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Angiotensin II induces RAW264.7 macrophage polarization
to the M1-type through the connexin 43/NF-kB pathway
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Abstract. Angiotensin II (Angll) serves an important
inflammatory role in cardiovascular disease; it can induce
macrophages to differentiate into the MI1-type, produce
inflammatory cytokines and resist pathogen invasion, and can
cause a certain degree of damage to the body. Previous studies
have reported that connexin 43 (Cx43) and NF-xB (p65) are
involved in the Angll-induced inflammatory pathways of
macrophages; however, the mechanisms underlying the effects
of Cx43 and NF-kB (p65) on Angll-induced macrophage
polarization have not been determined. Thus, the present study
aimed to investigate the effects of Cx43 and NF-kB (p65) on
the polarization process of Angll-induced macrophages. The
macrophage polarization-related proteins and mRNAs were
examined by flow cytometry, western blotting, immunofluo-
rescence, ELISA and reverse transcription-quantitative PCR
analyses. RAW264.7 macrophages were treated with AnglI to
simulate chronic inflammation and it was subsequently found
that Angll promoted RAW 264.7 macrophage polarization
towards the M1-type by such effects as the release of inducible
nitric oxide synthase (iNOS), tumour necrosis factor (TNF)-a.,
IL-1B, the secretion of IL-6, and the expression of M1-type
indicators, such as CD86. Simultaneously, compared with
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the control group, the protein expression levels of Cx43 and
phosphorylated (p)-p65 were significantly increased following
AnglI treatment. The M1-related phenotypic indicators, iNOS,
TNF-a, IL-1p, IL-6 and CD86, were inhibited by the NF-xB
(p65) signalling pathway inhibitor BAY117082. Similarly,
the Cx43 inhibitors, Gap26 and Gapl9, also inhibited the
expression of Ml-related factors, and the protein expression
levels of p-p65 in the Gap26/Gapl9 groups were significantly
decreased compared with the Angll group. Altogether, these
findings suggested that Angll may induce the polarization
of RAW264.7 macrophages to the M1-type through the
Cx43/NF-«xB (p65) signalling pathway.

Introduction

Atherosclerosis is the most common cause of ischaemic heart
disease and stroke; it is closely associated with the occurrence
of acute cardiovascular events, which have a huge impact on
human life and health, accounting for 20% of total mortalities
worldwide (1). It is widely known that during the early stages
of atherosclerosis, monocytes enter the endothelial layer and
differentiate into macrophages under the action of adhesion
molecules and cytokines (2-4). For example, in one previous
study, autopsies of patients with atherosclerosis discovered the
accumulation of a large number of macrophages, lymphocytes
and foam cells in the coronary artery plaques (2). Macrophages
are mainly divided into two different subtypes: Ml1-type
macrophages are mainly found in unstable plaques, whereas
M2-type macrophages are predominantly found in stable
plaque tissue (5,6). During the development of the disease,
various external factors affect macrophages, and depending on
the M1/M2 polarization status, the corresponding inflamma-
tory process is highly different (5,7). Binesh ef al (7) found that
pro-inflammatory macrophages (M1-type) were expressed in
atherogenic diet-induced aorta, while anti-inflammatory macro-
phages (M2-type) were expressed in diosgenin-treated aorta.
Therefore, improving the condition of the disease by regulating
the polarization of M1-type macrophages may be one mecha-
nism to control immune regulation in atherosclerosis.

It has previously been reported that angiotensin II (AngII)
can induce macrophages to differentiate towards the M1-type,
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produce inflammatory cytokines and resist pathogen invasion,
whilst also causing damage to the body (8). Increased levels
of Angll have been demonstrated to induce the secretion of
anti-inflammatory cytokines, and activate NF-kB, adhesion
molecules, chemokines, growth factors and oxidative stress (9).
NF-«B serves a well-known role in the regulation of immune
responses and inflammation, and the NF-xB transcription
factor family is comprised of crucial regulatory factors for
immune development, immune responses, inflammation and
cancer (10). A recent study reported that an increase in the
mRNA expression levels of Angll-induced pro-inflammatory
cytokines, IL-1f and tumour necrosis factor (TNF)-a, could
be blocked by inhibiting the NF-kB pathway (11).

