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Abstract 

Objective  To investigate the role of autophagy in MnCl2-induced apoptosis in human bronchial 
epithelial 16HBE cells. 

Methods  Cell proliferation was measured by MTT assay. Mitochondrial membrane potential (MMP) 
and apoptosis were measured by flow cytometry. Autophagic vacuoles were detected by fluorescence 
microscopy. Cellular levels of apoptosis and autophagy-related proteins were measured by western 
blotting. 

Results  16HBE cell proliferation was inhibited by MnCl2 in a dose- and time-dependent manner. 
MnCl2-induced 16HBE cell growth inhibition was related to MMP depolarization prior to the induction of 
apoptosis. Our data revealed that MnCl2-induced apoptosis in 16HBE cells was mediated by decreased 
expression of Bcl-2 and increased levels of cleaved caspase-3. It was observed that when we exposed 
16HBE cells to MnCl2 in a dose-dependent manner, the formation of autophagic vacuoles and the levels 
of LC-3B-II were elevated. RNA interference of LC3B in these MnCl2-exposed cells demonstrated that 
MMP loss and apoptosis were enhanced. Additionally, the pan-caspase inhibitor Z-VAD-FMK increased 
the cellular levels of Bcl-2 and decreased apoptosis, but did not affect the cellular levels of LC3B in 
MnCl2-treated 16HBE cells. 

Conclusion  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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INTRODUCTION 

anganese is a trace element and 
ea ng a small amount from food and 
water is needed to stay healthy[1]. 

However, occupa onal and environmental exposure 
to excessive manganese is adverse to organisms. 
Besides causing damage to the brain, when   
inhaled in excess, manganese has also been 
implicated in inducing lung disorders[1-3]. Apopto c 
pathways are ac vated in the lungs of pa ents  
with acute injury, in part by ac va on of the 
membrane Fas death receptor, which results in the 
ac va on of caspase-8[4]. Manganese chloride 
(MnCl2) can dose-dependently induce apoptosis in 
human lung adenocarcinoma A549 cells[5]. 
Manganese can also induce apoptosis in many other 
cells such as rat primary Leydig cells, rat astrocytes, 
rat astrocytoma C6 cells, and human cervical 
carcinoma Hela cells[6-9]. Thus, apoptosis of alveolar 
epithelium might be involved in manganese-induced 
lung toxicity. 

Autophagy is a self-diges ve process in which 
autophagosomes combine with lysosomes and 
remove misfolded or aggregated proteins, clear 
damaged organelles, and eliminate intracellular 
pathogens to maintain a stable internal 
environment[10]. Autophagy plays an important role 
in regula ng cell growth, matura on, and death. 
Autophagy is also associated with a variety of human 
diseases including neurodegenera ve diseases. A 
recent study demonstrated that MnCl2 induces 
autophagy, characterized by an increase in LC3-II 
expression levels, the reac ve oxygen species 
(ROS)-dependent forma on of autophagic vesicles, 
and an increase in the Beclin1/Bcl-2 and 
Beclin1/Bcl-XL ra os in rat astrocytoma C6 cells. The 
inhibi on of autophagy by 3-MA and mAtg5K130R 
results in decreased cell viability. Moreover, in vivo 
experiments demonstrate that MnCl2 induces injury 
and alters LC3 expression levels in rat striatal 
astrocytes[11]. Another study demonstrates that 
autophagy plays a protec ve role against 
manganese-induced neuronal damage, whilst 
dysregula on of autophagy at later phases may 
mediate dopaminergic neurodegenera on in a rat 
model of manganism, a neurodegenera ve disease 
associated with excessive exposure to manganese[12]. 
In addi on, manganese nanopar cles can effec vely 
enter dopaminergic neuronal cells and exert 
neurotoxic effects by ac va ng an apopto c 
signaling pathway and autophagy[13]. The role of 

autophagy in manganese-induced neurotoxicity has 
been explored; however, the role of autophagy in 
manganese-induced lung toxicity has not yet been 
addressed. The human bronchial epithelial cell line 
16HBE retains the morphology and characteris cs of 
bronchial epithelial cells[14-15], has no tumorigenicity 
in nude mice[16], and can be used as an in vitro model 
of manganese-induced lung toxicity. Here, we 
inves gated the effects of MnCl2 on apoptosis and 
autophagy in 16HBE cells and determined the role of 
autophagy in MnCl2-induced apoptosis. 

