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Abstract

The mechanisms of toxicity during exposure of the airways to chlorinated biomolecules generated 

during the course of inflammation and chlorine (Cl2) gas are poorly understood. We hypothesized 

that lung epithelial cell mitochondria are damaged by Cl2 exposure and activation of autophagy 

mitigates this injury. To address this, NCI-H441 (Human lung adenocarcinoma epithelial) cells 

were exposed to Cl2 (100 ppm/15 min) and bioenergetics were assessed. One hour after Cl2, 

cellular bioenergetic function and mitochondrial membrane potential were decreased. These 

changes were associated with increased MitoSOX™ signal and treatment with the mitochondrial 

redox modulator, MitoQ, attenuated these bioenergetic defects. At six hours post exposure, there 

was significant increase of autophagy, which was associated with an improvement of 

mitochondrial function. Pre-treatment of H441 cells with trehalose (an autophagy activator) 

improved bioenergetic function whereas 3-methyladenine (an autophagy inhibitor) resulted in 

increased bioenergetic dysfunction 1 hour post Cl2 exposure. These data indicate that Cl2 induces 

bioenergetic dysfunction and autophagy plays a protective role in vitro. Addition of trehalose (2 

vol%) in the drinking water of C57BL/6 mice for 6 weeks, but not 1 week, before Cl2 (400 

ppm/30 min) decreased white blood cells in the BAL at 6 h post Cl2 by 70%. Acute administration 
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of trehalose delivered through inhalation 24 and 1 h prior to the exposure decreased alveolar 

permeability but not cell infiltration. These data indicate that Cl2 induces bioenergetic dysfunction 

associated with lung inflammation and suggests that autophagy plays a protective role.
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Introduction

Mitochondria are now emerging as key regulators of cell survival in response to stress [1] 

but little is known of their role in lung injury. This is particularly important for exposure to 

reactive toxicants, which can be released in industrial accidents or acts of terrorism. An 

important example is chlorine (Cl2) which is a highly irritant and reactive gas produced in 

large quantities throughout the world and used extensively for pulp bleaching, waste 

sanitation and in the manufacturing of various pharmaceuticals. It also poses significant 

threat to public health when inhaled. Between 1940 and 2007, the accidental release of large 

amounts of Cl2 in 30 large cities world-wide (such as the train derailment in Graniteville, 

South Carolina [2], the industrial accident in a chemical plant near Apex, NC, the 

malfunction of Cl2 delivery systems to a water park near Sacramento, CA (described in the 

local press) caused significant lung injury, which in some cases progressed, to Adult 

Respiratory Distress Syndrome and death from respiratory failure [2, 3]. For example, sixty 

tons of Cl2 were released in Graniteville, South Carolina, following a train derailment. 

Average Cl2 levels during a 30 min exposure period were 6, 868, 837 and 89 ppm at 0.2, 

0.5, 1 and 2 km down-wind from the epicenter of the accident [4]. Eight persons died before 

reaching medical care; of the 71 persons hospitalized for acute health effects because of 

chlorine exposure, 1 died in the hospital). Twenty-five (35%) persons were admitted to the 

intensive care unit; the median length of stay was 3 days [2]. In addition to these public 

disasters, from 2000–2004, there were about 6,000 calls for Cl2 related injuries to US poison 

control centers for Cl2 related injuries each year.

Our previous studies suggested increased production of superoxide in the mitochondria of 

alveolar type II cells exposed to Cl2 [5]. However, the contribution of mitochondria 

originated reactive species to cellular injury following exposure of lung epithelial cells to 

sublethal concentrations of Cl2 gas has not been elucidated. Exposure of cells to oxidants 
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causes bioenergetic dysfunction, and increased production of mitochondrial superoxide and 

hydrogen peroxide can further compromise the healthy mitochondrial population leading to 

increased inflammation and in extreme cases cell death [6–8].

Animals, which survive Cl2 exposure, develop severe reactive airway disease syndrome and 

mucous hyperplasia [9]. There is no safe exposure to Cl2: even domestic exposure to low 

levels of Cl2 may result in wheezing and exacerbate the clinical outcome of asthma and 

chronic obstructive pulmonary disease [10]. When inhaled, Cl2 reacts with water in the 

epithelial lining fluid hypochlorous (HOCl) and hydrochloric acid (HCl) according to the 

following equation: [11]:

(1)

At the pH of epithelial lining fluid (6.9), more than 99% of inhaled Cl2 will be converted to 

HOCl, which exists in equilibrium with its conjugated base hypochlorite (OCl−). As 

reviewed previously [12], millimolar concentrations of HOCl may be generated by activated 

neutrophils and eosinophils by the catalytic actions of neutrophil and eosinophil derived 

peroxidases on chloride (Cl−) and hydrogen peroxide (H2O2) in close proximity to the apical 

and basolateral membranes of epithelial cells [13, 14]. The main targets of HOCl and OCl− 

are sulfhydryl groups [15, 16], free amino groups of proteins, plasma amino acids [17]) and 

aromatic amino acids (yielding chlorotyrosine [18–20]). In addition, the interaction of HOCl 

with surface plasmalogens, which exist both in pulmonary surfactant and on the surfaces of 

epithelial cells, generates a variety of chlorinated lipids including chlorinated sterols and 

fatty acids, chlorohydrins and α-chloro fatty aldehydes [21]. These compounds may 

propagate injury after the cessation of Cl2 exposure through damage to amiloride sensitive 

epithelial channels contributing to the formation of pulmonary edema [12]. Our previous 

studies show that the effects of these reactive intermediates can be partially ameliorated, by 

the administration of low molecular weight antioxidants after the cessation of Cl2 exposure 

[5, 9, 22, 23]. However, the low bioavailability and lack of targeting to specific regions of 

oxidative damage limit the efficacy of these interventions.

Proteins or organelles modified by reactive species are targeted for removal by the 

lysosomal-autophagy systems and the selective removal of damaged mitochondria by 

mitophagy is a critical step in maintaining mitochondrial quality control [1, 24, 25]. 

However, mitophagy can fail or become overwhelmed due to increased mitochondrial 

superoxide/hydrogen peroxide formation suggesting that therapeutic intervention to enhance 

mitochondrial quality control by controlling oxidative stress may be beneficial. In support of 

this concept, delivery of MnSOD, an antioxidant enzyme targeting the mitochondria, 

protected cells and animals from hyperoxic lung injury [26, 27].

