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Abstract

Long-term exposure to cigarette smoke (CS) triggers airway hyperreactivity and remodeling, 

effects that involve airway smooth muscle (ASM). We previously showed that CS destabilizes the 

networked morphology of mitochondria in human ASM by regulating the expression of 

mitochondrial fission and fusion proteins via multiple signaling mechanisms. Emerging data link 

regulation of mitochondrial morphology to cellular structure and function. We hypothesized that 

CS-induced changes in ASM mitochondrial morphology detrimentally affect mitochondrial 

function, leading to CS effects on contractility and remodeling. Here, ASM cells were exposed to 

1% cigarette smoke extract (CSE) for 48 hours to alter mitochondrial fission/fusion, or by 

inhibiting the fission protein Drp1 or the fusion protein Mfn2. Mitochondrial function was 

assessed via changes in bioenergetics or altered rates of proliferation and apoptosis. Our results 

indicate that both exposure to CS and inhibition of mitochondrial fission/ fusion proteins affect 

mitochondrial function (i.e., energy metabolism, proliferation and apoptosis) in ASM cells. In 
vivo, the airways in mice chronically exposed to CS are thickened and fibrotic, and the expression 

of proteins involved in mitochondrial function is dramatically altered in the ASM of these mice. 

We conclude that CS-induced changes in mitochondrial morphology (fission/ fusion balance) 

correlate with mitochondrial function, and thus may control ASM proliferation, which plays a 

central role in airway health.
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Introduction

Chronic exposure to cigarette smoke (CS) is known to exacerbate airway diseases such as 

asthma by contributing to airway hyperresponsiveness and structural changes. Changes in 

ASM cell proliferation could be a potential mechanism via which CS effects are exerted on 

the airway (1–7). However, the signaling pathways that mediate CS effects on ASM are still 

under investigation.

There is now increasing recognition that beyond being vital for energy production and 

cellular metabolism, mitochondria are key players in reactive oxygen species (ROS) 

production, calcium buffering and cell fate determination. In this regard, there is also 

increasing evidence that the dynamic morphology of mitochondrial networks is important. 

During homeostasis, long, contiguous tracks of fused mitochondria and branching networks 

predominate (driven by regulatory proteins such as the Mitofusins (Mfn)), while upon 

exposure to stress (inflammation, environmental factors), mitochondria undergo fission, their 

networks are unraveled and a fragmented morphology becomes more prominent (regulated 

by proteins such as Drp1) (8–12). In addition to defining mitochondrial morphology cycling 

of the fission and fusion events also bears functional importance influencing mitochondrial 

mixing, integrity of the mitochondrial DNA, cellular adaptability to stress, mitochondrial 

respiration, and cell fate determination (10).

Considerable evidence has come to light suggesting that mitochondrial morphology (i.e., 

fission/ fusion balance) is linked to the mitochondrion’s primary function, namely energy 

metabolism (13,14). Since mitochondrial fission-fusion balance is highly sensitive to 

environmental changes it stands to reason that changes in mitochondrial morphology 

translate to alterations in mitochondrial function, and in mitochondria-dependent cellular 

events. For example, while the bioenergetic function of mitochondria has been reported to 

influence cell proliferation (15–18), mitochondrial fission and fusion have also been shown 

to influence proliferation (19–23).

The relevance of mitochondrial fission and fusion to ASM structure and function 

particularly in the context of airway diseases is emerging (24–27). It is now known that CS 

induces disruption of ASM mitochondrial morphology by regulating expression of proteins 

responsible for mitochondrial fission and fusion (28,29). However, the downstream effects 

of altered ASM mitochondrial fission and fusion on mitochondrial function, particularly in 

the context of disease, are not known. Limited evidence suggests that mitochondria may be 

involved in the pathogenesis of pulmonary hypertension and asthma, where increased cell 

proliferation, defective apoptosis and a shift in energy production pathways have been 

observed (30,31). Mitochondrial contribution to COPD has also been reported (13,24,32).

There is evidence that exposure to CS is connected to an increased risk in the development 

of asthma and exacerbation of asthma symptoms (6,7,33,34). While a multitude of cell types 

in the airway can mediate CS effects and participate in asthma development, we focused on 

ASM cells for a number of reasons: i) they play a crucial role in airway contractility (35–

38); ii) they produce and respond to agents involved in inflammation and 

hyperresponsiveness (37–47), both of which are hallmarks of an asthmatic airway; and iii) 
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increase in ASM proliferation and remodeling has been identified as a major aspect of 

airway narrowing in asthma (35,37,41,42,46–49). Towards exploring ASM mitochondrial 

contribution to asthma, in an earlier study, we assessed the effect of cigarette smoke extract 

(CSE) on mitochondrial morphology in primary ASM cells (28). Our results demonstrated 

that CS increases mitochondrial fission in ASM cells (by upregulating the expression fission 

protein Drp1 and suppressing the expression of the fusion protein Mfn2), CS exposure 

elevates ROS (reactive oxygen species) production (by enhancing mitochondrial fission), 

exposure to CS causes a reduction in ATP production, and in asthmatic ASM cells, 

mitochondria are highly fragmented even under control conditions with CS worsening 

fragmentation (28). These results led us to reason that by disrupting mitochondrial networks 

and augmenting ROS generation in ASM cells, CS may profoundly impact mitochondrial 

function, thus predisposing the airway to development of asthma. Accordingly, the premise 

of the current study is that CS-induced changes in mitochondrial morphology evoke 

quantifiable changes in mitochondrial function in the ASM.

In the present study, we induced mitochondrial fragmentation in primary ASM cells using 

1% CSE with or wihout concurrent inhibition of Mfn2 or of Drp1, and examined its effects 

on energy metabolism, cell proliferation and apoptosis. We complemented in vitro studies 

with an in vivo mouse model of chronic CS exposure and assessed, via laser capture 

microdissection (LCM), the expression of proteins involved in mitochondrial function.. Our 

results show that chronic exposure to CS does indeed have a pronounced effect on ASM 

cells and that it regulates the expression of gene products that play critical roles in 

mitochondrial function. We conclude that CS treatment severely impacts both the structure 

and function of ASM mitochondria, and that upsetting the balance between mitochondrial 

fission and fusion may be a mechanism underlying the increased ASM proliferation 

observed during asthma.

Materials and Methods

Materials

Small interfering RNAs (siRNAs) against Drp1 and Mfn2 siRNA were purchased from 

Ambion-Applied Biosystems (Austin, TX). Antibodies against Cyclin D1, PCNA 

(proliferating cell Nuclear Antigen), Caspase3, Caspase9, CytC (Cytochrome C), ATP5A 

(Mitochondrial ATPase α chain) and SDHA (Succinate Dehydrogenase Subunit A) were 

obtained from Santa Cruz Biotechnologies (Santa Cruz, CA). Antibodies against Enolase 

and LDHA (Lactose Dehydrogenase subunit A) were purchased from ProteinTech 

(Rosemont, IL). Antibodies to Bcl2 were obtained from Abcam (Cambridge, MA), and β-

Actin antibodies from Sigma Aldrich (St. Louis MO). Culture plates, chemical reagents and 

cartridges for the XFe24 Extracellular Flux Analyzer were purchased from SeaHorse 

Biosciences (Billerica, MA). TMRE and MitoTracker Green dyes, and CyQuant NF Kit was 

obtained from Invitrogen/ Molecular Probes (Carlsbad, CA). Multiparameter Apoptosis Kit 

was obtained from Cayman Chemicals (Ann Arbor, MI). Oligonucleotides used as primers 

in quantitative PCR were synthesized by Integrated DNA Technologies (Coralville, IA). 

