
INTERNATIONAL JOURNAL OF MOlecular medicine  42:  1644-1652,  20181644

Abstract. Mitochondria are well known for their important 
roles in oxidative phosphorylation, amino acid metabolism, 
fatty acid oxidation and ion homeostasis. Although the effects 
of mitochondrial dysfunction on tumorigenesis in various 
cancer cells have been reported, the correlation between 
mitochondrial dysfunction and epithelial‑to‑mesenchymal 
transition (EMT) in lung cancer development and metastasis 
has not been well elucidated. In the present study, the effects 
of mitochondrial dysfunction on EMT and migration in lung 
cancer cells were investigated using inhibitors of mitochon-
drial respiration, oligomycin A and antimycin A. Oligomycin 
A and antimycin A induced distinct mesenchymal‑like 
morphological features in H23, H1793 and A549 lung cancer 
cells. In addition, they decreased the expression levels of the 
epithelial marker protein E‑cadherin, but increased the expres-
sion levels of the mesenchymal marker proteins Vimentin, 
Snail and Slug. The results of immunofluorescence staining 
indicated that oligomycin A and antimycin A downregulated 
cortical E‑cadherin expression and upregulated the expres-
sion of Vimentin. In addition, oligomycin A and antimycin 
A increased the migration and invasion of A549 lung cancer 
cells, and promoted the expression levels of phosphorylated 
(p)‑protein kinase B (AKT) and p‑AMP‑activated protein 

kinase (AMPK). Notably, the production of reactive oxygen 
species by oligomycin A and antimycin A did not affect the 
expression of EMT protein markers. Conversely, treatment 
with the AKT inhibitor wortmannin and the AMPK inhibitor 
Compound C upregulated E‑cadherin and downregulated 
Vimentin expression. These results suggested that oligomycin 
A and antimycin A may induce migration and invasion of lung 
cancer cells by inducing EMT via the upregulation of p‑AKT 
and p‑AMPK expression.

Introduction

Epithelial‑to‑mesenchymal transition (EMT) is a necessary 
condition associated with numerous cancer developmental 
processes, including tumor invasion and metastasis, in various 
types of epithelial cancer (1,2). When EMT occurs, epithelial 
cells lose their cell adhesion and apical‑basal polarity. In 
addition, epithelial cell‑matrix interactions are altered due 
to reorganization of the actin cytoskeleton, and cells gain a 
mesenchymal phenotype with high mobility (3). During the 
EMT process, EMT is frequently characterized by the reduced 
expression of E‑cadherin, N‑cadherin and other epithelial 
markers, and by the increased expression of Vimentin, Snail 
and other mesenchymal markers (4). Mesenchymal cells infil-
trate blood vessels and lymph nodes, and may then migrate 
to other tissues, resulting in tumor formation (5). Numerous 
studies have demonstrated that activity of the phosphoinositide 
3‑kinase (PI3K)/protein kinase B (AKT) pathway serves an 
important role in upregulating cell proliferation, migration 
and EMT (6,7). In addition to this pathway, the EMT process 
can promote the activity of AMP‑activated protein kinase 
(AMPK), which is an important regulator of glucose uptake 
and energy balance (8). A previous study demonstrated that 
activation of AMPK could induce migration by increasing 
the expression levels of microRNA‑451 in glioblastoma (9). 
The oxidative phosphorylation (OXPHOS) process through the 
mitochondrial electron transport system in cells is influenced 
by the intracellular energy metabolic activity of AMPK.
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Mitochondria serve a central role in the production of 
cellular energy and in metabolism through the OXPHOS 
process of the electron transport system via respiration (10). 
Mitochondrial dysfunction has been reported to be associated 
with the development of various types of human cancer, and 
it occurs through the production of reactive oxygen species 
(ROS), which are substrates of oxidative phosphorylation (11), 
through the reduction and the activation of mitochondria 
respiration chain complex. In addition, the high mutation rate 
of mitochondrial (mt)DNA and nuclear gene‑coded electron 
transport chain proteins are known to influence mitochondrial 
dysfunction (12), and have been reported to regulate apoptosis 
or programmed cell death (13). Oligomycin A is an inhibitor of 
ATP synthase, and antimycin A is a specific inhibitor of mito-
chondrial electron transport complex I, which previously led 
to an increase in gastric cancer progression via the promotion 
of ROS (14). In addition, oligomycin A treatment increased 
cytosolic Ca2+ and ROS in HepG2 cells, and stimulated 
migration in SK‑Hep‑1 cells (15).

