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Abstract: Purpose: Myeloid cell leukaemia-1 (Mcl-1) is a valuable target in tumour treatments. However, several
reports have suggested that Mcl-1 may play a role in tuberculosis infection. Therefore, we investigated the func-
tion of Mcl-1 in tuberculosis infection and the underlying regulatory mechanism. Methods: Mcl-1-shRNA was used
to down-regulate Mcl-1 expression in BCG-, H37Ra-, H37Rv- and XJ-MTB-infected mouse peritoneal macrophages.
TUNEL staining detected macrophage apoptosis. The colony-forming units (CFUs) were determined to assess the
Mycobacterium tuberculosis (MTB) clearance after down-regulating Mcl-1. Immunohistochemical analysis of Mcl-1
expression in mouse peritoneal macrophages was performed. Haematoxylin and eosin staining detected patho-
logic damage of the liver, spleen, lung, and kidney in mice. Real-time PCR and Western blotting determined the
expression of cytochrome-c in Mcl-1-shRNA-treated mouse peritoneal macrophages infected with MTB strains that
differ in virulence. Results: Mcl-1-shRNA significantly promoted host macrophage apoptosis and cytochrome-c in-
duction, and the apoptotic induction of the XJ-MTB and H37Rv strains was stronger than the H37Ra and BCG strains
(P<0.05). Apoptotic protein cytochrome-c levels continued to increase in mouse peritoneal macrophages infected
MTB before and after treatment, Caspase-8 levels only slightly increased after Mcl-1-shRNA-treated (P<0.05), but
the increase of Cytochrome-c have no significant differences compared with Caspase-8 levels (P>0.05). Conclusion:
Mcl-1-shRNA intervention effectively down-regulated Mcl-1 expression, significantly increased host macrophage
apoptosis, and induced cytochrome-c expression in mouse peritoneal macrophages infected with MTB strains of
different virulence, and these changes were influenced by the virulence of the MTB strains. The mitochondria-
mediated intrinsic apoptotic pathway play an important role before Mcl-1-shRNA-trated, and then with the extrinsic
apoptotic pathway co-regulate host macrophage apoptosis.
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Introduction serious and complicated, prevention and con-
trol of TB infection is particularly urgent [3].
Nonetheless, our current tools to combat MDR-
TB are unsatisfactory. Therefore, proposing
new strategies to fight TB infection s

imperative.

In recent years, the morbidity of tuberculosis
(TB) infection was reported to be decreasing;
however, the incidence and prevalence of multi-
drug-resistant TB (MDR-TB) have increased [1].
Mycobacterium tuberculosis (MTB) infection

affects almost one-third of the total worldwide MTB is a typical intracellular pathogen that can

population. In China, TB has affected more
than 5 million patients (80% in rural areas), and
thus, China is currently ranked second world-
wide for the quantity of TB-infected patients
[2]. In Xinjiang, where the TB epidemic is more

evade the immune system and is cleared by a
variety of mechanisms, thus affecting the regu-
lation of its host cells (monocyte-macrophage
cells). It also alters macrophage functions to
inhibit activation of apoptotic pathways, while
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the pathogen replicates, reproduces, and lives
within the macrophages [4]. Furthermore, MTB
strains with differential virulence regulate host
macrophage apoptosis to evade macrophage
Killing [5]. Host macrophages that can activate
the normal apoptotic process can eliminate TB
infection and prevent latency and spread of TB
in the body. The anti-apoptotic protein myeloid
cell leukaemia-1 (Mcl-1) is closely related to
this host macrophage apoptotic process [6].

Mcl-1 belongs to the Bcl-2 family, and its major
role is to inhibit cell apoptosis. Increasing evi-
dence indicates that Mcl-1 could be a potential
target in latent TB. A previous study demon-
strated that during long-term survival of MTB in
macrophages, the Mcl-1 gene was highly
expressed, and at the same time, the macro-
phage apoptosis rate declined [6]. In 2016,
Wang et al. found that down-regulated Mcl-1
expression increased MTB-infected macro-
phage apoptosis [7, 8]. Therefore, an in-depth
analysis of Mcl-1 down-regulation-induced
apoptosis of MTB-infected host macrophages
is needed.

Mitochondria are central organelles in the
molecular events involved in energy produc-
tion, cell survival, and cell apoptosis. Analysing
the mitochondrial responses to MTB infection
may help elucidate the mechanisms underlying
mycobacterial pathogenesis and the host-
pathogen relationships. Studies have shown
that H37Rv induces cytochrome-c (cyt-c)
release from the mitochondrial intermembrane
space to the cytosol, suggesting that cyt-c plays
arole inthe MTB and host cell interactions, and
that a virulent strain of MTB could regulate
cyt-c translocation [9]. However, the primary
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function of Mcl-1 is stabilising the mitochondri-
al membrane and inhibiting the release of cyt-c,
thereby promoting cell survival and preventing
apoptosis [10]. This study will focus on analys-
ing the time course of changes in cyt-c expres-
sion, the effect of inhibition of Mcl-1 expression
and the regulation of MTB-infected host macro-
phage apoptosis to explore the regulatory
mechanisms of Mcl-1 in different MTB strains
infection.