In the present study, we tested the hypothesis that acute exposure of human Clara-cell like 

epithelial cells (H441) to Cl2, in concentrations likely to be encountered near industrial 

accidents, resulted in the formation of mitochondrial superoxide, and affected mitochondrial 

oxygen consumption, membrane potential, and glycolysis and inhibited the activity of 

complexes in the mitochondrial transport chain. We then tested the ability of a mitochondria 

targeted redox modulator (MitoQ) to mitigate injury to the mitochondria of intact epithelial 
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cells and evaluated the contribution of autophagy in mitigating Cl2 induced injury to the 

mitochondria either by treating cells with trehalose (an autophagy activator) or 3-

methyladenine (3-MA, an autophagy inhibitor). Finally, we treated animals by 

administration of oral trehalose over 6 weeks or acute intra-tracheal trehalose prior to Cl2 

exposure. We found that chronic treatment with trehalose decreased inflammatory cell 

infiltration whereas acute treatment attenuated leakage of protein into the BAL. Our data 

offers new insights into the mechanisms by which Cl2 damages epithelial cells and suggests 

that autophagy may play an important role in limiting the extent of injury in vitro and in 

vivo.

Material and Methods

Reagents

Oligomycin, antimycin A, FCCP (Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone), 

pyruvate, malic acid, rotenone, sodium azide, succinate, ADP, Ascorbate, saponin, MTT (3-

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), 3-methyladenine (3-MA), 

N,N-Diethyl-p-phenylenediamine (DPD), and trehalose were purchased from Sigma Aldrich 

(St. Louis, MO). MitoSOX™ Red, MitoTracker Green, and Tetramethyl Rhodamine Methyl 

Ester (TMRM) were purchased from Invitrogen (Carlsbad, CA). Protease inhibitor cocktail 

(complete, Mini) was purchased from Roche (Indianapolis, IN). Polyclonal antibodies 

against microtubule-associated protein 1B light chain 3 (LC3B) was purchased from Sigma 

Aldrich (St. Louis, MO). Full range rainbow molecular weight markers, 4–20% SDS Page 

gels and secondary antibodies were obtained from Bio-Rad Laboratories Inc. (Hercules, 

CA).

Cell lines and cell culture

Human airway Clara-cell like H441 cells were obtained from American Type Culture 

Collection (Manassas, VA, USA) and were maintained in RPMI 1640 (Roswell Park 

Memorial Institute, Buffalo, NY) medium (Invitrogen) with 10% (v/v) Fetal Bovine Serum 

(FBS), 2 mM L-glutamine, and 1% penicillin-streptomycin. Cells were kept at 37°C in a 

humidified incubator vented with 95% air/ 5% CO2 and were used between passages 10–20. 

Cell cycle analysis by FACS revealed that 51% of the cells were in G1, 36% in G2 and 13% 

in S phase. Removing the FBS for 29 h did not alter the cell cycle. Thus, we opted to culture 

cells with complete media for all experimental measurements. For all extracellular flux 

measurements and western blots measurements, H441 cells were plated at a seeding density 

of 40–80,000 cells/well on specialized XF24 tissue culture plates and maintained at 37°C in 

a humidified incubator vented with 95% air/ 5% CO2 for up to 24 h. For 

immunofluorescence and FACS analysis studies, H441 cells were cultured on µ-Dish 35 mm 

grid-500 (ibid, LLC, Verona, WI) for 24 h.

Exposure of cells to Cl2

Immediately prior to exposure to Cl2, the normal growth medium was replaced with 50 µl of 

Normal Ringers (120 NaCl, 25 NaHCO3, 3.3 KH2PO4, 0.83 K2HPO4, and 1.2mM CaCl2 

and MgCl2) containing ascorbic acid (AA; 1 mM), reduced glutathione (GSH; 0.12 mM) 

and urate (0.03 mM) (referred to as the exposure media). The concentrations of the 
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antioxidants are similar to those in the rat epithelial lining fluid [3, 28]. Cells were then 

placed in a glass chamber inside a water jacketed incubator maintained at 37°C, and exposed 

to the desired Cl2 concentration (75–200 ppm in 5% CO2) for 15 min as previously 

described [5]. The presence of 25 mM HCO3 in the medium and 5% CO2 in the gas mixture 

maintained the pH of the exposure media to 7.4 despite the presence of a significant acid 

load generated by the hydrolysis of Cl2. The concentration of Cl2 in the chamber was 

measured continuously with an Interscan Corporations (model RM34-1000 m) Cl2 detector 

as described previously [23]. In addition, the consistency of the Cl2 exposure to 100 ppm for 

15 min, was assessed by the measuring the OCl−-dependent oxidation of DPD (N,N-diethyl-

p-phenylenediamine) which results in an increased absorbance of the oxidized dye at 509nm 

[29]. A standard curve was constructed by adding using known concentrations of sodium 

hypochlorite (NaOCl). Under these conditions the levels of OCl− shortly after exposure was 

estimated to be 0.13 ± 0.007 µM (mean±1SEM; n=10) and showed no significant variation 

between different days of exposure. These data show that the exposure of Cl2 to the cells 

generates HOCl in a consistent fashion between experiments. At the end of the exposure, the 

cells were removed from the glass chamber and placed in a different incubator where they 

were maintained in air/5% CO2 at 37°C for up to 24 h. Previous studies have shown that 

there is no significant evaporation of the medium during the exposure period [5].

Measurement of Reactive Intermediates: (I) immunofluorescence

At 1, 6 and 24 h post exposure, H441 cells were stained with MitoTracker® Green FM (100 

nM), a green fluorescent mitochondrial stain which localizes in the mitochondria regardless 

of the membrane potential, and MitoSOX™ Red (100 nM), which also targets the 

mitochondria and when oxidized by superoxide, hydroxyl radicals or peroxynitrite 

fluoresces red (both from Life Sciences Technologies, Invitrogen) for 15 min; cells were 

then washed two times with HBSS and imaged with an Olympus Fluoview Confocal Laser 

Scanning Microscope (magnification 60X). Absorption/emission maxima for MitoSOX™ 

were 510/580 nm and for Mitotracker 579/599nm. Nuclei were counterstained with 4',6-

diamidino-2-phenylindole (DAPI) blue fluorescent dye (Thermo Fischer Scientific Inc., 

Rockford, IL).

