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Regulatory role and mech
anism of the inhibition
of the Mcl-1 pathway during apoptosis and
polarization of H37Rv-infected macrophages
Ling Han, MSa, Yang Lu, MSa, Xiaofang Wang, MSa, Shujun Zhang, MSa, Yingzi Wang, BSa, Fang Wu, PhDa,
Wanjiang Zhang, PhDa, Xinmin Wang, MRb,∗, Le Zhang, PhDa,∗

Abstract
Background: Myeloid cell leukemia-1 (Mcl-1) plays an important role in the clearance of Mycobacterium tuberculosis (MTB)
infection. It has the effect of anti-apoptosis, protecting macrophages that have engulfed pathogens and preventing pathogen
clearance. Meanwhile, the MAPK signaling pathway plays a significant role in regulating Mcl-1 expression during tuberculosis
infection. In the case of latent infection and active infection, the apoptosis and polarization of macrophages have a great influence
during MTB infection, so we discussed the effect of Mcl-1 on apoptosis and polarization. Then, further discussed its mechanism.

Methods:An infected RAW264.7macrophagemodel was established to investigate the regulatory role andmechanism of theMcl-
1 pathway inhibition during apoptosis and polarization of H37Rv infection. First, Mcl-1 protein and mRNA was identified by western
blotting and Real-Time Polymerase Chain Reaction (RT-PCR). RAW264.7 macrophage apoptosis was detected by flow cytometry.
RT-PCRwas utilized to detect Bax, Caspase-3, Cyt-c and Bcl-2 mRNA expression. Next, Then the expression levels of inflammation
factors CD86, CD206, iNOS, Fizz1, IL-6, IL-10, TNF-a, and TGF-bwas detected by ELISA. SEMwas used to observe macrophages
phenotype. Finally, Bax, Bcl-2 and Bcl-xl the expression was detected bywestern blotting. Confocal microscopywas used to analyze
mitochondrial membrane potential using the JC-10 kit.

Results: In this study, we found that inhibiting the Mcl-1 expression signaling pathway led to infection by different virulence
Mycobacterium tuberculosis, as well as changes in Mcl-1 protein and mRNA expression. Concomitantly macrophage apoptosis rate
also changed, While, two phenotypic states of M1 and M2 appeared in the infected cells. We also found that the mitochondrial
pathway was activated, the expression of its related genes Bax, casepase3, and Cyt-c, increased, whereas that of Bcl-2 decreased,
and the mitochondrial membrane depolarization function was changed.

Conclusions: We found that Mcl-1 affected the apoptosis and polarization of macrophages infected by Mycobacterium
tuberculosis, mainly M1 in the early stage and M2 in the later stage. In addition, mitochondria played a crucial role in this process.

Abbreviations: ELISA = enzyme-linked-immunosorbent serologic assay, Mcl-1 = Myeloid cell leukemia-1, MTB =
Mycobacterium tuberculosis, RT-PCR = real-time polymerase chain reaction, SEM = scanning electron microscopy.
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1. Introduction
Mycobacterium tuberculosis (MTB) is a chronic respiratory cause
of human tuberculosis and is considered to be among the most
harmful pathogens.[1,2] MTB is a typical intracellular parasitic
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pathogen, and macrophages are the first line of defense of the
immune defense mechanism uponMTB infection.[3] According to
the 2019 global tuberculosis report by the World Health
Organization, tuberculosis epidemic still need to be closely
sity reviewed and approved the study protocol.
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Table 1

Primers for target genes.

