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Abstract

Cigarette smoke (CS) is known to cause mitochondrial dysfunction leading to cellular senescence 

in lung cells. We determined the mechanism of mitochondrial dysfunction by CS in lung epithelial 

cells. CSE treatment differentially affected mitochondrial function, such as membrane potential, 

mitochondrial reactive oxygen species (mtROS) and mitochrondrial mass as analyzed by FACS, 

and were associated with altered oxidative phosphorylation (OXPHOS) proteins levels 

(Complexes I-IV) in primary lung epithelial cells (SAEC and NHBE), and (complexes I and II) in 

BEAS2B cells. There were dose- and time-dependent changes in mitochondrial respiration 

(oxygen consumption rate parameters i.e. maximal respiration, ATP production and spare capacity, 

measured by the Seahorse analyzer) in control vs. CSE treated BEAS2B and NHBE/DHBE cells. 

Electron microscopy (EM) analysis revealed perinuclear clustering by localization and increased 

mitochondrial fragmentation by fragement length analysis. Immunoblot analysis revealed CS-

mediated increase in Drp1 and decrease in Mfn2 levels that are involved in mitochondrial fission/

fusion process. CS treatment reduced Miro1 and Pink1 abundance that play a crucial role in the 

intercellular transfer mechanism and mitophagy process. Overall, these findings highlight the role 

of Miro1 in context of CS-induced mitochondrial dysfunction in lung epithelial cells that may 

contribute to the pathogenesis of chronic inflammatory lung diseases.
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1. Introduction

Cigarette smoke (CS), the most important etiological risk factor for the development of 

Chronic Obstructive Pulmonary Disease (COPD)/emphysema, causes lung injuries and 

damage responses. These effects include mitochondrial dysfunction (i.e., reduced 

mitochondrial membrane potential and increased mitochondrial reactive oxygen species 

[mtROS] generation), and defective mitophagy (removal of damaged mitochondria from a 

cell prior to cell death) (Lerner et al., 2016). We have previously shown that defective 

mitophagy is associated with CS-induced perinuclear localization of dysfunctional 

mitochondria and disruption of telomere-shelterin complex (a complex which protects 

telomeres from DNA damage) in lung cells (Ahmad et al., 2015; Ahmad et al., 2017). 

However, the cellular and molecular mechanisms for CS-induced mitophagy impairment and 

mitochondrial translocation, as well as their roles in mitochondrial dyfunction by CS are not 

known.

Damaged or dysfunctional mitochondria are normally cleared from the cell by mitophagy, 

whereby defective mitochondria are loaded into the autophagosomes followed by lysosomal 

degradation (Ashrafi and Schwarz, 2013; Cloonan and Choi, 2016; Lerner et al., 2016; 

Scarffe et al., 2014; Zhu et al., 2013). Mitophagy process is initiated by mitochondrial 

membrane depolarization followed by stabilization of Pink1 [PTEN-induced putative kinase 

1 (Pink1), which is involved in mitochondrial quality control through fission] on 

mitochondrial outer membranes. Pink1 then recruits an E3 ubiquitin ligase called Parkin (a 

protein involved in mitochondrial quality control), from the cytosol (Ashrafi and Schwarz, 

2013; Chen and Dorn, 2013; Scarffe et al., 2014; Zhu et al., 2013). Once recruited to 

mitochondria, Parkin leads to degradation of mitofusin2 (Mfn2, a core protein involved in 

mitochondrial fusion), which initiates localization of damaged mitochondria with the 

isolation membranes containing protein microtubule-associated protein light chain 3 (LC3) 

and formation of autophagosome, where damaged mitochondria are cleared from the cell.

In general, mitochondria elongation is induced by either Drp1 (dynamin-1-related protein 

that regulates mitochondrial fission) inhibition and/or Mfn2 overexpression. This in turn is 

regulated by coordinated action of Pink1 and Parkin during mitophagy. Mitochondria 
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elongation has been shown to prevent mitochondria from degradation (Gomes et al., 2011). 

On the other hand GTPase Miro1 and 2 are crucial in maintainance of mitochondrial shape 

and trafficking (Nemani et al., 2018).

We have shown that CS extract (CSE) increases mitochondria elongation/fragmentation and 

mtROS, and reduces ATP levels in lung epithelial cells and fibroblasts (Ahmad et al., 2015). 

Furthermore, we observed increased mitochondria mass, reduced mitochondria membrane 

potential, and decreased Parkin mitochondrial translocation following CS exposure. 