Materials and methods
Animals

Two-month-old female BALB/c mice (weighing
18 + 2 g) were purchased from the Experimental
Animal Centre of Shihezi University (Xinjiang,
China). The mice were maintained undera 12 h
light/dark cycle, and food and water were pro-
vided ad libitum. All studies were implemented
according to protocols approved by the
Institutional Animal Ethics Committee (IAEC)
prior to experimentation.

Bacteria

The BCG strains H37Ra and H37Rv were
obtained from Chinese Medicine Biological
Products (Beijing, China). A strongly virulent
MTB isolate from the Xinjiang region (XJ-MTB)
was identified previously and stored by our lab-
oratory. A mixture of Sutong culture and normal
saline (0.5 ml; volume ratio of 3:1) was used to
dilute the bacteria, and 100 pl of the bacterial
dilution was spread on modified Roche medi-
um. After 23 weeks, we selected the bacteria
that grew well on Roche medium and resus-
pended them in a small amount of normal
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saline solution containing 0.05% Tween-80.
The bacterial suspension was adjusted to the
McFarland standard corresponding to 1 x 107
colony-forming units (CFU)/ml.

Plasmid

We previously screened plasmids for success-
ful silencing of the Mcl-1 gene and selected a
specific sShRNA eukaryotic expression plasmid,
Mcl-1-shRNA [7]. Mcl-1-shRNA was provided by
the Shanghai Ji Kai gene company.

MTB infection mouse model construction

At room temperature, previously untreated
groups of mice (n = 10/group) were infected
intraperitoneally (i.p.) with 0.3 ml (0.3 x 10’
CFU) of the bacterial suspension, and uninfect-
ed control mice were administered saline on
the same schedule [11]. The experimental
group was administered Mcl-1-shRNA [7] using
a previously described method [12]. The con-
trol and MTB-infected mice were treated i.p.
with 75 pg of Mcl-1-shRNA 3 days after infec-
tion (time 0). Mice were sacrificed every 24 h,
and the peritoneal macrophages were then col-
lected and cultured from each group (Figure 1).

Mouse peritoneal macrophage collection and
culture

On the 1%, 3, 5" and 7" days after infection,
the mice were decapitated, and their abdomi-
nal skin was disinfected with 75% ethanol
under ultraclean Taichung. Then, the abdomi-
nal skin was lifted with forceps, a small opening
was cut to tear the skin, and the peritoneum
was completely exposed. Using forceps, the
peritoneum was filled with a 5-ml injection of
1640 medium (HyClone, USA). The abdomen
was massaged repeatedly for 10 min, avoiding
the intestines and fat. The abdomen was mas-
saged several times for 10 min, avoiding the
intestine and fat. The peritoneal fluid was
repeatedly withdrawn and rinsed in different
directions several times. The tissues were
rinsed several times until there was no more
peritoneal fluid. The cell suspension was cen-
trifugated at 1200 r/min for 5 min, the super-
natant was decanted, and phosphate-buffered
saline (PBS) was used to wash the samples,
with DMEM (HyClone, USA) containing 10% foe-
tal bovine serum for the suspension culture.
Cells were added to 6 wells in the cell culture
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plate and incubated at 37°C in a 5% CO,, incu-
bator in 6 h for adherent mouse peritoneal
macrophages [13, 14].

Determination of CFUs

The mouse peritoneal macrophages were lysed
3 days after infection to release the XJ-MTB
strain. Serial 10-fold dilutions of the samples
were plated on 7H9 agar, and colonies were
counted after incubation for 3 weeks of incuba-
tion at 37°C to determine the bacterial CFUs.

Detection of apoptosis: TUNEL assay

Mouse peritoneal macrophages were harvest-
ed after treatment, cell suspensions (0.4 x 10°
cells in 0.5 ml) were generated, and macro-
phages were grown on 4-well slides. The cells
were resuspended with DMEM containing 10%
foetal bovine serum, and the cell suspension
was added to six wells. The macrophages were
washed once in PBS before being fixed in 4%
paraformaldehyde (pH 7.4) for 1 h at room tem-
perature. After an additional wash, cells were
permeabilised by adding a permeabilisation
solution (0.1% Triton X-100, 0.1% sodium citrate
in H,0) for 8 min on ice and washed with PBS.
DNA strand breaks were labelled by addition of
the terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) reac-
tion mixture, according to the manufacturer’s
instructions (In Situ Cell Death Detection Kit,
Roche Applied Science). The number of TUNEL-
positive cells was reported as the percent of
total number of cells counted.

