western blot, 
flow cytometry, and immunofluorescence were used to detect the 

Figure 4.  Expression of Cx43 in IL-4-induced M2-type polarization. (A) Total expression levels of Cx43 in RAW264.7 macrophages in the control and IL-4 
groups (n = 3). (B) Statistical analysis of Cx43. (C) The expression levels of Cx43 in RAW264.7 macrophages in the control and IL-4 groups were detected by 
immunofluorescence (n = 3). (D) Statistical analysis of Cx43. Data are presented as the mean ± SEM (n = 3). *P < .05 vs control groups. Cx43 = connexin 43, 
IL-4 = interleukin-4.
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expression of M1- and M2-type polarization markers in macro-
phages to explore whether Cx43 could be involved in regulating 
the M1/M2-type polarization of macrophages. The results indi-
cated that, compared with the control group, LPS intervention 
could increase the protein expression of Cx43 in macrophages. 
Blocking Cx43 reduced the expression of M1-type polarization 
markers (Figs. 1 and 2), IL-4 treatment decreased the protein 
expression of Cx43 in macrophages, and Cx43 overexpression 
lentivirus reduced the expression of M2-type polarization mark-
ers (Fig. 4). These results suggest that Cx43 is involved in the 
regulation of M1- and M2-type macrophage polarization.

The polarization process of macrophages is closely associ-
ated with autophagy. Studies have shown that in the process 
of acute liver failure induced by D-galactosamine and LPS, 
autophagy significantly inhibits the expression of inflamma-
tory factors in the liver and significantly deteriorates liver tis-
sue injury.[32] Other studies have shown that the percentage 
of autophagosomes increased significantly in LPS-induced 
macrophages. Indeed, Xu et al found that LPS induces the 
formation of autophagosomes under the regulation of the 
TICAM1/TRIF-dependent TLR4 pathway in macrophages.[33] 
IFN-γ promotes autophagy by promoting autophagosome 

maturation,[34,35] however, some Th2 cytokines, such as IL-4 
and IL-13, inhibit famine-induced autophagy through the 
Akt/mTOR pathway and IFN-γ-induced autophagy through 
the STAT6 pathway. Therefore, macrophage M1-type 
polarization increases macrophage autophagy in 24 hours 
(Fig. 3A–D). During the process of macrophage M2-type 
polarization, the autophagy level of macrophages decreased 
gradually (Fig. 6A–D).

Cx43 is regulated by autophagy and gap junctions are 
degraded by autophagy under physiological conditions. Previous 
studies have found that autophagy leads to the degradation of 
Cx43 during ischemia,[36] and gene silencing of autophagy- 
related genes leads to the accumulation of Cx43 and decreases 
the co-localization of LC3B and Cx43.[37] Relevant studies have 
also shown that during the middle part of M1-type macrophage 
polarization, autophagy is enhanced, leading to increased deg-
radation of Cx43.[38]Our results showed that autophagy was 
increased at 48 hours which led to a decrease of Cx43 at 48 
hours (Fig. 3). Thus, Cx43 showed an increase from 0 to 24 
hours and decreased in 48 hours.

It has been reported that during macrophage M2-type polariza-
tion, the autophagy level of macrophages gradually decreased.[35] 

Figure 5.  Expression of M2-type polarization markers with Cx43 agonist. (A) Western blotting was used to detect the expression levels of Arg-1 and CD206 
in macrophages pretreated with OE. (B) Western blotting was used to detect the expression levels of Arg-1 and CD206 in macrophages treated with OE. 
Expression of M2-type polarization markers with Cx43 agonist. (D–E) The location and expression levels of CD206 in RAW264.7 macrophages pretreated with 
OE in the control, IL-4, IL-4 + OE groups (n = 3). (F–G) Flow cytometric analysis was used to detect the expression frequency of CD206 in RAW264.7 macro-
phages pretreated with OE (n = 3). Data are presented as the mean ± SEM (n = 3). *P < .05 vs control groups; #P < .05 vs. Arg-1 = arginase-1, Cx43 = connexin 
43, IL-4 = interleukin-4, OE = overexpress.
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The results of Figure 6 are consistent with the previous reports. 
The level of autophagy decreased in 48 hours and Cx43 expres-
sion increased due to the decreased expression of autophagy in 
48 hours (Fig. 6). Therefore, Cx43 experienced a decrease from 
0 to 24 hours and an increase in 48 hours due to the autophagy.

This research demonstrated that Cx43 might be a poten-
tial target to regulate M1/M2 type polarization. Macrophage 
polarization is associated with the development and pro-
gression of several diseases, including cancer and AS. Recent 
studies have shown that M2 macrophage-derived exosomal 
miR-26b-5p regulates macrophage polarization and chon-
drocyte hypertrophy by targeting toll-like receptor 3 and 
COL10A1 to alleviate osteoarthritis.[39] Besides, studies have 
found that Cinobufagin upregulated MME and inactivated 
FAK/STAT3 signaling to regulate macrophage reprogramming 
and inhibit triple-negative breast cancer. Thus, the regulation 
of macrophage phenotype through Cx43 may be related to 
some diseases which suggests some research is needed to be 
done in the future. Other studies have shown that deficiency or 
inhibition of IDO-1 alleviated hepatocytes ferroptosis and M1 
polarization induced by hepatic I/R injury, while also enhanc-
ing M2 polarization and promoting efferocytosis in macro-
phages. Furthermore, depletion of macrophages attenuated 

ferroptosis in hepatocytes induced by hepatic I/R injury. Our 
work represents a solid alternative to existing therapeutics.[40] 
Quercetin-induced suppression of transient receptor potential 
vanilloid subtype 1 leads to a delay in osteoarthritis progres-
sion by shifting the macrophage polarization from M1 to M2 
subtypes via modulation of the P2X7/NLRP3 pathway.[41] By 
regulating Cx43 expression, our work provides an alternative 
method to osteoarthritis.[40]

5. Conclusion
In conclusion, during LPS-induced M1-type macrophage polar-
ization, Cx43 was first increased, followed by the induction of 
autophagy, which led to Cx43 degradation at 48 hours (Fig. 7A). 
During M2-type polarization, Cx43 was first decreased under 
the induction of IL-4 at 24 hours. Then, autophagy was inhib-
ited, leading to an in Cx43 from 24h to 48 hours (Fig. 7B).

The expression of Cx43 can be regulated—for example, 
increasing or reducing the expression of Cx43 to modulate mac-
rophage M1/M2 polarization. This may provide new ideas to 
ultimately allow the regulation of diseases associated with mac-
rophage polarization and provide novel treatments for some 
diseases, such as AS and cancer.

Figure 6.  Expression of autophagy-related markers with the intervention of IL-4 at 48 h. (A) Western blotting was used to detect the expression levels of Beclin-1 
in macrophages pretreated with IL-4 (n = 3). (B) Statistical analysis of Beclin-1. Data are presented as the mean ± SEM (n = 3). *P < .05 vs control groups (C) 
Western blotting was used to detect the expression levels of LC3B in macrophages pretreated with IL-4 (n = 3). (D) Statistical analysis of LC3B. Data are pre-
sented as the mean ± SEM (n = 3). *P < .05 vs control groups. (E) Western blotting was used to detect the protein expression levels of Cx43 in macrophages 
treated with 20 ng/mL IL-4 at 0, 6, 12, 24, and 48 h. (F) Statistical analysis of Cx43. Data are shown as the mean ± SEM (n = 3). *P < .05 vs control groups, 
**P < .01 vs control groups. Cx43 = connexin 43, IL-4 = interleukin-4.
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