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A B S T R A C T

We previously reported that the highly reactive cell-free heme (CFH) is increased in the plasma of patients with
chronic lung injury and causes pulmonary edema in animal model of acute respiratory distress syndrome (ARDS)
post inhalation of halogen gas. However, the mechanisms by which CFH causes pulmonary edema are unclear.
Herein we report for the first time that CFH and chlorinated lipids (formed by the interaction of halogen gas, Cl2,
with plasmalogens) are increased in the plasma of patients exposed to Cl2 gas. Ex vivo incubation of red blood
cells (RBC) with halogenated lipids caused oxidative damage to RBC cytoskeletal protein spectrin, resulting in
hemolysis and release of CFH. Patch clamp and short circuit current measurements revealed that CFH inhibited
the activity of amiloride-sensitive epithelial Na+ channel (ENaC) and cation sodium (Na+) channels in mouse
alveolar cells and trans-epithelial Na+ transport across human airway cells with EC50 of 125 nM and 500 nM,
respectively. Molecular modeling identified 22 putative heme-docking sites on ENaC (energy of binding range:
86–1563 kJ/mol) with at least 2 sites within its narrow transmembrane pore, potentially capable of blocking
Na+ transport across the channel. A single intramuscular injection of the heme-scavenging protein, hemopexin
(4 μg/kg body weight), one hour post halogen gas exposure, decreased plasma CFH and improved lung ENaC
activity in mice. In conclusion, results suggested that CFH mediated inhibition of ENaC activity may be re-
sponsible for pulmonary edema post inhalation injury.

1. Introduction

In this study we found that patients exposed to Cl2 gas during an
industrial accident in 2019 at a water treatment facility in Birmingham,
Alabama, US, had elevated plasma levels of cell-free heme (CFH). Heme
is an essential functional group of many proteins. However, non-en-
capsulated cell-free heme (CFH), a breakdown component of proteins
such as hemoglobin, myoglobin, horseradish peroxidase, cytochrome
b5, and cytochrome P450 can cause oxidative damage and impair cel-
lular integrity [1] and is implicated in the pathogenesis of several dis-
orders [2–10]. CFH is an abundant source of redox-active iron capable
of damaging lipid, protein, and DNA [11–13]. In addition, CFH inter-
calates into cell membranes and disrupts plasma membrane integrity
[14]. Under normal conditions, circulating CFH is maintained at low
levels [15] by serum albumin and hemopexin [16–19].

In a recent publication, Shaver et al. found that cell-free hemoglobin
levels in the air space correlated with alveolar-capillary barrier dys-
function in humans with acute respiratory distress syndrome (ARDS)
[20]. Further, they demonstrated that the intratracheal administration
of cell-free hemoglobin to mice resulted in alveolar-capillary barrier
disruption and acute lung injury [20]. Interestingly, they also found
that the effects of cell-free hemoglobin were mediated by the iron-
containing heme moiety of cell-free hemoglobin, as intratracheal ad-
ministration of CFH was sufficient to increase alveolar permeability in
mice [20]. In fact in our recent studies, we found that patients with
chronic obstructive pulmonary disease (COPD) also had elevated levels
of CFH [8] which correlated with the severity of the disease. In an
animal model of ARDS, we found that scavenging CFH reduced pul-
monary edema and improved lung function by attenuating the in-
flammatory cytokines and oxidative damage in the lungs suggesting
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that CFH is involved in impairing endothelial barrier function [9].
Whether, CFH is also involved in impairing active alveolar fluid
clearance in ARDS is unclear.

The amiloride-sensitive epithelial Na+ channel (ENaC), an apical
membrane protein complex, is the first and limiting step in Na+

transport across the alveolar space of humans and animals. This process
is driven by the energy consuming Na+/K+-ATPase (sodium–potassium
adenosine triphosphatase) located in the basolateral side of epithelial
cells and plays a critical role in fluid reabsorption especially when the
alveolar epithelium is damaged and permeability to plasma proteins is
increased [21]. Most important, this process of alveolar fluid clearance
is impaired in ARDS [22]. Ware et al. measured net alveolar fluid
clearance in 79 patients with acute lung injury or ARDS and found that
56% had impaired alveolar fluid clearance, and 32% had submaximal
clearance and only 13% had maximal clearance [22]. They also found
that patients with maximal alveolar fluid clearance had significantly
lower mortality and a shorter duration of mechanical ventilation [22].
A decline in Na+ and fluid clearance has also been reported in animal
models of lung injury and ARDS. Vivona et al. demonstrated that hy-
poxia reduced Na+ conductance by attenuating ENaC activity [23].
Polyubiquitination and decrease in cell surface stability of ENaC due to
hypercapnia was reported by Gwozdzinska et al. as an important cause
of decline in vectorial transport of Na+ across alveolar epithelium in an
animal model of ARDS [24]. Here, we explored whether CFH is re-
sponsible for ENaC impairment in an animal model of ARDS.

We developed an animal model of ARDS by exposing C57BL/6 mice
to halogen gases such as chlorine (Cl2) or bromine (Br2). We have
previously shown that exposure to Br2 (600 ppm, 30min) or Cl2
(400 ppm, 30min) causes lung pathology similar to ARDS [9,25–27]
and that this injury is mediated at least in part by halogenated lipids,
formed by the interaction of halogen gases with plasmalogens on the
surface of lung epithelial cells, which are released into the alveolar
spaces and plasma. Recent studies have shown that these halogenated
lipids are elevated in patients who have ARDS [28] secondary to sepsis
and also correlate with the disease severity [28].