Immunohistochemical detection of the anti-
apoptotic molecule Mcl-1

For immunohistochemical analysis, the mouse
peritoneal macrophage concentration was
adjusted, and smears were prepared and fixed
in 4% paraformaldehyde overnight at 4°C. The
smears were washed twice with PBS and pre-
blocked for 30 min in 10% foetal bovine serum
(Thermo, USA). After the PBS washes, the sam-
ples were incubated overnight at 4°C with
1:1000 diluted polyclonal rabbit anti-mouse
Mcl-1 antibody (Bioss, Beijing, China) or with
diluted normal rabbit serum as a control. Slides
were rinsed three times with PBS before adding
1:200 diluted biotinylated goat anti-rabbit
immunoglobulin G (ZSGB-BIO, Beijing, China).
This was followed by incubation with streptavi-
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Table 1. Primes used for real-time PCR

Gene Sequence (5’-3)

B-actin Forward: AATTCCATCATGAAGTGTGA
Reverse: ACTCCTGCTTGCTGATCCAC

Mcl-1 Forward: TATTTCTTTCGGTGCCTTTGTG
Reverse: AGTCCCGTTTCGTCCTTACA

Bcl-2 Forward: CGACTTCTTCAGCATCAGGA
Reverse: TGAGCCACAGGGAGGTTCT

Bax Forward: TGACTGGAAAGCCGAAACTC

Reverse: GCAAGCCATCTCCTCATCA
Caspase-3 Forward: TGACTGGAAAGCCGAAACTC
Reverse: GCAAGCCATCTCCTCATCA
Caspase-8 Forward: GCCCTCAAGTTCCTGTGCT
Reverse: GATTGCCTTCCTCCAACATC
Caspase-1 Forward: AATTCCATCATGAAGTGTGA
Reverse: CCTCCAGCAGCAACTTCATT
Cytochrome-c  Forward: CACGCTTTACCCTTCGTTCT
Reverse: CACTCATTTCCCTGCCATTC

din-peroxidase complex (ZSGB-BIO, Beijing,
China) for 30 min at room temperature. After
30 min incubation, slides were washed with
PBS. Colour development was achieved by
application of 3’-diaminobenzidine for 3-5 min
in the dark. The slides were then washed and
counterstained with haematoxylin. Two pathol-
ogists performed the immunohistochemical
analysis, and the subcellular localization of
Mcl-1 (nuclear, cytoplasmic) was recorded at
400x magnification. Positive- and negative-
stained macrophages were counted, and data
are expressed as the percentage of Mcl-1-
positive macrophages, as described previously.
The staining pattern was classified as follows:
(0) no staining or fewer than 5% positive cells;
(1) weak staining, 6-20% positive cells; (2) mod-
erate staining, 21-50% positive cells; and (3)
strong staining, more than 51% positive cells.

Histopathological analysis

After the mice were sacrificed, the lung, liver,
spleen, and kidney were extracted immediately,
fixed in 10% formalin and embedded in paraf-
fin. After the samples were processed in 95%
ethanol for anhydrous ethanol dehydration pro-
cessing, they were treated with xylene for 30
minutes. Then, they were paraffin embedded,
sectioned, dewaxed, and treated with 70% eth-
anol, 80% ethanol, 90% ethanol, 95% ethanol,
and anhydrous ethanol dehydration for 5 min.
Finally, they were stained with haematoxylin
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and eosin (H&E) and photographed using an
Olympus CKX41 microscope (Olympus) fitted
with an Olympus DP20 camera connected to a
computer. The Image-Pro Plus programme
(Media Cybernetics) was utilised to objectively
assess the level of inflammation present in
each image. The inflammatory areas stained a
more intense purple than the non-inflammatory
areas. Because of the different components,
the cytoplasm showed different colours. Cells
or tissue components and lesions of the gen-
eral morphology were observed.

Quantitative RT-PCR

Total RNA from host macrophages was extract-
ed using TRIzol reagent (Invitrogen). Reverse
transcription was performed with a SuperRT
cDNA Kit (TianGen) according to the manufac-
turer’s instructions. Q-PCR primers were
designed and synthesised by Sangon Biotech.
The PCR reaction conditions were as follows:
95°C for 5 min, 95°C for 10 s, and 57°C for 30
s, for a total of 40 cycles. The primers sequenc-
es are shown in Table 1. Samples were ampli-
fied according to the QuantiFast SYBR Green
PCR Kit manufacturer’s instruction. The B-actin
constitutive control was included to stan-
dardise the data, and the relative levels of Bcl-
2, Bax, Caspase-1, 3, and 8, and cyt-c mRNA
were calculated using the 222t method.