FACS analysis

At 1, 6 or 24 h post exposure, H441 cells were washed once with PBS and lifted from the 

plates by addition of 0.25% trypsin and 1 mM EDTA; trypsin was neutralized by addition of 

complete media and samples were centrifuged for 2 min at 400g to pellet the cells; 

subsequently pellets were washed two times with HBSS, and incubated with MitoSOX™ 

Red (100 nM) for 15min. Flow Cytometry analysis was performed with a Becton Dickinson 

BDLSRII cytometer using the 488nm Argon ion laser for excitation of MitoSOX™ 

associated fluorescence; the fluorescent signal was detected using a 556 longpass and a 

575/25 nm bandpass filters. Data were analyzed using BD FACSDiva v6.1.3 software (BD 

Biosciences, San Jose, CA). Following the initial analysis, MitoSOX™ histogram overlays 

were then generated using FloJo 7.6 (Tree Star, Ashland, OR) software.
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Apoptosis and necrosis

H441 cells were exposed to 100 ppm Cl2 for 15 min. One-hour later cells were washed with 

PBS, lifted from the plates by trypsinization, and incubated with Annexin V FITC/

Propidium Iodide (Cayman Chemical Company, MI, USA) according to the manufacturer’s 

specifications. Flow Cytometry analysis was performed with a Becton Dickinson BDLSRII 

cytometer. Data were analyzed using BD FACSDiva v6.1.3 software (BD Biosciences, San 

Jose, CA).

Mitochondrial membrane potential

At either 0.5 h or 5.5 h post exposure, a fraction of H441 cells were incubated with the 

mitochondrial uncoupler FCCP (10 µM) while others were left in ELF. After another 30 min 

the cell permeant, cationic dye Tetramethyl Rhodamine Methyl Ester (TMRM; 100 nM; Life 

Science Technologies, Invitrogen), which is sequestered by active mitochondria, was added 

into the media for 30 min. At the end of this period, extracellular fluorescence was quenched 

by the addition of trypan blue for 5 minutes and fluorescence levels were measured with a 

micro plate reader (BMC FLUOstar OPTIMA Microplate Reader; BMG LABTECH Inc., 

Cary NC). Results are expressed as the (TMRP-FCCP) fluorescence.

Cellular Bioenergetics

Oxygen consumption rates (OCR) were determined using an Extracellular Flux Analyzer 

(XF24) from Seahorse Biosciences (North Billerica, MA) which measures O2 consumption 

in intact cells [30]. At 0.5, 5.5 and 23.5 h post exposure, H441 cells were washed with XF-

DMEM (DMEM base media supplemented with 5 mM Glucose, 4 mM L-glutamate, 1 mM 

Pyruvate, pH 7.4 at 37°C) before the assay and allowed to equilibrate in this medium for 30 

min. Basal respiration in these cells varied between 200 and 300 pmol O2/min over the 

course of these experiments and for this reason data is expressed in % in some cases to aid 

comparison between data. Mitochondrial function assays were performed and analyzed as 

described previously [30, 31]. In brief, following measurements of basal rate of oxygen 

consumption, oligomycin (1 µg/ml), FCCP (0.75 µM) and antimycin-A (10 µM) were 

injected sequentially. The ATP linked OCR was calculated as the difference rates prior to 

and following addition of oligomycin; Maximal Oxygen Consumption rate as the difference 

of the FCCP and antimycin-A rates; The bioenergetic reserve capacity is the difference 

between the maximal and basal OCR rates and represents the mitochondrial function that 

can be used for increased energy demand during stress; the non-mitochondrial OCR was the 

remaining OCR after injection of antimycin-A[32]. All rates were corrected for protein 

levels to account for changes in cell viability in response to Cl2. Extracellular acidification 

rate (ECAR), an indicator of glycolysis, was measured in parallel with the OCR under the 

same conditions; the Maximal ECAR was ECAR after Oligomycin injection. To assess the 

contribution of increased levels of reactive intermediates to OCR, in some experiments, 

H441 cells were pretreated with MitoQ (100 nM), which is a concentration shown to have 

little or no effect on mitochondrial function in cell culture [33], or a corresponding amount 

of vehicle for 1 h prior to being exposed to Cl2. To measure the effects of Cl2 on 

mitochondrial bioenergetics, we permeabilized Cl2 exposed H441 cells using saponin, added 
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substrates for Complexes I, II or IV as described [34], and measured oxygen consumption 

rates.

Autophagy

At different time-points post Cl2 exposure, cells were lysed by incubating them with RIPA 

lysis buffer (Thermo Scientific, Rockford, IL, USA) containing protease inhibitors at 4°C 

for 30 min. Samples were then centrifuged for 20 minutes at 14000 g, and protein 

concentrations were measured using a bicinchoninic acid (BCA) assay kit (Thermo 

Scientific) or Lowry DC Protein Assay (Bio-Rad) as previously described [35]. Equal 

amounts of proteins were loaded into 4–20% Tris·HCl Criterion precast gels (Bio-Rad 

Laboratories, Hercules, CA) and transferred to polyvinylidene fluoride membranes (Bio-Rad 

Laboratories). Non-specific sites were blocked with 5% nonfat dry milk in PBS and probed 

with an antibodies against either LC3B (Sigma-Aldrich, Saint Louis, MO, USA) or p62/

SQSTM1 (Novus Biologicals, Littleton, CO, USA) proteins overnight at 4°C. Membranes 

were then washed and probed with a secondary antibody conjugated to horseradish 

peroxidase (HRP) and the signal detected by the addition of chemiluminescence substrate 

and exposure to Fuji medical X-ray films (Fujifilm Medical Systems, Stamford, CT). 

Densitometry was performed with AlphaView SA software (ProteinSimple, Santa Clara, 

CA); signals were normalized to total loaded protein, as quantified by Amido black (Sigma-

Aldrich, Saint Louis, MO, USA) staining of the same membrane at the end of the 

experiment, to control for possible differences in loading. To assess the extent of autophagic 

flux, H441 cells were pre-incubated with chloroquine (40 µM), a lysosomotropic agent that 

inhibits lysosomal activities for 2 h prior to exposure to Cl2 [24, 36]. In some experiments, 

H441 cells were incubate with trehalose (25 mM; a natural alpha-linked disaccharide formed 

by an α,α-1,1-glucoside bond between two α-glucose units shown to enhance autophagy via 

an mTOR independent pathway; [37]) or with 3-methyladenine (3-MA, 1 mM; a 

phosphoinositide 3-kinase inhibitor) which suppresses autophagy [31] for 24 h. 