Here, we report that halogenated lipids increased oxidation of red
blood cell (RBC) structural protein, spectrin, thereby increasing RBC
fragility and rupture. The resultant CFH impaired the activity of ENaC
in vitro and in vivo. However, treating animals with the heme scaven-
ging protein, hemeopexin, reduced RBC oxidation, hemolysis, and im-
proved ENaC activity. Using molecular modeling, we also predicted
potential heme binding sites on ENaC which may be used in future to
develop additional therapeutic strategies to increase ENaC activity and
reduce pulmonary edema post ARDS.

2. Methodology

Human: The study was approved by the University of Alabama at
Birmingham Institutional Review Board (IRB Protocol 300002065 and
300000860) and the Saint Louis University Institutional Review Board
(IRB 9952). Demographic information were recorded on all volunteers
and blood was drawn from peripheral vein. Plasma was isolated from
the blood, aliquoted, and stored at −80 °C using Freezerworks Sample
Inventory Management software (Dataworks Development, Inc,
Mountlake Terrace, WA, USA). No samples had undergone freeze-thaw
cycles prior to use in the study.

Animals: Adult male C57BL/6 mice (20–25 g) were bought from
Charles River, non-Frederick/NCI. All mice used in the study were
males. All mice were raised under a 12-h dim light/12-h dark cycle with
access to a standard diet and tap water ad libitum. Euthanasia protocol
based on intraperitoneal injections of ketamine and xylazine was used
in the study for mice to minimize pain and distress. All animal care and
experimental procedures were approved by the Institutional Animal
Care and Use Committee at the University of Alabama in Birmingham.

Exposure to halogen gas: Mice were exposed to Br2 gas (600 ppm)
or Cl2 gas (400 ppm) in a cylindrical glass chamber for 30 min, as

previously described [9,26]. Control mice were exposed to room air in
the same experimental conditions as Br2 or Cl2 exposed mice. Exposures
were performed with two mice in the same chamber at any one time,
and all exposures were performed between 6:00 a.m. and 12:00 p.m.
Tanks were replaced when the pressure in the tanks reached 500 psi. In
each case, immediately following exposure, mice were returned to
room air. All experiments involving animals were conducted according
to protocols approved by the UAB IACUC.

Treatment of animals with hemopexin: Adult male C57BL/6 mice
were exposed to Br2 gas (600 ppm), Cl2 gas (400 ppm), or air in a
cylindrical glass chamber for 30 min, as described above. Following
exposure, mice were returned to room air and then 1 h later, mice were
treated with an intramuscular injection of either saline or purified
human hemopexin (4 mg/kg body weight, dissolved in saline) (Product
No. 16-16-080513-LEL; Athens Research and Technology, Athens, GA).
All experiments involving animals were conducted according to pro-
tocols approved by the UAB IACUC.

Measurement of Br-lip: Mice were euthanized at various times
post-Br2 gas exposure using a mixture of ketamine/xylazine (200/
10 mg/kg) administered by intraperitoneal injection. Blood was col-
lected via cardiac puncture, lungs were excised, and urine was collected
from the bladder. Blood was centrifuged at 6000 rpm for 5 min to
obtain the plasma fraction. Lungs, urine, and plasma samples were
flash-frozen in liquid nitrogen and stored at −80 °C. In some mice, the
lungs were lavaged, and the recovered bronchoalveolar lavage fluid
(BALF) was centrifuged immediately at 3000 g for 10 min to pellet the
cells. Supernatants were flash-frozen. All samples were shipped over-
night on dry ice to Dr. Ford at St. Louis University. Br-FALD was
measured following conversion to its pentafluorobenzyl oxime using
negative ion-chemical ionization GC/MS as previously described [29].
Free, esterified, and total (free + esterified) Br-FA were measured as
previously described for chlorine by LC/MS following Dole extraction
[26,30]. Total lipids were measured by LC/MS after base hydrolysis and
esterified Br-FA calculated by subtracting free lipids from total lipids.
Extractions were performed using 25 μl of plasma spiked with 517 fmol
of 2-chloro-[d4-7,7,8,8] palmitic acid (2-[d4]ClPA) as the internal
standard, and for lungs, 40–50 mg of tissue was used, spiked with
20 pmol of 2-[d4]ClPA internal standard as mentioned earlier for
Cl–FAs [26].

Measurement of glutathione adducts of 2-Br-PALD: Plasma,
lung, BALF, and urine samples were analyzed as previously described
[26]. Briefly, 25 μl of plasma, RBCs (diluted with 75 μl of water), BALF
or urine were spiked with 90 fmol of [d4]HDAGSH and 10 mg of pul-
verized lung tissue was spiked with 900 fmol [d4]HDAGSH. Plasma,
lung, RBCs, BALF, and urine were then extracted according to a similar
Bligh and Dyer method as described for the Cl-lipids [30]; however, the
aqueous layer was saved as the GSH adducts partition to the aqueous
layer. The organic layer was subsequently washed with 1 volume of
methanol:water (1:1 v:v) and combined with the previous aqueous
layer. The combined aqueous layers were diluted with 1/3 vol of water
and extracted on a Strata-X followed by ESI-LC/MS/MS quantitation, as
previously described [31].