Immunoblotting analysis

Macrophages were harvested after treatment,
washed with ice-cold PBS, and lysed in RIPA
lysis buffer (Solarbio Biotechnology). Protein
concentrations were determined by the bicin-
choninic acid (BCA) assay. The total amount of
protein was quantified, and equal amounts of
proteins were resolved in 12% and 15% SDS-
polyacrylamide gels and transferred to polyvi-
nylidene difluoride membranes (Millipore,
Billerica, MA). Membranes were blocked with
5% nonfat dried milk in Tris-buffered saline-
Tween-20 (TBST) and probed with a primary
antibody overnight at 4°C. After the mem-
branes were washed with TBST, they were
probed with target-specific primary antibodies
purchased from Cell Signaling Technology
(CST). Western blot was performed using the
following antibodies: rabbit anti-mouse Mcl-1
and Bcl-2 (dilution: 1:10,000), Bax, Caspase-3
and cyt-c (dilution 1:20,000), Caspase-8 (dilu-
tion 1:5000), and Caspase-1. Mouse anti-
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Figure 2. Mcl-1-shRNA treatment increased apoptosis of mouse peritoneal macrophages infected with BCG, H37Ra,
H37Rv and XJ-MTB (x400) and reduced the intracellular growth of MTB. A and B: Apoptosis of Mcl-1-shRNA-treated
mouse peritoneal macrophages infected with different strains. TUNEL assays of mouse peritoneal macrophages
Apoptotic cells were observed to be dark brown under light microscopy, while normal cells were not stained. a: Con-
trol group; b: Mcl-1-shRNA treatment group; c: Mcl-1-shRNA+BCG; d: Mcl-1-shRNA+H37Ra; e: Mcl-1-shRNA+H37Ryv;
f: Mcl-1-shRNA+XJ-MTB. Percentages of cells undergoing apoptosis. Data represent the mean + SD of three in-
dependent assays in each experiment. “P<0.05 for Mcl-1-shRNA-treated group compared with untreated group.
#P<0.05 for infected group compared with uninfected group. Values are the mean + SD. C: CFUs were recovered
from 107 untreated host cells or from Mcl-1-shRNA-treated host cells that were infected with XJ-MTB. Data represent
the mean + SD of three independent assays plated in triplicate. *P<0.05 for XJ-MTB-infected host cells compared
with Mcl-1-shRNA-treated XJ-MTB-infected cells.

Table 2. Mcl-1 expression and apoptosis rate in Mcl-1 Statistical analyses

inhibitors-treated mouse peritoneal macrophages infected
Data are presented as the means +

with XJ-MTB .

SDs. Data comparisons were per-
Mcl-1 . . :

Groups expression Positive Apoptosis formed using a one-way ANOVA fol-
(n=10) et ar rate (%) rate (%) lowed by LSD test for multiple com-
S parisons. These analyses were im-
Control 1000 0 0 0'03i0'01”d' 'f plemented using SPSS 17.0. Two-
Mcl-1-shRNA © 10 O 10 0.44 £ 0.06%% tailed unpaired Student’s t-tests
BCG+Mcl-1-shRNA 6 1 2 1 40 3.37 + 0.032Pdef were used to eva|uate the differ_
H37Ra+Mcl-1-shRNA 7 1 2 0 30 3.7 + 0.03bcef ences between the control and
H37Rv+Mcl-1-shRNA 9 1 O O 10 5.2 + 0.022bcd treated groups. (GraphPad Soft-
XJ-MTB+Mcl-1-shRNA 9 1 0 0 10  5.31+0.032bed ware, Inc., San Diego, CA). P<0.05

Note: 2P<0.05 vs. control group. °P<0.05 vs. Mcl-1-shRNA. °P<0.05 was considered significant.

vs. BCG+Mcl-1-shRNA. “P<0.05 vs. H37Ra+Mcl-1-shRNA. ¢P<0.05 vs.

H37Rv+Mcl-1-shRNA. 'P<0.05 vs. XJ-MTB+Mcl-1-shRNA.

mouse B-actin (dilution 1:1000) was purchased
from ZSGB-BIO. The membranes were then
stained by horseradish peroxidase-conjugated
secondary antibody (Jackson Immunologicals,
West Grove, PA). Blots were developed with an
enhanced chemiluminescence (ECL) detection
system (Perkin Elmer Bioscience, Waltham,
MA) in accordance with the manufacturer’s
protocol.
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Results

Mcl-1-shRNA treatment increased
apoptosis of mouse peritoneal macrophages
infected with MTB strains that differ in viru-
lence

RNA interference (RNAI) is the most direct and
common method used to down-regulate gene
expression [15]. The Mcl-1-shRNA eukaryotic
expression plasmid was previously screened
and shown to silence Mcl-1 expression. And we

Int J Clin Exp Pathol 2017;10(7):7565-7577
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Figure 3. Typical Mcl-1 immunohistochemistry results for mouse peritoneal macrophages (x400). A. Control cells:
Fewer than 5% of macrophages had detectable cytoplasmic or nuclear expression of Mcl-1 protein. B. Control cells
treated with Mcl-1-shRNA: Mcl-1 expression was absent. C. BCG-infected host cells treated with Mcl-1-shRNA. D.
H37Ra-infected host cells treated with Mcl-1-shRNA. E. H37Rv-infected host cells treated with Mcl-1-shRNA. F.
XJ-MTB-infected host cells treated with Mcl-1-shRNA. Mcl-1-shRNA-treated cells showed weak staining for Mcl-1.