Although inhibitors of mitochondrial respiration, including 
oligomycin A and antimycin A, have been reported to have 
an effect on metastasis in various types of human cancer 
cells, the molecular mechanism underlying mitochondrial 
respiration inhibitor‑mediated EMT in lung cancer cells 
remains to be elucidated. Therefore, the present study aimed 
to determine the effects of mitochondrial respiration inhibitors 
oligomycin A and antimycin A on EMT, and on cell migra-
tion and invasion, in the A549 human lung cancer cell line. 
The results demonstrated that treatment with mitochondrial 
respiration inhibitors may induce the invasive phenotype, as 
well as cell migration and invasion. Furthermore, treatment 
with mitochondrial respiration inhibitors increased the protein 
expression levels of mesenchymal markers via induction of the 
AKT and AMPK signaling pathways.

Materials and methods

Cells and materials. A549, H23 and H1793 lung carci-
noma cells were obtained from the American Type Culture 
Collection (Manassas, VA, USA). Cells were cultured in 
RPMI 1640 (Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) supplemented with 10% fetal bovine serum 
(HyClone; GE Healthcare Life Sciences, Logan, UT, USA) 
in an atmosphere containing 5% CO2 at 37˚C. Oligomycin A 
and antimycin A were obtained from Sigma‑Aldrich; Merck 
KGaA (Darmstadt, Germany). All chemicals, including 
N‑acetyl‑L‑cysteine (NAC; ROS scavenger), wortmannin 
(PI3K inhibitor) and Compound C (AMPK inhibitor) were 
obtained from Sigma‑Aldrich; Merck KGaA, unless otherwise 
indicated. Densitometric analysis was performed on scanned 
western blot and reverse transcription‑polymerase chain 
reaction (RT‑PCR) images using ImageJ software (version 
2018; National Institutes of Health, Bethesda, MD, USA).

Cell viability assay. Human non‑small cell lung cancer cell 
lines were seeded in 96‑well plates at 2x104 cells/well in RPMI 
1640 media, and were allowed to adhere to the surface for 24 h. 
Subsequently, fresh media containing various concentrations 
of oligomycin A and antimycin A were added to the plates, 
and cells were incubated for 24 h. Subsequently, 500 µg/ml 

MTT (Roche Diagnostics, Indianapolis, IN, USA) was added 
to each well. The amount of formazan deposits were dissolved 
in 100 µ1 dimethyl sulfoxide and absorbance was measured at 
540 nm using a plate reader (VersaMax™ Microplate Reader; 
Molecular Devices, LLC, Sunnyvale, CA, USA), following a 
4 h incubation with MTT in an atmosphere containing 5% CO2 
at 37˚C.

Morphological analysis. Cells were cultured in a 60 mm 
dish and were cultured until they reached 60% confluence. 
Subsequently, the media were replaced with fresh RPMI 
1640 media, and the cells were incubated with 1 µg/ml oligo-
mycin A or antimycin A for 24 h in an atmosphere containing 
5% CO2 at 37˚C. Finally, images of the cells were captured 
using amicroscope (Nikon Eclipse TS100, Nikon Corporation, 
Tokyo, Japan).