Ex Vivo RBC mechanical fragility: Blood was obtained from adult
C57BL/6 mice in the presence of an anticoagulant and incubated with
1 μM each of Br-lip (16BrFA, 16BrFALD, 18BrFA, 18BrFALD), Cl-lip
(16ClFA, 16ClFALD, 18ClFA, or 18ClFALD) or the corresponding non-
halogenated lipids as vehicle (16 and 18 carbon palmitic acid or pal-
mitaldehyde) for 4 h with rotations. In a separate set of experiments,
blood was obtained from mice exposed to Br2, Cl2, or air in the presence
or absence of treatment with hemopexin as mentioned above. Plasma
was separated and the RBCs were washed with isotonic solution 3 times
to remove traces of plasma. RBCs were then re-suspended in normal
saline. The RBC suspensions along with 4 × 4mm glass beads (Pyrex) in
DPBS were then rotated 360° for 2 h at 24 rpm at 37 °C. The RBC
suspension was then centrifuged at 13,400 g for 4 min to separate the
intact or damaged cells from the supernatant containing heme/
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hemoglobin from the lysed cells during this mechanical stress. Free
heme/hemoglobin was transferred into a new tube and the absorbance
of the supernatant recorded at 540 nm as described earlier [32]. Sub-
sequently, one hundred percent hemolysis of RBCs was achieved by
treating them with 1% Triton x-100 solution. The fractional hemolysis
of the sample was then obtained by dividing the optical density of the
sample by the optical density of the 100% hemolyzed sample.

Measurement of protein carbonyl adducts in RBC ghosts: RBCs
were separated from the plasma and hemolyzed with 20 mM hypotonic
Hepes Buffer. The mixture was centrifuged at 14,000 g for 20 min and
RBC pellet was dissolved in RIPA buffer (Thermo Fisher Scientific, MA).
The protein was quantified by the BCA method and equal amounts of
proteins (10 μg) were loaded into a 4–20% gradient gel and proteins
were separated and stained with Amido Black (Sigma-Aldrich, St Louis,
MS). The presence of protein carbonyl adducts in RBC ghosts were as-
sessed using the Oxyblot protein oxidation detection kit (Product
number: S7150, EMD Millipore, Billerica, MA), according to the man-
ufacturer's protocol. Briefly, the carbonyl groups in the protein side
chains were derivatized to 2,4-dinitrophenylhydrazone by reacting with
2,4-dinitrophenylhydrazine. Precisely, 10 μg of protein was used for
each sample, and the 2,4-dinitrophenol-derivatized protein samples
were separated by polyacrylamide gel electrophoresis, as described
previously [9]. Polyvinylidene fluoride membranes were incubated for
1 h in the stock primary antibody (1:150 in 1% PBS/TBST buffer), and
after washing, for 1 h in the stock secondary antibody (1:300 in % PBS/
TBST buffer). Membranes were washed 3 × in TBST and visualized.
The abundance of protein carbonylation was assessed by densitometry
of each lane and normalization for each lane protein loading was done
by SDS PAGE gel quantification.

Lung slices preparation: Eight-week-old C57BL/6 male mice
(~20–25 g body weight) were purchased from The Jackson Laboratory
(Bar Harbor, ME). Lung slices were prepared as previously described
[33]. The right lower lobes were dissected, attached to tissue holder
using cyanoacrylate adhesive gel, and sectioned into slices of 200 μm
thick. The slices were transferred to a six-well plate containing Dul-
becco's Modified Eagle's Medium without serum, supplemented with
penicillin–streptomycin, and allowed to recover at 37 °C in a humidified
environment of 95% air/5% CO2 for 2–3 h.

ENaC single channel activity in AT2 cells in situ: A lung slice was
transferred to the recording chamber on the stage of an upright
Olympus microscope EX51WI (Olympus, Pittsburgh, PA). Single-
channel activity in AT2 cells was recorded using the cell-attached mode
of the patch clamp technique [34,35]. AT2 cells were identified by the
presence of scattered green fluorescence after incubation with Lyso-
tracker Green (catalogue number DND-26; Invitrogen, Eugene, OR).

Human bronchial epithelial cells isolation, culture, and short
circuit currents recording: Human bronchiolar epithelial cells
(HBECs) were provided by UAB CF Center upon request. Cells were
isolated from human lungs not used for transplantation, HBECs were
seeded onto permeable support and allowed to form confluent mono-
layers (3–4 weeks in culture). Tight monolayers were mounted in an
Ussing chambers system and short circuit currents were monitored and
recorded using an amplifier (physiologic instruments, San Diego, CA).
Monolayers were bathed in Ringer solution bubbled with 95% air 5%
Co2. Hemin (ferric chloride heme, mentioned as heme throughout the
text), dissolved in DMSO, was added to both sides of monolayers.

ENaC expression in Xenopus oocytes: Detailed description of
these techniques has been previously reported [35]. In brief, oocytes
isolated from Xenopus laevis frogs, were injected with cRNAs encoding
for wild-type α, β, γ-hENaC (8.4 ng each), dissolved in 50 nl of RNase-
free water per oocyte, and incubated in half-strength L-15 medium for
24–48 h. Whole-cell cation currents were measured by the two-elec-
trode voltage clamp. A TEV 200 voltage clamp amplifier (Dagan Corp.,
Minneapolis, MN) was used hold oocytes membrane potential at −40
mV. Current–voltage (I–V) relationships were obtained by stepping the
Vm from −140 mV to +60 mV in 20 mV increments. Sampling

protocols were generated by pCLAMP 9.0 (Molecular Devices, Union
City, CA). Currents were sampled at the rate of 1 kHz, filtered at
500 Hz, and simultaneously stored electronically and displayed in real
time. Hemin was diluted to the desired final concentration in ND96 and
applied to the oocytes through the perfusion system at a rate of 1 ml/
min.