Accumulation of damaged or dysfunctional mitochondria, due to impaired mitophagy, is 

associated with many chronic lung diseases including COPD (Chen and Chan, 2009; 

Cloonan and Choi, 2016; Ito et al., 2015; Mizumura et al., 2014; Wiegman et al., 2015). 

CSE induces mitochondrial fission in human airway smooth muscle cells and bronchial 

epithelial cells, which may contribute to cell death during COPD/emphysema (Aravamudan 

et al., 2014; Ballweg et al., 2014; Hara et al., 2013; Hoffmann et al., 2013). Similarly, long-

term CSE treatment causes elongated mitochondria with increased mitochondrial fusion 

activity in lung epithelial cell lines and fibroblasts (Ahmad et al., 2015; Hoffmann et al., 

2013). This suggests that mitochondrial structural changes and/or its dysfunction occur due 

to CS exposure leading to impaired mitophagy. However, the molecular mechanism of these 

phenomena of mitochondrial dysfunction by CS in lung epithelial cell is not known.

In light of above, we hypothesize that CS-induced mitochondrial dysfunction leads to 

defective mitophagy by reducing Miro1 levels in lung epithelial cells. We, therefore, studied 

the effect of CS exposure in primary lung epithelial cells leading to mitochondrial 

dysfunction (i.e., reduced mitochondrial membrane potential and increased mitochondrial 

reactive oxygen species [mtROS] generation) as a result of altered mitochondrial dynamics, 

oxidative phosphorylation (OXPHOS) protein complexes, and defective mitophagy via 

Miro1 reduction.

2. Materials and Methods

2.1. Cell culture and treatments

Human small airway epithelial cells (SAEC), normal human bronchial epithelial cells 

(NHBE) from healthy non-smoking subjects and diseased human bronchial epithelial cells 

(DHBE) from patients with COPD were obtained from Lonza (Walkersville, MD), and 

grown as per the recommendations of the supplier in appropriate primary cell culture growth 

media. Human bronchial epithelial cells (BEAS2B; ATCC, Manassas, VA), grown in the 

DMEM-Ham’s F12 50:50 mixture (DMEM-F12; Mediatech, Manassas, VA) supplemented 

with 5% FBS, 15 mM HEPES, penicillin (100 U/mL), and streptomycin (100 μg/mL). 

Before treatment with CSE, cells were cultured to 85%–90% confluence under 5.0% CO2 in 

six-well plates.

CSE preparation was performed as described earlier (Ahmad et al., 2015). In brief, one 

cigarette (3R4F, University of Kentucky, KY) was bubbled into 10 ml of culture media 

without FBS which is represented as 10% CSE stock solution. CSE is widely used to model 

the effects of cigarette smoke exposure in an in vitro model system using human lung 

epithelial cells in culture. Different concentrations of CSE (0.25–1.0%) were used in SAEC, 
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NHBE, DHBE and BEAS2B cells. SAEC, NHBE and BEAS2B cells were cultured at 37°C 

with 5% CO2 (Tri-Gas HERA150I, Thermo Scientific) and treated with diluted CSE 

(0.25%) for 15 days every alternate day to induce cellular senescence as reported previously 

from our laboratory (Ahmad et al., 2015).

2.2. Mitochondrial content, membrane potential and matrix oxidant burden by 
fluorescence-activated cell sorting analysis (FACS)

We utilized FACS analysis of SAEC and NHBE cells from control and CSE treated groups 

for relative quantification of mitochondrial content, membrane potential and matrix oxidant 

burden using mitochondrial-localized fluorescent dye intensity (Dingley et al., 2012). 

Mitochondrial content was measured by MitoTracker green staining (cat #M-7514, Life 

Technologies). Cells were treated with mitogreen (25 nM) for 10 min before the FACS 

measurement. Mitochondrial membrane potential was measured using tetramethylrhodamine 

ethyl ester (TMRM, cat #T-668, Life Technologies). Cells were incubated in TMRM (1 μM) 

for 15 min before performing the FACS analysis. Similarly, mitochondrial reactive oxygen 

species/matrix oxidant burden was measured by MitoSOX Red (5 μM, cat #M36008, Life 

Technologies). Cells were stained with MitoSOX Red for 15 min before performing the 

FACS measurments as described previously (Ahmad et al., 2015; Dingley et al., 2012).

