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Mycobacterium bovis induces mitophagy to suppress host xenophagy for its 
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ABSTRACT
Mitophagy is a selective autophagy mechanism for eliminating damaged mitochondria and plays 
a crucial role in the immune evasion of some viruses and bacteria. Here, we report that 
Mycobacterium bovis (M. bovis) utilizes host mitophagy to suppress host xenophagy to enhance its 
intracellular survival. M. bovis is the causative agent of animal tuberculosis and human tuberculosis. 
In the current study, we show that M. bovis induces mitophagy in macrophages, and the induction of 
mitophagy is impaired by PINK1 knockdown, indicating the PINK1-PRKN/Parkin pathway is involved 
in the mitophagy induced by M. bovis. Moreover, the survival of M. bovis in macrophages and the 
lung bacterial burden of mice are restricted by the inhibition of mitophagy and are enhanced by the 
induction of mitophagy. Confocal microscopy analysis reveals that induction of mitophagy sup-
presses host xenophagy by competitive utilization of p-TBK1. Overall, our results suggest that 
induction of mitophagy enhances M. bovis growth while inhibition of mitophagy improves growth 
restriction. The findings provide a new insight for understanding the intracellular survival mechanism 
of M. bovis in the host.
Abbreviations: BMDM: mouse bone marrow-derived macrophage; BNIP3: BCL2/adenovirus E1B 
interacting protein 3; BNIP3L/NIX: BCL2/adenovirus E1B interacting protein 3-like; BCL2L13: 
BCL2-like 13 (apoptosis facilitator); CCCP: carbonyl cyanide m-cholorophenyl hydrazone; FUNDC1: 
FUN14 domain-containing 1; FKBP8: FKBP506 binding protein 8; HCV: hepatitis C virus; HBV: hepatitis 
B virus; IFN: interferon; L. monocytogenes: Listeria monocytogenes; M. bovis: Mycobacterium bovis; Mtb: 
Mycobacterium tuberculosis; Mdivi-1: mitochondrial division inhibitor 1; PINK1: PTEN-induced putative 
kinase 1; TBK1: TANK-binding kinase 1; TUFM: Tu translation elongation factor, mitochondrial; TEM: 
transmission electron microscopy
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Introduction

Mycobacterium bovis (M. bovis) is an ancient successful intra-
cellular bacterium. It not only infects a range of animal 
species (i.e., cattle, other domestic hosts, and wildlife) and 
causes animal tuberculosis, but also infects humans through 
contaminated air and unpasteurized dairy products, causing 
tuberculosis [1,2]. As the first line of defense against 
Mycobacterium tuberculosis (Mtb) infection, macrophages 
also provide a major niche for persistent survival of Mtb in 
the host [3]. Similar to Mtb, M. bovis also primarily infects 
macrophages after invading into the host. Upon Mtb infec-
tion, multiple cellular signaling pathways in macrophages are 
triggered to initiate specific immune responses for the elim-
ination of invading pathogen [3]. Xenophagy is one of the 
important innate immune mechanisms of macrophages to 
inhibit the intracellular survival of pathogens including Mtb 
[4]. In turn, Mtb has developed numerous exquisite strategies 
to counteract the bactericidal activities of the host immune 

responses. Some of these mechanisms are mediated by factors 
released by Mtb, others rely on host components, which are 
used to facilitate the survival of Mtb and to avoid host 
immune clearance [5]. Hence, studying how M. bovis exploits 
host components for immune evasion will contribute to 
a better understanding of the pathogenesis of M. bovis.

Mitophagy is a type of selective autophagy that targets 
damaged mitochondria. Mitophagy plays an important role 
in maintaining cellular homeostasis and sustaining organelles’ 
quality and function by clearing defective mitochondria [6]. 
In recent years, increasing studies reported that some viruses 
can directly or indirectly trigger mitophagy, and regulate the 
mitophagy process through different strategies, thereby weak-
ening the innate immune response and enabling the virus to 
promote continuous infection [7]. Matrix protein M of 
human parainfluenza virus type 3 directly interact with 
TUFM (Tu translation elongation factor, mitochondrial) and 
autophagy protein LC3 to induce mitophagy, thereby inhibit-
ing host type I interferon (IFN) response [8]. Besides, 
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hepatitis C virus (HCV) indirectly promotes mitophagy and 
inhibits host cell apoptosis via eliminating damaged mito-
chondria to facilitate virus survival and replication [9]. In 
2019, a study demonstrated that Listeria monocytogenes 
(L. monocytogenes) induced the oligomerization of NLRX1 
to promote its LC3-interacting region motif to bind with 
MAP1LC3/LC3, thereby triggering mitophagy, disrupting 
host cell homeostasis to evade host killing [10]. However, it 
is still unknown whether M. bovis induces host cell 
mitophagy.

Increasing evidence illustrated that the signaling path-
ways for the regulation of mitophagy are classified as 
ubiquitin-dependent or ubiquitin-independent. Ubiquitin- 
dependent process is a major mechanism underlying mito-
phagy, this process involves two key proteins: PINK1 
(PTEN-induced putative kinase 1) and E3 ubiquitin ligase 
PRKN/Parkin, refer to as PINK1-PRKN-mediated mito-
phagy. Moreover, PINK1-PRKN-mediated mitophagy 
requires ubiquitin-binding autophagy receptors such as 
SQSTM1/p62 (sequestosome 1), OPTN (optineurin), and 
CALCOCO2/NDP52 (calcium binding and coiled-coil 
domain 2) [11]. Conversely, SQSTM1, OPTN and 
CALCOCO2 are also involved in selective autophagy 
against intracellular microbes (xenophagy) [12,13]. 
Previous studies reported that autophagy adaptors are 
phosphorylated by TBK1 (TANK-binding kinase 1) and 
recruited to ubiquitinated bacteria or mitochondria to 
facilitate autophagosome formation during xenophagy 
and mitophagy [14,15]. Heo et al., observed that TBK1 
activity was necessary for effective recruitment of OPTN 
and CALCOCO2 to damaged mitochondria. They demon-
strate that although there is some functional redundancy 
among autophagy adaptors, efficient elimination of 
damaged mitochondria requires TBK1 and OPTN [16]. 
Furthermore, recent study showed that TBK1-mediated 
phosphorylation of autophagy adaptors generates a signal 
amplification loop operating in mitophagy [15]. In addi-
tion, it has been shown that STING1-mediated TBK1 acti-
vation is required for autophagy in response to Mtb DNA 
[17]. Likewise, in our previous study, we observed that 
TBK1 silencing inhibits maturation of autophagosomes 
and increases M. bovis survival [18]. The above studies 
suggest that TBK1 plays a key role in both mitophagy 
and xenophagy. However, the potential role of TBK1 
molecule in the crosstalk between mitophagy and xeno-
phagy during M. bovis infection is still unclear.