Connexins (Cxs) are one of the basic components of gap
junction channels and hemichannels, and are composed of six
four-span proteins called connecting proteins (12). The two
hemichannel connectors from adjacent cells can be gathered
together to form a gap junction that crosses the membrane
channel, thus promoting cell-cell communication by transfer-
ring a ~1-kDa signalling molecule from one cell to the adjacent
cell (13). Connective family molecules, such as Cx30, Cx32,
Cx37, Cx40 and Cx43, of which Cx43 is the most common, are
also widely expressed in immune cells; these proteins make
up the gap junction channels and hemichannels involved in a
variety of immunomodulation processes (14). It was previously
demonstrated that Angll increased the expression levels of
Cx43 in the vascular smooth muscle of hidden veins in a dose-
and time-dependent manner, whereas the p38 and ERK MAPK
inhibitors, SB203580 and PD98059, inhibited this effect (15).
In addition, reduced conductivity of Cx43 channels using
Gap26 in a lipopolysaccharide (LPS)-induced inflammatory
mouse model effectively reduced the adhesion of neutrophils
and endothelial cells, significantly reduced residual bacteria
in the abdominal cavity of mice, and significantly improved
survival in infected mice (16). However, the mechanisms
underlying Angll-induced macrophage polarization have
not been determined. The present study aimed to investigate
whether Cx43 and NF-kB are involved in Angll-induced
macrophage polarization processes by studying the effect
of Cx43/NF-«B signalling pathways on the polarization of
Angll-induced RAW?264.7 macrophages to the M1-type.

Materials and methods

Cell culture and experimental grouping. RAW264.7 macro-
phages were purchased from the Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences. Cells
were plated into a culture flask at a density of 3x10%/ml, and
were cultured in a CO, thermostatic incubator at 37°C and 5%
CO, in DMEM (Gibco; Thermo Fisher Scientific, Inc.) supple-
mented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.).
Cells were passaged upon reaching 70-80% confluence.
RAW?264.7 macrophages were treated with 10, 108, 107,
10-® and 1075 mol/l AngIl (APEXBIO Technology LLC) for
0, 3,6, 12, 24 and 48 h to determine the optimal treatment
conditions. RAW264.7 macrophages were cultured and treated
in different ways: i) Control group, macrophages cultured
in DMEM/FBS without any treatment; ii) Angll group, in
which cells were treated with 10 mol/l AngIl (APExBIO
Technology LLC) for 12 h at 37°C (17,18); iii) Gap26 group, in
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which cells were pre-treated with 10*mol/l Gap26 (APExBIO
Technology LLC) at 37°C for 45 min prior to 10-° mol/l AngII
treatment for 12 h (19,20); iv) Cx43 inhibitor Gapl9 group,
in which cells were pre-treated with 2x10** mol/l Gapl9
(APEXBIO Technology LLC) at 37°C for 45 min prior to treat-
ment with 10°° mol/l AnglII for 12 h (20); v) DMSO group,
in which cells were treated with 10-® mol/l DMSO (Beijing
Solarbio Science & Technology Co., Ltd.) for 12 h at 37°C;
and vi) NF-«xB signaling pathway inhibitor BAY 117082 group,
in which cells were pre-treated with 10~ mol/l BAY117082
(cat. no. ab141228; Abcam) for 1 h prior to treatment with
1075 mol/l AnglII for 12 h (21,22).

Cell viability assay. Cells (8x10°/well) were seeded into a
96-well plate and treated with increasing concentrations (107,
108,107, 10°® or 10 mol/l) of AnglII for 12 h at 37°C. Cell
viability was subsequently measured using a Cell Counting
Kit-8 (CCK-8) assay (Dojindo Molecular Technologies),
according to the manufacturer's protocol.

Flow cytometry. The frequency of CD86 (Invitrogen; Thermo
Fisher Scientific, Inc.) expression was detected using flow cytom-
etry. The following were used as blocking (4°C for 15-30 min)
reagents: MouseBD Fc Block (BD Biosciences) and BSA (5%;
Sigma-Aldrich; Merck KGaA). Before use, the serum prepara-
tions were heat inactivated (56°C for 45 min) and sterile filtered
(0.2-pm filter); the negative cells and CD86 were individually
labelled as a control to analyze the data. Cells (1x10%/well) were
cultured for 24 h, digested with 0.25% trypsin, centrifuged at
603 x g for 5 min at 37°C and subsequently retained as a pellet;
filter paper was used to absorb as much of the liquid left in the tube
as possible. Each pellet was resuspended in 1 ml PBS, centrifuged
at 603 x g at 37°C for 5 min and retained as a pellet. The pellets
were resuspended in 200 ul1 PBS in Eppendorf tubes and 2 ul
phycoerythrin (PE)-CD86 antibody (1:100, cat. no. 85-12-0862;
Invitrogen; Thermo Fisher Scientific, Inc.) was added to each
Eppendorf tube and incubated at 37°C in the dark for 30 min.
Subsequently, PBS was added to each tube and cells were centri-
fuged at 603 x g for 5 min at 37°C. The supernatant was discarded
and the pellets were resuspended in 200 1 PBS and mixed. A
formulated fixative Fixation Concentrate (cat. no. 00-5521-00;
1%; BD Biosciences) was added to each tube at room temperature
for 20 min prior to incubation with a PE-CD206 antibody (1:100,
cat. no. 85-25-2061; Invitrogen; Thermo Fisher Scientific, Inc.) at
37°C in the dark for 30 min. Subsequently, cells were resuspended
in 1 ml 1X permeabilization reagent (cat. no. 00-8333-56; BD
Biosciences) for 30 min at 25°C and centrifuged at 603 x g for
5 min at 37°C. The supernatant was discarded and filter paper was
used to absorb the liquid left in the tube. Following the suspen-
sion of cell pellets in 200 ul PBS, analysis of CD206 and CD86
expression levels was performed using flow cytometry (FACSort;
BD Biosciencnes) with BD CellQuest Prosoftware (version 2.0,
system OS2; Becton, Dickinson and Company). To ensure the
accuracy of the experimental results, all samples were analysed
within 3 h to avoid fluorescence changes, which could affect the
experimental results. The number of detected cells per tube was
10,000-20,000.