Western blot analysis. Cells were seeded in a 60‑mm dish 
at 1x106 cells/well in RPMI-1640 media, and were allowed 
to adhere to the surface for 24 h. Subsequently, fresh media 
containing various concentrations of oligomycin A and anti-
mycin A were added to the plates, and cells were incubated 
for 24 h. Cell lysis, SDS‑PAGE, transfer to a nitrocellulose 
membrane (EMD Millipore, Billerica, MA, USA) and 
immunoblotting were performed as previously described (16). 
Briefly, cells were suspended in 0.1 ml lysis buffer containing 
10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM 
EGTA, 1 mM DTT, 0.5 mM phenylmethlysulfonyl fluoride, 
2.0 µg/ml leupeptin and 2.0 µg/ml aprotinin at 4˚C for 30 min. 
Subsequently, cells were centrifuged at 14,645 x g for 10 min. 
Protein concentration was measured using the Bicinchoninic 
Acid (BCA) Assay (Pierce™ BCA Protein Assay kit; Thermo 
Fisher Scientific, Inc.) Total proteins (30 µg) were separated 
by 8‑15% SDS‑PAGE and were transferred to nitrocellulose 
membranes. The membranes were then blocked in 5% skim 
milk in Tris‑buffered saline containing 0.1% Tween-20 
(TBS‑T) for 1 h at room temperature. The membranes were 
then incubated with primary antibodies at 4˚C overnight, 
washed three times with TBS‑T, and incubated with goat 
anti‑mouse immunoglobulin G (IgG; #31430) or goat 
anti‑rabbit IgG (#65‑6120) secondary antibodies (Thermo 
Fisher Scientific, Inc.) at a dilution of 1:2,000 for 1 h at room 
temperature, before being washed a further three times with 
TBS‑T. Signals were detected using enhanced chemilumines-
cence (GE Healthcare, Chicago, IL, USA) and ChemiDOC™ 
XRS (Bio‑Rad Laboratories, Inc., Hercules, CA, USA). The 
primary antibodies at a dilution of 1:1,000 used in the present 
study were: E‑cadherin (BD610182, BD Biosciences, Franklin 
Lakes, NJ, USA); Snail (#3879), Slug (#9585), phosphorylated 
(p)‑AMPKα (#2531), p‑acetyl‑CoA carboxylase (ACC; #3661) 
and p‑AKT (#4060) (all from Cell Signaling Technology, 
Inc., Danvers, MA, USA); Vimentin (sc‑6260) and β‑actin 
(sc‑47778) (Santa Cruz Biotechnology, Dallas, TX, USA).

RT‑PCR. Cells were seeded in a 60 mm dish at 1x106 cells/well 
in RPMI 1640 media, and were allowed to adhere to the 
surface for 24 h. Subsequently, fresh media containing 1 µg/ml 
oligomycin A and antimycin A were added to the plates, and 
cells were incubated for 24  h. Total RNA was extracted 
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.), 
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according to the manufacturer's protocol. For RT‑PCR, cDNA 
was synthesized from 1 µg total RNA using AccuPower® RT 
PreMix (Bioneer Corporation, Daejeon, Korea), according to 
the manufacturer's protocol. cDNA was amplified by PCR 
(AccuPower® RT‑PCR PreMix; Bioneer Corporation) with the 
following primers: Snail, sense 5'‑CAG​CGA​GCT​GCA​GGA​
CTC​TA‑3', antisense 5'‑GTG​GGA​TGG​CTG​CCA​GC‑3'; Slug, 
sense 5'‑TGT​GTG​GAC​TAC​CGC​TGC‑3', antisense 5'‑TCC​
GGA​AAG​AGG​AGA​GAG​G‑3'; and β‑actin, sense 5'‑CAA​
GAG​ATG​GCC​ACG​GCT​GCT‑3' and antisense 5'‑TCC​TTC​
TGC​ATC​CTG​TCG​GCA‑3'. PCR products were analyzed 
by 1.5% agarose gel electrophoresis and visualized using 
ethidium bromide (E1510; Sigma‑Aldrich; Merck KGaA) and 
ChemiDOC™ XRS (Bio‑Rad Laboratories, Inc.).

Transwell invasion assay. Matrigel‑coated filter inserts 
(pore size, 8 µm; SPLInsert™ Hanging) that fit into 24‑well 
migration chambers were obtained from SPL Life Sciences 
(Pocheon, Korea). Cells were plated at 2x104 cells/well in the 
upper chamber. The lower chamber was filled with culture 
media containing 1 µg/ml oligomycin A or antimycin A. Cells 
were incubated in the chamber for 24 h at 37˚C; subsequently, 
cells that invaded across the membrane surface were fixed with 
100% methanol for 1 min and stained with 0.5% crystal violet 
for 10 min at room temperature. The cells that passed through 
the Matrigel‑coated inserts and were located on the underside 
of the filter were counted. Random fields were counted by light 
microscopy (x200 magnification).