Other chemicals [including 3-Bromopyruvate (3-BP)] were purchased from Sigma Aldrich 

(St. Louis MO), unless stated otherwise.
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ASM cells

Isolation of human ASM cells by enzymatic dissociation has previously been described (59–

61). Briefly, 3rd–6th level bronchi were isolated from surgical samples of lung resections 

incidental to patient thoracic surgery at Mayo Clinic Rochester, MN (all protocols approved 

by Institutional Review Board and considered ‘minimal risk’; tissues were never obtained 

just for research purposes, but were collected from surgical pathology following tissue 

diagnosis). Studies were conducted only on ASM cells from patients confirmed as non-

smokers based on their medical histories in order to exclude confounding effects of long-

term smoke exposure on in vitro CS experiments. Following tissue collection, epithelium 

was removed, ASM dissected, immersed in ice-cold HBSS (Hanks’ Balanced Salt Solution; 

2 mM Ca2+) and cells isolated as described previously (59–61). Cells were limited to ≤3 

passages of subculture and were serum-deprived at least for 24 h prior to all experiments. 

ASM phenotype was frequently verified by expression of smooth muscle markers (actin and 

myosin, Ca2+ channel regulatory proteins such TRPC3, CD38 and Orai1), and by the lack of 

expression of epithelial and fibroblast markers as previously described (59,61).

CSE preparation

An aqueous solution of cigarette smoke extract (CSE) was prepared as previously described 

(62) using a modification of the Blue and Janoff method (63) via a smoking apparatus (50ml 

plastic syringe with a three-way stopcock), attached to a Kentucky 1RF4 cigarette and a 

sterile plastic tip. The CSE solution was sterile-filtered and used immediately. Analysis of 

nicotine and other metabolite concentrations in CSE has been reported previously (62). 1% 

CSE (diluted in serum-free medium) was used for all experiments based on our previous 

study (28).

Transfection with siRNAs

ASM cells were transfected with 200 pM siRNA against Drp1 or Mfn2 under serum- and 

antibiotic-free conditions, using Lipofectamine (Invitrogen, Carlsbad, CA), as described 

previously (28). ‘Vehicle-alone’ treatment and transfection with non-targeting RNA served 

as controls.

Mitochondrial morphology imaging and quantification

ASM cells in 8-well Lab-Teks were washed with 2mM Ca2+ HBSS (pH 7.4), loaded with 

400nM MitoTracker Green (room temperature, 5 min) and visualized under a Nikon Eclipse 

Ti imaging system using a 100×/1.45 NA Nikon Plan Apo λ lens, an LED fluorescence light 

source and 16-bit high-sensitivity CCD camera. A single cell was isolated within images by 

creating masks (NIH ImageJ software), following correction for background fluorescence. 

Mitochondria were identified, via edge detection, using a MATLAB script for thresholding. 

Area-weighted averages of mitochondrial Form Factor and Aspect Ratio in each cell were 

calculated using the procedures developed by Koopman and colleagues (64,65)

Measurement of mitochondrial respiration and glycolysis

Approximately 100,000 ASM cells were seeded onto each well of 24-well XF-24 plates 

(SeaHorse Biosciences, Billerica, MA), in DMEM (Invitrogen, Carlsbad, CA). After 6–8h, 
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cells were transfected with siRNA and 24h later exposed to CSE for an additional 24h. 

Oxygen Consumption Rate (OCR; an indicator of mitochondrial respiration) was measured 

using an XFe24 Extracellular Flux Analyzer (SeaHorse Biosciences) via manufacturer’s 

protocol. Measurements were performed in the presence of 10mM glucose and the following 

inhibitors: 9µM Oligomycin (ATP uncoupler), 0.3µM FCCP (carbonyl cyanide p-

trifluoromethoxyphenylhydrazone; accelerates electron transport chain), and 11µM 

Antimycin A (a Complex III inhibitor) with 11µM rotenone (a Complex I inhibitor), 

allowing for determination of basal respiration, ATP production, Maximal Respiration and 

Spare Respiratory Capacity. Values were normalized for total protein measured post hoc. For 

Extracellular Acidification Rate (ECAR; an indicator of glycolysis), cells were treated as 

stated previously, but were exposed to 10mM glucose, 3µM Oligomycin and 100mM 2-

Deoxy Glucose. Glycolysis, glycolytic capacity and glycolytic reserve were measured and 

normalized for total protein post hoc (66,67).

Mitochondrial Membrane Potential (MMP)

ASM cells were transfected with siRNA against Drp1 or Mfn2 and exposed to either culture 

medium or 1% CSE for 48h. Mitochondrial membrane potential was measured using 50nM 

TMRE (Tetramethyl rhodamine ethyl ester), with cells visualized on the Nikon Eclipse Ti 

imaging system (as above) using a 20×/ 0.75M 1mm DIC N2 lens. Active, intact 

mitochondria readily take up the fluorescent dye (68,69).

CyQuant Cell Proliferation Assay

Proliferation of ASM cells based on DNA content was measured as described previously 

(70). Briefly, ASM cells were grown in 96-well plates (~5,000 cells/ well), serum-deprived, 

transfected with siRNA, exposed to 1% CSE for 48h and incubated with CyQuant NF 

(Invitrogen) for 30 min. Dye (CyQuant) binding to DNA (fluorescence) was measured on a 

FlexStation3 microplate reader (Molecular Devices, Sunnyvale, CA). Dye calibrations and 

normalization were performed, as previously described (70).

Apoptosis

ASM cells were grown in 96-well plates (~5,000 cells/ well), serum-deprived, transfected 

with siRNA, and exposed to 1% CSE for 48h. Apoptosis was assayed using the 

Multiparameter Apoptosis Kit (Cayman Chemicals) which measures MMP (TMRE 

fluorescence), cell number (Hoechst dye fluorescence) and apoptosis (Annexin V-FITC 

fluorescence). All fluorescence readings were performed on a FlexStation3 microplate 

reader (TMRE fluorescence: excitation/ emission= 560/ 595 nm; Annexin V-FITC 

fluorescence: excitation/ emission= 485/ 535 nm; T Hoechst dye: excitation/ emission= 355/ 

465 nm).