Early studies showed that some viruses or bacteria 
employ host mitophagy to survive [8–10]. In addition, our 
previous study suggests that infection with M. bovis induces 
mitochondrial damage in macrophages [19]. These pub-
lished data drive us to investigate the following questions: 1) 
Does M. bovis induce mitophagy? 2) If it does, what role of 
mitophagy plays in the survival of M. bovis? And 3) What 
is the mechanism by which mitophagy affects the survival 
of M. bovis? Clarifying these questions will provide new 
insights for understanding the intracellular survival 
mechanism of M. bovis in the host.

In the current study, we found that M. bovis infection 
induced mitophagy in macrophages and the inhibition of 

mitophagy reduced the survival of M. bovis. Further, we 
demonstrated that the induction of mitophagy inhibited 
the xenophagy by competitive utilizing p-TBK1 during 
M. bovis infection. In vivo study, we observed that the 
inhibition of mitophagy mediated by inhibitor Mdivi-1 
reduced the lung bacterial burden of M. bovis mice. 
Collectively, these results indicate that induction of mito-
phagy might be one of the strategies for M. bovis to evade 
the immune response. The findings provide a new insight 
for understanding the intracellular survival mechanism of 
M. bovis in the host.

Results

M. bovis infection induces mitophagy in murine 
macrophages

To investigate the induction of mitophagy during M. bovis 
infection in macrophages. We assessed the protein level of 
LC3B in mitochondrial fraction of M. bovis-infected J774A.1. 
We observed that a majority of LC3B protein enriched in the 
mitochondrial fraction of infected cells was LC3B-II at 18 and 
24 h post-infection (Figures 1A,B). Moreover, we found that 
M. bovis induced a decrease in the protein levels of the 
mitochondrial inner membrane protein TIMM23 and matrix 
protein HSPD1/HSP60 in mouse bone marrow-derived 
macrophage (BMDM) and J774A.1 cells at 24 h post- 
infection (Figure 1C-E). Confocal microscopy analysis 
revealed that M. bovis infection increased the colocalization 
of mitochondria with endogenous LC3B in BMDM 
(Figures 1F,G). Transmission electron microscopy (TEM) 
showed that mitochondria with broken cristae were enclosed 
by a characteristic double-membrane autophagosomes in 
M. bovis-infected cells (Figures 1H,I). Mitochondria with 
intact cristae were distributed in the cytoplasm of uninfected 
cells (Figures 1H,I). To further strengthen this observation, we 
analyzed the colocalization of mitochondrial proteins and 
lysosome marker LAMP1 in BMDM by using confocal micro-
scopy. The results showed that M. bovis infection obviously 
increased the colocalization of TIMM23 and LAMP1 
(Figures 1J,K), as well as HSPD1 and LAMP1 (Figures 1L, 
M). Collectively, the above findings suggest that M. bovis 
infection induces mitophagy (Figure 1N).

PINK1-PRKN-mediated mitophagy is a major mechanism 
underlying mitophagy. PINK1 is usually cleaved by proteases 
in healthy mitochondria. However, following mitochondrial 
damage, the process of PINK1’s cleavage is abrogated and full- 
length PINK1 accumulates on the surface of mitochondria, 
then PINK1 recruits PRKN to the mitochondrial surface, 
thereby initiates mitophagy [20]. Hence, we investigated the 
proteolysis of PINK1 and mitochondrial translocation of 
PRKN during M. bovis infection by utilizing purified mito-
chondrial fraction. As shown in Figure 2A, western blot 
analysis of M. bovis-infected cells exhibited an increase in full- 
length PINK1 and a decrease in cleaved-PINK1 level at 18 and 
24 h post-infection (Figures 2B,C). We also observed that 
PRKN was highly enriched in the mitochondrial fraction of 
M. bovis-infected cells (Figures 2A,D). To exclude the possi-
bility that the mitochondrial fraction may be contaminated by 
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Figure 1. M. bovis induces mitophagy in murine macrophages. (A) J774A.1 were infected with M. bovis (MOI = 10), cells were collected at 6, 12, 18, and 24 h post- 
infection and obtained mitochondrial fraction, the expression of LC3B in the mitochondrial fraction was detected by western blot. (B) Quantification of LC3-II:LC3B-I. 
(C-E) BMDM and J774A.1 were infected with M. bovis (MOI = 10), the protein expression levels of TIMM23 and HSPD1 were analyzed by western blot at 24 h post- 
infection. (F) Confocal microscopy analyzed the colocalization of endogenous LC3B (green) with mitochondria (red) in BMDM after M. bovis infection for 24 h at MOI 
of 10. Scale bar: 10 μm. (G) Quantification of Pearson’s colocalization coefficient between LC3B and mitochondria. (H) J774A.1 were fixed and processed for 
transmission electron microscope observation at 24 h after M. bovis (MOI = 10) infection, black arrow indicates damaged mitochondrion, black arrowhead indicates 
autophagosome with enclosing double membrane, white arrow indicates healthy mitochondrion. Scale bar: 500 nm. (I) Quantification of cells with autophagosome/ 
autolysosome-engulfed mitochondria in H. Sixty cells were counted in each group from three different experiments. (J and L) Confocal microscopy analyzed the 
colocalization of the mitochondrial markers TIMM23 (green) and HSPD1 (green) with the lysosome marker LAMP1 (red) in BMDM after M. bovis infection for 24 h at 
MOI of 10. Scale bar: 10 μm. (K and M) Quantification of Pearson’s colocalization coefficient between mitochondrial proteins and LAMP1. (N) Schematic illustration of 
the results of Figure 1. Data shown as means ± SEM from three independent experiments. Statistical analysis was done by using Unpaired t-test (two-tailed). 
*p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.

AUTOPHAGY 1403



cytosolic components, we performed a western blot assay to 
detect cytosolic protein. The results revealed that cytosolic 
protein TUBA/α-tubulin was not detected in the mitochon-
drial fraction of the macrophages (Figure 2E).

Next, to further determine the role of the PINK1 in 
M. bovis-induced mitophagy, we used small interference 

RNA (siRNA) to knockdown the expression of PINK1 in 
BMDM (Fig. S1A and S1B). After transfection with Pink1 
siRNA (25 nM) and negative control siRNA (25 nM) for 
48 h, BMDM were infected with M. bovis, we observed the 
protein expression level of PINK1 significantly decreased at 
24 h post-infection (Figures 2F,G). Meanwhile, we detected 