Mass spectrometry: Sample Preparation- (1D separations was carried
out by SM group, may need to be modified) Samples were denatured in
1xfinal NuPAGE™ LDS Sample Buffer (Cat.#NP0007, Invitrogen), and
the resultant enriched proteins were separated onto a NuPAGE™ 10%
Bis-Tris Protein gel (Cat.# NP0315BOX, Invitrogen) at 200 V constant
for 25min. The gel was stained using a Colloidal Blue Staining Kit
(Cat.#LC6025, Invitrogen) following manufacturer's instruction. Each
gel lane was excised (two equal-sized fractions pertaining to spectrin
alpha and beta molecular weights) and digested overnight at 37 °C with
Pierce™ Trypsin Protease, MS Grade (Cat.#90058, Thermo Scientific) as
per manufacturer's instruction. Digests were reconstituted in 0.1%FA in
5:95 ACN:ddH2O at ~0.1 μg/uL.

nLC-ESI-MS2 Analysis & Database Searches- Peptide digests (8 μL
each) were injected onto a 1260 Infinity nHPLC stack (Agilent
Technologies), and separated using a 100 μm I.D. x 13.5 cm pulled tip
C-18 column (Jupiter C-18 300 Å, 5 μm, Phenomenex). This system
runs in-line with a Thermo Orbitrap Velos Pro hybrid mass spectro-
meter, equipped with a nano-electrospray source (Thermo Fisher
Scientific), and all data were collected in CID mode. The nHPLC was
configured with binary mobile phases that included solvent A (0.1%FA
in ddH2O), and solvent B (0.1%FA in 15% ddH2O/85% ACN), pro-
grammed as follows; 10min @ 5%B (2μL/min, load), 60min @ 5%-40%
B (linear: 0.5nL/min, analyze), 5min @ 70%B (2μL/min, wash), 10min
@ 0%B (2μL/min, equilibrate). Following each parent ion scan
(300–1200 m/z @ 60k resolution), fragmentation data (MS2) was
collected on the top most intense 15 ions. For data dependent scans,
charge state screening and dynamic exclusion were enabled with a re-
peat count of 2, repeat duration of 30s, and exclusion duration of 90s.

The XCalibur RAW files were collected in profile mode, centroided
and converted to MzXML using ReAdW v. 3.5.1. The data was searched
using SEQUEST Version 27, rev. 12 (Thermo Fisher Scientific), which
was set for two maximum missed cleavages, a precursor mass window
of 20 ppm, trypsin digestion, variable modification P @−27.9949, R @
−43.0534, K @ −1.0316, T @ −2.0157, C @ 57.0293, and M @
15.9949. Searches were performed with a mouse-specific subset of the
UniRefKB database.

Peptide Filtering, Grouping, and Quantification- The list of peptide IDs
generated based on SEQUEST search results were filtered using Scaffold
Version 4.8.9 (Protein Sciences, Portland Oregon). Scaffold filters and
groups all peptides to generate and retain only high confidence IDs
while also generating normalized spectral counts (N-SC's) across all
samples for the purpose of relative quantification. The filter cut-off
values were set with minimum peptide length of> 5 AA's, with no MH
+1 charge states, with peptide probabilities of> 80% C.I., and with
the number of peptides per protein ≥2. The protein probabilities were
then set to a> 99.0% C.I., and an FDR<1.0. Scaffold incorporates the
two most common methods for statistical validation of large proteome
datasets, the false discovery rate (FDR) and protein probability
[36–38]. In addition, for all PTM's, we further analyzed the exported
Scaffold files within Scaffold PTM (Protein Sciences) where the use of
assigned A-scores and localization C.I.’s allowed us to filter out poten-
tial false positive PTM assignments [39]. Those PTM's that pass these
filters were also manually checked for quality of fit.

Molecular modeling and heme docking: To determine potential
mechanisms by which heme exposure impairs ENaC activity within few
seconds, we performed computer modeling using YASARA software
[40,41] to simulate heme docking and binding to the known cryo-
electron microscopy structure of ENaC (Protein Data Bank: 6BQN) [42].
The docking of heme molecule to the ENaC structure was performed
using AutoDock program developed at the Scripps Research Institute
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using the default docking parameters and point charges initially as-
signed according to the AMBER03 force field [43], and then damped to
mimic the less polar Gasteiger charges used to optimize the AutoDock
scoring function. The YASARA molecular modeling program was set up
to determine the best 25 hits and also determine their free energy of
binding in kJ/mol.

3. Results

Cell-free heme (CFH) and chlorinated lipids are elevated in
plasma of humans and animals exposed to Cl2 gas: Numerous stu-
dies including ours have previously shown that plasma levels of CFH
are elevated in insults such as toxic halogen gas inhalation, sepsis,
hyperoxia, and trauma, which ultimately leads to lung injury [2–10].
However, the mechanisms of increased RBC fragility and plasma CFH
are not known. We measured plasma CFH in 5 adult humans, which
were admitted to the University of Alabama at Birmingham Emergency
Department, post accidental exposure to Cl2 gas at the Birmingham
water treatment plant. The average age of exposed humans was 48
years with 80% of them being males. Blood was also collected from
corresponding age and sex matched non exposed humans. Plasma CFH
levels were significantly increased in Cl2 gas exposed patients compared
to their sex- and age-matched non-exposed individuals (Fig. 1A). Person
exposed to Cl2 gas also had elevated plasma levels of 16-carbon
chlorinated fatty acid (ClFA) (Fig. 1B) and 18-carbon ClFA (Fig. 1C), as
measured in plasma obtained from these individuals 3–6 h post ex-
posure in the emergency room. These values were about 20 fold higher

than those found in patients with sepsis [28]. Similarly, exposure of
adult C57BL/6 male mice to Cl2 gas (400 ppm, 30 min) increased
plasma levels of CFH levels (24 h post exposure) (Fig. 1D). In addition,
we have previously shown that mice exposed to Cl2 gas also have ele-
vated levels of chlorinated lipids [26].