Western blotting. The protein expression levels of CD86,
CD206, inducible nitric oxide synthase (iNOS), Cx43, p65
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and phosphorylated (p)-p65 were analysed using western
blotting. Total protein was extracted from cells using RIPA
lysis buffer (cat. no. R0020; Beijing Solarbio Science and
Technology Co., Ltd.). Total protein was quantified using
a bicinchoninic acid protein assay kit and equal quanti-
ties of protein (15 pg/lane) were separated by SDS-PAGE
(Beijing Solarbio Science & Technology Co., Ltd.) on 10%
gels. The separated proteins were subsequently transferred
onto a PVDF membrane (EMD Millipore) and blocked
with 5% skim milk in TBS-0.2% Tween-20 (TBST; Sangon
Biotech, Co., Ltd.) for 2 h at room temperature. The
membranes were incubated with the following primary
mouse and rabbit antibodies at 4°C overnight: Anti-CD86
(1:1,000; cat. no. ab53004; Abcam), anti-Cx43 (1:1,000;
cat. no. abl1370; Abcam), anti-p65 (1:1,000; cat. no. ab16502;
Abcam), anti-p-p65 (1:1,000; cat. no. ab86299; Abcam),
anti-iNOS (1:500; cat. no. ab15323; Abcam), anti-CD206
(1:500; cat. no. ab64693; Abcam) and anti-B-actin (1:1,000;
cat. no. TA-09; Beijing Fir Jinqiao Biotechnology Co., Ltd.).
Following primary antibody incubation, the membrane
was washed three times with TBST (10 min/wash) and the
secondary antibody (1:10,000; horseradish peroxidase-conju-
gated goat anti-rabbit; cat. no. ZB-2306; Beijing Zhongshan
Jingiao Biotechnology Co. Ltd.) was subsequently incubated
with the PVDF membrane at room temperature for 2 h. The
membrane was washed three times with TBST (10 min/wash)
and protein bands were visualized on X-ray film using an
ECL reagent (GE Healthcare Life Sciences; Thermo Fisher
Scientific, Inc.). Protein expression was semi-quantified
using ImageJ software (version 1.8.0; National Institutes of
Health).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from RAW264.7 macrophages using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.).
Total RNA (0.5 ug) was RT using a Revert Aid First Strand
cDNA Synthesis kit (cat. no. K1622; Thermo Fisher Scientific,
Inc.) at 42°C for 60 min and 70°C for 5 min. Total RNA
(adjusted to 500 ng, 2.5 ul), Oligo dT PCR primer (50 yM,
1 pl), 5X PrimeScript buffer (4 ul), RiboLock RNase Inhibitor
(20 U/ul, 1 pl), 10 mM dNTP Mix (2 pl), RevertAidM-MuLV
RT (200 U/ul, 1 ul) and RNase free distilled H,O (8.5 pl). The
synthesized cDNA was amplified by RT-qPCR using SYBR
(Applied Biosystems; Thermo Fisher Scientific, Inc.). Each
reaction mixture for PCR (total volume 20 ul) consisted of
cDNA (adjusted to 500 ng, 1 ul), forward and reverse PCR
primers (10 xM, 0.5 ul each), SYBR (10X, 10 ul) and distilled
H,O (8 ul). The themorcycling conditions were as follows:
Initital denaturation at 95°C for 2 min for one cycle, followed
by 40 cycles of denaturation at 95°C for 5 sec and annealing
and extension at 60°C for 31 sec. The relative expression
levels of target genes were normalized to rRNA (Applied
Biosystems; Thermo Fisher Scientific, Inc.) and were calcu-
lated using the 244%4 method (23). gPCR with SYBR Green
detection was subsequently performed using an Eppendorf
Mastercycler ep realplex (Eppendorf). The gene primers
(Shanghai GenePharma Co., Ltd.) used were as follows: CD86,
forward 5'-ACGGAGTCAATGAAGATTTCCT-3', reverse
5'-GATTCGGCTTCTTGTGACATAC-3"; iNOS, forward
5'-GTTTACCATGAGGCTGAAATCC-3' reverse 5-CCT
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CTTGTCTTTGACCCAGTAG-3', TNF-a, forward, 5-ATG
TCTCAGCCTCTTCTCATTC-3', reverse 5'-GCTTGTCAC
TCGAATTTTGAGA-3"; IL-1p, forward 5'-TCGCAGCAG
CACATCAACAAGAG-3, reverse, 5“-TGCTCATGTCCTCAT
CCTGGAAGG-3'; IL-6, forward 5'-CTCCCAACAGACCTG
TCTATAC-3', reverse, 5'-CCATTGCACAACTCTTTTCT
CA-3'"; and B-actin, forward 5'-CACGATGGAGGGGCCGGA
CTCATC-3' and reverse 5-"-TAAAGACCTCTATGCCAACAC
AGT-3\