Figure 2. M. bovis infection induces PINK1-PRKN-mediated mitophagy. (A) J774A.1 were infected with M. bovis (MOI = 10), cells were collected at 6, 12, 18, and 24 h 
post-infection and obtained mitochondrial fraction, the protein expression of full-length PINK1, cleaved-PINK1 and PRKN in the mitochondrial fraction were detected 
by western blot. (B) Quantification of full-length PINK1 expression. (C) Quantification of cleaved-PINK1 expression. (D) Quantification of PRKN expression. (E) 
Mitochondrial and cytosolic fractions were blotted using the indicated antibodies. (F) BMDM were transfected with Pink1 siRNA (25 nM) and negative control siRNA 
(25 nM) for 48 h and then infected with M. bovis (MOI = 10), the protein level of PINK1 was detected by western blot at 24 h post-infection. (G) Quantification of 
PINK1:GAPDH. (H) BMDM were transfected with Pink1 siRNA (25 nM) and negative control siRNA (25 nM) for 48 h and then infected with M. bovis (MOI = 10), the 
colocalization of LC3B (red) with mitochondrial marker HSPD1 (green) was analyzed by confocal microscopy at 24 h post-infection. Scale bar: 10 μm. (I) Quantification 
of Pearson’s colocalization coefficient between LC3B and HSPD1. (J) The colocalization of LAMP1 (red) with mitochondrial marker HSPD1 (green) was analyzed by 
confocal microscopy at 24 h post-infection. Scale bar: 10 μm. (K) Quantification of Pearson’s colocalization coefficient between LAMP1 and HSPD1. (L) Schematic 
illustration of the results of Figure 2. Data are representatives from at least three independent experiments (mean ± SEM). Unpaired t-test (two-tailed) was used to 
measure significance. **p < 0.01, ***p < 0.001, ns, not significant.
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the cell viability of macrophages transfected with different 
concentrations of Pink1 siRNA. The data showed that the 
cell viability did not significantly reduce even if transfected 
with 100 nM Pink1 siRNA (Fig. S1C). Furthermore, after 
transfection with Pink1 siRNA for 48 h, BMDM were infected 
with M. bovis, we observed the colocalization of mitochondria 
with LC3B and lysosome marker LAMP1 at 24 h post- 
infection. Confocal microscopy analysis revealed that the 
colocalization of HSPD1 and LC3B was reduced after down-
regulating PINK1 expression (Figures 2H,I). Similarly, the 
colocalization of HSPD1 and LAMP1 in BMDM transfected 
with Pink1 siRNA was also decreased (Figures 2J,K). 
Altogether, these results indicate that PINK1-PRKN pathway 
involves in the mitophagy induced by M. bovis (Figure 2L).

M. bovis induces mitophagy to promote its intracellular 
survival

To evaluate the effect of mitophagy on the intracellular survival 
of M. bovis. We treated cells with carbonyl 
cyanide m-cholorophenyl hydrazone (CCCP) and mitochon-
drial division inhibitor 1 (Mdivi-1) for the induction or 

inhibition of mitophagy respectively as described previously 
[10,21–23]. We first assessed the viability of cells after treatment 
with different concentrations of CCCP (Fig. S2A) and Mdivi-1 
(Fig. S2B) and then verified the effect of CCCP and Mdivi-1 
treatment on the lipidation LC3B in uninfected macrophages 
(Fig. S2C and S2D). Next, J774A.1 and BMDM were treated with 
DMSO (0.2%), CCCP (10 μM) and Mdivi-1 (20 μM) for 2 h and 
then infected with M. bovis. At 24 h post-infection, we found that 
Mdivi-1 suppressed while CCCP increased the total viable count 
of M. bovis in both J774A.1(Figure 3A) and BMDM (Figure 3B). 
To further verify this observation, we analyzed the number of 
M. bovis in BMDM at 0 h and 24 h after infection by using 
confocal microscopy. The results revealed that there was no 
significant difference in the number of M. bovis in each group 
at 0 h post-infection, while the number of M. bovis was enhanced 
by CCCP treatment and was reduced by Mdivi-1 treatment in 
BMDM (Figures 3C,D). Moreover, J774A.1 and BMDM were 
transfected with Pink1 siRNA (25 nM) and negative control 
siRNA (25 nM) for 48 h, then infected with M. bovis. At 24 h 
post-infection, we observed that knockdown PINK1 expression 
notably inhibited the intracellular survival of M. bovis 
(Figures 3E,F). These results suggest that M. bovis-induced 
mitophagy is beneficial for its intracellular survival (Figure 3G).

Figure 3. The induction of mitophagy enhances the intracellular survival of M. bovis. (A and B) J774A.1 and BMDM were treated with DMSO (0.2%), CCCP (10 μM) or 
Mdivi-1 (20 μM) for 2 h and then infected with M. bovis at MOI of 10 for 24 h. Intracellular M. bovis load were measured by colony-forming units (CFU). (C) BMDM 
were treated with DMSO (0.2%), CCCP (10 μM) or Mdivi-1 (20 μM) for 2 h, then infected with M. bovis (MOI = 10). Intracellular M. bovis load was analyzed by confocal 
microscopy at 0 h and 24 h post-infection. (D) The ratio of bacteria number to cells number. One hundred cells in 10 fields were counted in each group. (E and F) 
J774A.1 and BMDM were transfected with Pink1 siRNA (25 nM) and negative control siRNA (25 nM) for 48 h and then infected with M. bovis (MOI = 10). Intracellular 
M. bovis load were measured by CFU at 0 h and 24 h post-infection. (G) Schematic illustration of the results of Figure 3. Data shown as means ± SEM from three 
independent experiments. Statistical analysis was done by using Unpaired t-test (two-tailed). *p < 0.05, **p < 0.01, ns, not significant.
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Induction of mitophagy by M. bovis prevents xenophagy 
in macrophage

Xenophagy is a crucial immune defense mechanism in macro-
phage against intracellular bacteria [24]. Hence, we investi-
gated the effect of mitophagy activation on xenophagy during 
M. bovis infection. First, the colocalization of LC3B and 
mitochondria after CCCP or Mdivi-1 treatment was analyzed 
by using confocal microscopy. We found that M. bovis- 
induced increase in the colocalization of LC3B and mitochon-
dria could be blocked by Mdivi-1 (Figures 4A,B), proving that 
Mdivi-1 can inhibit mitophagy. CCCP treatment significantly 
enhanced the colocalization of LC3B and mitochondria 
induced by M. bovis (Figures 4A,B), indicating that CCCP 
can activate mitophagy. Next, we observed the colocalization 
of LC3B and LAMP1 with M. bovis. Confocal microscopy 
analysis revealed that Mdivi-1 enhanced while CCCP sup-
pressed the colocalization of LC3B and LAMP1 with 
M. bovis (Figure 4C-F). To further strengthen this observa-
tion, we observed the colocalization of LAMP1 with M. bovis 
in BMDM transfected with Pink1 siRNA. The results showed 
that knockdown PINK1 expression increased the colocaliza-
tion of LAMP1 and M. bovis (Figure 4G,H). These data 
suggest that M. bovis induces mitophagy to suppress xeno-
phagy (Figure 4I).