Genes Forward (50-30) Reverse (50-30)

Mcl-1 TATTTCTTTCGGTGCCTTTGTG AGTCCCGTTTCGTCCTTACA
Bcl-2 CGACTTCTTCAGCATCAGGA TGAGCCACAGGGAGGTTCT
Bax ATGCGTCCACCAAGAAGC CAGTTGAAGTTGCCATCAGC
Cyt-c CACGCTTTACCCTTCGTTCT CACTCATTTCCCTGCCATTC
Caspase-3 TGACTGGAAAGCCGAAACTC GCAAGCCATCTCCTCATCA
iNOS TGATGTGCTGCCTCTGGTCT GAGCTCCTGGAACCACTCGT
Fizz1 GAGATCCAGAGTGGAGATACTTGC TCTTAGGACAGTTGGCAGCAG
CD86 ACTGGACTCTACGACTTCACAATGTTC AAGTTGGCGATCACTGACAGTTCTG
CD206 GTCTGAGTGTACGCAGTGGTTGG TCTGATGATGGACTTCCTGGTAGCC
b-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC
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monitored.[4] Because of its widespread distribution and high
incidence in poor and remote areas, an effective treatment is of
the utmost importance.
Apoptosis is initiated by 2 main pathways, namely, exogenous

and internal pathways. The change in mitochondrial membrane
potential induced byMTB infection is key to determine the death
mode of infected macrophages.[5] Researchers[6–8] found that
human neutrophil apoptosis induced by MTB depends on the
MAPK signaling pathway. High Mcl-1 expression blocks by the
MAPK signaling pathway, inducing apoptosis.[9–12] Our previ-
ous study[13] showed that in host macrophages infected with the
H37Rv strain, small hairpin RNA molecules inhibit Mcl-1
expression and increase host apoptosis. Because the mitochon-
drial pathway is an important regulator of host macrophage
death, we intended to elucidate the regulatory role ofMcl-1 in the
MAPK signaling pathway in MTB-infected macrophages and the
mechanism underlying mitochondrial-mediated apoptosis.
During MTB infection, host macrophages can show different

fates and inflammatory response. The pro-inflammatory and
anti-inflammatory responses to infection are extremely important
to the host; thus, it is necessary to have a better understanding of
the role of polarization in host macrophages.[14–18] Changes in
mitochondrial function are associated with numerous human
diseases, such as heart failure and metabolic diseases.[19–21] It is
believed that promoting mitochondrial biosynthesis can promote
M2 phenotype and reduce inflammation and apoptosis of
macrophages.[13,22] However, limited information is available
regarding the polarization of macrophages duringMTB infection
when the Mcl-1 expression signaling pathway is inhibited.
In the present study, we examined the effect of the MAPK

signaling pathway on the apoptosis and polarization of macro-
phages infected withMTB, to explore whether the mitochondrial
pathway played an important role in the process, and to further
observe the fate of macrophages after MTB infection.
2. Materials and methods

2.1. MTB infection and inhibitors treatment

MTB strains were selected in this study, virulent strains including
H37Rv and XJ-MTB, attenuated strains including BCG and
H37Ra. Uninfected RAW264.7 was the control group. Infection
RAW264.7 group was infected with different virulent MTB
strains at a multiplicity of infection (MOI) of 10:1 (bacterial: cell)
and incubated at 37°C in the 5% CO2 incubator. MTB infection
groups were treated with specific signaling pathway inhibitors
according to the instructions, AG490 (AG) to inhibit JAK/STAT,
LY294002 (LY) to inhibit PI3K, PD98059 (PD) to inhibit ERK,
SP600125 (SP) to inhibit JNK and SB203580 (SB) to inhibit p38.
All inhibitors were applied to cells culture medium 4hours after
infection (time 0) and maintained during the course of the
experiments. All inhibitors were purchased from Sigma-Aldrich.
2.2. RNA isolation and real-time PCR quantifications

Total RNA was isolated from RAW264.7 macrophages using
RNeasy kit (TianGen, Beijing, China) following the manufac-
turer’s protocol. First-strand cDNAs were synthesized using the
Thermo-script RT kit (Life Technologies, Rockville, MD).
Primers were synthesized by Sangon Biotech (Shanghai, China).
Samples were amplified with a QuantiFast SYBR Green PCR Kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s
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instructions. Relative amounts of transcripts were calculated
using the 2�DDCt formula. All PCR primers are reported in
Table 1.
2.3. Western blotting