In vivo CS exposure in mice

Animal procedures were approved by the Mayo Clinic Institutional Animal Care and Use 

Committee and adhered to the guidelines of the American Physiological Society. Wild-type 

C57BL6 adult mice (Jackson Laboratories, Bar Harbor, Maine) were exposed to CS using a 

Teague TE-2 System (Teague Enterprises, Woodland, CA) (71). Mice were exposed to 
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regulated concentrations of CS generated from 2 cigarettes every 10 min for a total of 3 h/

day, 5 days/week, and for 6 weeks. CS inhalation was monitored by measuring serum 

nicotine levels at the time of sacrifice (71,72).

Histological analyses

Standard protocols were used for hematoxylin and eosin (H&E) and Masson Trichrome 

(Polysciences Inc., Warrington PA) staining of 5µm lung sections. Following staining 

procedures, slides were visualized and images acquired using an Olympus Axioplan2 

microscope at a magnification of 200×.

Laser capture microdissection and PCR analysis

After completion of the long-term CS exposure regimen animals were overdosed with 

pentobarbital, lungs inflated with air (25 cm H2O) via tracheal cannulation and rapidly 

frozen under RNase-free conditions (73). Lungs from at least 4 animals per group were 

isolated and cryosectioned at 10µm under RNase-free conditions, and an Arcturus XT 

microdissection system (Molecular Devices, Sunnyvale, CA) used to microdissect 

epithelium vs. ASM from small airways (300–350 µm diameter), as described previously 

(73). Total RNA (4 caps/animal) was isolated and cDNA synthesized using standard 

techniques, with ribosomal protein S16 as internal control. Real-time PCR was performed in 

duplicates per cDNA template, and data for all cDNAs in a category (non-smoker vs. smoker 

mice) pooled for statistical analysis. All PCR reactions went through 65 amplification 

cycles. The ratio of fold change in expression of mRNA of interest was calculated by 

normalization of cycle threshold [C(t)] values of target genes (CyclinD1, Bcl2, PCNA, 

Caspase9, Cytochrome C, SDHA and ATP5A) to the reference gene (S16) using the 

comparative C(t) (ΔΔC(t)) method. Data are reported as ΔC(t) and the average ratio of fold 

change in mRNA of interest corrected for reference gene. Unexposed control was used as 

the calibrator for quantification. Primer sequences are listed in Table 1.

Q-PCR on cDNAs from ASMs

ASM cells were treated with 1% CSE for 48 h and total RNA isolated using RNeasy mini kit 

(Qiagen, Valencia, CA). Complementary DNA (cDNA) was prepared using the Transcriptor 

reverse transcription kit (Roche, Indianapolis, IN), and was used as a template for RT-PCR 

optimized for the Roche LC480 Light Cycler, with S16 as internal control. The ΔΔC(t) 

method as above was used to determine changes in expression of mRNA of interest. 

Unexposed control was used as the calibrator for quantification. Primers used for RT-PCR 

are listed in Table 2.

Immunoblotting

Standard Western blot techniques were used to determine changes in protein levels in whole 

ASM cell lysates and quantification performed on a Li-Cor Odyssey IR scanning system 

(Lincoln, NE). Band intensities were normalized against β-Actin. Extracts from at least 4 

ASM populations were used for each experiment.
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Statistical Analysis

All experiments were performed in quadruplicate using different sets of ASM cells isolated 

from at least 4 different individuals. Controls represent cells not exposed to CSE or those not 

transfected. For LCM, at least 4 animals per group were used, and 4 caps were obtained per 

animal. Comparisons were made using independent Student’s t-test or two-way ANOVA as 

appropriate. Bonferroni correction was used for repeated comparisons. Statistical 

significance was tested at the P<0.05 level. Values are reported as means ± SE. “N” values 

representing numbers of individuals are provided in the figure legends.

Results

We have previously shown that exposure to CSE induces substantial fragmentation in human 

ASM mitochondria. In addition, CS upregulates the expression of Drp1 (a cytoplasmic 

protein involved in mitochondrial fission) while reducing the expression of Mfn2 (a 

mitochondrial outer membrane protein involved in mitochondrial fusion). Furthermore, CS-

triggered changes in ASM mitochondrial morphology are mediated by increased ROS 

production and a variety of intracellular signaling pathways (28). The present study builds 

on those observations and tests if the regulation of mitochondrial morphology leads to 

alterations in mitochondrial function. First, we verified the effects of altering Drp1 or Mfn2 

level on mitochondrial morphology in untreated and CS-exposed ASM cells by using 

siRNAs. Efficacy of these siRNAs was previously tested and reported (28). As shown in 

Figure 1A, the long and networked mitochondrial tracks seen in untreated cells are no longer 

visible after CS treatment, where the mitochondria appear highly fragmented. Inhibition of 

Drp1 by siRNA results in a ‘hyperfused’ morphology, where mitochondrial tracks are longer 

and more networked than untransfected (‘Vehicle Only’) cells. When Mfn2 expression is 

blocked, however, mitochondrial fragmentation increases, even in the absence of CSE. These 

results are quantified by Form Factor and Aspect Ratio, parameters that reflect the 

complexity of mitochondrial morphology. Inducing fragmentation via exposure to CS or 

inhibiting Mfn2 dramatically reduces both Form Factor and Aspect Ratio in ASM cells 

(Figures 1B and 1C). These data clearly indicate essential roles for Drp1 and Mfn2 in 

mitochondrial fission and fusion, respectively. Thus, subsequent assays on the functional 

consequences of fission-fusion imbalance were performed in the context of altered Drp1 or 

Mfn2 expression.

In experiments measuring bioenergetic function of mitochondria in ASM cells inhibiting the 

fission protein Drp1 resulted in significant reduction in basal respiration, decreased ATP 

generation and lower spare reserve capacity of ATP production (Figure 2A, summarized in 

Figure 2B). Conversely, baseline respiration, ATP generation and capacity were elevated 

when Mfn2-dependent fusion was inhibited (Figure 2A, 2B).

We previously demonstrated that exposing ASM cells for 24h to CSE markedly decreases 

baseline respiration and mitochondrial ATP production (28). Consistent with this our current 

investigation showed lower OCR readings in CSE-exposed ASM cells (Figure 2A). 

However, we had also previously shown that CSE increases Drp1 (inducing mitochondrial 

fission) and decreases Mfn2. Therefore, in the current study we expected Drp1siRNA to 

reverse CSE effect on OCR readings. However, CSE effects on OCR parameters were 
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largely unaffected by Drp1siRNA. In contrast, Mfn2 siRNA partly reversed CSE effects on 

OCR parameters, but did not enhance these parameters to the extent seen in unexposed cells 

(Figure 2B).

One of the factors that determine the bioenergetic capacity of mitochondria is the availability 

of electron transport chain (ETC) enzymes. To test if altered expression of ETC proteins 

influences mitochondrial morphology and respiration during CS exposure, we exposed ASM 

cells transfected with Drp1 or Mfn2 siRNA to 1% CSE and examined the expression of 

succinate dehydrogenase subunit A (SDHA; an inner mitochondrial membrane enzyme that 

participates in the citric acid cycle and respiratory chain). Drp1siRNA significantly reduced 

SDHA mRNA levels, while Mfn2siRNA increased SDHA levels (Figure 3A). Exposure to 

CSE also reduced SDHA expression, an effect partly reversed by Mfn2 inhibition (Figure 

3A). A similar pattern of expression was seen with SDHA protein (Figure 3B). It should be 

noted here that we also examined a second ETC protein, ATP synthase alpha subunit 1 

(ATP5A; an inner mitochondrial membrane, complex V enzyme), and found comparable 

effects at both mRNA (Table 3) and protein (Table 4) levels.