M. bovis-induced mitophagy to suppress xenophagy by 
competitive utilizing p-TBK1 in macrophages

Next, we sought to examine the interconnecting key elements 
between mitophagy and xenophagy during M. bvois infection. 
Mitophagy and xenophagy are both selective autophagy, the 
two processes both require the autophagy adaptors such as 
SQSTM1, OPTN and CALCOCO2 [11,12,25]. Previous stu-
dies show that TBK1 activity is necessary for efficient recruit-
ment of autophagy adaptors to ubiquitinated bacteria and 
damaged mitochondria [15–18]. Therefore, we further inves-
tigated whether p-TBK1 might be a crucial molecule com-
peted by mitophagy and xenophagy during M. bovis infection. 
Firstly, we conducted confocal microscopy to observe the 
colocalization of p-TBK1 with mitochondria in BMDM. We 
found that M. bovis-induced increase in the colocalization of 
p-TBK1 with mitochondria could be promoted by CCCP and 
blocked by Mdivi-1 (Figures 5A,B), proving that the recruit-
ment of p-TBK1 to mitochondrial induced by M. bovis is due 
to induction of mitophagy. Next, we analyzed the colocaliza-
tion of p-TBK1 and M. bovis in J774A.1 and BMDM. 
Confocal microscopy analysis revealed that the colocalization 
of p-TBK1 and M. bovis could be inhibited by CCCP and 
increased by Mdivi-1 treatment both in J774A.1(Figures 5C, 
D) and BMDM (Figures 5E,F). To further validate this obser-
vation, we observed the colocalization of p-TBK1 and 
M. bovis in BMDM transfected with Pink1 siRNA. We 
found that the colocalization of p-TBK1 and M. bovis was 
remarkable increased after down-regulating PINK1 expression 
(Figures 5G,H). Taken together, our data suggest that mito-
phagy suppresses xenophagy by competitive utilizing p-TBK1 
in macrophages infected with M. bovis (Figure 5I).

The effect of mitophagy on the severity of M. bovis 
pathogenesis in mice

Our in vitro experiments revealed that the induction of mito-
phagy inhibits the bactericidal ability of macrophages to elim-
inate intracellular M. bovis. Next, we infected mice with 
pathogenic M. bovis and after one week of infection, mice 
were continuously treated with DMSO (10%, diluted in PBS) 
or Mdivi-1 (25 mg/kg body weight) or CCCP (5 mg/kg body 
weight) via intraperitoneal (i.p.) route for 14 days. Mice were 
sacrificed at 25 days after infection (Figure 6A). The body 
weight and the weight of lungs and spleens of mice revealed 
that CCCP continuous injection exacerbated the degree of 
pathogenesis of M. bovis, while Mdivi-1 continuous injection 
alleviated the degree of pathogenesis of M. bovis in mice 
compared to DMSO treated mice (Figure 6B-D). In addition, 
gross pathological observation showed that CCCP aggravated 
the development of lesions in the lungs of infected mice as 
compared to the DMSO and Mdivi-1 treated mice, lungs of 
CCCP-treated mice with M. bovis infection presented large 
and fused nodular lesions (Figure 6E). Similarly, M. bovis- 
infected mice with CCCP continuous injection showed 
enlarged spleen compared to mice treated with DMSO and 
Mdivi-1 (Figure 6F). Consistent with in vitro results, we 
found that lung bacterial load was reduced by Mdivi-1 con-
tinuous injection and increased by CCCP continuous injec-
tion (Figure 6G). Histopathological observation, quantitative 
analysis of the inflammation area of left lung’s lobe of infected 
mice revealed that CCCP continuous injection significantly 
increased the percentage of inflammation area. Mdivi-1 con-
tinuous injection obviously reduced the area percentage of 
lung occupied by inflammatory lesions compared to DMSO 
treatment group (Figures 7A,B). Furthermore, we observed 
that although the areas of spleens white pulp of all infected 
mice were reduced compared to uninfected mice, the areas of 
white pulp of infected mice with Mdivi-1 continuous injection 
were significantly increased compared to M. bovis-infected 
mice treated with DMSO (Figures 7C,D). At high magnifica-
tion, lung lesions from CCCP treated mice showed necrosis 
and calcification (Figure 7E), the white pulp and red pulp of 
spleens were replaced by lots of macrophages, epithelioid cells 
and lymphocytes (Figure 7F). In addition, a clearly inflamma-
tory foci were observed in the liver sections of mice treated 
with CCCP (Fig. S3A), indicating the lesions were more 
severe in CCCP continuous injection group. Interestingly, 
lung sections from Mdivi-1-treated mice showed compara-
tively less severe lesions with reduced necrosis (Figure 7E). 
In addition, a significant increase in the dissemination of 
M. bovis bacilli were observed in the Ziehl-Neelsen stained 
sections of lung from mice treated with CCCP in comparison 
to DMSO and Mdivi-1 treated mice (Figure 7G). Moreover, 
we observed that the protein level of HSPD1 of the lung of 
M. bovis-infected mice was reduced by CCCP injection and 
was increased by Mdivi-1 injection, compared with DMSO 
treatment (Fig. S4A and S4B), indicating CCCP injection can 
induce mitophagy and Mdivi-1 injection can inhibit mito-
phagy of mice. Notably, no histological lesions were observed 
in the H&E staining sections of kidneys, heart and small 
intestine of DMSO, CCCP, and Mdivi-1 treated mice (Fig. 
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S3B-D). Collectively, these findings suggest that the severity of 
mice pathological lesions caused by M. bovis infection could 
be exacerbated by CCCP continuous injection and alleviated 
by Mdivi-1 continuous injection.

Discussion

In recent years, accumulating evidences suggest that mito-
phagy is regulated by various pathogens in an attempt to 
deviate the protective immune response of the host and to 

Figure 4. The induction of mitophagy inhibits the host xenophagy which targets to degrade M. bovis. (A) Confocal microscopy analysis of LC3B (green) colocalization 
with mitochondria (MitoTracker red) in BMDM treated with DMSO (0.2%), CCCP (10 μM) or Mdivi-1 (20 μM) for 2 h and then infected with M. bovis (MOI = 10) for 
24 h. Scale bar: 10 μm. (B) Quantification of Pearson’s colocalization coefficient between LC3B and mitochondria. (C) Confocal microscopy analysis of LC3B (red) 
colocalization with M. bovis (green) in J774A.1. Scale Bar: 10 µm. (D) The percentage of the colocalization of M. bovis with LC3B. (E) The colocalization of LAMP1 (red) 
with M. bovis (green) was analyzed by confocal microscopy at 24 h post-infection. Scale bar: 20 μm. (F) The percentage of the colocalization of M. bovis with LAMP1. 
(G) BMDM were transfected with Pink1 siRNA (25 nM) and negative control siRNA (25 nM) for 48 h and then infected with M. bovis (MOI = 10). Confocal microscopy 
analysis of LAMP1 (red) colocalization with M. bovis (green) at 24 h post-infection. Scale Bar: 10 µm. (H) The percentage of the colocalization of M. bovis with LAMP1 
in G. (I) Schematic illustration of the results of Figure 4. Data are representatives from three independent experiments (mean ± SEM). The data was analyzed by using 
Unpaired t-test (two-tailed). *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.
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Figure 5. The activation of mitophagy decreases the colocalization of M. bovis with p-TBK1. (A) Confocal microscopy analysis of p-TBK1 (green) colocalization with 
mitochondria (MitoTracker red) in BMDM treated with DMSO (0.2%), CCCP (10 μM) or Mdivi-1 (20 μM) for 2 h and then infected with M. bovis (MOI = 10) for 24 h. 
Scale bar: 10 μm. (B) Quantification of Pearson’s colocalization coefficient between p-TBK1 and mitochondria. (C and E) J774A.1 and BMDM were treated with DMSO 
(0.2%), CCCP (10 μM) or Mdivi-1 (20 μM) for 2 h and then infected with M. bovis (MOI = 10) for 24 h. The colocalization of M. bovis (green) with p-TBK1 (red) was 
analyzed by confocal microscopy. Scale bar: 10 µm. (D and F) The percentage of the colocalization of M. bovis with p-TBK1. (G) BMDM were transfected with Pink1 
siRNA (25 nM) and negative control siRNA (25 nM) for 48 h, then infected with M. bovis (MOI = 10). Confocal microscopy analysis of p-TBK1 (red) colocalization with 
M. bovis (green) at 24 h post-infection. Scale Bar: 10 µm. (H) Quantification of G. (I) Schematic illustration of the results of Figure 5. Data are representative of three 
independent experiments and are shown as the mean ± SEM. Unpaired t-test (two-tailed) was used to measure significance. *p < 0.05, **p < 0.01, ***p < 0.001. ns, 
not significant.
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establish an infection [26]. It has been reported that some 
pathogens can directly or indirectly trigger mitophagy, 
including hepatitis B virus (HBV) [27], human parain-
fluenza virus type 3 [8], human herpesvirus 8 [28], and 
L. monocytogenes [10]. Here, we demonstrate that M. bovis 
also can induce mitophagy in murine macrophages. This 
was shown by an increased accumulation of lipidated 
LC3B in mitochondrial fraction and a significant increase 
in the colocalization of mitochondria with LC3B and 
LAMP1 in M. bovis-infected BMDM. To further enhance 
our observation, we conducted transmission electron 