Measurements of cellular bioenergetics in Cl2 exposed cells were then repeated as described 

above. In other studies, we assessed whether pre-treatment of H441 cells with Trehalose 

decreased apoptosis/necrosis as described above.

In vivo studies

Mice were treated with Trehalose using 2 protocols. In the first Trehalose (2 vol%) was 

added in the drinking water of C57BL/6 mice for 6 weeks. Mice were then exposed to a 

sublethal concentration of Cl2 (400 ppm for 30 min) as described previously [5] and 

returned to room air for 6 h. At that time, they were sacrificed and their lungs were lavaged 

with two separate 1 ml washes of sterile normal cells. Cells were pelleted by centrifuging 

the BAL at 1500 g for 5 min at 4°C. Total number of cells was determined with a 

hemocytometer; cells were then cytospan onto glass slides, stained with Diff-Quick™ Stain 

(Siemens, USA) and number of macrophages, neutrophils and lymphocytes determined.

In the second protocol, mice breathed aerosolized trehalose or vehicle generated by an 

AirLife Brand Misty Max 10TM Disposable Nebulizer for 20 min at 1 and 23 h pre-

exposure to Cl2 gas (400 ppm for 30 min). This nebulizer delivers aerosols with mass 

median aerodynamic diameter of 2.2 µM with a GSD of 2 µM at a flow rate of 5 L/min. The 
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Inhaled dose (ID) is calculated from the following equation (online supplement of [23] ), 

ID= CT x VE x T, where CT = aerosol concentration (mg/L), VE = minute ventilation (L/

min), and T = aerosol delivery time (min). The aerosol concentration was calculated by 

placing a filter in the place of the mouse and calculating net weight gain over the exposure 

period. Based on the mean geometric diameter of our aerosolized particles (2.2 µm), 40%, 

and 5% of the inhaled trehalose reaches the upper airways distal lung spaces respectively. 

The calculated deposited dose in their distal lung spaces was 0.1 mg. Control mice receive 

aerosol vehicle alone. One hour after the second aerosol delivery, mice were exposed to Cl2 

(400 ppm for 30 min) and returned to room air. Six h later they were sacrificed, their lungs 

lavaged with 1 ml of fluid, and the protein concentration in the BAL was measured as an 

index of alveolar epithelial injury. Levels of LCB3 in lung tissues were assessed by Western 

blotting as described above measured in lung tissues to assess levels of autophagy.

Statistics

All experimental results are presented as means ± SE. Student's t-test was used for statistical 

analysis for comparison of two groups. The comparison of statistical significance among 

three or more groups was determined by one-way analysis of variance (ANOVA) followed 

by pairwise comparisons with Tukey's test.

Results

Mitochondrial Bioenergetics after Chlorine Exposure

In the first series of experiments, we determined the effects of Cl2 on cellular bioenergetics. 

Figure 1A shows oxygen consumption rates (normalized for levels of cellular protein) for 

H441 cells exposed to 75, 100, and 200 ppm Cl2 for 15 min and returned to room air for 1 h. 

Exposure to 100 ppm Cl2 had no effect on basal respiration but resulted in significant 

decrease of the maximal mitochondrial respiration, and the bioenergetic reserve capacity, an 

index of cellular energy for repair and protection against oxidative stress (Figure 1B) [32]. 

There was also an increase in non-mitochondrial respiration (measured post-antimycin 

injection) consistent with a potential increase in oxygen consuming processes capable of 

generating reactive oxygen species. The identity of the non-mitochondrial oxygen 

consuming processes is unknown at the present time. These changes were transient and 

returned to baseline at 6 h post exposure. In contrast, at 1 h, post exposure of H441 cells to 

200 ppm Cl2 for 15 min basal oxygen consumption was decreased to almost zero and this 

change was not reversible. Thus, for all subsequent studies, H441 cells were exposed to 100 

ppm for 15 min and measurements were performed at 1 or 6 h post exposure.

To ensure that the observed changes in mitochondrial bioenergetics were not due to Cl2 

induced cell injury we exposed H441 cells to Cl2 (100 ppm for 15 min) and measured the 

extent of necrosis and apoptosis when returned to room air. As can be seen in supplementary 

Figure 1, exposure to Cl2 did not alter the number of necrotic cells at either 1 or 6 h post 

exposure. There was a small, but not significant change, in the number of late apoptotic 

cells.
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In the next series of experiments, we assessed levels of mitochondrial oxidation of 

MitoSOX™ in H441 cells exposed to Cl2 and returned to 95% air/5% CO2. At 1 h post 

exposure there was a significant increase in MitoSOX™ fluorescence in a fraction of the 

H441 cells (Figure 2B, E) which co-localized with Mitotracker green (Figure 2C, F). FACS 

analysis of H441 cells showed significant increase of MitoSOX™ associated-fluorescence at 

1 and 6 h post Cl2 exposure and returned close to basal levels at 24 h (Figure 2G). However, 

MitoSOX™ fluorescence at 24 h was still significantly higher than control. There are 

limitations to the measurement of mitochondrial superoxide/hydrogen peroxide with 

MitoSOXTM and the underlying mechanism is not clear but they are consistent with an 

intra-mitochondrial pro-oxidant process [38]. Importantly, these findings are consistent with 

our previous data showing elevated levels of reactive species in primary cultures of alveolar 

type II cells at 24 h post Cl2 exposure as measured by electron spin resonance [5].