Wound‑healing assay. The wound‑healing assay was 
performed according to a previously described procedure, 
with minor modifications (17). Briefly, cells were seeded in 
6‑well plates and were incubated until they reached 80% 
confluence. Cell monolayers were then scratched with a 
200‑µl pipette tip to create a wound, and cells were washed 
twice with serum‑free culture media to remove floating cells. 
Media were then replaced with fresh serum‑free media and 
cells were subjected to treatment with 1 µg/ml oligomycin 
A or antimycin A for 24 h at 37˚C; images of the cells were 
captured after 24 h using a microscope (Nikon Eclipse TS100; 
Nikon Corporation).

Immunofluorescence. For immunofluorescence, cells were 
cultured on cover slips at 50% confluence, and were cultured 
with 1 µg/ml oligomycin A or antimycin A for 24 h at 37˚C. 
Cells on cover slips were washed with PBS and were fixed 
in 100% methanol for 1 min and permeabilized with 0.2% 
Triton X‑100 in PBS for 5  min. Cells were then blocked 
with 10% normal goat serum (#31872; Invitrogen; Thermo 
Fisher Scientific, Inc.) in PBS for 1 h at room temperature 
and were then incubated with primary antibodies against 
E‑cadherin (#3195; Cell Signaling Technology, Inc.) and 
Vimentin (sc‑6260; Santa Cruz Biotechnology, Inc.). The 
cells were washed three times with PBS and were incubated 
with Alexa Fluor® 488‑conjugated anti‑mouse IgG (#R37120; 
Invitrogen; Thermo Fisher Scientific, Inc.) and Flamma® 
648‑conjugated anti‑rabbit IgG (RSA1261a; BioActs, Incheon, 
Korea) secondary antibodies diluted 1:200 in blocking buffer. 
Fluorescent signals were visualized by confocal microscopy 
(Leica Microsystems GmbH, Wetzlar, Germany).

Statistical analysis. All in vitro results were derived from 
at least three independent experiments performed in tripli-
cate. Data were analyzed using GraphPad Prism 5 software 
(GraphPad Software, Inc., La Jolla, CA, USA). The signifi-
cance of differences between experimental and control groups 
was determined using one‑way analysis of variance followed 
by Newman‑Keuls multi‑comparison test (Prism 5. GraphPad 
Software, Inc., CA, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Inhibitors of mitochondrial respiration induce mesenchymal 
morphology in lung cancer cells. Prior to investigating 
the effects of oligomycin A and antimycin A on EMT, the 
cytotoxic effects of oligomycin A and antimycin A were 
examined using the MTT assay. The results demonstrated that 
viability was >80% in A549, H23 and H1793 cells following 
treatment with oligomycin A and antimycin A at doses 
<1 µg/ml. Cytotoxic effects of oligomycin A and antimycin 
A were observed following treatment at 2 µg/ml in A549 cells 
(Fig. 1A). The present study aimed to determine whether the 
inhibitors of mitochondrial respiration, oligomycin A and anti-
mycin A, may induce EMT in human epithelial lung cancer 
cell lines, including A549, H23 and H1793. Cell morphology 
was observed by microscopy; the results demonstrated that 
untreated lung cancer cells (control) exhibited cobblestone‑like 
cell morphology and cluster formation, which are character-
istic of epithelial cells (Fig. 1B). Notably, following treatment 
with 1  µg/ml oligomycin A or antimycin A for 24  h, the 
cells exhibited mesenchymal‑like morphological features, 
including a spindle shape and reduced intercellular contacts. 
The regulatory effects of mitochondrial respiration inhibitors 
on the EMT‑associated markers E‑cadherin and Vimentin 
were determined in lung cancer cells using western blotting. 
As shown in Fig. 2A and B, the protein expression levels of 
E‑cadherin were significantly decreased by treatment with 
oligomycin A and antimycin A at the indicated concentrations; 
however, oligomycin A and antimycin A markedly increased 
Vimentin protein expression. These results suggested that 
mitochondrial respiration inhibitors may promote EMT. In 
addition, oligomycin A and antimycin A enhanced the down-
regulation of E‑cadherin and the upregulation of Vimentin in a 
time‑dependent manner (Fig. 2C and D). Since mitochondrial 
respiration inhibitor‑induced EMT was most prominent in 
A549 cells among the three types of epithelial lung cancer 
cells, subsequent experiments were performed on the A549 
cell line.