2.3. Mitochrondrial Bioenergetics using the Seahorse XFp analyzer

Prior to CSE treatments, cell density and dose optimizations for various mitochondrial 

complex inhibitors were conducted as per the XFp user’s manual (Agilent Technologies, 

Santa Clara, CA). BEAS2B cells and primary lung epithelial cells (NHBE/DHBE) were 

plated at a density of 20,000 cells/well and 25,000 cell/well respectively in a XFp 8 well 

plate using appropriate growth medium. Out of 8 wells, 2 were used as the blank 

background wells. CSE treatments were performed in DMEM + F12 media without any 

growth factors and supplements as described earlier. At the end of the treatment period (2 hr 

or 24 hrs), the wells were replaced with prewarmed XF basal medium containing glutamine 

(2 mM), pyruvate (1 mM) and glucose (10 mM) and placed for 1 hr in a non–CO2 incubator 

at 37 °C. All medium and solutions were made freshly and adjusted to pH 7.4 on the day of 

performing the assay. XFp sensor cartridges were hydrated overnight with XF calibrant at 

37°C. Three of the four injection ports were loaded with 10x concentration of mitochondrial 

inhibitors as per the instruction from Seahorse XFp Cell Mito Stress Test kit 

(cat-103010-100; Agilent Technologies). After establishing the baseline, sequential injection 

of oligomycin (2μM), FCCP (1μM), rotenone and antimycin A (0.5μM) were done. All the 

data were analyzed using WAVE software version 2.6.0.

2.4. Electron microscopy

SAEC and NHBE cells cultured in chamber slides or cover glass post CSE treatment were 

fixed with a combination of paraformaldehyde and glutaraldehyde (2%) fixative. Cells were 

then processed and sectioned with a diamond knife on copper grids. Grids were examined 

with a Hitachi (Tokyo, Japan) 7100 electron microscope and images were captured using a 

Megaview III digital camera (Soft Imaging System, Lakewood, CO) (Ahmad et al., 2015). 

Representative images were provided for mitochondrial localization and structural changes. 

Mitochondrial fragment length was analyzed manually from several images (1 μm 
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magnification) that were captured from control and CSE treated SAEC and NHBE cells 

using ImageJ software.

2.5. Immunoblot analyses of electron transport chain (ETC) protein complexes and 
mitochrondial proteins

Whole cell lysates (WCL) from control and CSE treated SAEC, NHBE and BEAS2B cells 

were measured using a BCA Protein Assay kit (Thermo Fisher). Equal amounts of protein 

from each sample were separated by sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane. WCL for 

OXPHOS immunoblot analysis were denatured and reduced using SDS (1%) and 2- 

mercaptoethanol (200 mM) respectively (no heat-denaturation).The membrane was 

incubated with anti-OXPHOS antibody cocktail (Abcam, 1:2000 dilution), anti-Rhot1 

antibody (Novus, 1:1000), anti-Drp1 antibody (Abcam, 1:1000), anti-Pink1 antibody (Cell 

Signaling Technology, 1:1000) and anti-β-actin antibody (Santa-Cruz, 1:1000 dilution) 

overnight at 4 °C. This primary antibody incubation was followed by incubation with HRP-

conjugated anti-mouse or anti-rabbit or anti-goat antibody (1:10,000 dilution) as the 

secondary antibody for 1 hr at room temperature. The chemiluminescence was detected 

using the Bio-Rad ChemiDoc MP imaging system (Bio-Rad, Hercules, CA). Densitometric 

analyses of the band intensities were performed using ImageJ software.

2.6. Statistical analysis

Statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, La Jolla, 

CA) The results were shown as the mean ± SEM. Comparisons were made using the 2-tailed 

Student’s t-test for two different treatment groups. P < 0.05 was considered as statistically 

significant.

3. Results

3.1. CSE treatment alters mitochondrial function in primary human lung epithelial cells

We have previously shown that CSE treatment led to an increase in mitochondrial ROS and 

mitochondrial mass but decreased membrane potential in human lung fibroblasts (HFL1 

cells) in vitro cellular senescence model (Ahmad et al., 2015). Here, we comprehensively 

investigated mitochondrial function in control and CSE-treated SAEC and NHBE cells by 

analyzing mitochondrial content, membrane potential and mt-ROS/matrix oxidant burden by 

fluorescence-activated cell sorting analysis (FACS). Primary lung epithelial cells were 

treated with CSE (0.25%) for 24 hrs or every alternate day for 15 days. SAEC cells treated 

with CSE for 24 hrs shows non-significant reduction in TMRE-membrane potential, but 

significant increase mitochondrial ROS (mt-ROS) as measured by MitoSOX red (Fig. 1A). 