Contribution of Mitochondrial Oxidative Stress to Cl2-Dependent Bioenergetic Dysfunction

In the next series of experiments, we evaluated the potential contribution of mitochondrial 

oxidative stress to inhibition of cellular bioenergetics. As shown in Figure 3 A, B, pre-

treatment of H441 cells with MitoQ (100 nM) for 1 h partially prevented the Cl2-dependent 

decrease of Maximal OCR but did not affect non-mitochondrial OCR. The oxygen 

consuming processes, which contribute to this value, are unknown in this cell type and may 

not be mitochondrial in origin. To determine whether the targeting triphenylphosphonium 

group of MitoQ mediated the protective effects experiments were performed with decylTPP 

which lacks the quinol group [33]. At the same concentration of MitoQ, which attenuated 

the loss of maximal respiration on Cl2 exposure the non-redox active compound showed no 

effect (result not shown). We also measured changes in extracellular acidification (ECAR), 

which represents the compensatory increase in glycolysis when mitochondrial ATP 

synthesis is inhibited [30]. Exposure to Cl2 resulted in a significant decrease in the Maximal 

ECAR (calculated as the oligomycin stimulated ECAR-basal ECAR) which was partially 

prevented by MitoQ (Figure 3C). Exposure to Cl2 also decreased the mitochondrial 

membrane potential and MitoQ pretreatment prevented this change (Figure 3D).

Using the same Cl2 exposure protocol the effects on the mitochondrial electron transport 

chain were determined using selective permeabilization of the plasma membrane with 

saponin and addition of mitochondrial substrates to measure State 3 complex I and II linked 

respiration in the presence of ADP [34]. As shown in Figure 4A a basal measurement 

saponin is added and complex I linked substrates with ADP, followed rotenone were added. 

The decrease in OCR on the addition of rotenone is ascribed to complex I. Next complex II 

substrates are added and the oxygen consumption is stimulated and inhibited by antimycin. 

Figure 4B shows the results for the complex IV using the artificial electron donors 

ascorbate/TMPD in the presence of ADP, which stimulates the oxygen consumption rate, 

which is inhibited by sodium azide, a complex IV inhibitor. The calculated mitochondrial 

complex activities are shown in Figure 4C and demonstrate significant inhibition by Cl2 of 

both complexes I and II but not complex IV.
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The Impact of Cl2 Exposure on Autophagy

Maintaining mitochondrial quality control through removing damaged mitochondria is an 

important property of macroautophagy [32]. To determine if autophagy is activated in 

response to Cl2 exposure we first determined the levels of LC3-II in H441 cells at 1–24 h 

post exposure, and found increased LC3-II levels 6 h post-exposure that was sustained at 24 

h (Figures 5 A-B). To determine whether the increase in LC3-II was due to upregulation of 

autophagy or decreased autophagic flux, we measured LC3-II levels in H441 cells pre-

treated with chloroquine and then exposed to Cl2. As shown in Figures 5C, and D, 

significantly higher levels of LC3-II were observed in chloroquine-treated cells exposed to 

Cl2 as compared to those treated with chloroquine alone. These data support the hypothesis 

that exposure to Cl2 increased autophagy. Concomitantly, at 6 h post-exposure there was a 

significant decrease of p62 protein, consistent with increased autophagy. (Figure 5E, F). 

Furthermore, the fact that chloroquine (which inhibits autophagic flux by inhibiting 

lysosomal activities) further increased levels of LC3-II at 6 h post Cl2 exposure indicates 

that autophagy was not maximal. These results support the conclusion that increased levels 

of LC3-II were due to increased autophagy per se rather than inhibition of autophagic flux.

The Impact of Autophagy on Bioenergetics in Cells with Cl2 Exposure

In our next series of experiments, we tested whether autophagy was beneficial in the 

amelioration of Cl2 induced injury to the mitochondria by pre-treating the cells with 

trehalose, a disaccharide that activates autophagy through the mTOR independent pathway 

for 6 weeks [39]. As shown in Figures 6A–B pre-treatment of H441 cells with trehalose 

resulted in a concentration dependent increase of LC3-II levels; an additional increase of 

LC3-II was observed 6 h post Cl2 exposure. The increase of autophagy at 6 h post Cl2 

exposure was associated with the recovery of cellular bioenergetics (Figure 1). Pretreatment 

of H441 with trehalose did not alter the number of necrotic or apoptotic cells (data not 

shown).

Next we tested whether upregulation or inhibition of autophagy by treatment of H441 cells 

with 25 mM trehalose or 3-MA (an inhibitor of autophagy) altered the cellular bioenergetics 

of Cl2 exposed H441 cells. As shown in Figure 7 A-B, pretreatment of H441 with trehalose 

(25 mM) increased LC3-II levels by 2.5 fold at 1 h post Cl2. Furthermore, pretreatment of 

H441 cells with 25 mM trehalose mitigated largely the Cl2 induced decrease of maximal 

oxygen consumption at 1 h post exposure (Figures 7 C-D) and decreased non-mitochondrial 

OCR. Conversely, pre-treatment of H441 cells with 3-MA exacerbated the detrimental 

effects of Cl2 on ATP-linked, maximal and non-mitochondrial oxygen consumption rates on 

H441 cells (Figures 8A–B).

Trehalose decreases Cl2 induced inflammation and the increase of alveolar permeability in 
vivo

We have previously shown that Cl2 exposure in vivo results in pulmonary inflammation, 

increased permeability, and leukocyte infiltration[40, 41]. To assess the impact of autophagy 

on Cl2-dependent lung injury we used two different protocols. In the first protocol, we used 

an established regimen for trehalose dosing through oral administration for 6 weeks [42]. 

After Cl2 exposure, the cellular infiltration was determined as shown in Figure 9. As 
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expected in the control animals, almost 100% of cells in BAL were alveolar macrophages. 

In Cl2 treated mice receiving vehicle the total number of cells/ml BAL increased 

substantially at 6 h post Cl2 exposure. There were significant increases in the % of 

neutrophils (from zero to 8%) and lymphocytes (from 0.5 to 1.8%) and a concomitant 

decrease in alveolar macrophages. Administration of trehalose decreased the number of cells 

in the BAL to the corresponding air control values. Furthermore, most of the cells were 

macrophages instead of lymphocytes or neutrophils. Under these conditions, no decrease in 

the Cl2-dependent increase in alveolar permeability was seen as assessed by BAL protein 

(result not shown).

The second protocol models an acute trehalose treatment protocol directly into the airway 

through aerosolization. As shown in Figure 10, aerosolized trehalose administered at 1 and 

23 h pre-exposure increased LC3B2 levels in lung tissues, collected 6h post exposure, only 

in Cl2 exposed animals. Exposure to Cl2 induced an approximately 2 fold increase in the 

protein in BAL consistent with increased alveolar and capillary permeability to plasma 

proteins (Figure 10C), as reported previously [41]. Using the same trehalose treatment 

protocol there was no effect on protein in the BAL for the control but a striking decrease in 

protein in the BAL of trehalose and Cl2 exposed mice (63% ).