Halogenated lipids increase RBC hemolysis and cell-free heme:
To explore the role of halogenated lipids in increasing RBC fragility and
plasma CFH levels, we first determined whether exposure to other ha-
logen gases, such as bromine (Br2), also increases halogenated lipids.
Male C57BL/6 mice were exposed to Br2 gas (600 ppm, 30min) and
then returned to room air. Using LC/MS quantitation, we found that the
plasma levels of 16-carbon (Fig. 2A-C) and 18-carbon (Fig. 2D-F) free-
and esterified-brominated fatty acids (BrFA) were elevated in the ex-
posed animals. Even at 24 h post exposure, the values of these variables
were higher than those measured in patients with ARDS [28]. We also
identified elevated levels of brominated fatty aldehyde (BrFALD) in the
broncholaveolar lavage fluid (BALF) (Supplementary Figs. 1A and E) of
exposed animals. Aldehydes can be oxidized to fatty acids which may
exist either in the esterified (bound) or free form [26]. The BALF levels
of esterified- and free- BrFA were increased in mice exposed to Br2
(Supplementary Fig. 1B-D, F-H). The aldehydes can also react with the
antioxidant, glutathione, which exists in mM concentrations in the lung
epithelial lining and plasma, to form glutathionylated fatty aldehyde
(FALD-GSH) [26,31,44]. We found high levels of 16- and 18- carbon
FALD-GSH in the BALF (Supplementary Figs. 2A–B), lung
(Supplementary Figs. 2C–D), plasma (Supplementary Figs. 3A–B), urine
(Supplementary Figs. 3C–D), and RBCs (Supplementary Figs. 3E–F), of
Br2 exposed mice. Because of their high reactivity, aldehydes could not
be detected in the plasma in their natural configuration.

Next, to determine if halogenated lipids in the circulation or BALF
are responsible for hemolysis and elevated CFH in plasma, RBCs were
isolated from air exposed adult male C57BL/6 mice. The RBCs were
then incubated ex vivo with the 16- and 18- carbon brominated or
chlorinated lipids [fatty acid (FA) and fatty aldehyde (FALD), 1 μM
each], or their corresponding vehicle (FA and FALD) for 4 h. The RBCs
were then subjected to mechanical stress by mixing them with glass
beads; the mixtures were shaken for 2 h. Data showed that both the
brominated and the chlorinated lipids increased the hemolysis of RBCs
significantly (Fig. 3A). In addition, the treatment of RBCs ex vivo with
either brominated or chlorinated lipids resulted in increased oxidation
of RBC membrane proteins, as indicated by elevated levels of carbonyl
(aldehydes and ketones) adducts in protein side chains (Fig. 3B and C).

To confirm the presence of carbonylation sites, as an indicator of
oxidative stress and damage to RBC, we exposed adult male C57BL/6
mice to either Br2 (600 ppm, 30min) or Cl2 (400 ppm, 30min) gas.
Twenty four hours post exposure, blood was drawn from these mice and
RBC ghosts were isolated. High resolution LCMS2 identified carbony-
lation changes for 6 putative amino acid sites within the RBC structural
protein, spectrin alpha chain, and one site within spectrin beta chain,
24 h post-halogen exposure (Table 1). The sites listed were all con-
firmed using a number of high confidence filters that included A-score
and localization probabilities as indicated in the table and in more
detail within the methods section. While exposure to both Br2 and Cl2
induced carbonylation, Br2 appeared to have yielded a higher number
of modifications indicating that it may be more damaging. Further-
more, each modification site appeared to be specific to the type of
halogen gas, since no overlaps were found between the two exposures.
The peptide marked with an asterisk in Table 1 was found to be mod-
ified at K1988, and was chosen to be highlighted for the LCMS2 results
(Fig. 4), where an example of MS2 spectra are also illustrated to point
out how these modifications can be putatively identified. Together, the
results indicate that carbonylation of RBC structural proteins may in-
duce hemolysis and increase CFH post exposure to toxic insult.

Heme impairs ENaC activity and Na+ transport across lung
epithelium:We have previously shown that CFH is responsible for lung
edema and lung injury post toxic gas inhalation [8–10]. Therefore, to