Arrows indicate the observed host cells.

found that Mcl-1 expression peaked on the fifth
day of MTB infection of host macrophages.
Therefore, we selected the fifth day for Mcl-1-
shRNA treatment of mouse peritoneal macro-
phage infected with different variants of MTB
for analysis. After Mcl-1-shRNA inhibited Mcl-1
expression, apoptosis rates showed slight
increases compared with those in the untreat-
ed group of mouse peritoneal macrophages.
Similar results were observed for the infection
only group (Figure 2B; Table 2) (P<0.05).
However, the apoptosis rate had a significant
increase in the Mcl-1-shRNA-treated MTB-
infected mouse peritoneal macrophages com-
pared with the infected group (Figure 2A, 2B;
Table 2) (P<0.05). Moreover, the apoptosis
induction of the Mcl-1-shRNA-treated H37Rv-
and XJ-MTB-infected groups was significantly
stronger than the BCG- and H37Ra-infected
groups, and the differences were statistically
significant (Figure 2A, 2B; Table 2) (P<0.05).
However, the H37Ra-infected treatment group
had no significant differences compared with
the XJ-MTB-infected group (Table 2) (P>0.05).

Knockdown of Mcl-1 expression by Mcl-1-shR-
NA reduced the intracellular survival of XJ-MTB

To determine whether Mcl-1-shRNA inhibition of
Mcl-1 expression correlated with the intracellu-
lar growth of MTB, considering that more higher
apoptosis rate of XJ-MTB, so we assessed
the survival of XJ-MTB in infected peritoneal
macrophages that were untreated or treated
with Mcl-1-shRNA (as agent only). There were
significant decreases in the number of CFUs
recovered from the Mcl-1-shRNA-treated group
compared with the untreated XJ-MTB-infected
group (Figure 2C) (P<0.05). The survival rate of
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XJ-MTB in Mcl-1-shRNA-treated mouse perito-
neal macrophages decreased from 4.7 to 1.4
(by 3.4-fold).

Mecl-1-shRNA intervention reduced MTB in host
macrophages

Immunostaining of Mcl-1 protein in mouse peri-
toneal macrophages revealed that it was local-
ised predominantly to the cytoplasm and nucle-
us (Figure 3). Our results showed strong
staining of Mcl-1 in mouse peritoneal macro-
phages infected with MTB (data not shown),
while diffuse staining of Mcl-1 was observed in
uninfected host macrophages (Figure 3A).
Mcl-1 staining was weakened following treat-
ment with Mcl-1-shRNA in mouse peritoneal
macrophages (Figure 3B). The expression of
Mcl-1 was decreased significantly in Mcl-1-
shRNA-treated mouse peritoneal macro-
phages, especially the XJ-MTB and H37Rv
treatment group. In addition, the effects of the
intervention in the XJ-MTB and H37Rv strain
treatment groups were better than those in the
BCG and H37Ra infection groups (Figure 3)
(P<0.05).

Mcl-1-shRNA treatment relieved pathological
damage of mouse tissues

To determine whether down-regulated Mcl-1
affects MTB infection in mouse macrophage
apoptosis, we observed the pathological dam-
age of the lung, liver, spleen, and kidney before
and after the Mcl-1-shRNA intervention in mice.
After MTB infection, multifocal epithelioid cells
in the lung tissue, lymphocyte infiltration of
nodular lesions, alveolar capillary expansion
and congestion, and interlobular vein expan-

Int J Clin Exp Pathol 2017;10(7):7565-7577
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Figure 4. Histological changes in BCG-, H37Ra-, H37Rv- and XJ-MTB-infected mice treated with Mcl-1-shRNA. A-D.
are H&E staining of normal and Mcl-1-shRNA-treated MTB-infected lung, liver, spleen, and kidney tissues in mice.
A. Normal lung tissue and Mcl-1-shRNA-treated MTB-infected lung tissues. B. Normal liver tissue and Mcl-1-shRNA-
treated MTB-infected liver tissues. C. Normal spleen tissue and Mcl-1-shRNA-treated MTB-infected spleen tissues.
D. Normal kidney tissue and Mcl-1-shRNA-treated MTB-infected kidney tissues. a. Control group: normal mouse tis-
sues. b. Mcl-1-shRNA-treated BCG-infected mouse tissues. c. Mcl-1-shRNA-treated H37Ra-infected mouse tissues.
d. Mcl-1-shRNA-treated H37Rv-infected mouse tissues. e. Mcl-1-shRNA-treated XJ-MTB-infected mouse tissues. Ar-

rows indicate pathological changes of lung tissue.