Discussion

Exposure of the airways to chlorine (Cl2) gas is an important occupational hazard, which 

lacks effective treatments and a mechanistic understanding of its toxicity. The potential 

damage to the mitochondrion and the engagement of the autophagy pathway has not been 

previously considered. Previously, we have shown using electron spin resonance the 

presence of free radicals in alveolar type II cells exposed to Cl2 and returned to room air for 

up to 24 h [5]. However, whether these species originated from membrane, cytoplasmic or 

mitochondrial sources were not investigated. Herein we show increased MitoSOX™ 

fluorescence, which co-localized with MitoTracker, consistent with an intra-mitochondrial 

pro-oxidant environment, in human distal airway cells up to 6 h post exposure. MitoSOXTM 

is a non-specific probe and oxidation could be due to increased superoxide/hydrogen 

peroxide or modification of cytochrome c [38]. Within 1h of Cl2 exposure cellular 

bioenergetics were impaired with increased non-mitochondrial OCR and decreased maximal 

respiration (Figure 1). The impact of Cl2 on bioenergetic parameters is dependent on the 

exposure to CL2 with an acute increase in toxicity between 75 and 100 ppm, which is most 

likely due to the consumption of the antioxidants in the ELF bathing the cells. Bioenergetic 

defects could be ameliorated by the mitochondrially targeted redox active compound MitoQ 

but not its redox inactive analog (Figure 3). Measurement of oxidative phosphorylation 

indicated impairment of both complexes I and II linked substrates but not complex IV, 

which is consistent with damage to complex III, which is the point at which electrons from 

both complex I and II are channeled (Figure 4). Since it is likely that the effects of Cl2 are 

pleiotropic, these do not rule out the possibility of inhibition of other targets contributing to 

bioenergetic dysfunction. Further investigations are required to define the precise point of 

inhibition of the mitochondrial function by Cl2.
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This is the first evidence that exposure of human airway cells to sublethal concentrations of 

Cl2 gas, in concentrations likely to be encountered in the vicinity of industrial accidents [4], 

under conditions designed to model the lung-air interface, (i.e. while the cells covered by 

small amounts of fluid containing urate, GSH and ascorbate in concentrations found in vivo 

[3]) decreased mitochondrial function. This is a critically important aspect of our study since 

we have shown previously that Cl2 and its hydration product HOCl will first react with 

antioxidants in the lung epithelial lining fluid prior to reacting with biological targets on the 

cell surfaces [11]. Animals exposed to Cl2 have decreased levels of ascorbate in their lung 

tissues [9, 28] and post exposure administration of low molecular weight scavengers 

decreases Cl2 induced lung injury and improved mortality [5, 9, 43]. The fact that 

pretreatment of airway cells with MitoQ, a mitochondrial modulator of superoxide/hydrogen 

peroxide signaling [44–46] prevented mitochondrial injury clearly implicates mitochondrial 

dysfunction redox regulation in complex I and II of the respiratory chain as a mediator of 

this toxicity. The mechanisms through which MitoQ exerts its effects are most likely 

through changing mitochondrial superoxide/hydrogen peroxide signaling as we have 

previously suggested[44] recently, it has been shown that MitoQ can promote autophagy, 

which is an additional mechanism that could also be functioning after Cl2 exposure [47].

Our data also clearly demonstrate that at 6 h post exposure maximal cellular respiration, and 

mitochondrial membrane potential had essentially returned to baseline although levels of 

MitoSOXTM fluorescence were still elevated. These data suggests a dynamic restoration of 

the mitochondrial population through quality control mechanisms. Autophagy is essential 

for this process since it removes damaged cytosolic and mitochondrial organelles, which are 

sequestered and delivered to lysosomes for degradation and recycling [24, 48, 49]. Proteins 

or organelles modified by reactive species are targeted for removal by the lysosomal-

autophagy system and the selective removal of mitochondria by mitophagy is a critical step 

in maintaining mitochondrial quality control [1, 24, 25, 32]. The conversion of microtubule-

associated protein-1 light chain B (LC3B) from its free form (LC3BI) to 

phosphatidylethanolamine-conjugated form (LC3BII) is a major step in autophagosomes 

formation [50, 51]. In our studies, we quantified only LC3BII levels, since appearance of 

LC3BI band was very variable and was not consistently detected. P62 is an adaptor protein, 

which binds LC3B, and decreased levels of p62 are thought to be indicative of autophagy 

[52]. Our data showing increased levels of LC3BII and decreased levels of p62 at 6 h post 

Cl2 in H441 cells establish the presence of autophagy, which is associated with recovery of 

mitochondrial injury. Furthermore, the fact that chloroquine (which inhibits autophagic flux 

by inhibiting lysosomal activities) further increased levels of LCBII at 6 h post Cl2 exposure 

supports the premise that increased levels of LC3BII were due to increased autophagy.

There is considerable debate as to whether autophagy contributes to or mitigates the 

pathology of pulmonary disease [24, 48]. For example, Chen et al. [53] reported that 

cigarette smoke increased LC3B levels by decreasing HDAC activity and increasing binding 

of early growth response-1 (Egr-1) and E2F factors to the promoter region of LC3B and 

increased autophagy was essential component of cigarette smoke injury to lung epithelial 

cells. Furthermore, prevention of the autophagic response in mice exposed to cigarette 

smoke decreased the severity of emphysema. On the other hand, Lee et al. [54] reported that 
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low levels of carbon monoxide upregulated autophagy in lung epithelial cells by increasing 

mitochondrial superoxide/hydrogen peroxide and autophagy was essential for conferring 

protection of lung epithelial cells from hyperoxia. Insufficient autophagy was also 

responsible for accelerated cellular senescence of lung epithelial cells and myofibroblasts 

differentiation [52]. Here we show that autophagy plays an important protective role in 

diminishing Cl2 induced injury to the mitochondria: pre-incubation of H441 cells with 

trehalose increased LC3BII in both air and Cl2 exposed cells at 1 h post exposure and 

mitigated the decrease of maximal OCR at that time. Inhibition of autophagy with 3-MA 

worsened Cl2 induced bioenergetic dysfunction. This has been previously shown in other 

models of cellular oxidative stress [31, 55], and one possible protective mechanism is to 

remove of damaged mitochondria which could contribute to bioenergetic failure in the cells 

and amplify the effects of oxidative stress [32, 56].