The cells were harvested and lysed by RIPA lysis buffer (Solarbio
Biotechnology, Beijing, China). RAW264.7 macrophages homo-
genates containing equal amounts of protein were separated by
10%to15%SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and assayed by western blotting as described previously.[3] The
concentration of primary antibodies: rabbit anti-mouse Mcl-1
(Cat. No. ab32087, 1:1000), Bcl-2 (Cat. No. #2870, 1:1000), Bax
(Cat. No. #14796, 1:1000), Bcl-xl (Cat. No. #2764, 1:1000) and
Cx43 (Cat. No. ab79010, 1:1000) that were purchased from Cell
SignalingTechnology (Danvers,MA) andAbcam(CA), andmouse
anti-mouse b-actin (Cat. No. TA-09, 1:1000) was purchased from
ZSGB-BIO (Beijing, China). Secondary antibodies are horseradish
peroxidase-conjugated goat anti-rabbit (Cat. No. ZB-2301,
1:20000) and goat anti-mouse (Cat. No. ZB-2305, 1:20000)
were purchased from ZSGB-BIO (Beijing, China). Immunoblots
were developed by enhanced chemiluminescent reaction (ECL,
Millipore, Burlington, MA).

2.4. Annexin V-APC/ 7-AAD flow cytometry analysis

The RAW264.7 macrophages were collected and washed twice
with cold PBS. Staining was performed according to the
manufacturer’s protocol. Cells were resuspended in cold 1x
binding buffer to a concentration of 1�106, add 100ul of cells to
each tube, then 5ul of Annexin V-APC and 10ul of 7-AAD was
added. The mixture was vortexed gently and incubated for 15
minutes on ice in the dark. Cells without washing and the volume
was added 380ul of cold 1x binding buffer to each tube analyzed
by flow cytometer.
2.5. Enzyme-linked immunosorbent assay

Supernatant was collected at 12hours after H37Rv infection.
Mcl-1, IL-6, IL-10, TNF-a, and TGF-b were measured using
ELISA kits (Elabscience, Wuhan, China) according to the
manufacturer’s instructions.
2.6. Mitochondrial membrane potential assay

Mitochondrial membrane potential (DCm)was determined using
the JC-10 kit according to the manufacturer’s manual (KeyGEN
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BioTECH, Jiangsu, China). A total of 1�106 RAW264.7
macrophages were loaded with JC-10 working fluid at 37°C in
the 5% CO2 incubator for 20minutes. Polarized mitochondria
with J-aggregate forms and depolarized mitochondria with
monomer form were marked by red and green fluorescence
staining respectively, while simultaneously being excited by 490
nm laser sources. Then observed by the confocal microscope.

2.7. Scanning electron microscope (SEM)

RAW264.7macrophages were collected andwashed by PBS for 3
times, then fixed in 2.5% glutaraldehyde solution, dehydrated
through a graded tert-butanol series to 100%. Samples were
coated via platinum sputtering after retaining it under vacuum
condition, and imaged using a scanning electron microscope
(JEOL, JSM-6390LV).

2.8. Statistical analysis

The data are expressed as mean±SD. Statistical correlation
of data was checked for significance by ANOVA and Student’s
t test. Differenceswere considered significant at the level ofP< .05.
These analyses were performed using SPSS 20.0 software.

3. Results

3.1. Inhibiting the MAPK signaling pathways suppressed
Mcl-1 expression in MTB-infected RAW264.7
macrophages

Studies found that different virulence from MTB infection could
affectMcl-1 protein andmRNA expression in vitro. XJ-MTB and
H37Rv infection could significantly induce Mcl-1 protein and
mRNA expression compared to control. Additionally, Mcl-1
protein and mRNA levels were lower in macrophages exposed to
H37Ra or BCG compared to the control, indicating that H37Ra
or BCG infection could deduce expression of Mcl-1 in host
macrophage. Next, both control and infection groups were
treated with the Mcl-1 expression signaling pathway inhibitors
AG490, PD98059 and LY294002. Analysis of H37Rv infection
yielded the following results: Mcl-1 protein and mRNA
expression levels were significantly decreased in the treated
infection groups when compared to control groups, presenting
more than a 67% (PD98059) (P> .05) and 18% (AG490)
decrease compared to virulent strains infection groups, with the
exception of in LY294002 treated groups increasing 44%
(LY294002) (P> .05). Moreover, we found PD980589 to be the
most powerful inhibitor for Mcl-1 expression, and the MAPK
signaling pathway might play a major role in Mcl-1 expression
regulation in virulent MTB strains-infected macrophages than
PI3K and JAK/STAT signaling pathways. (Fig. 1, P< .05)