sion were observed. Furthermore, liver cell
oedema, cavitation and degeneration around
the central vein cavity and major central vein
blood clots were observed. At the same time,
liver antrum narrowing, regional bleeding, and
interstitial lymphocytic infiltrates were noted.
Splenic sinus congestion and expansion were
observed with increased mononuclear macro-
phages. In addition, glomerular and renal inter-
stitium blood clot, focal haemorrhage, tubular
epithelial cells and oedema increased signifi-
cantly (Figure 4A-D).

The pathological damages of the Mcl-1-shRNA-
treated BCG infection group showed no signifi-
cant improvement: mouse lung and spleen tis-
sues still showed widespread blood clots as
well as glomerular and renal interstitial capil-
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lary and venule expansion and ecchymosis.
Only the central vein blood clot was significantly
reduced, and the portal area lymphocyte infil-
tration decreased significantly in liver tissue
(Figure 4A-D). The Mcl-1-shRNA-treated H37Ra
infection group showed ameliorated conges-
tion and expansion of the viscera compared
with the Mcl-1-shRNA-treated BCG infection
group (Figure 4A-D).

Mcl-1-shRNA intervention significantly relieved
the mouse organ/tissue pathological damage
caused by H37Rv and XJ-MTB infection. In the
Mcl-1-shRNA-treated H37Rv infection group,
pulmonary capillary and central venous liver
congestion and renal interstitial blood vessel
expansion were not obvious; splenic red pulp
congestion and haemorrhage were reduced

Int J Clin Exp Pathol 2017;10(7):7565-7577
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Figure 5. Mcl-1-shRNA treatment significantly increased cyt-c mMRNA expression in MTB-infected mouse peritoneal
macrophages. After MTB infection of Mcl-1-shRNA-treated mice at 1, 3, 5, and 7 days, total RNA was obtained
from mouse peritoneal macrophages. For all groups (uninfected, Mcl-1-shRNA-treated, Mcl-1-shRNA-treated BCG-
infected, Mcl-1-shRNA-treated H37Ra-infected, Mcl-1-shRNA-treated H37Rv-infected, Mcl-1-shRNA-treated Xinjiang-
infected), quantitative PCR was performed on the cDNA. Cyt-c mRNA expression was measured by real-time PCR.
*P<0.05 for Mcl-1-shRNA-treated group compared with untreated group. #P<0.05 for infected group compared with

the control group. Values are the mean + SD.

significantly (Figure 4A-D). Similarly, the Mcl-1-
shRNA-treated H37Rv infection group mouse
tissues showed a significant improvement. The
degree of congestion of the organs/tissues
was significantly reduced, lymphocyte effusion
decreased significantly, and kidney epithelial
cells did not show oedema (Figure 4A-D).

Mcl-1-shRNA treatment increased cyt-c mRNA
expression to different extents in mouse mac-
rophages infected with different strains

As shown in the previous study, Mcl-1-shRNA
significantly increased the apoptosis rates of
mouse peritoneal macrophages infected with
MTB strains with different levels of virulence.
Therefore, we detected cyt-c expression to
explore the mechanism of Mcl-1-shRNA-indu-
ced apoptosis of macrophages infected with
different strains. With prolonged infection, the
expression of cyt-c mRNA increased gradually,
and the fifth day showed a peak of expression
after Mcl-1-shRNA treatment (i.e., the ninth day
after infection). This difference was statistically
significant (P<0.05). Compared to control in-
fected cells, there was a small increase of cyt-c
mRNA expression (1.07-fold, 1.1-fold, 1.23-
fold, and 1.30-fold, respectively) in mouse peri-
toneal macrophages infected with BCG, H37Ra,
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H37Rv, and XJ-MTB (Figure 5) (P<0.05). Ho-
wever, cyt-c mRNA had a 2.03-fold, 2.13-fold,
2.41-fold, and 2.6-fold increase in Mcl-1-
shRNA-treated mouse peritoneal macrophages
infected with different strains of MTB compared
with the untreated group (Figure 5) (P<0.05).