microscopy of M. bovis-infected cells. The ultrastructural 
analysis clearly shows that M. bovis induces the formation 
of mitophagosomes in infected macrophages. This finding 
fills a research gap in the study of mitophagy in 
Mycobacterium infection and enriches research data on 
pathogen-induced mitophagy.

In general, mitophagy regulatory pathways are classified as 
ubiquitin-dependent (PINK1-PRKN-mediated) or ubiquitin- 
independent (receptor-dependent) [29]. PINK1-PRKN- 
mediated pathway is a major mechanism for the regulation 
of mitophagy. Additionally, several LC3-interacting region 

Figure 6. The effect of mitophagy on the severity of M. bovis pathogenesis in mice. (A) C57BL/6 mice were infected with M. bovis at 200 CFU via the intranasal route, 
after 7 days of infection, mice were treated with DMSO (n = 5) (10%) or Mdivi-1(n = 5) (25 mg/kg body weight) or CCCP (n = 5) (5 mg/kg body weight) via 
intraperitoneal (i.p.) injection for 14 days. On days 25 after infection, animals were sacrificed and different organs were collected. (B) The change of body weight of 
uninfected and M. bovis-infected mice. (C and D) The ratio of lung and spleen weight to the total body weight were calculated at day 25 post-infection. (E and F) The 
representative images of lung and spleen showed the gross pathological changes of uninfected and M. bovis-infected mice. (G) Lung bacterial burdens were 
determined at day 25 post infection by plating lung homogenates on 7H10 agar plates. Statistical significance was determined by using Unpaired t-test (two-tailed). 
*p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.
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containing mitophagy receptors also directly induce ubiqui-
tin-independent mitophagy, including BNIP3 (BCL2/adeno-
virus E1B interacting protein 3) [30], BNIP3L/NIX (BCL2/ 
adenovirus E1B interacting protein 3-like) [31], FUNDC1 
(FUN14 domain-containing 1) [32], BCL2L13 (BCL2-like 13 
(apoptosis facilitator)) [33], and FKBP8 (FKBP506 binding 

protein 8) [34] in mammals. Early studies reported that 
HBV and HCV induced PRKN-dependent mitophagy [9,27]. 
Measles virus of the Edmonston strain triggered SQSTM1- 
mediated mitophagy [35]. While matrix protein M of human 
parainfluenza virus type 3 directly interact with TUFM and 
LC3 to induce PINK1-PRKN-independent mitophagy [8]. 

Figure 7. The effect of mitophagy on the histopathological lesions of lung and spleen in M. bovis-infected mice. (A) The representative images of left lung lobe 
showed histopathological changes of uninfected and M. bovis-infected mice. (B) The percentage of lung’s area occupied by inflammatory lesions were quantified by 
Image J software. (C) The representative histopathological changes in the spleen tissues of uninfected and M. bovis-infected mice. (D) The percentage area of white 
pulp of spleen was measured by Image J software. (E and F) Higher magnification of H&E staining sections of lung and spleen showed M. bovis induced lesions. Scale 
bar: 20 µm. (G) M. bovis (red color) in the lung sections were indicated by Ziehl-Neelsen staining. Scale bar: 10 µm. Statistical analysis was done by using Unpaired 
t-test (two-tailed). *p < 0.05, ***p < 0.001, ns, represent not significant.
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Furthermore, L. monocytogenes induced mitophagy neither 
use the PINK1-PRKN pathway nor require ubiquitin- 
independent mitophagy receptors (BNIP3L, BNIP3 and 
FUNDC1), however, it requires NLRX1, a novel mitophagy 
receptor for the induction of mitophagy [10]. While human 
herpesvirus 8 activated mitophagy is BNIP3L-mediated mito-
phagy [28]. The above studies suggested that the mechanism 
of mitophagy induced by various nature of pathogens is 
different and the molecular mechanism of mitophagy is com-
plex. It has been shown that HCV and HBV infection stimu-
lated the gene expression of PRKN, PINK1, and induced the 
recruitment of PRKN to the mitochondria [9,27]. In our 
study, western blot analysis revealed that the accumulation 
of full-length PINK1 on mitochondria was significantly 
increased at 24 h after M. bovis infection, and the recruitment 
of PRKN to mitochondria was also obviously augmented. 
Confocal microscopy analysis indicated that the colocalization 
of mitochondrial protein HSPD1 with LC3B and LAMP1 were 
both significantly reduced in BMDM transfected with Pink1 
siRNA with infection of M. bovis. Since we observed that the 
colocalization of mitochondria with LC3B and LAMP1 was 
significantly reduced but not completely blocked after down- 
regulating PINK1 expression, Hence, although our results 
indicate that the PINK1-PRKN pathway is involved in the 
mitophagy induced by M. bovis, it does not exclude the 
possibility that other ubiquitin-independent autophagy path-
way might involve in M. bovis-induced mitophagy. In the 
current study, we mainly focus on the role of mitophagy in 
the pathogenesis of M. bovis.