Immunofluorescence. A total of 3x10/ml RAW264.7 macro-
phages were seeded into 6-well plates at 37°C for 2-3 days
with sterile coverslips to make cell slides. Then, slides were
washed with PBS (Beijing Solarbio Science & Technology
Co., Ltd.) 2-3 times and then fixed with 4% paraformaldehyde
for 10-20 min at room temperature. The fixative was washed
off three times with PBS (2-3 min/wash). Slides were permea-
bilized with 0.2% Triton X-100 for 5 min at room temperature,
washed three times with PBS for 2-3 min each time and subse-
quently blocked with 5% BSA (Sigma-Aldrich; Merck KGaA)
blocking solution at 37°C for 30 min. Sections were then probed
with various primary antibodies [anti-Cx43 polyclonal anti-
body (1:100; cat. no. abl11370; Abcam), anti-CD86 polyclonal
antibody (1:100; cat. no. ab53004; Abcam) and anti-iNOS
polyclonal antibody (1:100; cat. no. ab15323; Abcam)], whilst
as a negative control, samples were incubated overnight at 4°C
with the primary antibody and rewarmed to 37°C for 30 min
before the primary antibody was discarded. Samples were
washed three times with PBS (3 min/wash) prior to incubation
with the fluorescent secondary antibody (1:50; Goat anti-rabbit
secondary antibodies; cat. no. ZDR-5209; Beijing Zhongshan
Jingiao Biotechnology Co., Ltd.) at 37°C for 1 h. Following
the incubation, the secondary antibody solution was discarded
and samples were washed three times with PBS (5 min/wash).
Slides were subsequently incubated with propidium iodide
(1:1,000; Beijing Solarbio Science & Technology Co., Ltd.) in
the dark at room temperature for ~1 min prior to being washed
three times with PBS (5 min/wash). An anti-fluorescence
attenuating sealer was then added to the slides and stained
slides were observed using a Zeiss LSM 510 META laser
confocal microscope (magnification, x630; Carl Zeiss AG).

ELISA. The levels of TNF-a, IL-1f and IL-6 in RAW264.7
macrophages (1x10%/well) supernatant (Repeated freeze-thaw
and high-speed centrifugation (603 x g at 4°C for 5 min) to
obtain cell supernatant) were analysed using ELISA Kkits
(TNF-a, cat. no. PMTAOOB; IL-1p, cat. no. DY401; IL-6,
cat. no. PM6000B; R&D Systems, Inc.), according to the
manufacturer's protocols. The absorbance was measured at
450 nm. All absorbance values were within the linear range of
the standard curve and the final result was expressed in pg/ml.

Statistical analysis. Data are expressed as the mean + SEM
from =6 independent experiments. Statistical analyses were
performed SPSS 24.0 (IBM Corp.). Statistical differences
between >2 groups were assessed using one-way ANOVA
followed by Tukey's post hoc test, whereas statistical differ-
ences between two groups were determined using unpaired
Student's t-test. P<0.05 was considered to indicate a statisti-
cally significant difference.
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Results

Angll can mediate the polarization of RAW264.7 macro-
phages to the MI-type. To investigate the effect of different
concentrations (0, 10, 10,107, 10 and 10~ mol/1) of AngII
on the cell viability of RAW264.7 macrophages, a CCK-8
assay was used. It was observed that 10 mol/l AngII had no
significant effect on cell viability compared with the control
group; therefore, AnglII at a concentration of 10°% mol/I
was selected for use in further experiments (Fig. 1A). Flow
cytometric analysis was used to detect the expression levels
of the M1-type macrophage marker CD86 and the M2-type
macrophage marker CD206 in RAW264.7 macrophages.
The levels of CD86 expression were significantly increased
following Angll treatment compared with the control group
(Fig. 1C). There were no significant differences observed
in the expression levels of the M2 marker CD206 in the
AngllI group compared with the control group (Fig. 1C).
Furthermore, the protein expression levels of CD86 and
iNOS at 3, 6, 12, 24 and 48 h were significantly increased in
the AnglII group compared with the control group (Fig. 1B).
Moreover, this trend in protein expression levels of the
M1-type macrophage markers CD86 and iNOS occurred in
a time-dependent manner; the protein expression levels of
CD86 and iNOS peaked following 12 h of AngllI treatment.
However, the protein expression levels of the M2 macrophage
marker CD206 were not significantly increased in the Angll
group compared with the control group after 12 and 24 h.
Therefore, in the subsequent experiments, a treatment inter-
vention time of 12 h was used (Fig. 1D).