Inh ibi tors  of  mi tochondr ia l  respira t ion induce 
EMT‑associated transcriptional activation by increasing 
mesenchymal marker expression. To confirm whether the 
oligomyicin A‑ and antimycin A‑induced mesenchymal‑like 
morphology of lung cancer cells was closely associated with 
EMT, immunofluorescence staining was performed using 
E‑cadherin and Vimentin antibodies. The results detected 
a decrease in E‑cadherin expression and an increase in 
Vimentin expression upon oligomycin A (1  µg/ml) and 
antimycin A (1 µg/ml) treatment of A549 lung cancer cells 
(Fig. 3A).

https://www.spandidos-publications.com/10.3892/ijmm.2018.3733
https://www.spandidos-publications.com/10.3892/ijmm.2018.3733


HAN et al:  INDUCTION OF EMT BY MITOCHONDRIAL RESPIRATION INHIBITION 1647

Snail is a prominent inducer of EMT and strongly suppresses 
E‑cadherin expression. Snail and Slug are zinc‑finger tran-
scriptional factors that downregulate E‑cadherin expression 
and upregulate Vimentin expression by binding E‑boxes (18). 
Therefore, in order to determine if the mitochondrial respiration 
inhibitors induce EMT by regulating transcription factors, the 
protein expression levels of Snail and Slug were detected. As 

shown in Fig. 3B and C, oligomycin A and antimycin A increased 
the protein expression levels of Snail and Slug. In addition, the 
mRNA expression levels of Snail and Slug were increased by 
oligomycin A and antimycin A (Fig. 3D), thus suggesting that 
mitochondrial respiration inhibitors may enhance the down-
regulation of E‑cadherin and the upregulation of Vimentin by 
promoting Snail and Slug expression in A549 lung cancer cells.

Figure 2. Inhibitors of mitochondrial respiration increase EMT protein marker expression in lung cancer cells. (A and B) A549, H23 and H1793 cells were 
treated with the indicated concentrations of oligomycin A and antimycin A for 24 h. (C and D) Cells were treated with 1 µg/ml oligomycin A and antimycin 
A for the indicated durations, and E‑cadherin and Vimentin protein expression levels were determined by western blot analysis. β‑actin was used as a control. 
Densitometric analysis of each protein ratio was performed using ImageJ. Data are presented as the means ± standard error of three independent experiments. 
*P<0.05 vs. the control group.

Figure 1. Inhibitors of mitochondrial respiration induce mesenchymal morphological alterations in lung cancer cells. (A) A549, H23 and H1793 cells were 
treated with the indicated concentrations of oligomycin A and antimycin A for 24 h, after which cell viability was measured using the MTT assay. Data are 
presented as the means ± standard error of three independent experiments. *P<0.05 vs. the control group. (B) A549, H23 and H1793 cells were treated with 
1 µg/ml oligomycin A or antimycin A for 24 h and cell morphology was observed via microscopy.
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Inhibitors of mitochondrial respiration increase cell migration 
and invasion of A549 lung cancer cells. EMT is an important 
process in epithelial‑derived tumor malignancies, and is asso-
ciated with cell adhesion. In addition, a partial EMT step has 
been reported to upregulate wound healing and the invasive 
activity of cancer cells (19,20). Therefore, the migratory effects 
of mitochondrial respiration inhibitors were determined in 
A549 cells using the wound‑healing assay. Compared with 
in the control group, treatment with 1 µg/ml mitochondrial 
respiration inhibitors for 24 h significantly (1.5‑fold) promoted 
the migration of A549 cells (Fig. 4A). In addition, the effects 
of oligomycin A and antimycin A were determined on the 
invasion of A549 cells using the invasion assay. After 24 h 
treatment with oligomycin A and antimycin A, the invasion 
of A549 cells was increased 4.25‑ and 2.07‑fold, respectively 
(Fig. 4B). The invasive effects of oligomycin A were much 
higher than those of antimycin A. These results suggested that 
mitochondrial respiration inhibitors may enhance migration 
and invasion via induction of EMT in A549 cells.