XJ-MTB induced increased cyt-c protein expres-
sion in Mcl-1-shRNA-treated mouse peritoneal
macrophages

Cyt-c mRNA expression was significantly in-
creased in Mcl-1-shRNA-treated different viru-
lence M. tuberculosis-infected mouse perito-
neal macrophages, and we examined whether
the cyt-c protein level was consistent with gene
expression. As shown in the Figure 6, the
increased trend of cyt-c protein level was the
same as the change in mRNA, and cyt-c protein
level peaked on the fifth day after intervention.
In addition, densitometry of ECL-developed
bands showed a 1.8-fold, 1.93-fold, 1.8-fold,
and 2.9-fold increase in cyt-c protein, as evalu-
ated by Western blotting, in the BCG-, H37Ra-,
H37Rv-, and XJ-MTB-infected mouse peritoneal
macrophages compared with uninfected con-
trol cells (Figure 6) (P<0.05). Mcl-1-shRNA
intervention significantly increased the cyt-c
protein level, and there was a 2.9-fold, 3.3-fold,
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Figure 6. Mcl-1-shRNA treatment significantly increased cyt-c protein expression in MTB-infected mouse peritoneal
macrophages. After MTB infection of Mcl-1-shRNA-treated mice at 1, 3, 5, and 7 days, Western blot detected cyt-c
protein expression. ECL was obtained from mouse peritoneal macrophages from all groups (uninfected, Mcl-1-shR-
NA3-treated, Mcl-1-shRNA3-treated BCG-infected, Mcl-1-shRNA3-treated H37Ra-infected, Mcl-1-shRNA3-treated
H37Rv-infected, Mcl-1-shRNA3-treated Xinjiang-infected). A: ECL results of cyt-c protein expression of Mcl-1-shRNA-
treated MTB-infected mouse peritoneal macrophages at 1, 3, 5, and 7 days. B: Cyt-c protein expression of Mcl-
1-shRNA-treated MTB-infected mouse peritoneal macrophages at 1, 3, 5, and 7 days. "P<0.05 for Mcl-1-shRNA-
treated groups compared with untreated groups. #P<0.05 for infected groups compared with uninfected groups.
4P<0.05 for Mcl-1-shRNA-treated groups compared with uninfected group groups. Values are the mean * SD.

4.0-fold, and 4.8-fold increase in BCG, H37Ra,
H37Ryv, and XJ-MTB-infected mouse peritoneal
macrophages compared with the untreated
group (Figure 6) (P<0.05).

The mitochondrial apoptotic pathway may
play an important role in the Mcl-1 regulatory
mechanism

As we all know, cell apoptosis is mediated can’t
without the extrinsic pathway and the mito-
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chondrial apoptotic pathway [16, 17]. Thus, we
hypothesised that the extrinsic pathway and
the mitochondrial apoptotic pathway may be
the major regulatory pathways of Mcl-1 expres-
sion in MTB infected-macrophages. Therefore,
we measured the mRNA and protein levels of
the apoptosis-associated genes Mcl-1, Bcl-2,
Bax, and Caspase-1, 3, and 8 and comprehen-
sively analysed of the changes in their expres-
sion. After H37Rv infection of mouse peritoneal
macrophages, Mcl-1 and Bcl-2 protein levels
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Figure 7. Comparison of the expression of apoptosis-related genes and proteins. Real-time PCR and Western blot
detected the expression of apoptosis-related genes and proteins, including Bcl-2, Bax, Caspase-1, 3, and 8, and
Cyt-c, after the Mcl-1-shRNA-treated mouse peritoneal macrophages were infected with H37Rv. A. Real-time PCR
detected the relative expression of Bcl-2, Bax, Caspase-1, 3, and 8, and Cyt-c mRNA. B. Western blot detected the
relative expression levels of Bcl-2, Bax, Caspase-1, 3, and 8, and Cyt-c protein. Data shown are the mean + SD of

three independent experiments.

increased significantly compared with those of
the control group (Figure 7) (P<0.05). At the
same time, the cytc protein levels also
increased significantly (Figure 7) (P<0.05),
while Caspase-8 protein levels only increased
slightly. After Mcl-1-shRNA treatment of mouse
peritoneal macrophages infected with H37Ry,
the Mcl-1 protein levels decreased sharply
compared with those of the H37Rv group
(Figure 7) (P<0.05). However, the cyt-c and
Caspase-8 protein levels increased significant-
ly, but there was no significant difference
between these two proteins (Figure 7) (P>0.05).
In addition, cyt-c protein levels showed increas-
es in all processes, and higher than all proteins
levels (Figure 7) (P<0.05).

Discussion

In recent years, research on the Mcl-1 gene has
predominantly focused on tumour-related dis-
eases [18]; thus, application of this gene to
control TB will be a novel function. In the cur-
rent study, TUNEL analyses showed that the
application of Mcl-1-shRNA to down-regulate
Mcl-1 resulted in increased apoptosis to vary-
ing degrees of the mouse peritoneal macro-
phages infected with different strains (Figure
2). The results indicated that Mcl-1 introduction
to TB is feasible, and it may be a promising
strategy for prevention and control of latent TB
infection. However, macrophage apoptosis lev-
els were closely associated with the virulence
of the MTB strain: the weaker the virulence of
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the MTB strains, the higher the apoptosis rate.
The result is consistent with a previous study
showing that MTB invasion of host macro-
phages caused apoptosis; MTB strains with dif-
ferent virulence levels induced different levels
of macrophage apoptosis, and the level of host
cell apoptosis showed variation with infection
by different MTB strains [19, 20]. The results
indicated that the virulence of MTB strains is
the key to the regulatory effect of Mcl-1.
Therefore, we hypothesized that make use of
down-regulation of Mcl-1 altering the effect of
MTB strains with different levels of virulence on
host macrophage apoptosis and may be target-
ed to overcome the different types of TB
infection.