Mitochondrial membrane potential is known to directly affect mitochondrial function 

(74,75) and perturbing the mitochondrial networking system (i.e., fission-fusion balance) has 

been shown to profoundly regulate MMP (76,77). Accordingly, we tested the effect of CS on 

MMP by exposing ASM cells to 1% CSE for 48h and then visualizing mitochondrial 

integrity using the dye TMRE. This cell-permeant, fluorescent dye is readily sequestered by 

active mitochondria (i.e., mitochondria with intact MMP). Untransfected cells and those 

transfected with Drp1siRNA have robust TMRE florescence, while Mfn2siRNA-transfected 

cells show diminished fluorescence (Figure 4). Increasing mitochondrial fragmentation by 

CS also results in a comparable loss of MMP (Figure 4), suggesting that mitochondrial 

morphology may be an important predicator for mitochondrial membrane integrity and 

mitochondrial function in ASM.

Mitochondria play a major role in maintaining cellular homeostasis by regulating the 

balance between cell proliferation and cell death (apoptosis) (11,78–83). In this regard, 

altered energy production has commonly been implicated in dysregulation of cell division 

(15–18). This prompted us to investigate the outcome of CS-induced changes in 

mitochondrial morphology in terms of cell proliferation and apoptosis. We previously 

observed an increase in ASM proliferation following 1% CSE exposure (37), and confirmed 

this in the current study (Figure 5A). Additional experiments show that Drp1siRNA inhibits 

proliferation while Mfn2 siRNA elevates ASM proliferation, both in the absence and 

presence of CSE (Figure 5A). These functional effects were corroborated at a molecular 

level, by changes in the expression of the marker proliferating cell nuclear antigen (PCNA) 

mRNA (Figure 5B) and protein (Figure 5C). We also examined Cyclin D1 and Bcl2 and 

found consistent changes in mRNA and protein (Tables 3 and 4).

In order to determine whether CS has a reciprocal effect on ASM apoptosis, we used a 

multi-parameter assay. Our results indicate that exposure to CS reduces apoptosis in ASM 

(Figure 6A). While Drp1 suppresses apoptosis, Mfn2 seems to promote it. This result was 

further supported by measuring the expression of Caspase9, an enzyme involved in the 
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apoptotic cascade. We found that CSE downregulated Caspase9 at both transcriptional 

(Figure 6B) and protein (Figure 6C) levels. Drp1 siRNA elevated Caspase9 mRNA and 

protein, whereas blocking Mfn2 had the opposite effect. Similar trends were observed for 

other apoptotic markers Caspase3 (Supplemental Figure 1) and cytochrome C (CytC; Tables 

3 and 4). Experiments in ASM conducted with apoptosis inducers Embelin and Apoptozole 

resulted in increased expression of Caspase 3 and 9, an effect counteracted by CS 

(Supplemental Figure 2)..

Our data suggest that CS-induced changes in mitochondrial fission-fusion parameters 

influence mitochondrial function (i.e., cellular energetics and cell fate determination). 

Although the relationship between Drp1 and Mfn2 is not necessarily reciprocal [despite our 

observations that CS increases Drp1 expression and mitochondrial fission (28), Drp1 

knockdown increases Mfn2 expression in ASM cells (our unpublished data) and enhances 

cell proliferation], CS actually reduces OCR parameters rather than increasing ATP 

availability for such a proliferative state. It is possible that CS redirects energy metabolism 

in such a way that the decline in oxidative mitochondrial function is compensated, while a 

proliferative phenotype is still favored. Such a scenario is possible if the cells use glycolysis 

as their primary source of ATP, rather than the more efficient oxidative phosphorylation. 

This switch has been commonly observed in several tumor cells (Warburg effect), and CS 

has been shown to induce it (84–86). To determine the effect of CS on glycolysis ASM cells 

were exposed to 1% CSE in the presence or absence of siRNA against Drp1 or Mfn2. We 

observed a significant increase in ECAR (extracellular acidification rate; indicative of robust 

glycolysis), when cells were exposed to CSE, or when Mfn2 was inhibited, while blunting 

fission reduced the glycolytic rate (Figure 7A). Glycolytic capacity and glycolytic reserve, 

two other aspects of ECAR, were also observed to increase when fission was induced, either 

by CSE or Mfn2 inhibition (Figures 7B and 7C). To check if this increase in glycolysis was 

due to a change in the expression of glycolytic enzymes, we quantified the level of Enolase, 

the enzyme that catalyzes the interconversion of 2-phosphoglycerate to 

phosphoenolpyruvate during late stage glycolysis. Enolase expression is elevated in CS-

exposed cells as well as Mfn2 siRNA-transfected cells, not only providing a possible 

explanation for the increase in ECAR rates, but also suggesting a correlation between 

mitochondrial morphology regulation and glycolysis-dependent energy production (Figure 

7D). The latter notion is further strengthened by our observation that ASM proliferation is 

significantly affected by inhibiting glycolysis. Additional experiments with ASM cells 

transfected with siRNAs against Drp1 or Mfn2 and treated with 100µM 3-BP (3-

bromopyruvate), a hexokinase inihbitor, shows 3-BP causes a reduction in ASM 

proliferation in untransfected cells; proliferation is further decreased in the cells where 

fission is blocked via Drp1siRNA (Figure 7E). Exposure to CSE seems to compensate for 

this effect, suggesting that: i) regulation of glycolysis is tied to ASM proliferation, and, ii) 

agents that disrupt mitochondrial fission- fusion equilibrium (such as CSE and Drp1/ Mfn2 

siRNAs) may regulate mitochondria-mediated ASM proliferation by interfering with the 

glycolytic pathway.

To contextualize the in vitro (human ASM) data, and to address the issue of whether 

mitochondrial fission-fusion cycle and the bioenergetics in the ASM actually contribute to 

CS effects in vivo, we evaluated ASM mitochondria in mice exposed to room air vs. CS for 
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six weeks. Lung function in CS-exposed mice was impaired, as evidenced by increased 

resistance and decreased compliance in response to methacholine stimulation (data not 

shown). Histological analyses (H&E and Masson-Trichrome) show significant thickening 

(suggestive of increased ASM mass) and fibrosis in the airways exposed to CS (Figure 8). 