MATERIALS AND METHODS 

Chemicals and Reagents 

MnCl2 and other chemicals used in this study 
were purchased from Sigma-Aldrich (Sigma-Aldrich, 
St. Louis, MO, USA) unless specified. Reagents for 
cell culture were purchased from Life Technologies 
(Life Technologies, Gaithersburg, MD, USA). 
Pan-caspase inhibitor Z-VAD-FMK was purchased 
from Selleck Chemicals (Selleck Chemicals, Houston, 
TX, USA). An bodies were purchased from Cell 
Signaling Technology (Cell Signaling Technology, 
Danvers, MA, USA). Western Blo ng Luminol 
Reagent was purchased from TIANGEN BIOTECH 
(TIANGEN BIOTECH, Beijing, China). LC3B small 
interfering RNA (siRNA) duplexes (sc-43390) and 
LipofectamineTM 2000 were purchased from Santa 
Cruz Biotechnology (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) and Life Technologies, respec vely. 

Cell Culture 

The human bronchial epithelial cell line 16HBE 
was a gi  from Dr. DC Gruenert (University of 
California, San Francisco). The 16HBE cells were 
cultured at 37 °C and 5% CO2 in minimum esse al 
medium (MEM) supplemented with 10% (v/v) 
heat-inac vated fetal bovine serum (FBS), 10 U/mL 
of penicillin and 10 U/mL of streptomycin. 

MTT Assay 

The cells were seeded in 96-well culture plates 
(1×104 cells per well) and 24 h later, various doses of 
MnCl2 (0, 0.25, 0.5, 1, 2, or 4 mmol/L) were applied 
for 24 h in MEM medium containing 10% (v/v) FBS. 
A er the treatment, the media were removed and 
the cells were rinsed twice with pre-warmed 
phosphate buffered saline (PBS). Two hundred 
microliters of serum-free MEM medium containing 
0.4 mg/mL of MTT reagent were then added to each 
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well. Followed incubation with MTT for 3 h, the cells 
were washed twice with PBS, and then exactly 200 
μL of DMSO were infused to each well. The 
absorbance of the solution was read at 570 nm using 
an ELISA reader (Bio-Rad). IC50 values were derived 
using nonlinear regression using GraphPad Prism 
software (GraphPad Software, Inc., La Jolla, CA, 
USA). 

Measurement of Mitochondrial Membrane 
Potential (MMP) by Flow Cytometry 

The cells were seeded in 25 cm2 flasks (5×105 
per flask) and 24 h later, various doses of MnCl2 (0, 
0.25, 0.5, 1, 2, or 4 mmol/L) were applied for 0, 1.5, 
3, 6, or 24 h in MEM medium containing 10% (v/v) 
FBS. After the treatment, the cells were harvested by 
centrifugation at 800 g for 5 min, washed twice with 
PBS, and stained with 10 μg/mL of rhodamine 123 at 
37 °C in the dark for 30 min. After incubation with 
the fluorescent probes, the cells were washed twice 
with PBS, and the fluorescent signals were measured 
using a flow cytometer (BD FACSCalibur, Franklin 
Lakes, NJ, USA). 

Measurement of Apoptosis by Flow Cytometry 

The measurement of apoptosis by flow 
cytometry was carried out as described previously[17]. 
The cells were seeded in 25 cm2 flasks (5×105 cells 
per flask) and 24 h later, various doses of MnCl2 (0, 
0.25, 0.5, 1, 2, or 4 mmol/L) were applied for 0, 1.5, 
3, 6, or 24 h in MEM medium containing 10% (v/v) 
FBS. After incubation with MnCl2, the cells were 
harvested by centrifugation at 800 g for 5 min, 
washed twice with PBS, and labeled with Annexin 
V-FITC, together with propidium iodide (PI) 
according to the manufacturer’s instructions (BD 
Biosciences). Fluorescent signals were measured 
using a flow cytometer (BD FACSCalibur, Franklin 
Lakes, NJ, USA). 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+). 