3.2. Inhibiting the MAPK signaling pathways could induce
MTB-infected RAW264.7 macrophages apoptosis

Next, we studied the role of Mcl-1 on apoptosis of RAW264.7
macrophages during MTB infection. This was achieved by
binding the V-APC/7-AAD annexin to phosphatidylserine on the
cell surface. Flow cytometry analysis revealed an increased
apoptosis rate in the MTB-infected RAW264.7 macrophages
compared with the controls. BCG and H37Ra infection could
induce a higher apoptosis rate than H37Rv and XJ-MTB
infection. When the infected cells were exposed to the specific
3

signaling pathway inhibitors, analysis of H37Rv infection yielded
the following results: the apoptosis rate increased more than 41%
(PD98059), 7% (AG490), and 32% (LY294002) compared to
virulentMTB infection groups, but apoptosis in attenuated strain
infection groups was not obvious when treated with inhibitors.
Additionally, the host cells seemed to be more sensitive to
apoptosis when the MAPK signaling pathway was inhibited
during virulent MTB infection. (Fig. 2, P< .05)
Next, RT-PCR was performed to analyze the mRNA

expression of apoptosis-associated genes Bax, Bcl-2, Cyt-c, and
caspase-3 (Fig. 3). The results revealed that when RAW264.7
cells were exposed to BCG and H37Ra strains, the expression of
pro-apoptosis genes, such as Bax (Fig. 3A), caspase-3 (Fig. 3C)
and Cyt-c (Fig. 3D), significantly increase in infection groups
compared to the control. The expression of Bcl-2 increased in XJ-
MTB and H37Rv infection groups and decreased in the
attenuated strain infection groups when compared to the control
group (Fig. 3B). When the Mcl-1 expression signaling pathways
was inhibited with blockers, expression levels of the anti-
apoptosis gene Bcl-2 significantly decreased whereas those of the
pro-apoptosis genes Bax, Cyt-c and caspase-3 increased in XJ-
MTB andH37Rv infection groups when compared to the control
groups. Moreover, PD98059 treated groups showed more
observable changes than AG490 and LY294002. Since Bax
and Cyt-c play a major role in the mitochondrial apoptosis
pathway, we speculated that the mitochondrial apoptosis
pathway may be activated when Mcl-1 expression signaling
pathway is inhibited through the inhibition of the MAPK
signaling pathway. (Fig. 3, P< .05)

3.3. Inhibiting the Mcl-1 signaling pathway could induce
the polarization of the H37Rv-infected macrophages into
the M2 phenotype