Similarly, when NHBE cells were treated with CSE for 24 hrs showed significant decrease 

in TMRE-membrane potential but not significant increase in mt-ROS (Fig. 1B). Using an in 
vitro lung epithelial cellular senescence model, CSE treatment every alternate day for 15 

days in SAEC cells showed significantly reduced mitochondrial membrane potential 

(TMRE), and increased Mito green (mitochondrial mass), and MitoSOX red staining 

(mtROS) confirmed by FACS-enabled flow cytometry (Fig. 1C). These findings summarize 
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that short-term (24 hrs) and long-term (15 days) CSE treatment causes mitochondrial 

dysfunction in primary lung epithelial cells in vitro.

3.2. CSE treatment alters mitochondrial OXPHOS protein complexes in primary human 
lung epithelial cells

Regulation of oxidative phosphorylation is a key mechanism by which mitochondria 

mediates protection against oxidative stress. Hence, we analyzed the protein abundance of 

five different OXPHOS systems i.e., Complex I (NDUFB8), Complex II (SDHB), Complex 

III (UQCRC2), Complex IV (COX II) and Complex V (ATP5A) in control and CSE treated 

SAEC, NHBE and BEAS2B cells in 15 day CSE exposure model by immunoblotting. 

Interestingly, both SAEC and NHBE cells treated with CSE for 15 days showed significant 

reduction in the levels of Complexes I, II, III and IV (Fig. 2A–B). Surprisingly, only the 

protein abundance of complex V remained unaffected in both SAEC and NHBE cells (Fig. 

2A–B). However, BEAS2B cells treated with CSE for 15 days showed significant reduction 

in complexes I and II, but all the other complexes remain unaltered (Fig. 3). These results 

support that CS-induced mitochondrial dysfuntion in primary human lung epithelial cells 

affects individual OXPHOS complexes that are part of the mitochondrial electron transport 

chain.

3.3. CSE treatment alters mitochondrial respiration in BEAS2B and primary human lung 
epithelial cells

Previously, we have shown that CSE treatment can cause signficiant increase in mt-ROS and 

decreased ATP production in human lung fibroblasts (HFL1) (Ahmad et al., 2015). To 

determine whether CSE dose- and time-dependently affects ATP production and 

bioenergetic functions in bronchial epithelial cells we used a Seahorse XFp analyzer. 

BEAS2B, NHBE and DHBE cells were treated with CSE (0.5–1.0%) for 1–2 hrs or 24 h. 

Then, the mitochondrial oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR) were evaluated. BEAS2B cells treated with CSE showed a significant reduction in 

mitochrondrial OCR, but not ECAR (Fig. 4A–B). The changes in maximal respiration, ATP 

production and spare capacity were significant at 24 hrs post treatment compared to what 

was observed in 1 h post CSE treatment (Fig. 4A–B). NHBE cells treated with CSE for 2 hrs 

(0.5% CSE) showed changes in OCR and ECAR associated with a significant reduction in 

ATP production (Fig. 4C). Similarly, when we compared NHBE and DHBE cells treated 

with CSE (0.5%) for 2 hrs, DHBE cells showed significant changes in OCR parameters such 

as reduced maximal respiration and ATP production (Fig. 4D). Additionally, DHBE cells 

showed very low basal repiration compared to NHBE cells without CSE treatment at 

baseline. Overall, these data suggest that CSE treatment as early as 2 hrs–24 hrs affects 

OCR, but not ECAR demonstrating altered mitochondrial respiration that may contribute to 

mitochondrial dysfunction observed in lung epithelial cells.

3.4. CSE treatment alters mitochondrial structure and localization in primary human lung 
epithelial cells

CS exposure has direct effect on the morphology of mitochondria as shown by the loss of 

the normal, connected and networked structures in human bronchial/alveolar epithelial cells, 

airway smooth muscle cells and fibroblasts (Ahmad et al., 2015; Aravamudan et al., 2014; 
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Ballweg et al., 2014; Hoffmann et al., 2013). SAEC cells treated with CSE (0.25%) for 15 

days showed an increase in perinuclear accumulation/clustering of mitochondria (Fig. 5A). 