Angll induces MI-type polarization in RAW264.7 macro-
phages through the NF-kB (p65) signalling pathway. To
investigate the role of NF-kB in Angll-induced macrophage
polarization, RAW264.7 macrophages were treated with Angll
for 12 h. Western blotting analysis observed that p-p65 expres-
sion levels in the Angll group were significantly increased
compared with the control group, which indicated that the
NF-kB (p65) signalling pathway may be activated by Angll
(Fig. 2A). Subsequently, the RAW?264.7 macrophages were
pre-treated with the NF-kB (p65) signalling pathway inhibitor
BAY117082 prior to being incubated with AnglII for 12 h.
Western blotting revealed that the protein expression levels of
CD86 and iNOS in the DMSO group were not significantly
different compared with the control group (Fig. 2B); however,
the expression levels of CD86 and iNOS in the Angll group
were significantly increased compared with the control group.
Notably, upon treatment with the NF-kB (p65) signalling
pathway inhibitor BAY117082, the protein expression levels of
CD86 and iNOS in the BAY117082 group were significantly
decreased compared with the AnglI group (Fig. 2B).

The results of RT-qPCR analysis demonstrated that the
mRNA expression levels of the M1-type markers iNOS,
TNF-a, IL-1p, IL-6 and CD86 in RAW264.7 macrophages
DMSO group were not significantly different compared with
the control group (Fig. 2C). The results showed that DMSO
had no effect on cell mRNA expression levels. However,
the M1-type markers in the AngIl group were significantly
increased compared with the control group, whereas they were
significantly decreased in the BAY117082 group compared
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with the AnglI group (Fig. 2C). Furthermore, the levels of
the M1-type markers TNF-a, IL-1p and IL-6 were analysed
in the supernatants obtained from RAW264.7 macrophages
using ELISA. The expression levels in the Angll group were
significantly increased compared with the control group
(Fig. 2D), whereas the expression levels in the BAY117082
group were significantly decreased compared with the Angll
group (Fig. 2D).

Angll increases Cx43 protein expression levels in RAW264.7
macrophages. Following the treatment of RAW264.7 macro-
phages with 10° mol/l AnglII for 3, 6, 12, 24 and 48 h, the
increases in the protein expression levels of Cx43 in macro-
phages were time-dependent, with the protein expression levels
reaching their maximum at 12 h (Fig. 3A). The localization
of Cx43 in RAW264.7 macrophages was determined using an
immunofluorescence assay. The results discovered that Cx43
was expressed in RAW264.7 macrophages; compared with the
control group, the protein expression levels of Cx43 in macro-
phages was consistent with the results obtained from western
blotting at different time points (Fig. 3B).