Inhibitors of mitochondrial respiration mediate EMT through 
activation of the AKT and AMPK pathways in A549 cells. It 
has previously been reported that EMT is induced by factors, 
such as ROS, insulin receptor substrate‑1 and hypoxia (21‑23). 
Mitochondrial dysfunction caused by mitochondrial respira-
tion inhibitors promotes cell migration through the induction 
of intracellular ROS in SC‑M1 cells  (14). Therefore, the 
present study aimed to determine whether oligomycin 
A and antimycin A may induce EMT through ROS. As 
presented in Fig. 5A and B, the ROS scavenger NAC had 
no effect on oligomycin A/antimycin A‑reduced E‑cadherin 
and oligomycin A/antimycin A‑increased Vimentin.

Since previous studies indicated that the AMPK and AKT 
pathways control colony formation and cell proliferation, 
migration and invasion in several types of cancer (24‑26), 
the present study investigated whether inhibitors of mito-
chondrial respiration may regulate the activation of AMPK, 
its downstream signaling substrate ACC, and AKT in A549 
cells (Fig. 6). As shown in Fig. 6A, B, D, and E, oligomycin A 
and antimycin A significantly increased the expression levels 
of p‑AMPK, p‑ACC and p‑AKT. In H1793 and H23 cells, 
p‑AMPK and AKT expression levels were was significantly 
increased following treatment with 2 µg/ml oligomycin A and 
antimycin A (Fig. 6C and F). Therefore, in order to determine 
whether the two pathways are associated with oligomycin 
A/antimycin A‑induced EMT, the effects of inhibitors of 
AMPK (Compound C, 10  µM) and AKT (wortmannin, 
200  µM) were determined on EMT‑associated proteins. 
Compound C suppressed oligomycin A/antimycin A‑induced 
E‑cadherin downregulation and oligomycin A/antimycin 
A‑induced Vimentin upregulation, along with p‑AMPK 
expression (Fig. 6G). Wortmannin also inhibited oligomycin 
A/antimycin A‑regulated EMT marker protein expression 
(Fig. 6H). These results suggested that the AMPK and AKT 
signaling pathways may serve important roles in mitochondrial 
respiration inhibitors‑induced EMT in lung cancer cells.

Discussion

Defective mitochondria were proposed by Otto Warbug to 
explain why tumor cells undergo increased aerobic glycol-
ysis, namely the Warbug effect, unlike normal cells  (27). 
Various mechanisms underlying dysregulated energy 
generation in cancer cells are associated with mitochondrial 

Figure 3. Inhibitors of mitochondrial respiration induce EMT in A549 cells. (A) E‑cadherin and Vimentin expression were assessed in A549 cells after 24 h 
treatment with 1 µg/ml oligomycin A and antimycin A. E‑cadherin and Vimentin were detected via immunofluorescence of formaldehyde‑fixed cells with 
specific antibodies and a Alexa Fluor® 488‑labeled secondary antibody (green, Vimentin) or Flamma® 648‑labelled secondary antibody (red, E‑cadherin). 
Nuclei were counterstained with DAPI. Magnification, x400. (B and C) Protein expression levels of the EMT transcription factors Snail and Slug were detected 
in A549 cells after 24 h treatment with the indicated concentrations of oligomycin A and antimycin A. (D) mRNA expression levels of Snail and Slug were 
detected in A549 cells after 24 h treatment with 1 µg/ml oligomycin A and antimycin A. Snail and Slug were detected by reverse transcription‑polymerase 
chain reaction. β‑actin and GAPDH were used as controls. Densitometric analysis of each protein and mRNA ratio was performed using ImageJ. Data are 
presented as the means ± standard error of three independent experiments. *P<0.05 vs. the control group.