We studied the expression of proteins involved in proliferation, apoptosis, and mitochondrial 

oxidative phosphorylation, using LCM-based mRNA analysis on the ASM layer isolated 

from the airways of these mice. We found significant differences in gene expression patterns 

in CS-exposed airways compared to unexposed airways (Figure 9). Expression of 

proliferation markers such as PCNA, CyclinD1 and Bcl2 increased in CS-exposed airways, 

while apoptosis proteins CytC and Caspase-9 were downregulated (Figures 9A and B). CS 

also blunted the expression of ETC proteins SDHA and ATP5A (Figure 9C). Additionally, 

we performed LCM-based PCR analysis of airway epithelial layers from the same animals 

and found the changes in expression of the same genes comparable to those seen with the 

ASM layer (data not shown). The marked and consistent changes in mRNA expression 

observed in the ASM layer as well as the epithelial layer suggest that the effects of chronic 

CS exposure directly influence ASM cells

Discussion

Environmental factors such as cigarette smoke contribute to airway diseases including 

asthma. In asthma, altered cell proliferation and airway remodeling are key features. Thus, 

understanding the mechanisms by which CS affects airway cells, causing structural and 

functional changes in lung disease becomes vital. The current study makes several novel 

contributions by establishing a link between mitochondrial morphology and mitochondrial 

function in ASM cells, in terms of changes in oxidative phosphorylation vs. glycolysis, as 

well as global cellular functions in the context of CS exposure in vivo.

Our quantification of mitochondrial bioenergetic function highlights the importance of the 

integrity of mitochondrial networks in energy production. Regulation of mitochondrial 

morphology by oxidative phosphorylation has been reported in skin fibroblasts (87). 

Although this study examined networked vs. fragmented mitochondria, it did not extend the 

analysis to individual proteins involved in mitochondrial fission vs. fusion. The present 

study dissects the relationship between mitochondrial morphology and oxidative 

phosphorylation, demonstrating that blocking fission (by Drp1siRNA) reduces energy 

metabolism, while inhibition of fusion (via Mfn2siRNA) enhances ATP generation in the 

airway. The former finding is consistent with what has been previously shown in HeLa cells 

(88).

Previously, we demonstrated that CS is a potent inducer of mitochondrial fission in human 

ASM cells (28). Our present study suggests that CS-induced changes in mitochondrial 

fission-fusion parameters influence mitochondrial function (i.e., cellular energetics and cell 

fate determination). However, the relationships between Drp1 vs. Mfn2 and CS effects on 

OCR are not entirely reciprocal: although CSE increases Drp1 and mitochondrial fission 

(28), and enhances cell proliferation, we found that CS actually reduces OCR parameters 

rather than increasing ATP availability, which would be required for a proliferative state. 

One obvious explanation is CS cytotoxicity. However, we did not observe increased cell 
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death due to CS treatment; in fact, our results show an increase in proliferation as a result of 

CS exposure. Thus, even though there is an elevated demand for ATP production (due to CS-

induced stress), mitochondria are unable to supply the required energy through oxidative 

phosphorylation. One potential reason, as we have shown here, is that there is an anomalous 

expression of proteins involved in ATP synthesis via ETC. Alternatively (but not mutually 

exclusively), ROS generated through CS modify ROS scavengers (antioxidant enzymes such 

as GSH, for example), which in turn leads to decreases in ATP synthesis and reserve 

capacity. We did not specifically explore ROS in this study, but this phenomenon has been 

observed in aortic smooth muscle cells (89). Even though normal ETC activity results in 

ROS generation, cellular antioxidant mechanisms balance it out, thereby averting significant 

cellular damage. Conversely, disrupting mitochondrial function by inhibiting ETC 

complexes increases ROS production, thereby overwhelming cellular ROS scavenging 

systems (90). There is increasing evidence signifying the link between mitochondrial 

function and the pathogenesis of airway diseases. For example, decreased mitochondrial 

function, consequential to blocking ETC and increased ROS production have been observed 

in the lungs of COPD patients (91), and NADPH oxidase has been identified as a causative 

agent for allergic airway inflammation (92).

An intriguing result from our study is the change in SDHA expression. This subunit of 

Complex II of the respiratory chain has been reported to act as a tumor suppressor (93,94). 

On the other hand, its expression has also been shown to increase in certain invasive tumors 

(95). In line with our proliferation data, CS seems to downregulate SDHA expression, 

suggesting that SDHA may be anti-proliferative; however, inhibition of Drp1, which is pro-

proliferative, also decreases SDHA expression. While this discrepancy requires further 

exploration, previous studies in smooth muscle cells suggest that ROS signaling is a 

plausible mechanism that controls SDHA expression (96).

Spare respiratory capacity is the extra mitochondrial capability utilized by a cell under 

extreme stress, and is thought to be vital for long-term cell survival (97–100). CS depletion 

of reserve capacity may thus indicate ASM response to environmental stress, where 

mitochondria are forced to use unconventional metabolites as energy sources (100,101). The 

resultant changes in mitochondrial properties such as membrane potential may promote the 

proliferative phenotype seen with CS exposure. In this context, it is important to understand 

the recently introduced concept of Bioenergetic Health Index (BHI) (102). BHI represents 

an individual’s mitochondrial bioenergetic profile for a specific cell type, and is calculated 

based on observations that i) the reserve capacity is higher when the mitochondria are 

healthy than when the cellular demand becomes high enough to cause mitochondrial 

dysfunction (high energy demand depletes the reserve capacity), and that ii) conditions that 

cause mitochondrial dysfunction lead to an increase in proton leak (thus reducing ATP 

production), and in non-mitochondrial respiration (such as ATP generation by glycolysis). 

We found these assumptions to be true when we compared OCR in CS-exposed ASM cells 

to controls: CS exposure caused an increase in proton leak and non-mitochondrial 

respiration (data not shown). Interestingly, we also found that the BHI value in CS-treated 

cells was lower (mean 1.28 ± SE 0.12) than untreated cells (mean 8.294 ± SE 0.685). Thus, 

it is possible that quantification of bioenergetics directly represents the extent of metabolic 

stress on a specific tissue/ cell type.
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Another major observation in our study was that the loss of balance between mitochondrial 

fission and fusion shifts the source for ATP synthesis from oxidative phosphorylation to 

glycolysis. This phenomenon is seen in tumors (103) and disease conditions such as 

pulmonary arterial hypertension (104,105). In vascular smooth muscle cells, PDGF-induced 

proliferation is accompanied by a dramatic increase in both glycolytic flux and 

mitochondrial oxygen consumption (16). In ASM cells, however, we find that agents such as 

CS that promote mitochondrial fission, while suppressing ATP production, increase 

glycolysis. This distinct trend (i.e., increased glycolytic rate with a concomitant reduction in 

ATP production) was also observed to occur in epithelial cells from CS-exposed esophagus 

(86). Similarly, a decrease in respiration has been observed in CS-exposed mouse alveolar 

cells, along with altered glycolysis, and increased palmitate utilization (84). This shift may 

explain how the increased ATP demand in CS-exposed ASM cells is met, and allows for 

proliferation and cellular survival. In this regard, it is important to point out that our 

observations of a shift towards glycolysis are unlikely to be specific to human ASM cells per 
se, since we observe comparable changes in ETC proteins in the CS-exposed mouse lung. 