A characteristic feature of Cl2 exposed mice is the development of an intense inflammatory 

response, which is characterized by a large influx of inflammatory cells (mainly neutrophils 

and lymphocytes) and a decrease in the number of resident alveolar macrophages [40]. 

Activated neutrophils secrete myeloperoxidase, which catalyzes the oxidation of Cl− by 

H2O2 to yield HOCl, thus compounding Cl2 induced injury to the lung and systemic 

endothelia [57]. A novel finding in our studies is the demonstration that chronic pre-

treatment by addition of trehalose to the drinking water of mice for 6 weeks abrogated the 

infiltration of inflammatory cells, which would confer a significant advantage to these mice 

and enhance tissue repair (Figure 8). In a separate protocol, we used an acute trehalose 

protocol through aerosolization into the airway modeling a more realistic scenario for first 

responders to a Cl2 exposure. In this case, we found that trehalose increased the levels of 

LC3IIB in lung tissue on Cl2 exposure and this was associated with a significant decrease in 

lung permeability. The reasons for these differences in response related to the mode of 

administration are not clear at present but we have observed similar effects with other 

protective agents such as nitrite [58]. Although future experiments are still needed to 

determine the exact mechanism which may include both an activation of autophagy and 

chemical chaperone activities [42, 59], this observation clearly indicates a beneficial effect 

of trehalose in protecting against Cl2 induced lung injury.

In summary, these studies highlight the potential importance of the maintenance of 

mitochondrial function in the recovery of the lung to exposure to toxicants such as Cl2 and 

the potential utility of the autophagy pathway as a therapeutic strategy for acute lung injury 

mediated by toxic agents such as Cl2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Chlorine (Cl2) is often released into the atmosphere because of industrial 

accidents

• Accidental exposure of humans to Cl2 results in severe injury to lungs and heart

• Exposure of lung epithelial cells to Cl2 damages:

❖ complexes I and II but not complex IV

❖ Mitochondrial bioenergetics as measured by the Sea Horse Analyzer

• Upregulation of autophagy by trehalose decreases mitochondrial injury

• Exposure of mice to Cl2 results in lung inflammation and alveolar injury

• Intratracheal trehalose increases lung autophagy and decreases injury
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Figure 1. Effects of Cl2 on mitochondrial bioenergetics in H441 cells
(A) Oxygen consumption rates (OCR; pmol/mg/µg protein) of H441 cells exposed to 

different concentrations of Cl2 (75, 100, and 200 ppm, 15 minutes) and returned to 95% 

air/5% CO2 for 1 h in at 37°C. Control cells (0 ppm) were exposed to 95% air/5% CO2. 

Following measurements of basal OCR, oligomycin (O; 1 µg/ml), FCCP (F; 0.75 µM) and 

antimycin-A (A; 10 µM) were injected sequentially into the chambers. Values are means ± 

SEM; n=7–10 samples each for each group. (B) Bioenergetics profile of H441 cells exposed 

to 95% air/5% CO2 (Con) or Cl2 (100 ppm, 15 min) and returned to 95% air/5% CO2 for 1 

or 6 h. Maximal OCR is obtained after FCCP stimulated OCR minus the non-mitochondrial, 

and reserve capacity is the difference between FCCP stimulated minus basal OCRs. Basal 

values (100%) are the values for each condition just prior addition of oligomycin. Results 

are means ± SEM of 3 independent experiments,*p <0.05 compare to control.
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Figure 2. Exposure to Cl2 increases mitochondrial superoxide/hydrogen peroxide
H441 cells immersed in 50 µl of artificial ELF were exposed to 95% air/5% CO2 as control 

(A–C) or Cl2 (D-F; 100 ppm for 15 min) and returned to 95% air/5% CO2 for 1 h. Prior to 

imaging with confocal laser microscopy cells were incubated with MitoSOX™ (100 nM; red 

color) for 15 min. and MitoTracker (100 nM; green color). Most of Cl2 exposed H441 cells 

showed higher levels of red fluorescence compared to controls (panels E and B). 

MitoSOX™ fluorescence localized with MitoTracker (F; yellow color) consistent with the 

presence of reactive species in mitochondria. Nuclei were counterstained with DAPI (blue). 
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Representative images from three independent experiments are shown. (G) H441 

MitoSOX™ fluorescence quantified by FACS analysis at the indicated times post Cl2 (100 

ppm for 15 min). Means ± SEM from three independent experiments; *p<0.005 compared to 

control.
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Figure 3. MitoQ (MQ) mitigates Cl2 induced injury
(A) OCR of H441 pre-treated with MitoQ (100 nM) or vehicle (DMSO) for 1 h and then 

exposed to Cl2 (100 ppm/15 min) or 95% air/5%CO2 (Con) and returned to 95% air/5% 

CO2 for 1 h. Results of a typical experiment which was repeated twice. Values are means ± 

SEM; n= 8–10 samples per group. Values for each group are expressed as % of their 

corresponding basal values just prior to the addition of oligomycin since basal values varied 

between cell preparations (200–300 pmoles O2/min). (B) Quantification of Maximal and 

Non-Mitochondrial OCR (C) Quantification of Maximal Extracellular Acidification Rates 
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(ECAR). Values were corrected for protein levels and expressed as % of basal values (as 

described in panel A). Means ± SEM; n=8–10 samples. (D) FCCP sensitive portion of 

TMRM (tetramethylrhodamine methyl ester) fluorescence as an index of mitochondrial 

membrane potential. Values are means ± SEM; n=40–45 samples from three different 

experiments,*p<0.05 compared to control, † p<0.05 compared to Cl2.
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Figure 4. Effects of Cl2 on mitochondrial function in permeabilized H441 cells
H441 cells were exposed to air (Con) or Cl2 100 ppm/15 minutes and returned to 95% air, 

5% CO2 for 1 hr. Basal oxygen consumption rate was established then (A) saponin (Sap; 10 

µg/ml, which permeabilized cell membranes) con-injected with substrates for complex I (5 

mM Pyruvate/2.5 mM Malate and 1 mM ADP), then rotenone (R; 1 µM), substrates for 

complex II (10 mM Succinate and 1 mM ADP), and Antimicin-A (A; 10 µM) were added 

(B) Saponin and substrates for complex IV (0.5 mM TMPD/2 mM Ascorbate and 1 mM 

ADP), then Azide (AZ; 20 mM) were added. (C) OCR due to complex-I, II, and IV were 
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calculated from 3 independent experiments. Values are means ± SEM; n=5=7 per 

group,*p<0.05 compared to control.
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Figure 5. Cl2 induces autophagy in H441 cells
H441 cells were exposed to either air or Cl2 100 ppm/15 minutes and returned to 95% air, 

5% CO2. Cells were lysed at time points indicated: 0, 1, 2, 4, 6, and 24 h post Cl2 exposure. 

