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To determine the effects of apoptosis inhibition 
on MnCl2-induced autophagy in 16HBE cells, the cells 
were treated with 50 μmol/L pan-caspase inhibitor 
Z-VAD-FMK and 30 min later, 2 mmol/L MnCl2 was 
applied for 24 h. After the treatment, apoptosis and 
the cellular levels of Bax, Bcl-2, and LC3B in 16HBE cells 
 

were determined by flow cytometry and western 
blotting, respectively. The results are shown in 
Figure 7. Z-VAD-FMK significantly decreased 
apoptosis (Figure 7A) and increased Bcl-2 levels and 
the Bcl-2/Bax ratio in 2 mmol/L of MnCl2-treated 
16HBE cells (Figure 7B-E). In addition, Z-VAD-FMK 
significantly increased the cellular levels of LC3B-II in 
untreated (0 mmol/L) 16HBE cells, but did not affect 
the cellular levels of LC3B-I and LC3B-II in 2 mmol/L 
MnCl2-treated 16HBE cells (Figure 7B, 7F, and 7G). 

 

 

Figure 4. MnCl2-induced autophagy in 16HBE cells. The cells were treated with MnCl2 (0, 0.25, 0.5, 1, 2, 
or 4 mmol/L) for 24 h. After the treatment, the formation of autophagic vacuoles was detected by MDC 
staining assay, and the cellular levels of autophagy-related proteins Beclin-1, Atg5, and LC3B were 
determined by western blotting. (A-H) Results of MDC staining assay. (I) Representative immunoblot 
obtained with Beclin-1, Atg5, LC3B, and actin antibodies. (J) Densitometric analysis of (I). (K) Ratio of 
LC3B-II to LC3B-I. The value of untreated control (0 mmol/L) group was set to 1. Each value represents a 
mean±standard deviation of three experiments. #P<0.01 compared with the untreated control       
(0 mmol/L) group. 
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DISCUSSION 

Up to now, the molecular mechanisms 
underlying manganese-induced lung toxicity have 
not been well understood. Our previous study found 
that MnCl2 can induce apoptosis in human lung 
adenocarcinoma A549 cells in a dose-dependent 
manner[5]. Here, we further investigated the effects 
of MnCl2 on cell proliferation, mitochondrial function, 
 

 

Figure 5. Effects of LC3B siRNA transfection 
on the cellular levels of LC3B in 16HBE cells. 
The cells were transfected with LC3B siRNA 
and 36 h later, treated with 0, 1, or 2 mmol/L 
MnCl2 for 24 h. After the treatment, the 
cellular levels of LC3B were determined by 
western blotting. (A) Representative 
immunoblot obtained with LC3B and actin 
antibodies. (B) and (C) Densitometric analysis 
of (A). The value of the untreated control (0 
mmol/L) in the untransfected group was set 
to 1; each value represents a mean±tandard 
deviation of three experiments. *P<0.05, 
**P<0.01 compared with the untreated 
control (0 mmol/L) group. ##P<0.01 
compared with MOCK. $$P<0.01 compared 
with the untransfected group. 

and apoptosis in 16HBE cells, as well as the role of 
autophagy in MnCl2-induced apoptosis. We found 
that MnCl2 induced cell proliferation inhibition, MMP 
loss, and apoptosis in 16HBE cells in a dose- and 
time-dependent manner. Autophagy prevented 
16HBE cells from undergoing apoptosis when the 
cells were exposed to MnCl2. 

The available evidence indicates that 
manganese exposure can result in both cellular 
injury and impaired repair, two key events that 
contribute to the manifestation of toxicity. Epithelial 
injury, including apoptotic cell death, is an important  
 
 

 

Figure 6. Effects of suppression of LC3B by 
RNAi on MnCl2-induced MMP loss and 
apoptosis in 16HBE cells. The cells were 
transfected with LC3B siRNA and 36 h later, 
treated with 0, 1, or 2 mmol/L MnCl2 for 24 h. 
After the treatment, the cells were labeled 
with rhodamine 123 or Annexin V-FITC/PI, 
respectively, then analyzed by flow 
cytometry. (A) Mean fluorescence intensities 
of MMP. (B) Results of MnCl2-induced 
apoptosis. The results are presented as the 
percentages of cells that were in early 
apoptosis (Annexin V+ PI−), late apoptosis 
(Annexin V+ PI+), or necrosis (Annexin V− PI+). 
Each value represents a mean±standard 
deviation of three experiments. *P<0.05, 
#P<0.01 compared with the untreated 
control (0 mmol/L) group. $P<0.05, &P<0.01 
compared with MOCK. 
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Figure 7. Effects of Z-VAD-FMK on apoptosis and the cellular levels of Bax, Bcl-2, and LC3B in 
MnCl2-treated 16HBE cells. The cells were treated with 50 μmol/L of Z-VAD-FMK and 30 min later, 2 
mmol/L MnCl2 was applied for 24 h. After the treatment, the cells were labeled with Annexin V-FITC/PI, 
then analyzed by flow cytometry. The cellular levels of Bax, Bcl-2, and LC3B were determined by 
western blotting. (A) Results of MnCl2-induced apoptosis. The results are presented as the percentages 
of cells that were in early apoptosis (Annexin V+ PI−), late apoptosis (Annexin V+ PI+), or necrosis 
(Annexin V− PI+). (B) Representative immunoblot obtained with Bax, Bcl-2, LC3B, and actin antibodies. 
(C-G) Densitometric analysis of (B). The value of the untreated control (0 mmol/L) in the DMSO group 
was set to 1. Each value represents a mean±standard deviation of three experiments. *P<0.05, **P<0.01 
compared with the untreated control (0 mmol/L) group. ##P<0.01 compared with the DMSO group. 
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characteristic in the pathogenesis of lung disease. 
Manganese induces apoptosis in rat cortical 
astrocytes and rat astrocytoma C6 cells by initiating 
the mitochondrial apoptotic pathway[7-8]. The 
current study demonstrated that MnCl2 dose- and 
time-dependently induced MMP loss and apoptosis 
in human bronchial epithelial 16HBE cells. 
MnCl2-induced MMP loss was earlier than 
MnCl2-induced apoptosis. In addition, MnCl2-induced 
apoptosis was concurrent with the increase in 
cleaved caspase-3 and the decrease in Bcl-2 and 
full-length procaspase-3. All of these results indicate 
that MnCl2 induces apoptosis by evoking 
mitochondrial apoptotic programs. Besides inducing 
apoptosis, manganese also disrupts the cell cycle. 
Our previous study has demonstrated that MnCl2 
treatment can induce human lung carcinoma A549 
cell G0/G1 and S phase arrest within a sublethal 
dose[5]. Manganese-induced cell cycle arrest has also 
been found in many other cells such as primary 
human astrocytes, primary rat Leydig cells and PC12 
cells[6,19-20]. Cell proliferation is an important part of 
the process of tissue repair. Manganese might arrest 
cell cycle progression, the basis of cell proliferation, 
and thereby impair the repair process. 