Fig. 1. Plasma cell-free heme (CFH) and chlorinated lipids are elevated in
humans and mice exposed to Cl2 gas. Blood was collected from patients
exposed to Cl2 gas in the emergency room of the University of Alabama at
Birmingham, 3–4 h post exposure, stored for 72 h at 4 °C at which time it was
analyzed. Blood from human volunteers as controls was treated in the same
fashion. Plasma CFH levels in persons exposed to Cl2 were higher than the age-
and sex-matched human controls (n = 5–6) (A). Cl2 exposed individuals also
had elevated levels of 16ClFA (n = 4–5) (B) and 18ClFA (n = 4–5) (C).
Similarly, adult male C57BL/6 mice exposed to Cl2 gas (400 ppm, 30min) had
increased levels of heme in plasma 24 h post exposure (n = 9–10) (D).
Individual values and means ± SEM. *P < 0.05 vs. unexposed humans or air
exposed mice; by unpaired t-test.
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determine the mechanism of CFH-induced lung edema, in the first series
of experiments, we determined whether heme inhibits active Na+

transport across human bronchial epithelial cells (HBEC). Although,
HBEC are not the primary cells, which are involved in the development
of edema, they are Na+ absorptive, and amiloride-sensitive ENaC-
mediated ion transport has been detected in them [45] and are there-
fore an excellent substitute to study ENaC activity in human cells.
Hemin (ferric chloride heme, mentioned just as heme throughout the
text) was added in both the apical and basolateral compartments of
Ussing chambers mounted with confluent monolayers as previously
described [46,47]. Data demonstrated that heme inhibited amiloride-
sensitive, ENaC, but not forskolin-stimulated, GlyH-101–inhibited,
CFTR, currents within few seconds post exposure (Fig. 5A and B) with
an IC50 of about 500 nM (Fig. 5C). Transepithelial resistance did not
decrease with increased heme concentrations but even at a heme con-
centration of 10 μM, remained above 1500 Ohms*cm2, indicating that
the monolayers remained intact (data not shown).

In the next series of experiments, we permeabilized the apical
membranes of these monolayers and measured the ouabain-sensitive
components of Na+/K+-ATPase activity. Data showed that heme did

not impair (alter) Na+/K+-ATPase function even at concentrations that
totally inhibited ENaC activity (5–25 μM) (Fig. 5D). To further de-
monstrate that heme inhibited ENaC, we injected Xenopus oocytes with
α-, β-, and γ-human ENaC cRNAs and measured current-voltage re-
lationships 48 h later. Oocytes injected with ENaC express significant
amounts of Na+ currents, 90% of which are inhibited by 10 μM
amiloride [34]. Treatment of oocytes with 1 μM of heme immediately
inhibited whole-cell Na+ current by 80% (Fig. 6A-C). This decline in
whole-cell Na+ current was similar to amiloride-mediated inhibition of
Na+ current (Fig. 6D-F).

Further, ENaC activity was measured in alveolar type II (AT2) cells
in-situ (lung slices) using the cell-attached mode of patch-clamp tech-
nique as previously reported [34,48]. Heme was added in the upper
portion of the pipette which allowed for the recording of baseline ENaC
activity prior to heme reaching the membrane patch under the pipette.
Recordings from AT2 cells show the activity of two characteristic
conductances: a 4 pS (pS) conductance of the highly Na+ selective
channel (Fig. 7A) and a 16 pS conductance of the non-selective cation
channel (Fig. 7E). However, once heme diffused through the pipette
and reached the membrane patch under the pipette tip, it decreased the

Fig. 2. Brominated fatty acids (BrFA) are elevated
in plasma of Br2 exposed mice. Adult male C57BL/
6 mice were exposed to Br2 gas (600 ppm, 30min)
and returned to room air. Using ESI-LC/MS/MS
quantitation, total, free, and esterified levels of 16-
and 18- carbon BrFA were measured in plasma of
mice at different intervals post exposure. The levels
of total 16BrFA (n = 6–13) (A), free 16BrFA
(n = 6–13) (B), and esterified 16BrFA (C) increased
in plasma of Br2 exposed mice. Similarly, the levels of
total 18BrFA (n = 6–13) (D), free 18BrFA (n = 6–13)
(E), and esterified 18BrFA (F) increased in plasma of
Br2 exposed mice. Individual values and
means ± SEM. *P < 0.05 vs. air exposed mice, by
one-way ANOVA followed by Tukey post hoc testing.

Fig. 3. Halogenated lipids increase carbonylation and hemolysis of RBC. RBCs were isolated from adult male C57BL/6 mice and incubated ex vivo with Br-lip
(16BrFA, 16BrFALD, 18BrFA, and 18BrFALD, 1 μM each) (n = 13), Cl-lip (16ClFA, 16ClFALD, 18ClFA, 18ClFALD, 1 μM each) (n = 9) in encapsulated liposomes, or
equivalent amount of corresponding vehicle (16FA, 16FALD, 18FA, 18FALD, 1 μM each) in encapsulated liposomes. After 4 h incubation with these lipids, me-
chanical fragility of the cells was tested by mixing the RBCs with glass beads for 2 h and then measuring the released hemoglobin as a result of hemolysis. Both
brominated and chlorinated lipids increased RBC hemolysis (A). In another set of experiments RBCs from adult male C57BL/6 mice were incubated ex vivo with the
same composition of brominated (n = 5) (B) or chlorinated (n = 9) (C) lipids and carbonyl adducts (aldehydes and ketones), a hallmark of the oxidation status of
proteins, were measured by gel electrophoresis and western blotting using proteins obtained from the RBCs ghosts. Both Br-lip and Cl-lip increased RBC carbony-
lation as indicated by increase in protein carbonyl adducts. Individual values and means ± SEM. *P < 0.05 vs. untreated RBCs, †P < 0.05 versus non-halogenated
lipids by one-way ANOVA followed by Tukey post hoc testing.
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Table 1
Carbonylation of spectrin alpha and beta chains from RBC plasma membranes isolated from mice 24 h post-halogen exposure. Six putative carbonylation sites were
confirmed by high resolution tandem mass spectrometry within spectrin alpha chain, and one site was identified within spectrin beta chain post-bromine exposure.
These sites were all confirmed with a number of high confidence filters that included A-score and localization probabilities as indicated within the table, and further
explained in detail within the methods section. The representative chromatography along with the MS1 & MS2 spectra are further highlighted in Fig. 4.