Here, we found that CCCP treatment obviously enhanced 
while Mdivi-1 treatment reduced the survival of intracellular 
M. bovis in J774A.1 and BMDM. Our findings are consistent 
with a previous study reported that Mdivi-1 reduced while 
CCCP increased L. monocytogenes survival in mouse perito-
neal macrophages [10]. M. bovis and L. monocytogenes both 
are intracellular bacteria, studying how these intracellular 
pathogens employ host cell mitophagy pathways is central to 
understanding infectious disease. In line with the results of 
mitophagy inhibitor Mdivi-1treatment, we found that siRNA- 
mediated PINK1 knockdown also decreased the intracellular 
survival of M. bovis. The data indicate that induction of 
mitophagy is beneficial to the intracellular survival of 
M. bovis. Moreover, the intracellular survival of M. bovis did 
not increase in J774A.1 and BMDM without inhibitor treat-
ment and Pink1 siRNA transfection, this is due to although 
M. bovis utilizes numerous exquisite strategies (such as 
induces mitophagy, inhibits phagosome maturation [36], 
and induces detrimental type I IFN secretion [37]) to evade 
or circumvent host immune responses, the host also initiates 
multiple protective immune responses to kill the patho-
gen [38].

Some studies have shown that viruses control the mito-
phagy process through different strategies to favor viral pro-
liferation and persistent infection [7]. Although different 
pathogens tend to exploit similar pathways in the host for 
immune evasion, the mechanism in which they employ host 
pathways usually differs [39]. HBV and HCV induced mito-
phagy to prevent host cell apoptosis to facilitate virus survi-
val and persistent infection [9,27]. Measles virus of the 

Edmonston strain triggers SQSTM1-mediated mitophagy to 
suppress type I IFN production to enhance viral replication 
[35]. And, L. monocytogenes induced mitophagy decreases 
mitochondrial ROS production to promote its survival [10]. 
Notably, we observed that the induction of mitophagy sup-
pressed the colocalization of LC3B and LAMP1 with 
M. bovis by using confocal microscopy, suggesting that 
M. bovis induces mitophagy to promote its intracellular 
survival by inhibiting xenophagy. Further, our results spec-
ulate that there may exist crosstalk between mitophagy and 
xenophagy because both are selective autophagy.

TBK1 is an important signaling molecule in cells that 
promotes the response to pathogens infection by phosphor-
ylating IRF3 to trigger IFN production and recruitment of 
autophagy adaptors for selective autophagy regulation [40]. 
Recently, a study demonstrated that TBK1 was activated dur-
ing xenophagy and mitophagy, and that the activation of 
TBK1was regulated by TBC1D9 (TBC1 domain family mem-
ber 9), a novel regulator of autophagy [41]. Notably, in our 
previous study, we found that M. bovis infection of murine 
macrophages increased the Mir199a expression which dam-
pened TBK1 expression resulting in decreased xenophagy and 
increased M. bovis survival in the infected cells [18]. Above 
previous studies show that TBK1 plays an important role in 
the xenophagy. Interestingly, we found that the activation of 
mitophagy significantly reduced the colocalization of p-TBK1 
with M. bovis, and inhibition of mitophagy increased the 
colocalization of p-TBK1 with M. bovis. This finding suggests 
that TBK1 is a key molecule competed by xenopahgy and 
mitophagy during M. bovis infection. The increase in 
Mir199a expression and the induction of mitophagy are 
both immune evasion strategies adopted by M. bovis to pre-
vent xenophagy by reducing the colocalization with p-TBK1.

Previous study has shown that Mdivi-1 suppresses while 
CCCP increases L. monocytogenes titer in both liver and 
spleen of infected mice [10]. Similarly, we found that CCCP 
treatment increased while Mdivi-1 treatment reduced M. bovis 
load in the lungs of infected mice. We try to observe the 
bacterial load in the lungs of pink1 KO mice. Owing to the 12- 
week age difference between the pink1 KO mice, resulting in 
large differences within the group and no statistical difference 
was observed, but the bacterial load in the lungs still showed 
the decreasing tendency (Fig. S5). In addition to age differ-
ences, we cannot exclude the possibility of other mechanisms 
of mitophagy participating besides PINK1-PRKN-mediated 
signaling. Furthermore, we observed that the inhibition of 
mitophagy caused by Mdivi-1 treatment or Pink1 siRNA 
transfection consistently increased the xenophagy of the host 
and reduced the intracellular survival of M. bovis. In addition, 
we observed that Mdivi-1treatment alleviates the severity of 
lesions in the lung and spleen of mice infected with M. bovis. 
Meanwhile, we found no toxic effects of CCCP or Mdivi-1 
treatment in the liver and kidney of uninfected mice. The 
results from in vivo studies provide persuasive evidence that 
the induction of mitophagy by M. bovis is beneficial for its 
pathogenesis and persistent survival. Thus, anti-tuberculosis 
drugs combine with mitophagy inhibitors (e.g., Mdivi-1) 
might provide a useful new insight for developing efficient 
therapeutic strategies against M. bovis infection.
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In conclusion, our results indicate that M. bovis infection 
induces mitophagy in murine macrophages, and induction of 
mitophagy enhances M. bovis growth while inhibition of the 
mitophagy improves growth restriction. Meanwhile, this study 
provides a unique insight into the probable involvement of 
M. bovis-induced mitophagy in facilitating the pathogenesis of 
tuberculosis. Collectively, these findings provide a new insight 
for understanding the intracellular survival mechanism of 
M. bovis in the host.

Materials and methods

Ethics statement

All experiments protocols and procedures were carried out 
according to the protocols for the care of laboratory animals, 
Ministry of Science and Technology People’s Republic of 
China, and approved according to animal care and use com-
mittee (IACUC) protocols (20,110,611–01) at the China 
Agricultural University, Beijing. Animal experiments proposal 
was approved by The Laboratory Animal Ethical Committee 
of China Agricultural University (AW02110202-2).

Reagents and antibodies

Chemical reagents used in this study were CCCP (C2759) 
from Sigma-Aldrich and Mdivi-1 (BMLCM127-0050) from 
Enzo Life Sciences. Primary antibodies used in the current 
study including: Anti-PINK1 (BC100-494) antibody was pur-
chased from Novus Biologicals; Rabbit anti-PRKN/Parkin 
polyclonal antibody (14,060-1-AP), TIMM23 monoclonal 
antibody (67,535-1-Ig), HSPD1 monoclonal antibody 
(66,041-1-Ig), rabbit anti-TOMM20 polyclonal antibody 
(11,802-1-AP), VDAC1/Porin polyclonal antibody (55,259- 
1-AP), anti-GAPDH rabbit polyclonal antibody (10,494- 
1-AP) and LC3B-specific antibody (18,725-1-AP) were pur-
chased from Proteintech; Anti-phospho-TBK1/NAK (Ser172) 
(D52 C2) antibody (5483) was obtained from Cell Signaling 
Technology; Rabbit polyclonal TUBA/α-tubulin antibody 
(AF0001) and PINK1 rabbit polyclonal antibody (AF7755) 
were purchased from Beyotime biotechnology, the rabbit anti- 
LC3B antibody (L7543) was purchased from Sigma-Aldrich, 
rabbit anti-LAMP1 antibody (ab24170) was purchased from 
Abcam. Other reagents: recombinant murine CSF1/M-CSF 
(315–02) was purchased from Peprotech Technology; cell 
mitochondria isolation kit (C3601) was obtained from 
Beyotime biotechnology; MitoTrackerTM Red CMXRos 
(M7512) and Alexa FluorTM 488 caboxylic acid succinimidyl 
ester (A20000) were purchased from Invitrogen. On-target 
plus mouse Pink1 siRNA (Gene ID: 68,943) was purchased 
from Horizon Discovery. HiperFect Transfection Reagent 
(301,705) was obtained from Qiagen. BBL Middlebrook 
OADC enrichment (211,886) was purchased from Becton, 
Dickinson and company. Alexa Fluor 488 AffiniPure donkey 
anti-rabbit IgG (H + L) (34206ES60), Alexa Fluor 488 
AffiniPure donkey anti-mouse IgG (H + L) (34106ES60), 
Alexa Fluor 594 AffiniPure donkey anti-rabbit IgG (H + L) 
(33112ES60) were purchased from Yeasen.