Semi-quantitative analysis of mitochondrial fragment length using electron microscopy 

images revealed CSE-induced significant reduction in mitochondrial fragment length in both 

SAEC and NHBE cells compared to controls (Fig. 5B–C). These findings suggest that 

mitochondrial fragmentation by CSE treatment in primary lung epitheial cells could be due 

to increased mt-ROS generation and alteration in mitochondrial functional markers that play 

an important role in mitochondrial fission/fusion process.

3.5. CSE treatment alters mitochondrial markers/proteins involved in transport and 
mitophagy process in primary human lung epithelial cells

Miro1 is an important integral mitochondrial motor protein that is part of the microtubular 

network responsible for mitochondrial transport within the cells (Chang et al., 2011). To 

determine the mechanisms by which CSE alters mitochondrial function in primary human 

lung epithelial cells, we examined the expression of proteins involved in mitochondrial 

transport and mitophagy. SAEC and NHBE cells treated with CSE (0.25%) for 15 days 

showed significant reduction in Miro1 protein abundance (Fig. 6A). CSE treatment to SAEC 

cells altered mitochondrial morphology (perinuclear accumulation and fragmentation) in 

primary lung epithelial cells as shown by EM was further supported by increased expression 

of Drp1 protein that is known to regulate mitochondrial fission (Fig. 6B). Similarly, CSE 

treatment in NHBE cells showed non-significant reduction in the expression of Mfn2 protein 

that is involved in mitochondrial fusion (Fig. 6C). Finally, CSE treatment in NHBE cells 

also show reduced protein abundance of Pink1 (PTEN induced putative kinase 1: a 

mitochondrial serine/threonine-protein kinase) which plays a crucial role in the removal of 

damaged or dysfunction mitochondrial from the cells (Fig. 6D). These results revealed that 

CSE treated primary lung epithelial cells showed defective protein turnover in mitochondrial 

intercellular transport machinery and fission/fusion process including mitophagy that may 

directly contribute to CS-induced mitochondrial dysfuction.

4. Discussion

We and others have shown that human lung cells (e.g., airway and alveolar epithelial cells, 

fibroblasts, airway smooth muscle cells) exposed to CSE causes mitochondrial injury, 

dysfunction, and morphological alterations (Ahmad et al., 2015; Aravamudan et al., 2014; 

Ballweg et al., 2014; Hara et al., 2013; Hoffmann et al., 2013). However, the role of Miro1 

in CSE-induced mitochondrial dysfunction in primary lung epithelial cells is not known. In 

this study, we treated primary human lung epithelial cells (SAEC and NHBE) and bronchial 

epithelial cells (BEAS2B) with CSE to determine the levels of Miro1 during CSE-induced 

mitochondrial dysfunction/cellular senescene.

It has been shown that mitochondrial dysregulation plays an important role in the 

pathogenesis of age-related lung diseases including COPD and IPF (Ahmad et al., 2015; 

Bueno et al., 2015; Lerner et al., 2016; Mizumura et al., 2014; Wiegman et al., 2015). The 

term mitochondrial dysfunction is refered to as a complex display of cellular events. 

Mitochondrial injury causes change in mitochondrial morphology, impaired oxidative 
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phosphorylation, reduced membrane potential, altered metabolic activity (e.g. glycolysis vs. 

fatty acid β-oxidation), increased mitochondrial superoxide levels including alterations in 

intracellular Ca2+ flux (Cloonan and Choi, 2016; Lerner et al., 2016). Mitochondria is a 

dynamic organelle that changes shape rapidly with the help of proteins that regulate the 

fission (fragmentation) and fusion (elongation) process. The major proteins MFNs 

(membrane-anchored proteins: Mfn1 and 2) and OPA-1 (optic atrophy 1) promote 

mitochondrial fusion by interacting with the mitochondrial outer and inner membranes. 

Reduction in fusion proteins can result in mitochondrial fragmentation (Chen and Dorn, 

2013). Further, we found time- and dose-dependent changes in the protein abundance of 

OPA1 four hrs (2% CSE) and 15 days (0.25% CSE) post-CSE treatment in BEAS2B cells 

(unpublished observations). Mitochondrial fission is mediated by cytosolic dynamin-related 

protein 1 (Drp1), Fission 1 protein (Fis-1), Mitochondrial Fission Factor (MFF) and other 

proteins (Gomes et al., 2011; Kim et al., 2011). Our data show that CSE treatment affects the 

balance of protein involved in mitochondrial fission (increase Drp1) and fusion (reduced 

Mfn2) in primary human lung epithelial cells.