To explore whether macrophage polarization phenotype
changed when the Mcl-1 expression signaling pathway was
inhibited during H37Rv infection, we determined the phenotypic
and functional markers associated with M1 and M2 macro-
phages, including CD86, CD206, iNOS, and Fizz1, as well as the
expression of related cytokines including IL-6, IL-10, TNF-a, and
TGF-b. Figure 4 shows that following H37Rv infection, IL-6,
TNF-a, and iNOS (M1 markers), and IL-10, TGF-b, and Fizz1
(M2 markers) levels significantly increased compared to control.
While CD86 and CD206 had no significant increase (P> .05).
Next, the infected cells were treated with MAPK signaling
pathways inhibitors, and the results indicated that the expression
levels of M1 markers were significantly reduced compared to the
H37Rv infection group. IL-6 and TNF-a expression levels
decreased differently depending on the inhibitor; ERK inhibition
yielded a 27% and 9% decreased, JNK yielded a 22% and 30%
decrease, and p38 yielded a 7% and 12% decrease, respectively.
p38 inhibition also caused a 41% decrease in iNOS expression.
Additionally, expression of M2 markers increased compared to
the infection group. IL-10 and Fizz1 expression levels in ERK
inhibition groups increased more (72% and 154%, respectively)
than in those affected with JNK and p38 inhibition. No
noticeable increase was observed in the M2-related protein
TGF-b expression in p38 inhibition. Additionally, CD86 and
CD206 expression was significantly increased when the JNK
pathway was inhibited compared with the H37Rv infection
group. These results suggested that MTB infection induces mixed
M1/M2 activation. More specifically, MAPK signaling pathways
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Figure 1. Mcl-1 protein and mRNA expression decreased in RAW264.7 cells infected with different virulent MTB when treated with Mcl-1 expression signaling
pathway inhibitors. RAW264.7 cells were infected with BCG, H37Ra, H37Rv and XJ-MTB at MOI=10 (bacterium: cell) for 24hours, then specific signaling pathway
inhibitors AG490 (Fig. 1A), PD98059 (Fig. 1B), LY294002 (Fig. 1C) were used to affect Mcl-1 expression signaling pathways. Cells lysate and total RNA was
collected, Mcl-1 protein and mRNA expression were detected using western blotting and RT-PCR. The grouping of blots cropped from different gels. Values
represent the mean±SD from three independent experiments. #P<0.05 VS uninfected control group, ##P<0.01 VS uninfected control group;

∗
P< .05 VS

untreated group,
∗∗
P< .01 VS untreated group.

Han et al. Medicine (2020) 99:42 Medicine
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Figure 2. Inhibiting Mcl-1 expression signaling pathway could increase apoptosis of MTB infection RAW264.7 macrophages. Control and MTB infected
RAW264.7 macrophages treated byMcl-1 expression signaling pathway inhibitors (AG490, PD98059 and LY294002) were assessed by flow cytometry to analysis
apoptosis rates by Annexin V-APC/7-AAD staining. Values represent the mean±SD from three independent experiments (10,000 events per treatment group in
each experiment). #P< .05 VS uninfected control group, ##P< .01 VS uninfected control group;

∗
P< .05 VS untreated group,

∗∗
P< .01 VS untreated group.

Han et al. Medicine (2020) 99:42 www.md-journal.com
inhibition induced the polarization of activatedmacrophages into
M2, and JNK signaling pathway was found to be the main
regulator of host macrophage polarization.

3.4. H37Rv infection induced RAW264.7 macrophage
polarization

Scanning electron microscopy showed that the M0 RAW264.7
macrophage surface had rich microvilli with pseudopodia, the
cells are like “spherical” in shape. After H37Rv infection, two
types of macrophages with distinct shapes were observed. M1-
type macrophages formed narrow, fully extended pseudopodia,
with reduced microvilli, whereas theM2-type were large and flat,
with an asperous cell surface, similar to the shape of a “fried egg”
(Fig. 5).

3.5. Inhibition of the MAPK signaling pathways to induce
H37Rv-infection RAW264.7 macrophages apoptosis
activated the mitochondrial apoptosis pathway

To verify whether the mitochondrial pathway was activated
when the MAPK signaling pathways was inhibited, western blot
(Fig. 6A) and JC-10 (Fig. 7) analyses were used to assess
mitochondrial dysfunction in RAW264.7 cells. Figure 6A shows
that when H37Rv infection macrophages were treated with
MAPK signaling pathway inhibitors, Bcl-2 and Bcl-xl expression
decreased significantly, while that of Bax increased. ERK
inhibition resulted in a 67% decrease in Bcl-xl expression, and
5