Here, it is important to note that earlier studies in whole mouse lung showed that chronic CS 

exposure reduces glycolysis and upregulates ETC genes (85), i.e. in contrast to our 

observations, and the study by Kim et al. in other cell types (86). The reasons underlying 

these discrepancies are not clear. What seems more obvious is that influencing 

mitochondrial morphology via CS might subsequently affect a variety of mitochondrial 

mediated cellular functions. Interestingly, Enolase, has been used as a diagnostic marker for 

certain tumors (106–109). Similarly, an overabundance of LDHA (Lactate dehydrogenase 

subunit A) has also been observed in many tumors (110–113). Our data (Table 4) show the 

expression of LDHA following the same trend as Enolase. An increase in LDHA expression 

may diminish the amount of pyruvate entering the mitochondria for oxidative 

phosphorylation, thus blunting mitochondrial bioenergetic function.

CS regulation of cell fate (proliferation vs. apoptosis) is likely dependent on various factors 

including cell type, duration of exposure and the parameters examined. For instance, when 

hepatocytes were exposed to acrolein (an aldehyde pollutant and major component of CS), 

ATP levels are depleted, but cells undergo robust apoptosis (114). CS exposure has also been 

found to evoke release of ceramides (proapoptotic lipids) in lung, upstream of mitochondrial 

dysfunction (115). However, increased proliferation and reduced apoptosis upon exposure to 

CS (116) or polycyclic aromatic hydrocarbons (117) have been reported in bronchial 

epithelial cells. Altered energy metabolism seen following CS exposure of stromal 

fibroblasts seems to drive a tumorigenic phenotype in neighboring epithelial cells (118). It 

has been shown, at least in the case of lung fibroblasts, that sensitivity to CS may depend on 

individual variations among cell populations (119). In the present study, CS acts as a pro-

proliferative agent in both epithelium (at least in mice) and ASM, and this effect seems to be 

mediated via mitochondrial fragmentation. The relevance of this finding becomes significant 

in light of what is known about airway diseases: increased CyclinD1 expression and PKC 

activity, associated with increased proliferation is observed in asthmatic ASM (120). 

Similarly, increased proliferation, resistance to apoptosis, decreased ATP production and a 

switch to glycolysis are seen in severe pulmonary hypertension (30).
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Specific roles of the fission protein Drp1 as a proliferation promoter and the fusion protein 

Mfn2 as a proliferation suppresser have been proposed earlier: Drp1 inhibition increases 

apoptosis (15,83,121–124), while Mfn2 enhances vascular smooth muscle apoptosis via Akt 

phosphorylation, increased Caspase9 expression and CytC release (80,81). Our results are 

consistent with these reports. Indeed, we previously dissected the cytosolic (MAPK/ ERK, 

PI3K/ Akt1 and PKC) and nuclear (NFκB and Nrf2) signaling pathways that regulate Drp1 

and Mfn2 expression, in the context of CS exposure (28). Interestingly, these pathways play 

major roles in mediating cell proliferation, prompting us to speculate that at the molecular 

level, CS regulates the association between mitochondrial morphology and function by 

modulating these signaling mechanisms.

Another possible trigger for a proliferative cell phenotype is autophagy (125,126). Several 

mechanisms, including ROS signaling, enhanced cell survival through active recycling of the 

cytoplasmic cargo, regulation of lipid and glycogen metabolism, changes in mitochondrial 

structure and dynamics, and mediation of inflammatory signaling, have been speculated to 

lead to autophagy-promoted proliferation (19,122,127–131). Autophagic degradation of 

mitochondria (mitophagy) has recently garnered significant attention for its vital role in cell 

fate determination and in cellular responses to energy requirements (125,132,133), and could 

contribute to a number of diseases (130,131,134–137). Unpublished data from our lab 

indicate that an increase in mitochondrial fission, either via exposure to CS or by abrogating 

fusion protein expression, induces autophagy in ASM. Thus, it is possible that enhanced 

proliferation intensifies metabolic demands, forcing the cell to recycle its resources through 

autophagy in order to meet these demands.

Finally, our in vivo data validate the notion that in the airway, the ASM (in addition to the 

epithelium, which first experiences CS) is a major target for CS effects. Several recent 

studies have shown that long-term exposure to CS damages the epithelium and its barrier 

function (50–57), i.e., the ASM layer can be exposed to CS directly. In addition, in response 

to CS exposure, the epithelium produces factors that can influence adjoining ASM tissue 

(58). Thus, with the high likelihood that CS effects on ASM are relevant, we show that the 

ASM layer is prone to CS-induced modulation of gene expression, especially with regard to 

those involved in mitochondrial function such as energy metabolism, proliferation, and 

apoptosis, as summarized in the proposed model (Figure 10). We conclude that CS treatment 

severely impacts both the structural and functional aspects of ASM mitochondria, and that 

upsetting the balance between mitochondrial fission and fusion may be a mechanism 

underlying the increased ASM proliferation seen during asthma.
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Figure 1. Mitochondrial morphology is dynamically regulated by chronic exposure of ASM cells 
to CS or by altering the expression of proteins involved in fission and fusion
ASM cells were transfected with siRNA against mitochondrial fission protein Drp1 or the 

fusion protein Mfn2, and were either exposed to medium or to 1% CSE for 48h. 

Mitochondria were marked by loading the cells with 400nM MitoTracker Green, and were 

imaged. ‘Vehicle’ refers to ‘No Transfection’ control where the transfection reagent 

Lipofectamine, with no DNA or RNA, was added to the cells. A non-specific siRNA was 

used to control for siRNA specificity. A) Representative images depicting the normal, 

fragmented or hyperfused morphology of the mitochondrial tracks in an ASM cell. B–C) 

Quantification of mitochondrial morphology, as assessed by Form Factor that measures 

mitochondrial branching (B), and Aspect Ratio that measures the length of the branches (C). 

Both Form Factor and Aspect Ratio are indictors of the complexity of mitochondrial 

network in a cell.
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Figure 2. Energy metabolism is defective in CS-exposed ASM cells
ASM cells, transfected with siRNA against mitochondrial fission protein Drp1 or the fusion 

protein Mfn2, were either exposed to medium or 1% CSE for 24h before OCR (Oxygen 

consumption rate) was measured on an XFe24 Extracellular Flux Analyzer. ‘Vehicle’ refers 

to ‘No Transfection’ control where the transfection reagent Lipofectamine, with no DNA or 

RNA, was added to the cells. A non-specific siRNA was used to control for siRNA 

specificity. A. Representative graphs depicting the OCR trends when the cells were 

unexposed (left) or exposed to 1% CSE (right). CS clearly reduces ATP production and 

Spare Reserve Capacity. B. Quantification of mitochondrial bioenergetics in terms of ATP 

production, Maximum Respiratory Capacity and Spare Respiratory Capacity. All three 

parameters are lowered by CS. (N=4; * indicates significant difference from ‘Vehicle Only’ 

control; # indicates significant difference between Unexposed and CS-exposed systems; 

P<0.05).
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Figure 3. CS-induced fission-fusion imbalance regulates the expression of genes involved in 
mitochondrial energy metabolism in ASM cells
A–B. ASM cells, transfected with siRNA against mitochondrial fission protein Drp1 or the 

fusion protein Mfn2, were either exposed to medium or 1% CSE for 48h before total RNA 

or total protein was isolated. ‘Vehicle’ refers to ‘No Transfection’ control where the 

transfection reagent Lipofectamine, with no DNA or RNA, was added to the cells. A non-

specific siRNA was used to control for siRNA specificity. A. Total RNA was reverse 

transcribed and the cDNA was used in Q-PCR to measure the expression of SDHA enzyme, 

a vital component of ETC (See Table 3 for another ETC marker ATP5A). Inhibition of 

fission (Drp1siRNA) lessens SDHA mRNA expression, while Mfn2siRNA augments it. 