Equal amounts of protein were loaded on the 4–20% SDS Page gel. (A) Western blots with a 

primary antibody against LC3B. Both LC3-I and LC3-II bands, indicated by the upper and 

lower arrows, are shown for the indicated times post exposure to Cl2 (+) or 95% air/5% CO2 

(-). (B) Quantitation of LC3BII band (expressed as % increase of the corresponding 

95%air/5% CO2 value for the same time interval). Values are means ± SEM; n=4–5 for each 
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time point, * p<0.05 compared to the air value. (C) Western blots for LC3B after incubation 

of H411 cells with chloroquine (CQ; 40 µM) for 2 h or control prior to exposure to Cl2 (100 

ppm, 15 min) and returned to 95%air/5% CO2 for the indicated periods of time (1 and 6 h). 

(D) Quantification of Western blots shown in C. (E) Typical Western blots for p62 at 1 and 

6 h post Cl2 exposure. Control (-) or Cl2 (+; 100 ppm/15 min). (F) Quantification of western 

blots (fold increase compared to corresponding control values). Values are mean ± SEM.; 

n=5–6 per condition, *p <0.05 compared to control, † p <0.05 compared to control + CQ, ‡ 

p <0.05 compared to chlorine.
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Figure 6. Trehalose pretreatment induces autophagy in H441 cells
(A) H441 cells were pretreated with 10, 25, 50 or 100 mM trehalose (Treh) or vehicle for 24 

h. Some of these cells were then exposed to Cl2 (100ppm/15 min) and returned to 

95%air/5% CO2 for 6 h; control cells were kept at 95%air/5% CO2 for 6 h. At the end of 6 

h, cells were lysed and levels of LC3 determined by western blotting using antibodies 

against LC3B as described in Figure 4. (B) Fold increase of H441 LC3BII 6 h post Cl2 (100 

ppm, 15 min) as compared to control treatment. Values are means ± SEM; n=3–11 
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independent experiments. * p<0.05 compared to the corresponding Air values; † p <0.05 

compared to the corresponding vehicle (no trehalose) values.
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Figure 7. Trehalose mitigates decrease of cellular bioenergetics of Cl2 exposed H441 cells
H441 cells were pre-treated with trehalose (Treh; 25 mM) or vehicle for 24 h and then 

exposed to either Cl2 (100 ppm, 15 min) or control (95%air/5% CO2). (A) Western blots at 1 

h post Cl2. (B) Quantification of western blots shown in A. Values are means ± SEM; n=4. 

(C) Representative trace of OCR measurements of trehalose pre-treated cells 1 h post Cl2 

exposure. All conditions are as described above. Values are means ± SEM; n=5–6 samples 

per group. (D) Bioenergetic profile from 3 independent experiments. Mean ± SEM; n=3 of 
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oxygen consumption rates (expressed as % of basal). *p<0.05 compared to control, † p<0.05 

compared to chlorine.
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Figure 8. 3-MA exacerbates Cl2-induced mitochondrial injury
H441 cells were treated with 3-MA (1 mM; a phosphatidylinositol 3-kinase inhibitor) for 24 

h prior to exposure to Cl2 (100 ppm, 15 min) or control (95%air/5%CO2). Cellular 

bioenergetics was measured 1 h post exposure. (A) Representative trace of OCR is shown. 

(B) Quantification as % form basal of ATP-linked, Maximal OCR, and non-mitochondrial 

oxygen consumption rates. Means ± SEM; n=14–17, from two independent experiments, * 

p<0.05 compared to control, † p<0.05 compared to Control + 3MA, ‡ p<0.05 compared to 

chlorine.

Jurkuvenaite et al. Page 32

Free Radic Biol Med. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. Trehalose decreases leukocyte infiltration into BAL in Cl2 exposed mice
Trehalose (2 % g/vol) was added in the drinking water of C57BL/6 mice for 6 weeks. 

Animals were exposed to 400 ppm Cl2 for 30 min, returned to room air, sacrificed at 6 h 

post exposure and their lungs lavaged with 2 ml of saline as described previously [41]. (A) 

Total # cells in BAL; (B) Lymphocytes (% of total cells); (C) neutrophils (% of total cells); 

(D) alveolar macrophages (% of total cells). Individual points represent measurements for 

individual mice. The box shows one standard error of the mean; the whiskers one standard 
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deviation; the straight line inside the box is the median and the little square the mean; * † 

p<0.05 as indicated. *p<0.05 compared to control, †p<0.05 compared to Chlorine.

Jurkuvenaite et al. Page 34

Free Radic Biol Med. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. Trehalose upregulates autophagy in mouse lung
Mice were pretreated with trehalose or vehicle prior to exposure to Cl2 (400 ppm for 30 

min). At 6 h post exposure, lung tissue were isolated and homogenized with RIPA lysis 

buffer. (A) Equal amounts of protein were loaded on the 4–20% SDS Page gel. Proteins 

were transferred to PVDF membrane and western blot was done using primary antibody 

against LC3B. (B) Quantification of LC3B fold increase form control. (C) Trehalose 

mitigates Cl2 induced increase of blood-gas barrier permeability in C57Bl/6 mice. 

Measurements of total protein in the BAL of mice 6 h post exposure to air or Cl2 (400 ppm 
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for 30 min). Mice inhaled trehalose or vehicle via nose only aerosol at 23 and 1 h prior to 

exposure to Cl2. Data are expressed as means ± SEM. N=3 per group, *p<0.05 compared to 

control, †p<0.05 compared to Cl2 value.
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