Spectrin Alpha Chain, Erythocytic Protein (P08032):

Peptide Carbonylation
Modification Site/Sequence

Tx Localization
Probability

A-score Peptide
Probability

Xcorr m/z Δppm

(K640) QQDFEEELAVNEIMLNNLEK Cl2 100% 1000 97% 4.1 3 −3.5
(K1401) GKCDQVESWMVAR Br2 100% 1000 99% 2.7 3 −0.6
(K1484) ALKEQLLTELGK Br2 100% 152 97% 2.7 2 −0.0
(K1706) MNGVNERFENVQSLAAAHHEK Cl2 100% 1000 99% 3.7 3 −2.9
(K1988) LSEIAELKDQLVAGEHSQAK* Br2 100% 165 100% 5.5 3 −1.7
(K2259) MQHNLEQQIQAKDTIGVSEETLKEFSTTYK Br2 100% 25 96% 3.3 5 −7.1
Spectrin Beta Chain, Erythocytic Protein (P15508):
Peptide

Modification Site/Sequence
Tx Localization

Probability
A-score Peptide

Probability
Xcorr m/z Δppm

(K960) VNNYCVDCEETSKWIMDK Br2 100% 88 100% 4.6 2 8.0

Fig. 4. Halogen gas exposure increased carbonylation of RBC spectrin A and B chains in mice. A representative LCMS2 analysis is illustrated with a focus on the
tryptic peptide (LSEIAELKDQLVAGEHSQAK) from spectrin alpha chain as highlighted in Table 1 (A) Illustration of the LCMS base-peak chromatogram, (B) parent-
ion spectra from the peptide peaks of interest using data dependent analysis at 41.7 min along with the resulting MS2 spectra for those ions representing the native
(top) vs. Ox-K1988 (bottom) peptide of interest. The tables, (C) native peptide, and (D) Ox-K1988 peptide represent the corresponding fragments for the peptides
from the MS2 spectra. The highlighted sections (b-ions/orange, y-ions/blue) represent those fragments that were observed in the MS2 spectra. The MS2 spectra
illustrate that the two peptides (native vs. modified) fragment are nearly identically at charge state 3, with only 1-Da shifts that indicate K1988 is modified, which is
made clear in the fragmentation tables. It's noted that all the 1-Da fragmentation shifts between the two tables are apparent below the b-8 ion and above the y-13 ion,
both corresponding with AA#8 (K1988). MS was performed from RBC ghosts pooled from 4 to 5 animals. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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open probabilities of both the 4 pS (Fig. 7B and C) and 16 pS channels
(Fig. 7F and G) with an IC50 of 125 nM for both 4 pS (Figs. 7D) and
16 pS (Fig. 7H).

To further understand the mechanism by which CFH in-
stantaneously inhibits ENaC activity and Na+ conductance across the
lung epithelium, we performed computer modeling using YASARA
software [40,41] to identify potential heme binding sites and their
potential ability to block Na+ conductance. For this purpose, we used a
recently developed cryo-electron microscopy structure of ENaC (Protein
Data Bank: 6BQN) [42]. The ion channel has large extracellular do-
mains and a narrow transmembrane pore and the α:β:γ subunits are
arranged in a counter-clockwise manner in a 1:1:1 stoichiometry [42].
The software predicted 22 potential docking sites of heme on ENaC
with the energy of binding ranging from 86 to 1563 kJ/mol. Close
analysis of these docking sites showed that at least two heme-bonding
sites are located within the ENaC transmembrane pore (energy of
binding 390.5 and 313.2 kJ/mol) (Fig. 8A and B), which can potentially
block Na+ transport through the channel. Together, these results de-
monstrated that heme mediated decrease in ENaC activity may be

responsible for lung edema during ARDS.
Heme scavenging attenuates RBC hemolysis and improved

ENaC activity post halogen gas exposure: Next, we determined
whether scavenging CFH would improve the integrity of RBC's plasma
membrane and prevent hemolysis. We exposed C57BL/6 mice to Br2
(600 ppm) or Cl2 (400 ppm) for 30 min and then treated the mice with
an intramuscular injection of the heme scavenging protein, hemopexin,
(4 mg/kg BW) 1 h later as published earlier [8,9]. The plasma bioa-
vailability of hemopexin in a 25 g mouse receiving 100 μg hemopexin
intramuscularly is about 25 μg/ml (total volume of blood in a 25 g
mouse is about 1 ml) for at least 24 h. The serum half-life of hemopexin
is approximately 7 days, while that of heme-Hx complex is about 7 h
[49]]. The RBCs were isolated from mice 1 day post exposure. Results
demonstrated that hemopexin attenuated RBC plasma membrane pro-
tein carbonyl adducts post Br2 (Fig. 9A) and Cl2 (Fig. 9B) gas exposure.
The exposure of isolated RBC to mechanical stress also showed that
hemopexin reduced RBC hemolysis in the RBCs obtained from mice
exposed to Br2 or Cl2 gas (Fig. 9C).