Exposure to CS reduces SDHA expression in all four transfection systems. (N=4; * indicates 

significant difference from ‘Vehicle Only’ control; # indicates significant difference between 

Unexposed and CS-exposed systems; P<0.05). B. Expression of SDHA protein shows a 

trend similar to that of its mRNA. A representative gel is presented on top, with β-Actin as 

the loading control. The graph below depicts the quantification of protein expression from 

data collected from 4 different ASM populations. See Table 4 for another ETC protein 

ATP5A. (N=4; * indicates significant difference from ‘Vehicle Only’ control; # indicates 

significant difference between Unexposed and CS-exposed systems; P<0.05).
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Figure 4. CS-regulation of mitochondrial membrane potential
ASM cells, transfected with siRNA against mitochondrial fission protein Drp1 or the fusion 

protein Mfn2, were either exposed to medium or 1% CSE for 48h before mitochondrial 

membrane integrity was visualized using 50 nM TMRE (Tetramethyl rhodamine ethyl ester; 

red). CSE and Mfn2siRNA, both of which instigate mitochondrial fragmentation, clearly 

cause a collapse in MMP. Cell nuclei are marked with DAPI (Blue). ‘Vehicle’ refers to ‘No 

Transfection’ control where the transfection reagent Lipofectamine was added to the cells in 

the absence of DNA or RNA. A non-specific siRNA was used to control for siRNA 

specificity.
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Figure 5. CS-regulation of mitochondrial morphology impacts ASM proliferation
ASM cells, transfected with siRNA against mitochondrial fission protein Drp1 or the fusion 

protein Mfn2, were either exposed to medium or 1% CSE for 48h before cell proliferation 

was assayed. ‘Vehicle’ refers to ‘No Transfection’ control where the transfection reagent 

Lipofectamine was added to the cells in the absence of DNA or RNA. A non-specific siRNA 

was used to control for siRNA specificity. A. Cell proliferation was measured using the 

CyQuant NF fluorescence dye system on a Flex Station3 microplate reader. Results indicate 

Drp1 to be pro-proliferative as inhibition via siRNA decreases proliferation; Conversely, 

Mfn2 is anti-proliferataive as siRNA treatment increases ASM cell proliferation. CS 

treatment increases proliferation in all systems. (N=4; * indicates significant difference from 

‘Vehicle Only’ control; # indicates significant difference between unexposed and CS-

exposed systems; P<0.05) B–C. ASM cells, transfected with siRNA against mitochondrial 

fission protein Drp1 or the fusion protein Mfn2, were either exposed to medium or 1% CSE 

for 48h before total RNA or total protein was isolated. B. Total RNA was reverse transcribed 

and the cDNA was used in Q-PCR to measure the expression of PCNA, a gene product that 

marks the onset of cell proliferation (See Table 3 for proliferation markers Bcl2 and Cyclin 

D). Expression of PCNA mRNA is downregulated when fission is inhibited (Drp1siRNA), 

and is upregulated when fusion is blocked (Mfn2siRNA). Exposure to CS elevates PCNA 
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expression in all four transfection systems. (N=4; * indicates significant difference from 

‘Vehicle Only’ control; # indicates significant difference between unexposed and CS-

exposed systems; P<0.05). C. Expression of PCNA protein shows a trend similar to that of 

its mRNA. A representative gel is presented with β-Actin as the loading control. The graph 

depicts the quantification of protein expression from data collected from 4 different ASM 

populations. See Table 4 for other proliferation proteins Cyclin D1 and Bcl2. (N=4; * 

indicates significant difference from ‘Vehicle Only’ control; # indicates significant 

difference between unexposed and CS-exposed systems; P<0.05).
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Figure 6. CS-regulation of mitochondrial morphology impacts ASM apoptosis
ASM cells, transfected with siRNA against mitochondrial fission protein Drp1 or the fusion 

protein Mfn2, were either exposed to medium or 1% CSE for 48h before apoptosis was 

assayed. ‘Vehicle’ refers to ‘No Transfection’ control where the transfection reagent 

Lipofectamine was added to the cells in the absence of DNA or RNA. A non-specific siRNA 

was used to control for siRNA specificity. A. Apoptotic cell death was measured using the 

Multiparameter Apoptosis Kit, which integrates fluorescence readings from MMP marker 

TMRE and cell number and nuclear morphology marker Hoechst dye with those of 

apoptosis marker Annexin V. Drp1 seems to be anti-apoptotic, as its inhibition via siRNA 

increases cell death; Mfn2, on the other hand promotes apoptosis. CS treatment increases 

proliferation in all systems. (N=4; * indicates significant difference from ‘Vehicle Only’ 

control; # indicates significant difference between unexposed and CS-exposed systems; 

P<0.05). B–C. ASM cells, transfected with siRNA against mitochondrial fission protein 

Drp1 or the fusion protein Mfn2, were either exposed to medium or 1% CSE for 48h before 

total RNA or total protein was isolated. ‘Vehicle’ refers to ‘No Transfection’ control where 

the transfection reagent Lipofectamine was added to the cells in the absence of DNA or 

RNA. A non-specific siRNA was used to control for siRNA specificity. A. Total RNA was 

reverse transcribed and the cDNA was used in Q-PCR to measure the expression of 
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Caspase9, a marker for apoptosis (See Table 3 for another marker Cytochrome C). 

Expression of Caspase9 mRNA increases when fission is inhibited (Drp1siRNA), and is 

lowered when fusion is blocked (Mfn2siRNA). Exposure to CS reduces Caspase9 expression 

in all four transfection systems. (N=4; * indicates significant difference from ‘Vehicle Only’ 

control; # indicates significant difference between unexposed and CS-exposed systems; 

P<0.05). B. Expression of Caspase9 protein shows a trend similar to that of its mRNA. A 

representative gel is presented with β-Actin as the loading control. The graph depicts the 

quantification of protein expression from data collected from 4 different ASM populations. 