Angll induces the polarization of RAW264.7 macrophages
to the MI-type, and polarization markers are inhibited
following pre-treatment of macrophages with the Cx43
blockers Gap26 and Gapl9. To investigate the role of Cx43
in macrophage polarization, RAW264.7 macrophages were
pre-treated with the Cx43 blockers Gap26 and Gapl9 for
45 min prior to Angll treatment for 12 h. Western blotting
observed that compared with the untreated control group,
the protein expression levels of the macrophage M1-type
markers, CD86 and iNOS, were significantly increased
following 12 h of AnglI treatment (Fig. 4A). Notably, CD86
protein expression was significantly decreased in the Gapl9
group compared with the Angll group, whereas iNOS
protein expression levels were significantly decreased in the
Gap26 and Gapl9 groups compared with the Angll group
(Fig. 4A). The mRNA expression levels of M1-type markers
were subsequently investigated using RT-qPCR. The results
demonstrated that the mRNA expression levels of iNOS,
TNF-a, IL-1p, IL-6 and CD86 in RAW264.7 macrophages
were significantly increased following Angll treatment
compared with the control group; however, this effect was
significantly inhibited by pre-treatment with Gap26/Gapl9
(Fig. 4C). The localization of the M1-type markers CD86 and
iNOS in RAW264.7 macrophages was analysed using immu-
nofluorescence. The results indicated that CD86 and iNOS
were expressed in RAW264.7 macrophages; compared with
the control group, the protein expression levels of M1-type
markers CD86 and iNOS were consistent with the results
revealed with western blotting (Fig. 4B). In addition, the
levels of M1-type cytokines TNF-a, IL-1f and IL-6 in the
supernatants of RAW?264.7 macrophages were detected using
ELISA; the levels of TNF-a, IL-1p and IL-6 in the Angll
group were significantly increased compared with the control
group; however, this increase was significantly prevented
following pre-treatment with Gap26/Gapl9 (Fig. 4D). These
results suggested that Angll may induce RAW264.7 macro-
phage polarization to the M1-type by upregulating Cx43
expression.
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Figure 1. Angll mediates the polarization of RAW264.7 macrophages to the M1-type. (A) Effects of different concentrations of AngII on the cell viability
of RAW264.7 macrophages were determined using a Cell-Counting Kit 8 assay. (B) Western blotting was used to detect the expression levels of M1-type
macrophage markers, CD86 and iNOS, in RAW264.7 macrophages at different time points. (C) Flow cytometric analysis of the expression levels of CD86 and
CD206 in RAW264.7 macrophages and the subsequent semi-quantitative analysis. (D) Western blotting was used to detect the expression levels of the M2-type
macrophage marker, CD206, in RAW264.7 macrophages at different time points. Data are presented as the mean = SEM (n=6). "P<0.05, “P<0.01 vs. Ctrl
group. Angll, angiotensin II; Ctrl, control; iNOS, inducible nitric oxide synthase; PE, phycoerythrin.
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Figure 2. Angll induces polarization of RAW264.7 macrophages to the M1-type through the NF-kB (p65) signalling pathway. Protein expression levels of
(A) total p65 and p-p65, and (B) M1-type macrophage markers CD86 and iNOS in RAW264.7 macrophages were detected and semi-quantified using western
blotting. (C) Detection of mRNA expression levels of M1-type macrophage markers in RAW264.7 macrophages were detected using reverse transcrip-
tion-quantitative PCR. (D) Detection of M1-type marker protein levels in the supernatant of RAW264.7 macrophages using ELISA. Data are presented as the
mean = SEM (n=6). “P<0.01 vs. Ctrl group; *P<0.05, #P<0.01 vs. AnglI group. Angll, angiotensin II; BAY, BAY117082; Ctrl, control; iNOS, inducible nitric
oxide synthase; p, phosphorylated; TNF, tumour necrosis factor.

Angll activates the NF-kB (p65) signalling pathway by between Cx43 and the NF-«B (p65) signalling pathway,
upregulating Cx43 expression. To investigate the relationship = RAW264.7 macrophages were pre-treated with the Cx43
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Figure 3. AnglII upregulates Cx43 protein expression levels in RAW264.7
macrophages. (A) Western blotting was used to detect the protein expres-
sion levels of Cx43 in RAW264.7 macrophages treated with 10°° mol/l
AnglI at different time points (3, 6, 12, 24 and 48 h). Semi-quantitative
analysis of Cx43 protein expression levels in macrophages was subse-
quently performed. (B) Immunofluorescence assay was used to detect the
expression and localization of Cx43 protein in macrophages at different
time points (3, 6, 12, 24 and 48 h) following 10°° mol/l1 AngII treatment
and semi-quantitative analysis of Cx43 protein levels in macrophages was
conducted. Magnification, x630. Data are presented as the mean + SEM
(n=6). "P<0.05, ""P<0.01 vs. Ctrl group. Angll, angiotensin II; Ctrl, control;
Cx43, connexin 43; PI, propidium iodide.

blockers Gap26 and Gapl9 for 45 min prior to Angll treatment
for 12 h. It was revealed that the expression levels of p-p65
in the Gap26 and Gapl9 groups were significantly decreased
compared with the Angll group, indicating that AnglI acti-
vates the NF-kB (p65) signalling pathway by upregulating
Cx43 expression (Fig. 5).

Discussion

Atherosclerosis is a multifactorial inflammatory disease
of the middle to large arterial wall (24), and is one of the
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leading causes of death in industrialized countries, with inci-
dence rates rapidly increasing in developing countries (25).
A large number of macrophages are found to accumulate in
atherosclerotic plaques, which subsequently secrete various
inflammatory cytokines, further aggravating the accumu-
lation of macrophages in blood vessels, and promoting
the continual change and development of atherosclerotic
plaques (26). Autopsies of patients with atherosclerosis
revealed that a large number of macrophages, lymphocytes
and foam cells are found in the coronary plaque, and the
ratio of macrophages and lymphocytes is largest in the
rupture plaque (25). Macrophages are mainly divided into
two different subtypes: M1 and M2, which are predomi-
nantly located in unstable plaques and stable plaque tissues,
respectively (5,6). It has previously been reported that iNOS,
TNF-a, IL-1p, IL-6, IL-12 and CD86 are major markers of
MI-type macrophages (27). In addition, AnglIl was found to
stimulate RAW264.7 macrophages to not only promote the
production of pro-inflammatory factors, such as TNF-a,
IL-1p and IL-6, but also to increase the release of reactive
oxygen species (28). Therefore, it was hypothesized that
through inhibiting the polarization of macrophages to the
MI-type, it may be possible to stabilize vascular plaques and
reduce the formation of unstable plaques, which would help
identify mechanisms to prevent and treat cardiovascular and
cerebrovascular diseases caused by atherosclerosis.