During prolonged oxidant stress, mitochondrial morphology does not actually correlate with 

the mitochondrial function. Several factors, such as the type of stress, duration of stress and 

the ability of the mitochondrial quality control mechanism to modulate the stress response 

(mitophagy) may play an important role in the measured outcomes. Recent reports from our 

laboratory and others have shown that mitochondrial morphology varies (elongated vs. 

fragmented) as a determinant of cell fate following CSE treatment associated with reduced 

mitochondrial function, mitophagy and increase ROS production (Ahmad et al., 2015; Hara 

et al., 2013). Prior reports have shown that mitophagy is the quality control mechanism in 

mitochondria associated with several cellular processes, such as cellular senescence, 

apoptosis and necroptosis in a stress- and cell-type dependent manner (Ahmad et al., 2015; 

Hara et al., 2013; Ito et al., 2015;Mizumura et al., 2014). During oxidative stress-induced 

mitochondrial dysfunction, mitochondrial membrane depolarization stabilizes PINK1, which 

then recruits PARK2 (Parkin: an E3-ubiquitin ligase) to the mitochondria (Ashrafi and 

Schwarz, 2013; Vincow et al., 2013). PARK2 ubiquitinates mitochondrial proteins such as 

MFNs, thereby prevent mitochondrial fusion. Thus, it activates the localization of damaged 

mitochondria to microtubule-associated protein 1 light chain 3 (MAP1LC3/LC3), resulting 

in the formation of autophagosomes through the adaptor protein SQSTM1/p62 (Ni et al., 

2015). Hence, autophagosomes containing dysfunctional mitochondria is fused with the 

lysosomes and removed from the cells (Ashrafi and Schwarz, 2013; Chen and Dorn, 2013; 

Ni et al., 2015).

Our data corroborate with the previous report that show increase in CS-induced ROS from 

damaged mitochondria leading to cellular senescence in primary lung epithelial cells (Hara 

et al., 2013; Ito et al., 2015). Prior evidence from in vitro studies on mitochondrial 

morphology demonstrates varied outcomes. For example, low dose of CSE induced 

mitochondrial elongation that was accompanied by heightened metabolic activity without 

any change in mitochondrial function and ROS production in mouse alveolar epithelial cells 

(Ballweg et al., 2014). Earlier reports from BEAS2B (exposed to CS for 1 week) and airway 

smooth muscle cells (exposed to CSE for 24 h) showed an increase in mitochondrial ROS 

(Aravamudan et al., 2014; Malinska et al., 2018). Mitochondrial elongation was observed in 
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other cell types such as human fibroblast and lung alveolar epithelial cells treated with low 

dose CSE (Ahmad et al., 2015; Ballweg et al., 2014). In contrast, prior reports support that 

increasing dose of CSE or long-term CSE treatment induced mitochondrial fragmentation in 

primary lung epithelial cells as shown in this study (Hara et al., 2013; Ito et al., 2015). In 

another study, human bronchial epithelial cells exposed to CSE for 6 months demonstrated 

mitochondrial elongation (Hoffmann et al., 2013). Studies using human primary lung 

epithelial cells and tissues from patients with COPD showed both elongated and fragmented 

mitochondria (Hara et al., 2013; Hoffmann et al., 2013). ASM cells from patients with 

COPD show reduced membrane potential, ATP content, complex expression levels 

associated with changes in basal and maximal respiration, and respiratory spare capacity 

including increased mt-ROS compared to healthy controls (Wiegman et al., 2015). Thus, our 

data on CSE-induced mitochondrial dysfunction in primary lung epithelial cells corroborate 

with findings reported in ASM cells from patients with COPD.