See Table 4 for another apoptosis protein Cytochrome C. (N=4; * indicates significant 

difference from ‘Vehicle Only’ control; # indicates significant difference between unexposed 

and CS-exposed systems; P<0.05).
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Figure 7. CS exposure and perturbation of mitochondrial fission-fusion balance drive ASM cells 
towards glycolysis for ATP production
A–C. ASM cells, transfected with siRNA against mitochondrial fission protein Drp1 or the 

fusion protein Mfn2, were either exposed to medium or 1% CSE for 24h before ECAR 

(Extracellular acidification rate), an indicator of glycolysis, was measured on an XFe24 

Extracellular Flux Analyzer. ‘Vehicle’ refers to ‘No Transfection’ control where the 

transfection reagent Lipofectamine, with no DNA or RNA, was added to the cells. A non-

specific siRNA was used to control for siRNA specificity. An increase was observed in all 

three aspects of ECAR: the rate of glycolysis (A) glycolytic capacity (B) and glycolytic 

reserve (C), following CS exposure. (N=4; * indicates significant difference from ‘Vehicle 

Only’ control; # indicates significant difference between unexposed and CS-exposed 

systems; P<0.05) D. Total protein was isolated from untransfected, and Drp1- or 

Mfn2siRNA-transfected ASM cells and subjected to immunoblotting to analyze expression 

of glycolysis marker Enolase. (See Table 4 for another glycolysis marker LDHA). Inhibition 

of fission (Drp1siRNA) lessens Enolase expression, while Mfn2siRNA augments it. A 

representative gel is presented with β-Actin as the loading control. The graph depicts the 

quantification of protein expression from data collected from 4 different ASM populations. 

Exposure to CS elevates Enolase expression in all four transfection systems. (N=4; * 
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indicates significant difference from ‘Vehicle Only’ control; # indicates significant 

difference between unexposed and CS-exposed systems; P<0.05). E. Untransfected, and 

Drp1- or Mfn2siRNA-transfected ASM cells were treated with 100 µM 3-BP, an inhibitor of 

an early stage glycolysis enzyme hexokinase, before CS exposure. Cell proliferation was 

measured using the CyQuant NF fluorescence dye system on a Flex Station3 microplate 

reader. Results indicate inhibition of proliferation by 3-BP. CS treatment partially reverses 3-

BP effects. (N=4; * indicates significant difference from ‘Vehicle Only’ control; # indicates 

significant difference between unexposed and CS-exposed systems; P<0.05)
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Figure 8. Chronic exposure to CS causes airway thickening and remodeling
A mouse model of chronic CS exposure was developed and lungs processed for histology 

(see Methods for details). Hematoxylin and eosin (H&E) and Masson Trichrome staining 

protocols were performed on 5µm lung sections. Increased thickening of the airway 

(arrowhead) enhanced cell proliferation (yellow asterisks) and pronounced collagen 

infiltration (blue fibrous staining denoted by arrows) are evident in the lung sections from 

CS-exposed mice. Scale bar = 50µm.
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Figure 9. Chronic exposure to CS modulates multiple aspects of mitochondrial function in the 
airway
ASM layer was obtained from unexposed and CS-exposed mice (see Methods for details), 

using LCM. Messages corresponding to proteins involved in cell proliferation, apoptosis, 

and ETC were analyzed and quantified by real-time PCR. Quantifiable changes in mRNA 

expression were observed: CS upregulates proliferation (A), marked by an increase in the 

expression of Bcl2, CyclinD1 and PCNA. Expression of apoptosis markers Caspase9 and 

CytC (B), and ETC markers SDHA and ATP5A (D) are decreased in CS exposed airways, 

compared to unexposed controls. Ribosomal protein S16 was used as reference, and 

unexposed control was used as the calibrator. (N=16; * indicates significant difference from 

unexposed control; P<0.05).
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Figure 10. CS-induced changes in mitochondrial morphology lead to mitochondrial dysfunction 
and ASM proliferation
Model depicting the effects of CS exposure on ASM. CS disrupts mitochondrial networking 

in the ASM by decreasing the expression of the fusion protein Mfn2 and increasing the 

expression of the fission protein Drp1. In consequence, the bioenergetic function of 

mitochondria becomes defective, making ATP production more dependent on glycolysis 

than on oxidative phosphorylation. This switch in metabolic pathway preference (along with 

other possible mechanisms such as increased ROS production, and increased autophagy/ 

mitophagy) promotes cell proliferation contributing to airway remodeling.
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Table 1
Oligonucleotide primers for PCR of LCM-dissected ASM tissue

Forward and reverse primers specific for mouse amplicons targeted in the current study were obtained from 

Integrated DNA Technologies. Primers were used at a final concentration of 500nM in the quantitative real-

time PCR reactions.

Primer ID Sequence

mATP5A 5’ATGCAATCGACATGGAGAAGGCACAG3’/ 5’TGCGACGCATCATGTTCTGTACAGAG3’

mBcl2 5’GAGAACAGGGTATGATAACCGGGAGA3’/ 5’TTGCTCTCAGGCTGGAAGGAGAAGAT3’

mCaspase9 5’CCTTCCTCTCTTCATCTCCTGCTTAG3’/ 5’TCTGCTCCTTTGCTGTGAGTCCCATT3’

mCyclinD1 5’AGAACCTGTTGACCATCGAGGA3’/ 5’GGCTGAGGATTCTGGGTAGAAGT3’

mCytC 5’TTTGTTCAGAAGTGTGCCCAGTGCCA3’/ 5’AATACTCCATCAGGGTATCCTCTCCC3’

mPCNA 5’GGCTCTCAAAGACCTCATCAATGAGG3’/ 5’CCCGACTTCTATTACGTCTGTGGA3’

mS16 5’TGCAGGTCTTCGGACGCAAGAAAA3’/ 5’CGAATATCCACACCAGCAAATCGC3’

mSDHA 5’TGCGGCTTTCACTTCTCTGTTGGTGA3’/ 5’GCATGCAGTATTAAACCCTGCCTCAG3’
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Table 2
Oligonucleotide primers for Q-PCR on human ASM

Forward and reverse primers specific for human amplicons targeted in the current study were obtained from 

Integrated DNA Technologies. Primers were used at a final concentration of 500nM in the quantitative real-

time PCR reactions.

Primer ID Sequence

hATP5A 5’TCTTCAGAGGCTCTTCAGGTTCTCCT3’/ 5’ATCAACAGGTCCTCCAGATGTCTGTC3’

hBcl2 5’CCTGTGGATGACTGAGTACCTGAA3’/ 5’AACTGAGCAGAGTCTTCAGAGACAGC3’

hCaspase9 5’AGGCAGCTGATCATAGATCTGGAGAC3’/ 5’ACCACTGGGGTAAGGTTTTCTAGGGT3’

hCyclinD1 5’GAGAAGCTGTGCATCTACACCGACAA3’/ 5’TGCGGATGATCTGTTTGTTCTCCTCC3’

hCytC 5’TGGGTGATGTTGAGAAAGGCAAG3’/ 5’CTTATTGGCGGCTGTGTAAGAG3’

hPCNA 5’ATCCTCAAGAAGGTGTTGGAGGCACT3’/ 5’TTTGGACATACTGGTGAGGTTCACGC3’

hS16 5’CAATGGTCTCATCAAGGTGAACGG3’/ 5’CTGACGGATAGCATAAATCTGGGC3’

hSDHA 5’AACAGTGTTGCAAACAGGAACCCGAG3’/ 5’GTATTAAACCCTGCCTCAGAAAGGCC3’
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