https://www.spandidos-publications.com/10.3892/ijmm.2018.3733
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dysfunction induced by mtDNA mutations, mutations in 
nuclear gene‑encoded electron transport chain proteins 
and treatment with inhibitors of mitochondrial electron 
transport chains, including rotenone, oligomycin A and anti-
mycin A (28‑30). Previous studies have also suggested that 
impaired mitochondria may serve critical roles in tumor initia-
tion and progression (1,31). For example, OXPHOS dysfunction 
has been reported to be involved in cell migration, invasion 
and metastasis (32). In addition, it was recently demonstrated 
that mitochondrial dysfunction promotes EMT through the 
transforming growth factor (TGF)‑β/Smad/Snail signaling 

pathway by activating c‑Jun/activator protein‑1 in hepatocel-
lular carcinoma cells (33). Another study also demonstrated 
that mitochondrial dysfunction following TGFβ‑1 exposure 
induces acquisition of a mesenchymal morphology and the 
transfer from an epithelial to a mesenchymal phenotype in 
pancreatic cancer (28). The regulation of mitochondrial func-
tion by inhibitors of the mitochondrial electron transport chain, 
and their effects on EMT, cell migration and cell invasion, is 
critical but remains poorly understood in lung cancer research.

EMT is a pathophysiological process that is essential for the 
development of cancer cells, during which epithelial cells lose 

Figure 5. Effects of mitochondrial respiration inhibitors on EMT are not associated with reactive oxygen species in A549 cells. (A and B) A549 cells were 
incubated with 1 mM NAC in the absence or presence of 1 µg/ml oligomycin A or 1 µg/ml antimycin A for 24 h. Cell lysates were subjected to western blot 
analysis, to detect E‑cadherin, Vimentin and β‑actin protein expression. Densitometric analysis of each protein ratio was performed using ImageJ. Data are 
presented as the means ± standard error of three independent experiments. *P<0.05 vs. the control group. NAC, N‑acetyl‑L‑cysteine.

Figure 4. Inhibitors of mitochondrial respiration increase cell migration and invasion of A549 cells. (A) A scratch wound was made on the cell surface, and 
cells were treated with 1 µg/ml oligomycin A and antimycin A for 24 h. Images of cells that migrated into the wound were captured (magnification, x400). 
(B) A549 cells were treated with 1 µg/ml oligomycin A and antimycin A for 24 h and were examined by a Transwell assay. Images of cells that invaded across 
the membrane were captured (magnification, x400). The wound‑healing and invasive activities of cells were determined as the number of each condition's 
cells divided by the number of control cells. Data are presented as the means ± standard error of three independent experiments. *P<0.05 vs. the control group.
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their polarity and cell‑cell adhesion is disrupted, thus resulting in 
transformation into mesenchymal cells through the reorganiza-
tion of the cytoskeleton (34,35). In the present study, the effects 
of two mitochondrial respiration inhibitors, oligomycin A and 
antimycin A, on phenotypic alterations associated with EMT 
were determined in H1793, H23 and A549 lung cancer cells. 
Oligomycin A and antimycin A have previously been reported 
to increase cell migration and expression of the mesenchymal 
protein marker Vimentin in SC‑M1 human gastric cancer 
cells (14). The damaged function of mitochondrial OXPHOS has 
been demonstrated to initiate cell migration, invasion and meta-
static properties by regulating the extracellular matrix (36,37). 
As expected, the present study confirmed that oligomycin A and 
antimycin A increased EMT, and induced the transformation of 
cells into an invasive phenotype, thus suggesting that mitochon-
drial respiration inhibition may be associated with the invasion 
and migration of cancer cells.

During EMT, E‑cadherin, which is an epithelial cell 
marker that is located on the basolateral membrane of adhe-
rens junctions, has been reported to be decreased due to the 
increase of mesenchymal protein markers, including Vimentin 
and N‑cadherin, and of typical transcription factors, including 
Snail, Slug, TWIST and zinc finger E‑box‑binding homeobox 
family proteins (38,39). In addition, increased expression of 
Snail and Slug mRNA has a major role in EMT promotion in 

bladder cancer compared with in normal cells and tissues (40). 
In the present study, treatment with oligomycin A and anti-
mycin A enhanced EMT by increasing the expression of 
Vimentin and inhibiting the expression of E‑cadherin in H1793, 
H23 and A549 lung cancer cells. In addition, the protein and 
mRNA expression levels of Snail and Slug were increased by 
oligomycin A and antimycin A in A549 cells. These results 
indicated that mitochondrial respiration inhibitors may 
promote regulation of Vimentin and E‑cadherin via induction 
of the transcription factors Snail and Slug.