Detection of Autophagic Vacuoles by Monodansyl 
Cadaverine (MDC) Staining Assay 

The formation of autophagic vacuoles induced 
by MnCl2 treatment was detected by MDC staining 
assay. The cells were plated in 24-well culture plates 
with glass coverslips (2×104 cells per well) and 24 h 
later, various doses of MnCl2 (0, 0.25, 0.5, 1, 2, or 4 
mmol/L) were applied for 24 h in MEM medium 

containing 10% (v/v) FBS. After the treatment, the 
cells were washed twice with PBS, and stained with 
50 μmol/L of MDC in PBS at 37 °C in the dark for 45 
min. After incubation with MDC, the cells were 
washed four times with PBS, then analyzed by 
fluorescence microscopy (Nikon E400). 

Western Blotting 

The total cellular proteins were extracted as 
described previously[18]. Protein concentration   
was determined using the Bradford protein assay. 
Cell extracts containing 30 μg of proteins were 
separated on 14% (w/v) SDS-PAGE gels and 
transferred to a nitrocellulose membrane (Pall). 
After 2 h blocking with 5% (w/v) nonfat milk in TBST 
(1.5 mol/L of NaCl, 20 mmol/L of Tris-HCl, 0.05% (v/v) 
Tween-20, pH 7.4), the nitrocellulose membrane was 
incubated overnight at 4 °C with Bax, Bcl-2, 
caspase-3, Beclin-1, Atg5, LC3B, or actin antibodies 
(at 1:1000 dilutions). The blots were then washed 
four times with TBST prior 1.5 h incubation at room 
temperature with horseradish peroxidase- 
conjugated secondary antibody (at 1:10,000 
dilutions). The protein bands were detected by 
Western Blotting Luminol Reagent and recorded on 
Kodak films. The images were acquired using a 
Canon LiDE220 scanner and analyzed by Quantity 
One software (Bio-Rad). 

RNA Interference (RNAi) Experiment 

The 16HBE cells were cultured in 6-well plates 
and transfected at 50% confluence. The siRNA 
transfection was performed using LipofectamineTM 
2000, essentially following the manufacturer’s 
procedure, with 10 μL/well of lipid reagent and 100 
pmol/well of siRNA oligomer in a 6-well plate. Six 
hours after transfection, 2% (v/v) FBS was added and 
the cells were cultured for another 30 h before 
MnCl2 treatment. The siRNA efficiency was verified 
by western blotting. 

Statistical Analysis 

Data were expressed as the mean±standard 
deviation. All statistical analysis was performed in 
SPSS for windows (SPSS, Inc., Chicago, IL). 
Experimental comparisons between treatments 
were made by one-way ANOVA followed by 
Dunnett’s post hoc test or two-way ANOVA followed 
by Bonferroni’s post hoc test. P<0.05 was considered 
to indicate statistical significance. All experiments 
were performed in triplicate. 
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RESULTS 

Effects of MnCl2 on Cell Prolifera on in 16HBE Cells 

The cells were treated with MnCl2 (0, 0.25, 0.5, 1, 
2, or 4 mmol/L) for 24 h and MTT assay was 
conducted to determine the inhibitory effect of 
MnCl2 on cell prolifera on. As shown in Figure 1A, 
MnCl2 inhibited 16HBE cell prolifera on in a 
dose-dependent manner. The IC50 values of MnCl2 
treatment at 24 h were 1.88±0.24 mmol/L. 