Currently, RNAi is the most commonly used
method to silence gene expression [15, 21]. At
home and abroad [22-24], studies have found
that shRNA silencing of Mcl-1 in different
tumour cell lines sensitised cancer cells to che-
motherapy and molecular targeted therapy,
increased the cancer cell apoptosis rate, and
showed no damage to normal cells. In this
experiment, immunostaining results showed
that Mcl-1-shRNA intervention significantly
weakened the expression of Mcl-1, especially in
Mcl-1-shRNA-treated H37Rv- and XJ-MTB-
infected mouse peritoneal macrophages
(Figure 2). The results confirmed that Mcl-1-
shRNA intervention is an effective method of
down-regulation of Mcl-1 in TB infection.
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Treating TB infection is generally judged by host
macrophage intracellular clearance and the
effects on organs/tissues. In our experiments,
CFU count results showed that Mcl-1-shRNA
treatment significantly reduced the number of
CFUs recovered from host macrophages, with a
decrease of 3.4 times (Figure 2). Moreover,
Mcl-1-shRNA intervention also relieved the
pathological damage of the lung, liver, spleen,
and kidney in mice, especially in the XJ-MTB
infection group (Figure 4). The results indicate
the important role of Mcl-1 in latent TB infec-
tion and suggest it may have a role in the pre-
vention and control of TB.

To further study the regulatory effect of Mcl-1 in
TB infection, we explored its apoptosis regula-
tory mechanism. Given the important role of
cyt-c in the mitochondrial signalling pathway
and Mcl-1 expression [8, 9], we focused on ana-
lysing the changes of cyt-c expression in Mcl-1-
shRNA-treated MTB strain-infected mouse peri-
toneal macrophages. Real-time PCR and
Western blot results showed that Mcl-1-shRNA
intervention can induce more cyt-c mRNA and
protein expression in mouse peritoneal macro-
phages infected with strains with different viru-
lence levels (Figures 5 and 6), and with time,
the expression of cyt-c gradually increased and
reached a peak at the fifth day after Mcl-1-
shRNA treatment. Thus, down-regulated Mcl-1
promoted the release of cytc, leading to
increased mouse peritoneal macrophage apop-
tosis. These results may be due to activation of
the mitochondrial apoptotic pathway.

However, numerous studies have shown that
cell apoptosis is related not only to the intrinsic
apoptotic pathway, but also to the extrinsic
apoptotic pathway. The mitochondrial pathway
predominantly involves the release of cyt-c, and
the extrinsic pathway involves the activation of
Caspase-8, and both eventually lead to the
activation of effector caspases (Caspase-3) to
execute cell death [16, 17]. Mycobacteria inter-
fere with host cell apoptosis by modifying Bcl-2
protein expression, and virulent MTB has been
shown to repress apoptosis by up-regulation of
Bcl-2 [25] and Mcl-1 [6] and by deactivation of
Bad [26] and Bax [27]. After comprehensive
analysis of the expression of these proteins, we
found that cyt-c, a key member of the intrinsic
apoptotic pathway, was always increased
(Figure 7). These results indicate that the intrin-
sic apoptotic pathway plays an important regu-
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latory role in MTB infection. After Mcl-1-shRNA
treatment of mouse peritoneal macrophages,
Caspase-8 protein levels increased significant-
ly, and there were no differences compared
with cyt-c. These findings indicate that Mcl-1-
shRNA treatment activated the extrinsic and
the intrinsic apoptotic pathways to co-regulate
macrophage apoptosis.

In conclusion, Mcl-1-shRNA treatment down-
regulated the expression of Mcl-1, significantly
increased host macrophage apoptosis, and
induced cyt-c expression in mouse peritoneal
macrophages infected with MTB strains that
differ in virulence. Furthermore, host macro-
phage apoptosis levels were associated with
the virulence of MTB, and virulence factors are
key to the induction of Mcl-1. The mitochondria-
mediated apoptotic pathways and the extrinsic
apoptotic pathways likely co-regulate the apop-
tosis of macrophages. Given the key role of the
host macrophage apoptosis in the pathogene-
sis of TB and adaptive immune response, this
study may provide a theoretical basis for the
emergence of new vaccines and new experi-
mental treatments for TB.
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