We observed a dose- and time-dependent effect in the mitochondrial dysfunction parameters 

measured in SAEC vs. NHBE cells (24 hrs vs. 15 days post CSE treatment). In a recent 

study, similar to what we found in primary lung epithelial cells, BEAS2B cells when 

exposed to 1 week with the reference cigarettes (3R4F) show decreased mitochondrial 

respiration (basal and maximal respiration) accompanied with a decrease in the content of 

selected mitochondrial OXPHOS protein complexes I and II (Malinska et al., 2018). Our 

findings on CSE treatment induced changes in abundance of respiratory chain complexes I-

IV partly correlate with the above mentioned study (Malinska et al., 2018). Hoffmann et al., 

found increased levels of specific repiratory chain subunits in long-term CSE-treated 

BEAS2B cells which was in contrast to what we observed in this study (Hoffmann et al., 

2013). In a recent study, 1-week exposure outcomes were conflicting to 12-weeks exposure 

data from BEAS2B cells to 3R4F in terms of mitochondrial respiration (increased basal, 

maximal respiration and proton leak) (Malinska et al., 2018). This could be explained as 

possible adaptive mechanisms, that allow survival of cells during conditions of chronic 

stress. These discrepancies in the literature following CSE treatment could be due to 

different protocols of exposures followed, treatment regeims, dose and time duration used, 

and cell-types tested by different investigators.

Both Pink1 and Parkin target Miro1 for phosphorylation, ubiquitination, and degradation, 

which quarantine damaged mitochondria for mitophagy (Birsa et al., 2014; Kane and Youle, 

2011; Kazlauskaite et al., 2014; Liu et al., 2012; Wang et al., 2011). Reduction in Pink1/

Parkin may be associated with impaired mitophagy via Miro1 in response to CS. Our result 

showed that Miro1 abundance was decreased in primary human lung cells (SAEC and 

NHBE) treated with CSE. Immunoblot analysis showed the involvement of important 

mitochondrial proteins, such as Rho GTPase1 (Miro1), dynamin-related protein 1 (Drp1), 

mitofusin2 (Mfn2), and Pink1 in mitochondrial dysfunction caused by CSE. We speculate 

Miro1 reduction observed in our model of mitochondrial dysfunction may be caused as a 

result of Parkin activation-mediated ubiquitination and degradation of Miro1 as reported 

recently (Safiulina et al., 2019a), or due to oxidative postransational modifications of Miro1 

(unpublished data). Current studies have provided new insights into the role of Miro1 

(Rhot1) and Miro2 (Rhot2) in PINK1/Parkin-dependent mitophagy (López-Doménech et al., 

2018; Safiulina et al., 2019a, b), which requires further investigation in the context of CS/
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CSE-induced mitochondrial dysfunction models (in vitro and in vivo). Mitochondrial 

transfer is shown to occur in co-culture cellular system (Spees et al., 2006). Manipulation of 

this process may hold promise as a novel therapeutic tool for diseases wherein mitochondrial 

dysfunction is a critical aspect of progression and etiology (Ahmad et al., 2014; Islam et al., 

2012;Li et al., 2014; Otsu et al., 2009; Plotnikov et al., 2008). Miro1 plays an impotant role 

in regulating mitochondrial morphogenesis and tracking along microtubules (Desai et al., 

2013; Morlino et al., 2014). However, it remains unknown whether Miro1 enhances 

mitochondria transfer into lung epithelial (airway/alveolar) cells and increased protection 

against chronic CS stress-induced injurious responses.

5. Conclusion

In summary, we show that CSE treatment in primary lung epithelial cells causes 

mitochondrial dysfunction associated with increased mitochondrial ROS and mitochondrial 

mass and reduced membrane potential. CSE treatment affects abundance of OXPHOS 

protein complexes which correlated with alterations in mitochondrial respiratory chain as 

evidenced by reduced basal and maximal respiration, ATP production and spare capacity 

ananlyzed by Seahorse as early as 2 hrs–24 hrs in BEAS2B and primary human lung 

epithelial cells (SAEC and NHBE). CSE treatment for 15 days in primary lung epithelial 

cells showed increase in mitochondrial fragmentation and perinuclear mitochondrial 

clustering around the nucleus. These changes in mitochondrial structure were linked to 

increased Drp1 and reduced Mfn2 protein abundance which play crucial role in 

mitochondrial fission/fusion. Additionally, we found CSE treatment significantly reduced 

the protein levels of GTPase Miro1 that is involved in mitochondrial trafficking and 

mitophagy marker Pink1 in primary lung epithelial cells. Currently, we are examining the 

role of Miro1 in mitochondrial transfer mechanisms that can be used to restore 

mitochondrial function in damaged lung epithelial cells (airway and alveolar type II) 

following CSE treatment in the context of mitophagy and cellular senescence. Hence, 

understanding the mechanism of Miro1-mediated mitochondrial transfer will provide a 

rationale for developing novel autologous MSC/MSC-derived extracellular vesicles-based 

translational strategies for treatment of a variety of conditions including chronic lung 

diseases associated with dysfunctional mitochondria.
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Fig. 1. 
CSE treatment causes mitochondrial dysfunction as well as mtROS generation in primary 

human lung epithelial cells. SAEC and NHBE were treated with CSE (0.25%) for 24 h or 

every alternate day for 15 days. (A) Fluorescence-activated cell sorting (FACS) analysis of 