Dose-dependent Decrease in MMP and Increase in 
Apoptosis Induced by MnCl2 in 16HBE Cells 

Mitochondria play important roles in programed 
cell death, especially apoptosis. To inves gate the 
effects of MnCl2 on the func onal state of 
mitochondria, 16HBE cells were treated with MnCl2 
(0, 0.25, 0.5, 1, 2, or 4 mmol/L) for 24 h, then the 
MMP levels were determined by flow cytometry. 
The results are shown in Figure 1B. Compared with 
untreated cells, the mean fluorescence intensi es of 
MMP dose-dependently decreased in 1, 2, and 4 
mmol/L MnCl2-treated cells. These results indicate 
that mitochondrial dysfunc on was induced by 
MnCl2 treatment in 16HBE cells. 

MnCl2-induced apoptosis was then determined 
by flow cytometry. The results are shown in   
Figure 2A. The flow cytometry sca ers are shown  
in supplementary Figure S1. During the observa on 
period, only 2 and 4 mmol/L MnCl2 induced 
significant levels of apoptosis. These results 
indicated that the inhibitory effects of 2 and       

4 mmol/L MnCl2 on cell prolifera on in 16HBE cells 
were partly due to MnCl2-induced apoptosis. 

To explore the possible molecular mechanisms 
underlying MnCl2-induced apoptosis, the cellular 
levels of apoptosis-related proteins Bax, Bcl-2, and 
caspase-3 (including full-length procaspase-3 and 
cleaved caspase-3) were determined by western 
blo ng. The results are shown in Figure 2B-2E. The 
decrease in Bcl-2 levels and the Bcl-2/Bax ra o and 
the increase in cleaved caspase-3 levels were 
induced by MnCl2 in a dose-dependent manner. In 
addi on, compared with untreated cells, the cellular 
levels of Bax decreased in 4 mmol/L MnCl2-treated 
cells, and the cellular levels of full length 
procaspase-3 increased in 1 and 2 mmol/L 
MnCl2-treated cells and decreased in 4 mmol/L 
MnCl2-treated cells. 

Time-dependent Decrease in MMP and Increase in 
Apoptosis Induced by MnCl2 in 16HBE Cells 

The decrease in MMP and Bcl-2 levels were 
concurrent with apoptosis in 2 mmol/L MnCl2-treated 
16HBE cells at 24 h. To clarify whether these effects 
induced by MnCl2 treatment are the signals leading 
to cell death or the secondary effects of cell death, 
the effects of MnCl2 (2 mmol/L) on MMP and 
apoptosis at earlier me points (0, 1.5, 3, and 6 h) 
were determined. The results are shown in Figure 3. 
MnCl2 (2 mmol/L) me-dependently induced a 
decrease in MMP (Figure 3A), an increase in 
apoptosis (Figure 3B), and a decrease in Bcl-2 levels 
(Figure 3C and 3D) and the Bcl-2/Bax ra o (Figure 
3E). MnCl2-induced apoptosis was observed at 6 h. The 

 

 

Figure 1. Dose-dependent effects of MnCl2 on cell prolifera on and MMP in 16HBE cells. The cells were 
treated with MnCl2 (0, 0.25, 0.5, 1, 2, or 4 mmol/L) for 24 h. A er the treatment, cell prolifera on and 
MMP were determined by MMT assay and flow cytometry, respec vely. (A) The results of rela ve 
prolifera on rates. Each value represents a mean±standard error of three experiments. (B) Mean 
fluorescence intensi es of MMP. Each value represents a mean±standard devia on of three 
experiments. *P<0.05, **P<0.01, compared with the untreated control (0 mmol/L) group. 
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significant changes in MMP and Bcl-2 induced by   
2 mmol/L MnCl2 were first observed at 1.5 and 3 h, 
respectively, earlier than MnCl2-induced apoptosis. 
These results indicated that the decrease of MMP 
and Bcl-2 levels might be the signals leading to 
apoptosis not the secondary effects of cell death. 