The present study also investigated the molecular mecha-
nisms through which oligomycin A and antimycin A operate 
as oncogenic agents in lung cancer. AMPK is a key regulator 
involved in maintaining energy homeostasis and regulating 
other physiological functions in cells (41). Activation of AMPK 
is promoted by various cellular environmental factors, including 
energy deficiency, hypoxia and oxidative stress caused by 
non‑functional mitochondria (42). The present study revealed 
that oligomycin A and antimycin A upregulated the expres-
sion levels of p‑AMPK. In addition, mitochondrial respiration 
inhibitor‑induced E‑cadherin downregulation and Vimentin 
upregulation were suppressed by Compound C (AMPK 
inhibitor) in A549 cells. Numerous studies have reported that 
ROS arising from mitochondrial dysfunction mediate EMT and 
cell invasion in various cancer cells via activation of the AMPK 

Figure 6. Inhibitors of mitochondrial respiration modulate EMT through activation of AKT and AMPK signaling in A549 cells. (A‑F) A549, H1793 and H23 
cells were treated with the indicated concentrations of oligomycin A and antimycin A for 24 h, and western blot analysis was conducted with antibodies against 
p‑AMPKα, p‑ACC, p‑AKT and β‑actin. (G and H) A549 cells were treated with 1 µg/ml oligomycin A or 1 µg/ml antimycin A in the absence or presence of 
10 µM Compound C or 200 µM wortmannin for 24 h. The expression levels of E‑cadherin, Vimentin, p‑AMPKα and p‑AKT were analyzed by western blot 
analysis. β‑actin was used as a control. Densitometric analysis of each protein ratio was performed using ImageJ. Data are presented as the means ± standard 
error of three independent experiments. *P<0.05 vs. the control group, #P<0.05 vs. the oligomycin A or antimycin A groups. ACC, acetyl‑CoA carboxylase; 
AKT, protein kinase; AMPK, AMP‑activated protein kinase; p‑, phosphorylated.
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signaling pathway (29,42). Furthermore, mitochondrial malfunc-
tion increases cell migration and invasion by increasing the 
production of ROS in SKBR3 breast cancer cells (1). However, 
in the present study, oligomycin A/antimycin A‑regulated EMT 
marker protein expression was not affected by treatment with 
a ROS scavenger in A549 cells. This discrepancy between the 
present and previous studies may be due to the different cell 
types used. These results suggested that oligomycin A and 
antimycin A triggered EMT by activating AMPK independent 
of ROS in A549 cells.

The AKT pathway is known to serve an important role in 
intracellular processes, including glucose metabolism, cell 
proliferation and metastasis. It is also highly activated in various 
tumor cells (43). The mitochondrial stress induced by mitochon-
drial respiration inhibitors, including rotenone and oligomycin 
A, upregulates matrix metalloproteinase‑13 expression and 
invasion by activating AKT pathway signaling in various cancer 
cells (44). In the present study, oligomycin A and antimycin A 
upregulated the expression levels of p‑AKT in three types of 
lung cancer cells. In addition, inhibition of AKT phosphorylation 
suppressed oligomycin A‑ and antimycin A‑induced E‑cadherin 
downregulation and Vimentin upregulation, thus suggesting 
that inhibitors of mitochondrial respiration may initiate EMT 
by activating AKT pathway signaling in A549 cells.

In conclusion, the present study demonstrated that oligo-
mycin A and antimycin A may induce mesenchymal‑like 
morphological features, and cell migration and invasion, in 
various human lung cancer cell lines. Oligomycin A and anti-
mycin A downregulated expression of the epithelial marker 
protein E‑cadherin, and upregulated expression of the mesen-
chymal marker proteins Vimentin, Snail and Slug. In addition, 
oligomycin A and antimycin A induced the protein expression 
levels of mesenchymal markers via activation of the AKT 
and AMPK signaling pathways. These results indicated that 
inhibition of mitochondrial respiration may activate metastasis 
via EMT in lung cancer. Therefore, control of mitochondrial 
respiration in patients with lung cancer may be considered a 
novel approach for the prevention of metastasis.
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