In the present study, RAW264.7 macrophages were used to
induce M1-type polarization and it was observed that 10-° mol/l
AnglI treatment had no significant effect on cell viability. This
was consistent with previous findings by Li et a/ (17) and
Jiang et al (29), who also used this concentration of Angll
in their studies. Therefore, this concentration was used in
subsequent experiments. It was revealed that CD86 and iNOS
expression levels in RAW264.7 macrophages were signifi-
cantly increased following treatment with Angll, whereas the
levels of the M2-type marker CD206 were not affected. The
results suggested that Angll may induce M1-type polarization
in RAW264.7 macrophages.

It is well known that the NF-«xB pathway serves an
important role in regulating immune and inflammatory
processes, and affects the expression of cytokines that mediate
pro-inflammatory responses and inflammation, apoptosis
and proliferation (30). The NF-kB (p65) signalling pathway
is highly activated in the inflammatory sites with diverse
enzymes, which induces the transcription and production of
inflammatory cytokines, including IL-1p, IL-6 and TNF-a at
the inflammatory site; this pathway is known to serve an impor-
tant role during the acute phase of the immune response (31). It
has previously been reported that treatment with NF-xB (p65)
inhibitors significantly reduced mechanically induced inflam-
matory responses (32). In the present study, to investigate
the potential role of the NF-kB (p65) signalling pathway in
Angll-induced macrophage M1-type polarization, RAW264.7
macrophages were pre-treated with inhibitors of the NF-kB
(p65) signalling pathway. Following treatment with NF-xB
(p65) inhibitors, the protein and mRNA expression levels of
MI-type macrophage markers were significantly reduced.
These results suggested that Angll-induced macrophage
polarization to the M1-type may be modulated by the NF-xB
(p65) signalling pathway.
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Figure 4. AnglII induces RAW264.7 macrophage polarization to the M1-type, and the M1-type polarization markers are inhibited following pre-treatment
with the Cx43-specific blockers Gap26 and Gapl9. (A) Western blotting was used to analyse and semi-quantify the protein expression levels of M1-type
macrophage markers in RAW264.7 macrophages. (B) Detection of protein expression levels and localization of CD86 and iNOS in RAW264.7 macrophages
was determined using an immunofluorescence assay. Magnification, x630. (C) mRNA expression levels of M1-type markers in RAW264.7 macrophages were
analysed using reverse transcription-quantitative PCR. (D) M1-type marker protein expression levels in the supernatant of RAW264.7 macrophages were
analysed using ELISA. Data are presented as the mean = SEM (n=6). “P<0.01 vs. control group; “P<0.05, ”"P<0.01 vs. AngII group. Angll, angiotensin IT; IL,
interleukin; iNOS, inducible nitric oxide synthase; PI, propidium iodide; TNF, tumour necrosis factor.
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Figure 5. Angll activates the NF-xB (p65) signalling pathway through upregulating Cx43. Western blotting was performed to analyse and semi-quantify
the protein expression levels of total p65 and p-p65. Data are presented as the mean + SEM (n=6). “P<0.01 vs. control; “P<0.05, #P<0.01 vs. AngIl. AngII,
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It has previously been demonstrated that gap junction Cx43 deficiency has been reported to increase mortality in a
channels and hemichannels composed of Cxs are found in  mouse model of bacterial peritonitis, and Cx43 is reportedly
almost all cells and tissues; however, their role in the immune  upregulated in macrophages following LPS treatment (36).
response and pathological conditions has only recently been  Shen er al (36) suggested that Cx43 expression in macrophages
studied (33). Cx43 is one of the basic components of gap  was associated with macrophage migration, an important
junctions and hemichannels, which are opened by changes in  immune process in the host defence against infection. In addi-
extracellular conditions (34). Cx43 is present in numerous types  tion, Nie et al (37) demonstrated that the expression levels of
of cells, such as smooth muscle cells, resident and circulating  Cx43 in mouse dendritic cells were significantly increased
leukocytes (neutrophils and dendritic cells), lymphocytes, acti-  following AnglI treatment. Immunofluorescence staining of
vated macrophages, mast cells and some endothelial cells (35). Cx43, CD86 and iNOS was used to investigate the effect of
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AnglI on macrophage polarization and it was discovered that
Cx43 was expressed in RAW264.7 macrophages. Moreover,
some of these results are consistent with the Shen et al (36)
study. In addition, AnglI treatment increased the expression
levels of CD86, iNOS and Cx43, which indicated that Cx43
may be involved in the MI1-type macrophage polarization
process.