Autophagy is a unique mechanism of clearing 
damaged organelles and protein aggregates in 
mammalian cells. Besides maintaining cell 
homeostasis and ensuring cell survival under 
stressful conditions, autophagy participates in the 
regulation of cell death, especially apoptotic 
pathways. In this study, MnCl2-induced autophagy 
was observed in 16HBE cells. The doses (0.5, 1, and 2 
mmol/L) needed to induce autophagy are lower than 
those (2 and 4 mmol/L) needed to induce apoptosis. 
Downregulation of LC3B by RNAi increased MMP 
loss and apoptosis in 1 and 2 mmol/L MnCl2-treated 
16HBE cells. Moreover, the enhancement of 
autophagy by the transfection procedure 
counteracted apoptosis induced by 2 mmol/L MnCl2 
in 16HBE cells. These results indicate that autophagy 
might be an adaptive stress response prior to 
apoptotic cell death and may act as a protector to 
promote cell survival when the cells are exposed to 
MnCl2. Notably, it has been reported that 
LipofectamineTM 2000-mediated transport of 
negative control siRNAs dose- and time-dependently 
induced an increase in autophagosomes in Huh7.5 
and H4IIE hepatoma cells[21]. Thus, LipofectamineTM 
2000 might be the main cause of the increase of 
LC3B in MOCK cells (Figure 5). Mitophagy, the 
selective autophagy of damaged mitochondria, is 

considered to be the central mechanism of 
mitochondrial quality and quantity control[22]. The 
degradation of damaged mitochondria can impede 
apoptotic pathways by preventing mitochondrial 
outer membrane permeabilization and the 
subsequent release of proapoptotic molecules such 
as cytochrome c[23-24]. MnCl2-induced mitophagy has 
been demonstrated by an increase in LC3 and 
TOM-20 colocalization in rat astrocytoma C6 cells[11]. 
Autophagy inhibition by downregulating LC3B might 
impair the elimination of damaged mitochondria, 
and thereby evoke apoptotic programs and enhance 
MnCl2-induced apoptosis. The mechanisms by which 
autophagy counteracts apoptosis need further 
investigation. 

It should be noted that this study focuses on 
exploring the role of autophagy in MnCl2-induced 
16HBE cell apoptosis. Thus, the doses (1 and 2 
mmol/L) that at which MnCl2 induces those effects 
are relatively high and in most cases, not relevant to 
the environment or workplace. The manganese 
concentration in the blood of healthy adults is 
reported to range from 4 to 15 μg/L, with an average 
value of approximately 9 μg/L[1]. Workers in 
industries using or producing manganese are the 
most likely to have higher exposures to manganese, 
primarily due to inhalation of manganese dust in 
workplace air, as compared to the general 
population. It has been reported that the average 
airborne manganese levels (total dust) in the 
breathing zone of two factories located in China 
were 0.24 and 2.21 mg/m3. The greatest levels were 
observed during welding operations in enclosed 
spaces, and were much higher than the Occupational 
Safety and Health Administration time-weighted 
average Permissible Exposure Limit of 1 mg total 
manganese/m3[1]. However, due to the lack of 
sufficient relevant toxicokinetic data on the one 
hand, and on the other hand, the multitude of 
factors such as exposure duration, respiratory rate 
and depth that might affect the target 
concentrations of human bronchial epithelial cell 
exposure to manganese by inhalation, it is difficult to 
achieve an extrapolation between the target 
concentrations in the bronchial epithelium and the 
concentrations in the exposure air. 

In summary, MnCl2 dose- and time-dependently 
inhibits 16HBE cell proliferation and induces MMP 
loss and apoptosis. Autophagy acts in a protective 
role against MnCl2-induced apoptosis in 16HBE cells. 
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