Cells culture

We used murine macrophages (J774A.1 and BMDM) in the 
present experiments. J774A.1 were obtained from Cell Culture 
Center, Xiehe Medical University (Beijing China). J774A.1 
were cultured in cell culture flask in DMEM supplemented 
with 10% FBS and 1% penicillin-streptomycin at 37°C in 5% 
CO2 incubator. BMDM were prepared and cultured as 
described previously [42]. In brief, BMDM were isolated 
from femurs and tibias of 6–8 weeks old C57BL/6 mice, and 
were cultured in RPMI 1640 basic medium (ThermoFisher 
scientific, C22400500BT) supplemented with 10 ng/ml of 
CSF1/M-CSF, 10% FBS and 1% penicillin-streptomycin. The 
primary macrophages (BMDM) were cultured in round shape 
cell culture dish. After 5–7 days of culture, the adherent 
BMDM were collected for further experiments. Cells were 
transferred to cell culture plates for 12–16 h before 
experiments.

Bacterial culture and infection

We used M. bovis C68004 strain in our current study. The 
C68004 strain of M. bovis was obtained from the China 
Institute of Veterinary Drug Control (CVCC, China) and 
was maintained in DifcoTM Middlebrook 7H9 broth (Becton, 
Dickinson and Company, 271,310) supplemented with 10% 
oleic acid-albumin-dextrose-CAT (catalase) (OADC) (Becton, 
Dickinson and Company, 212,351), 0.05% Tween-80 (Sigma, 
P1754) and sodium pyruvate (Biodee, DE-0342A) at 4 mg/mL 
at 37°C [43]. The bacteria were grown for 2–3 weeks before 
being used for cell infection. BMDM and J774A.1 were seeded 
in 24-well plates (1 × 105 cells/well) for 12–16 h. After that, 
macrophages were infected at a multiplicity of infection 
(MOI) 10:1 (bacteria/cell) with live M. bovis in the antibiotic- 
free cell culture medium. Following incubation for 4 h at 37°C 
with 5% CO2, each well was washed three times with warm 
sterile phosphate-buffered saline (PBS; Solarbio, P1020) to 
remove the extracellular bacteria. After washing, cells were 
cultured in fresh DMEM or RPMI 1640 basic medium sup-
plemented with 2% FBS for the specified time periods.

Animal model of infection

Animal model 1: six- to eight-weeks-old female C57BL/6 mice 
(n = 36) were purchased from SPF (Beijing) Biotechnology 
Co.,Ltd and housed in the biosafety level III laboratory animal 
facility of China Agricultural University. Mice were first ran-
domly divided into two groups: one group of mice were 
intranasally (i.n.) treated with PBS considered as control 
group, another group of mice were infected intranasally with 
200 viable colony-forming units (CFUs) of M. bovis referred 
to as the infected group. Next day, three infected mice were 
sacrificed for evaluation of viable bacteria in the lungs. Here, 
we observed an average of 167 CFU on day one post-infection 
(Fig. S4C). After seven days, control group mice were ran-
domly divided into 3 groups: (1) mice were intraperitoneal (i. 
p) injected with 50 µl dimethyl sulfoxide (DMSO) which was 
diluted in PBS (making the final concentration of 10%), (2) 
mice were injected i.p. with CCCP at a dose of 5 mg/kg body 
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weight, (3) mice were injected i.p. with 25 mg/kg body weight 
Mdivi-1. Similarly, M. bovis-infected mice were also divided 
into 3 groups and injected i.p. with DMSO, CCCP, or Mdivi- 
1. The dose for CCCP and Mdivi-1 used in our current animal 
study was reported by previous studies [10,21–23]. The body 
weight of mice in all experimental groups were calculated on 
weekly basis.

Animal model 2: six- to eight-weeks-old female C57BL/6 
mice were purchased from SPF (Beijing) Biotechnology Co., 
Ltd. pink1 KO mice were previously described [44,45]. The 
mice were housed in the biosafety level III laboratory animal 
facility of China Agricultural University. Wild-type mice were 
randomly divided into two groups: one group of mice were 
intranasally (i.n.) treated with PBS considered as control 
group, another group of mice and pink1 KO mice were 
infected intranasally with 200 viable CFUs of M. bovis called 
as infected group. After M. bovis infection for 24 h, one 
mouse in each infection group was sacrificed randomly, lung 
bacterial burdens were determined by plating lung homoge-
nates on 7H10 agar plates (Becton, Dickinson and Company, 
262,710). We observed an average of 210 CFU on day one 
post-infection (Fig. S6). On days 25 after infection, animals 
were sacrificed and different organs were collected.

Transmission electron microscopy

J774A.1 were infected with M. bovis for the indicated time 
period and then washed twice with PBS before collecting. 
After harvesting, the cells were fixed in 2.5% glutaraldehyde 
in 0.1 M sodium cacodylate buffer (pH 7.4) for 1 hour at 4°C. 
The cells were rinsed in sodium cacodylate buffer and then 
fixed in 1% osmium tetroxide for 1 h followed by dehydration 
with acetone. The cells pellet was infiltrated with resin (EM- 
bed 812; Electron Microscopy Sciences, 14,900) and polymer-
ized overnight at 60°C. After that, 70-nm ultrathin sections 
were obtained on a Leica Ultracut UCT ultramicrotome 
(Vienna) and contrast stained use uranyl acetate and lead 
citrate [46]. Finally, the samples were observed under trans-
mission electron microscopy (Hitachi Limited) and captured 
the images.

siRNA transfection

Mouse Pink1-targeting siRNA oligonucleotides (ON- 
TARGET plus SMART pool) were from Horizon Discovery. 
The sequences of each siRNA oligonucleotide are as follows:

mPink1 J-044666-05, 5ʹ- 
GCGAAGCCAUCUUAAGCAA-3ʹ;

mPink1 J-044666-06, 5ʹ- 
GUACACUGUUCCUCGUUAU-3ʹ;

mPink1 J-044666-07, 5ʹ- 
GAUGAUCGCCUGGCUCUUG-3ʹ;

mPink1 J-044666-08, 5ʹ- 
GGCCAUCGCCUAUGAAAUC-3ʹ.