In the present study, the pre-treatment of macrophages
with two specific blockers of Cx43, Gap26 (a gap junction
blocker) and Gapl9 (a specific hemichannel blocker), was
observed to decrease the mRNA and protein expression
levels of M1-type macrophage polarization markers; Gapl9
was more effective compared with Gap26 in suppressing
the M1-type polarization index. Cxs are integral membrane
proteins, and a hemichannel is formed by six Cx monomers
in the plasma membrane. Hemichannel interactions facilitate
the exchange of ions and small molecules, which forms
the basis of gap junction intercellular communication (38).
Within an in vitro model of ischaemia/reperfusion (I/R)
injury, Yin et al (34) reported that the concentration of
anti-inflammatory cytokines in the oxygen-glucose depriva-
tion/reperfusion group is significantly decreased, while the
concentration of anti-inflammatory cytokines increases after
Gapl9 treatment; however, Gap26 treatment only increased
IL-10 concentration. These results are consistent with the
results obtained in this study. Thus, it was hypothesized
that the hemichannel may serve a more significant role in
the polarization process compared with gap junction chan-
nels; however, the exact mechanism that led to these results
remains relatively unclear and requires further investigations.
Huang er al (39) studied the therapeutic effects of two specific
Cx43 inhibitors, Gap26 and Gap27, on the development of
allergic airway disease in mice. These studies suggest that
Gap26 also has protective effects against other diseases.
Hawat et al (40) demonstrated that the Cx43 inhibitor Gap26
protected intact hearts from I/R injury, either before or after
ischaemia. The results from this study are consistent with the
results reported in the aforementioned studies.

In a previous study, immunofluorescence staining of
pan-macrophages (CD68), pro-inflammatory M1 macrophages
(CD86) and remodelling M2 macrophages (CD206) was used
to investigate the effect of chitosan/hyaluronic acid (CS/HA)
hydrogel on macrophage polarization; the number of M1
pro-inflammatory cells was similar among the three groups
(the control group, Fibrin gel group and CS/HA hydrogel
group); however, the CS/HA hydrogel markedly increased the
number of M2-type cells (41). The present results are consistent
with this previous study (41), suggesting that CD86 and CD206
are expressed in macrophages. Another study investigated the
effect of plumbagin (PL) on iNOS expression in LPS-activated
BV-2 microglial cells; it was discovered that in the absence
of LPS stimulation, iNOS was not expressed in resting cells
and PL-treated cells, whereas in the presence of LPS, iNOS
expression was detected; however, this effect was attenuated in
LPS and PL co-treated cells (42). Thus, it was concluded that
AngllI may induce the polarization of RAW264.7 macrophages
to the M1-type through upregulating Cx43.

It has been reported that the activation of NF-xB (p65)
signalling is dependent on Cx43 (32). The phosphorylation
of p65 is an essential step in the NF-«kB signalling cascade;
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and transfection with small interfering RNA targeting Cx43
or treatment with a NF-kB (p65) inhibitor was found to
significantly reduce mechanically induced inflammation (32).
Chen et al (32) reported that the Cx43 hemichannel served
an important role in the development of ossification of the
posterior longitudinal ligament through mechanical signal
transduction, which subsequently activated the NF-kB (p65)
signalling pathway in ligament fibroblasts and the inflam-
matory response in longitudinal ligament ossification cells.
In the present study, the possible relationship between Cx43
and the NF-kB (p65) signalling pathway was investigated in
the cellular model, as both Cx43 and NF-«kB (p65) signalling
pathways were activated by Angll. Alonso et al (43) discov-
ered that AnglI could increase the expression levels of Cx43 in
ATr5 cells through activating the NF-xB pathway. In addition,
another study revealed that oxidized low-density lipoprotein
could increase the expression of Cx43 in rat thoracic aortic
vascular smooth muscle cells, and these effects were prevented
following pre-treatment with BAY117082 (44). Based on
these studies, it was hypothesized that AnglI activation may
upregulate Cx43 expression through the NF-xB (p65) signal-
ling pathway. In the present study, it was further observed
that when RAW264.7 macrophages were pre-treated with
Gap26 and Gapl9, the protein expression levels of p-p65
were decreased in macrophages, particularly following the
pre-treatment with Gapl9. These results indicated that AnglI
activation may activate the NF-kB (p65) signalling pathway
through upregulating Cx43 expression. In conclusion, the
present study discovered that Angll may activate the polariza-
tion of RAW264.7 macrophages to the M1-type through the
Cx43/NF-kB (p65) signalling pathway.
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