MnCl2-induced Autophagy in 16HBE Cells 

The 16HBE cells were treated with MnCl2 (0,    
0.25, 0.5, 1, 2, or 4 mmol/L) for 24 h. The formation of 

autophagic vacuoles was detected by the MDC 
staining assay. The expression levels of 
autophagy-related proteins Beclin-1, Atg5, and LC3B 
(including LC3B-I and LC3B-II) were determined by 
western blotting. The results are shown in Figure 4. 
The formation of autophagic vacuoles (Figure 4C-4H), 
the cellular levels of LC3B-II (Figure 4I and 4J), and 
the ratio of LC3B-II to LC3B-I (Figure 4K) dose- 
dependently increased in 0.5, 1, and 2 mmol/L 
MnCl2-treated cells, and decreased in 4 mmol/L 
MnCl2-treated cells. The cellular levels of Beclin-1, Atg5, 

 

 

Figure 2. Dose-dependent effects of MnCl2 on apoptosis and apoptosis-related proteins (Bax, Bcl-2, and 
caspase-3) levels 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 cells were labeled with Annexin V-FITC/PI, and then analyzed by flow 
cytometry. The cellular levels of Bax, Bcl-2, and caspase-3 (including full length procaspase-3 and 
cleaved caspase-3) 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, caspase-3, and actin antibodies. (C-E) Densitometric analysis of (B). The value of the 
untreated control (0 mmol/L) 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. 
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and LC3B-I (Figure 4I and 4J) decreased in 4 mmol/L 
MnCl2-treated cells. These results indicated that 
autophagy was induced by MnCl2 (0.5-2 mmol/L) in 
16HBE cells. 

Effects of LC3B Downregulation by RNAi on MnCl2- 
induced MMP Loss and Apoptosis in 16HBE Cells 

To determine the roles of autophagy in 
MnCl2-induced mitochondrial dysfunction and 
apoptosis, 16HBE cells were transfected with LC3B 
siRNA and 36 h later, treated with 0, 1, or 2 mmol/L 
of MnCl2 for 24 h. The MMP and apoptosis were 
measured by flow cytometry. The results are shown 
in Figures 5 and 6. Compared with the MOCK 
(transfection reagent group) cells, the cellular levels 
of LC3B-I and LC3B-II significantly decreased in LC3B 

siRNA-transfected cells treated with 0, 1, and 2 
mmol/L MnCl2 at 24 h (Figure 5). The LC3B-II 
downregulation by RNAi was concurrent with the 
significant decrease in MMP in 1 and 2 mmol/L 
MnCl2-treated cells (Figure 6A) as well as the 
significant increase in apoptosis (Figure 6B) in 0, 1, 
and 2 mmol/L MnCl2-treated cells. Notably, 
compared with the untransfected cells, the cellular 
levels of LC3B-I and LC3B-II significantly increased in 
MOCK cells treated with 0, 1, and 2 mmol/L MnCl2 at 
24 h (Figure 5). These results indicate that the 
transfection procedure enhanced autophagy in 
16HBE cells. Moreover, the enhancement of 
autophagy by the transfection procedure 
counteracted apoptosis induced by 2 mmol/L MnCl2 
in 16HBE cells (Figure 6B). 

 

 

Figure 3. Time-dependent effects of MnCl2 on MMP, apoptosis, and apoptosis-related protein (Bax and 
Bcl-2) levels in 16HBE cells. The cells were treated with 2 mmol/L MnCl2 for 0, 1.5, 3, or 6 h. After the 
treatment, the cells were labeled with rhodamine 123 or Annexin V-FITC/PI, respectively, and then 
analyzed by flow cytometry. The cellular levels of Bax and Bcl-2 were determined by western blotting. 
(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+). (C) Representative immunoblot obtained with Bax, Bcl-2, 
and actin antibodies. (D) and (E) Densitometric analysis of (C). The value of 0 h was set to 1. Each value 
represents a mean±standard deviation of three experiments. *P<0.05, **P<0.01, compared with 0 h. 
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Effects of Pan-caspase Inhibitor Z-VAD-FMK on 
Apoptosis and Cellular Levels of Bax, Bcl-2, and 
LC3B in 2 mmol/L MnCl2-treated 16HBE Cells 

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. 

Autophagy counteracts MnCl2-induced apoptosis 
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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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