Bax and Bcl-2 had no significant change compared to the H37Rv
infection group. JNK inhibition resulted in a 63% and 85%
decrease in Bcl-2 and Bcl-xl expression, respectively, whereas Bax
expression increased 127% compared with the H37Rv infection
group. Notably, in the p38 inhibition H37Rv infection group,
Bcl-2 and Bcl-xl had a 77% and 86% expression decrease, and
Bax expression increased 170% compared to the non-inhibited
infection group. Interestingly, JNK and p38 inhibition in H37Rv
infection cells caused an increase in the Bax/Bcl-2 ratio compared
to the H37Rv infection group. Further, H37Rv infection induced
host macrophage Mcl-1 expression; however, when treated with
MAPK signaling pathways inhibitors PD98059 (inhibiting the
ERK signaling pathway), SP600125 (inhibiting the JNK signaling
pathway), and SB203580 (inhibiting the p38 signaling pathway),
Mcl-1 expression decreased more than that in the H37Rv
infection group, especially the SB203580 treated infection group
(Fig. 6B).
Mitochondrial membrane potential was detected by JC-10 dye

(Fig. 7). In healthy cells, the aggregated JC-10 exhibits red
fluorescence. When the mitochondrial membrane potential was
depolarized, the JC-10 monomers exhibited green fluorescence,
and simultaneously, red fluorescence was reduced. In healthy
RAW264.7 cells, bright yellow fluorescence was registered, in
apoptotic cells, the same filter yielded green fluorescence. Red
fluorescence in inhibited infection group was decreased than in
infection group. In the p38 inhibition H37Rv infection group, red
fluorescence decreased more than that in the infection group and
other inhibition infection groups. The results demonstrated that

http://www.md-journal.com


Figure 3. Inhibiting Mcl-1 expression signaling pathway induce host macrophage apoptosis may active mitochondrial apoptosis pathway. RT-PCR was used to
detect the expression of mitochondrial apoptosis associated genes Bax (Fig. 3A), Bcl-2 (Fig. 3B), caspase-3 (Fig. 3C) and Cyt-c (Fig. 3D) in control and different
virulence of MTB infection groups that treated by specific inhibitors (AG490, PD98059 and LY294002). Values represent the mean±SD from three independent
experiments. #P< .05 VS uninfected control group, ##P< .01 VS uninfected control group;

∗
P< .05 VS untreated group,

∗∗
P< .01 VS untreated group.
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MAPK signaling pathway inhibition can induce host macrophage
mitochondrial membrane potential dysfunction during the early
stages of apoptosis following H37Rv infection, and that the p38
signaling pathway plays an important role in this process.
4. Discussion

Studies[13,23,24] have confirmed that inhibiting Mcl-1 inhibition
can regulate the apoptosis of macrophages infected with MTB
through the MAPK signaling pathway. Additionally, the
mitochondrial signaling pathway has been found to be related
to the MAPK signaling pathway in the apoptotic process in
various diseases,[25] but no prior studies have investigated the
polarization of macrophages infected by MTB. Therefore,
the present study aimed to explore the relationship between
the MAPK signaling and mitochondrial pathways involved in
macrophage apoptosis and polarization after MTB infection.
6

There is an urgent need to formulate an effective treatment
for latent tuberculosis infection, drug-resistant patients, and
HIV / AIDS co-infection.
Previous studies have shown that mitochondria-dependent

apoptosis is regulated by the Bcl-2 protein family.[26] Wu et al[27]

reported that mycocide-induced apoptosis is related to mito-
chondria-mediated apoptosis. When mitochondrial membrane
potential is lost, cytochrome c (Cyt-c) is released, Bax, Bad and
caspase-3/9 are activated, and p-Bad, Bcl-xl and Bcl-2 are
inhibited. In the Bcl-2 family, Mcl-1 is mainly responsible for
maintaining the stability of the mitochondrial membrane and
inhibiting the release of Cyt-c, thus promoting cell survival and
preventing apoptosis.[28,29] Our previous experimental results[30]

confirmed that down-regulation of Mcl-1 promotes Cyt-c-
induced apoptosis of latent virulent MTB host macrophages,
and the mitochondria-mediated “endogenous” apoptosis path-
way may play a significant role in this process. In addition, the