Cells were allowed to attach overnight in 24-well plates at 
a density of 1 × 105 cells each well. The following day, Pink1 
siRNA and negative control siRNA were transfected into 
J774A.1 and BMDM cells at 25 nM final concentration 
using HiperFect Transfection Reagent according to the 

manufacturer’s instructions. The transfection medium was 
replaced with fresh complete medium after 24 h to reduce 
cytotoxicity. The cells were transfected for 48 h before next 
experiment. The efficiency of PINK1 silencing was quantified 
via western blot analysis.

Immunofluorescence assay

BMDM and J774A.1 cells were grown on coverslips in 24-well 
cell culture plates overnight. The cells were treated with 
DMSO (0.2%), CCCP (10 μM), or Mdivi-1 (20 μM) for 2 h, 
or transfected with Pink1 siRNA (25 nM) and negative con-
trol siRNA (25 nM) for 48 h, and then infected with M. bovis 
(MOI = 10). After 4 h of infection, the cells were washed with 
warm PBS thrice and incubated in fresh medium for indicated 
time periods. Cells were washed twice with PBS and then 
fixed with 4% paraformaldehyde for 30 min, then permeabi-
lized with immunostaining permeabilization buffer with 
X-100 (Beyotime biotechnology, P0096) for 5–10 min at 
room temperature. The blocking of the cells was done with 
Immuno-staining Blocking Buffer (Beyotime biotechnology, 
P0102) for 1 h at room temperature and then incubated with 
indicated primary antibodies for overnight at 4°C [46]. After 
rinsing in PBS, cells were stained with secondary antibodies 
for 1 h at 37°C, and washed with PBS for five times, 5 min 
each. After, washing the coverslips were mounted on micro-
scopy glass slides with fluorescent antifading buffer (Bioworld 
Technology, BD5014). MitoTrackerTM Red CMXRos 
(Invitrogen, M7512) was used to stain mitochondria in live 
cells before fixation. The staining of M. bovis bacilli with 
fluorescent substance was performed as described previously 
[47]. Images were visualized under a magnification of 100X 
(oil immersion lens) using a Nikon A1HD25 confocal micro-
scope, approximately 10–15 unique images were captured at 
random. Quantification of images were conducted with 
ImageJ software.

Enumeration of viable bacteria

For viable M. bovis bacilli enumeration, J774A.1 and 
BMDM cells were seeded in 24-well cell culture plates 
(1 × 105 cells in each well) overnight. Cells were treated 
with DMSO (0.2%), CCCP (10 μM), or Mdivi-1 (20 μM) for 
2 h, or transfected with Pink1 siRNA (25 nM) and negative 
control siRNA (25 nM) for 48 h, and then infected with 
M. bovis (MOI = 10) for 4 h, then washed with warm PBS 
three times to remove extracellular bacteria. After washing 
fresh media was added and the time period after washing 
was counted as zero h post-infection. The cells were lysed 
with 0.1% Triton X-100 at zero h and 24 h post-infection. 
For in-vivo experiments lung tissues were aseptically 
removed after sacrificing mice to enumerate viable 
M. bovis. Superior lobes of right lung tissues were lysed 
with small ceramic beads in PBS, in a tissue homogenizer 
apparatus (Shang hai Jing xin Company, JXFSTPRP-24 L, 
China) in accordance with the guidelines of manufacturer. 
For all tissue and cell samples, the lysate was serially diluted 
tenfold in sterilized PBS and was inoculated onto 
Middlebrook 7H10 agar plates supplemented with OADC 
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and incubated at 37°C. The number of colonies was enum-
erated two-three weeks after incubation.

Cell viability assay

The viability of cells was determined by using MTS (Promega, 
G3582) or CCK8 assay kit (Beyotime biotechnology, C0038) 
as described previously [48]. Briefly, cells were cultured in 96- 
well plates overnight before treatment. Cells were treated with 
different concentrations of CCCP and Mdivi-1 for 6 h, or 
transfected with different concentrations Pink1 siRNA for 
48 h. MTS reagent (20 µl) or CCK8 (10 µl) was added in 
each well, and then cells were incubated at 37°C for 2 h. OD 
values were quantified via measuring the absorbance at 
490 nm or 450 nm wavelength.

Histopathological analysis

Gross and histological analysis were carried out to evaluate 
the effect of CCCP and Mdivi-1 treatment on different organs 
of uninfected and M. bovis-infected mice. Organs such as 
lungs, spleen, liver, kidneys, heart and small intestine from 
the sacrificed animals were collected under a sterile environ-
ment as soon as possible. For gross pathological evaluation, 
lung and spleen were weighed and clear images were captured 
at 25 days post-infection. For histological study, tissues were 
fixed in 10% formaldehyde solution, embedded in paraffin, 
and cut into 3-μm-thick tissue sections using a microtome 
(Leica RM2235; Leica, Buffalo Grove, IL, USA). Tissues were 
mounted on glass slides, deparaffinized, and stained with 
hematoxylin and eosin (H&E; Solarbio, G1120) or Ziehl- 
Neelsen (ZN; Leagene Biotechnology, DM0036) for visualiz-
ing the acid-fast M. bovis bacilli. Sections stained with H&E or 
ZN methods were observed under low (10× or 20×) and high 
magnification (40× or 100×) by using an Olympus DP72 
microscope fitted with a DS-Ri2 camera (Olympus). 
Scanning sections of lung and spleen were obtained by 
VENTANA DP200 slide scanner (Roche).

Mitochondria isolation

Mitochondrial isolation from cultured macrophages was per-
formed by using commercial mitochondria isolation kit 
(Beyotime biotechnology, C3601) as per the manufacturer’s 
protocol.

Western blot analysis

For whole-cell protein extraction, cells were washed three 
times with PBS and solubilized in RIPA buffer (Beyotime 
biotechnology, P0013B) containing protease and phosphatase 
inhibitors (Beyotime biotechnology, P1046) for 10–15 min on 
ice. After centrifugation, 5xSDS (20%) loading buffer was 
added followed by boiling for 10 min. Proteins were sepa-
rated with 12% SDS-PAGE and were transferred onto PVDF 
membranes (Merck Millipore Ltd, ISEQ00010). Then PVDF 
membranes were blocked with 5% DifcoTM skim milk for 1 
h at 37°C. After that, membranes were incubated with spe-
cific primary antibodies for 12–18 h at 4°C. The 

following day, membranes were washed three times with 
TBST (Solarbio, T1081), each time for 10 min, and then 
incubated with secondary antibodies for 60 min at 37°C in 
shaking incubator. Afterward, membranes were again rinsed 
five times with TBST at 37°C, each time for 10 min. The 
protein signals were observed via chemiluminescence detec-
tion kit and the intensity was analyzed by using the ImageJ 
software.

Statistical analysis

All cell experiments were performed on three separate occa-
sions. Results are expressed as means ± SEM. Statistical sig-
nificance was determined by using Unpaired t-test (two- 
tailed), *p < 0.05, **p < 0.01, ***p < 0.001, ns represents not 
significant.
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