SAEC and NHBE cells stained with tetramethylrhodamine ethyl ester (TMRE; Δψm) for 

quantitative assessment of mitochondrial membrane potential, MitoTracker green 

(mitochondrial mass), and MitoSOX red for detection of mtROS. Data are shown as mean ± 

SEM with n=4–6/group. *P < 0.05, **P < 0.01, ***P < 0.001, vs control.
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Fig. 2. 
CSE altered mitochondrial OXPHOS capacity in primary human lung epithelial cells. SAEC 

and NHBE cells were treated with CSE (0.25%) every alternate day for 15 days. (A) 

Representative Western blot images for Total OXPHOS showing altered levels of 

mitochondrial Complex I (NDUFB8), Complex II (SDHB), Complex III (UQCRC2), 

Complex IV (COX II) with no change in Complex V (ATP5A) relative to β-actin loading 

control. (B) Densitometry of the corresponding mitochondrial complexes (Complex I–V) 

was normalized with β-actin as loading control. Data are shown as mean ± SEM with n = 4–

6 per group. *P < 0.05, **P < 0.01, ***P < 0.001, vs control.
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Fig. 3. 
CSE altered mitochondrial OXPHOS proteins in human lung epithelial cells. BEAS2B cells 

were treated with CSE (0.25%) every alternate day for 15 days. Representative Western blot 

images for Total OXPHOS showing altered levels of mitochondrial Complex I (NDUFB8) 

and Complex II (SDHB), with no change in Complex III (UQCRC2), Complex IV (COX II) 

or Complex V (ATP5A) relative to β-actin loading control. Densitometry of the 

corresponding mitochondrial complexes (Complexes I–V) was normalized with β-actin as 

loading control. Data are shown as mean ± SEM with n= 3 per group. **P < 0.01 vs control.
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Fig. 4. 
CSE reduces mitochondrial function as measured by oxygen consumption rate (OCR) an 

indicator of oxidative phosphorylation (OXPHOS) in human lung epithelial cells. BEAS2B, 

NHBE and DHBE cells were treated with CSE (0.5–1.0%) for 1–2 hrs or 24 h. 

Mitochondrial oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

was evaluated by using a Seahorse XFp analyzer in (A–B) BEAS2B, (C–D) NHBE and 

DHBE cells. CS-induced suppression of basal OCR, ECAR, maximal respiration, proton 

leak, ATP production and spare capacity. Data are mean ± SEM, n = 2–3 per group. *P < 

0.05, **P < 0.01, vs respective controls.

Sundar et al. Page 17

Toxicol Lett. Author manuscript; available in PMC 2020 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
CSE causes mitochondrial dysfunction, perinuclear mitochondria clustering and 

fragmentation in primary human lung epithelial cells. SAEC and NHBE cells were treated 

with CSE (0.25%) for 15 days. (A) Representative electron microscopy (EM) images from 

control and CSE treated SAEC showing perinuclear mitochondria clustering around the 

nucleus. Red arrows indicates the nuclear membrane and white circle with dotted lines 

indicates perinuclear mitochondria. (B-C) Representative EM images of SAEC and NHBE 

cells treated with CSE showing fragmented mitochondria. Mitochondrial fragment length 

were determined from same magnification images obtained in multiple cells from both 

control and CSE treated group using Image J. Scale bars; 1 μm. Data are shown as mean ± 

SEM with n = 3-4. *P < 0.05, **P < 0.01, vs control.
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Fig. 6. 
CSE reduces Miro1 and Pink1 abundance and augments Drp1 levels in primary lung 

epithelial cells. SAEC and NHBE cells were treated with CSE (0.25%) every alternate day 

for 15 days. (A) Representative Western blot images for SAEC and NHBE cells showing 

reduced Miro1 levels and (B) SAEC cells showing increased Drp1 and (C–D) NHBE cells 

showing reduced Mfn2 and Pink1 levels. Densitometry of the corresponding protein band 

was normalized with β-actin as loading control. Data are mean ± SEM, n = 3–5 per group. 

**P < 0.01, ***P < 0.001, vs control.
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