Figure 4. Inhibition Mcl-1 expression signaling pathway induce host macrophage polarized to M2 phenotype. H37Rv infection RAW264.7 macrophages were
treated by MAPK signaling pathway inhibitors PD98059 (PD), SP600125 (SP) and SB203580 (SB) for 12hours. The supernatant and reverse-transcribed total RNA
were prepared to determine M1 and M2 macrophage markers (Fig. 4A–H) by ELISA and RT-PCR. Values represent the mean±SD from three independent
experiments. #P< .05 VS uninfected control group, ##P< .01 VS uninfected control group;

∗
P< .05 VS H37Rv infection group,

∗∗
P< .01 VS H37Rv infection group.

Han et al. Medicine (2020) 99:42 www.md-journal.com
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Figure 5. The polarization morphology of RAW264.7 macrophage. RAW264.7 macrophage infected by H37Rv for 12hours, then morphology of polarization
macrophage investigated by SEM.

Han et al. Medicine (2020) 99:42 Medicine
Bcl-2 family contains key regulators of cell survival, which can
inhibit (Bcl-2 and Bcl-xl) or promote (Bad and Bax) apopto-
sis.[31] Based on these reports and hypotheses, we found that the
Bax/Bcl-2 ratio of Raw264.7 cells infected with MTB H37Rv
for 12h was lower than that of untreated RAW264.7 macro-
phages. The expression of Bcl-2 and Bcl-xl protein decreased
and the expression of Bax protein increased in H37Rv infected
macrophages treated with specific MAPK signaling pathway
inhibitors. The level of Bax/Bcl-2 in SB203580 inhibition
group was significantly higher than that in the control group.
In addition, the MAPK signaling pathway inhibition group
showed the loss of mitochondrial membrane potential, and p38
inhibition led to the aggravation of mitochondrial dysfunction
of host macrophages. Inhibition of Mcl-1 expression through
the MAPK signaling pathway may lead to mitochondrial
membrane potential depolarization by changing the expression
of Bcl-2 family members, induce Cyt-c release into the cytoplasm,
and activate caspase-3 to induce apoptosis of MTB infected host
macrophages.
As the signal center of cells, the mitochondrial pathway is

associated with the apoptosis and polarization of infected
macrophages.[22] Changes in mitochondrial function are involved
in numerous human diseases, such as heart failure and metabolic
diseases.[19–21] Themetabolismof activatedmacrophages changes,
with M1 and M2 macrophages progressing to aerobic glycolysis
and oxidative metabolism, respectively.[32,33] Formentini et al[34]

observed that the inhibition of mitochondrial ATP synthase
can trigger anti-inflammatory response in the small intestine of
transgenic mice through mitochondrial mtROS-mediated NF- kB
activation and polarize the M2 anti-inflammatory phenotype of
macrophages. According to the related research results,[35,36] it has
been confirmed that mitochondria can regulate immune function
through the metabolic pathway, activation of inflammation, and
mitosis and fusion ofmitochondria. In themetabolic pathway,M1
macrophages show blocking of TCA circulation and exert a pro-
inflammatory effect. In contrast, M2 macrophages undergo beta
oxidation to produce an anti-inflammatory response. Therefore, it
has been hypothesized that promoting mitochondrial biosynthesis
can promote M2 phenotype and reduce macrophage-mediated
inflammation and apoptosis. It is suggested that the mitochondrial
pathway plays a major role in regulating the polarization and
apoptosis of macrophages. The underlying mechanism remains
unclear.
It is common knowledge that inflammatory activation and

apoptosis of macrophages play a central role in the host
8

defense mechanism in the process of MTB infection. Activated
macrophages play a major role in host resistance to mycobacte-
rial infection. MTB infection can not only induce host
macrophage apoptosis but also induce host macrophage
polarization.[37] Huang et al[17] focused on the polarization of
macrophages at different stages of tuberculous granuloma
formation. They concluded that the polarization of macrophages
was mainly M1 in the early stage of tuberculous granuloma
formation, while M2-related markers gradually increased in the
late stage. Lim et al[38] found that when macrophages were
infected by H37Rv, there were moreM2macrophages, whileM1
macrophages were activated by H37Ra infection. In addition,
Zhao et al[39] noted that IL-4 may prevent atherosclerosis by
inhibiting the MAPK signaling pathway and inducing macro-
phages to polarize to the M2 phenotype for anti-inflammation,
which can protect atherosclerosis by inhibiting this pathway.
Although activated macrophages play a key role in host defense
against mycobacterial infection, the regulatory function of the
MAPK signaling pathway inM1 orM2 polarized macrophages is
unclear during tuberculosis infection. Our results showed that
expression levels of M1/M2-related markers were higher after
H37Rv infection. During the infection of RAW264.7 macro-
phages following inhibition of the Mcl-1 expression signaling
pathway, MTB induced an increase in the expression of pro-
inflammatory cytokines, such as IL-6, TNF-a, and iNOS, as well
as the expression increase of anti-inflammatory cytokines,
including IL-10, TGF-b, Fizz1, and CD206, which indirectly
reflected that macrophages gradually differentiated into the M2
type when the MAPK signaling pathway was inhibited. In
addition, when the JNK signaling pathway was inhibited, CD86
expression increased, indicating that inhibition of the JNK
signaling pathway could improve the antigen presentation ability
of the host macrophages. Inflammatory injury can be alleviated
by inducing apoptosis of the host macrophages by inhibiting the
Mcl-1 expression signaling pathway. The three pathways of
MAPK signaling are involved in several inflammatory responses,
in which the release of pro-inflammatory cytokines is mainly
regulated by the JNK signaling pathway, anti-inflammatory
cytokines are mainly regulated by the ERK signaling pathway,
and JNK signaling pathway is the main regulator of macrophage
polarization.
To the best of our knowledge, the role of Mcl-1 expression

signaling pathway in regulating apoptosis and polarization of
RAW264.7 macrophages infected with MTB and whether
mitochondria are involved in the host immune response after



Figure 6. Inhibition MAPK signaling pathway to induce host macrophage apoptosis active mitochondrial apoptosis pathway. H37Rv infection RAW264.7 cells
were treated by MAPK signaling pathway inhibitors PD98059 (PD), SP600125 (SP), SB203580 (SB) for 12hours, then western blotting was used to detect Bax,
Bcl-2 and Bcl-xl protein expression (Fig. 6A), andMcl-1 expression detected by ELISA (Fig. 6B). The grouping of blots cropped from different gels. Values represent
the mean±SD from three independent experiments. #P< .05 VS uninfected control group, ##P< .01 VS uninfected control group;

∗
P< .05 VS H37Rv infection

group,
∗∗
P< .01 VS H37Rv infection group.
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MTB infection, have not been reported. Therefore, in the current
study, we proved for the first time that the signaling pathway that
inhibits Mcl-1 expression (especially the MAPK signaling
pathway) can increase the apoptosis rate of host macrophages
and up regulate anti-inflammatory activity, to reduce inflamma-
9

tory injury and eliminate MTB from host macrophages. In this
group of host immune defense responses, the MAPK signaling
pathway regulates apoptosis and polarization of host macro-
phages by regulating Mcl-1 expression. There may be crosstalk
between the branches of MAPK signaling pathway. The P38

http://www.md-journal.com


Figure 7. Inhibiting MAPK signaling pathway induce host macrophage mitochondrial membrane potential depolarization. H37Rv infection macrophages that
treated by MAPK signaling pathway inhibitors for 12hours, then adding JC-10 staining solution. We can see the red fluorescence significantly reduce in SB203580
treated infection group, cause obvious mitochondrial dysfunction.

Han et al. Medicine (2020) 99:42 Medicine
signaling pathway regulates host macrophage apoptosis by
activating the mitochondrial apoptosis pathway, while the JNK
signaling pathwaymainly regulates the polarization phenotype of
10
host macrophages. According to our findings, inhibition of the
Mcl-1 expression signaling pathway may provide a novel
mechanism for the treatment of tuberculosis.
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