Lastly, we determined whether heme scavenging would improve

Fig. 5. Heme impairs short circuit current (Isc) in
human bronchiolar epithelial cells. Panels (A) and
(B) illustrate the dose response of heme on short
circuit current recorded from human bronchiolar
epithelial cells monolayers mounted in Ussing
chambers. Heme significantly reduced amiloride
sensitive Na+ current in a dose-response fashion
within seconds from its addition in the apical
chamber but had no effect on the forskolin activated
chloride current. The rate of Na+ current inhibition
by heme is similar to Na+ current inhibition by
amiloride (n = 7). Panel (C) summarizes the dose
response of Na+ current to increasing heme con-
centrations (n = 7). Values are means ± 1 SEM.
Further, cell monolayers were mounted on the Ussing
system, Na+ current was inhibited by the addition of
amiloride (10 μM) or heme (5 μM) in the apical
compartment; then the apical membranes were per-
meabilized by the addition of amphotericin B in the
apical compartment and after the current had stabi-
lized, ouabain was added into the basolateral com-
partment. The difference in current prior to and fol-
lowing ouabain addition represents the Na+/K+

-ATPase (pump current). The data shows that heme
does not inhibit the pump current (n = 7). The
graphs are representative of experiment which was
repeated 7 times.

Fig. 6. Heme inhibits ENaC heterologously ex-
pressed in oocytes. Panel (A) shows whole cell total
current recording using the double voltage clamp
technique from an oocyte 24 h post injection of
human –αβγ ENaC. Panel (B) shows that Na+ current
is inhibited by 5 μM heme in the bath. Panel (C)
shows current-voltage relationships of total currents
expressed in ENaC injected oocytes following perfu-
sion with hemin or saline. (n = 11). Panels (D), (E),
and (F) show a comparable inhibition of whole cell
total current in oocytes by amiloride (n = 11).
Values are means ± SEM.

S. Aggarwal, et al. Redox Biology 36 (2020) 101592

7



ENaC activity by increasing the open probability (P0) of 4 pS and 16 pS
channels in a mouse model of Br2 induced lung injury. Adult male
C57BL/6 mice were exposed to air or Br2 and tehn treated with either
saline or hemopexin (4 mg/kg BW) as mentioned above. Mice were
sacrificed 24 h post exposure and lungs were isolated. AT2 cells in lung
slices were patched in the cell-attached mode. Our data showed that the
open probability of 4 pS (Fig. 10 A–D) and 16 pS (Fig. 10 E–H) was
significantly attenuated after Br2 exposure. However, mice that were
treated with hemopexin after Br2 exposure had significant recovery in
the open probability of both the 4 pS (Fig. 10 A–D) and 16 pS (Fig. 10
E–H) channels. Together these results show that CFH released post
exposure to halogen gas or halogenated lipids exaggerates RBC hemo-
lysis and further contributes to RBC defect. The scavenging of free heme
by hemopexin not only reduces RBC hemolysis, it also improves the
activity of ENaC post lung injury.

4. Discussion

ARDS is a common and severely morbid syndrome with high mor-
tality despite years of advances in the understanding and management
of this complex illness. Although several scientific theories on the pa-
thogenesis of ARDS have developed in animals, they are often difficult
to test in humans due to many clinical variables. We have previously
established an animal model of inhalation lung injury and ARDS, where
C57BL/6 mice were exposed to halogen gases such as Cl2, Br2, or
phosgene (COCl2) [8–10,50,51]. One day post exposure, rodents ex-
posed to these agents developed lung pathology similar to ARDS pa-
tients such as accumulation of protein rich fluid in alveoli, migration of
peripheral immune cells in the lung, and release of cytokines and
chemokines in lung and plasma; a significant portion died within the
first 48 h post exposure from respiratory failure [9,10]. Those which
survived developed peribronchial fibrosis and pulmonary emphysema
[8]. Interestingly, we also found that the rodents exposed to toxic gases
such as Br2 or COCl2 had elevated plasma and BALF levels of CFH

Fig. 7. Heme inhibits ENaC activity in AT2 cells in
situ. AT2 cells in lung slices were patched in the cell-
attached mode. The top portion of the pipette was
filled with heme so the overall concentration of heme
in the pipette was 100 nM. Panel (A) represents a
typical trace exhibiting mainly the 4 pS amiloride-
sensitive current (ENaC). Notice the inhibition of
ENaC activity as heme diffuses towards the patch
under the pipette (B). Panel (C) shows the inhibition
of open probability (P0) of 4 pS channel at increasing
heme concentrations (0.01–1000 nM) in the pipette
(n = 9). Panel (D) illustrates the rate of ENaC in-
hibition by increasing heme concentrations: 10 nM,
30 nM, 100 nM, 300 nM and 1 μM. The IC50 was
125 nM (n = 9). Panel (E) shows a record of AT2
channel activity in which the cation (16 pS) was very
prominent. As in panel A, the top portion of the
pipette was filled with heme so the overall con-
centration of heme in the pipette was 100 nM. Note
the slow decrease of channel's activity with time as
heme reaches the membrane patch under the pipette
(F). Panel (G) shows the open probability of 16 pS
channel at increasing heme concentration in the
pipette (same as above). Panel H shows that the IC50

was again 125 nM (n = 10). Values are means ± 1
SEM.
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[8–10]. The administration of the heme scavenging protein, hemo-
pexin, or the overexpression of the heme degrading enzyme, heme-
oxygenase 1 (HO-1), in Br2 exposed animals resulted in significant re-
duction of lung edema and inflammation [8,9].

Hemolysis has been reported in several clinical conditions [2–10].
Under hemolytic states, the physiological mechanisms for removing
CFH from the circulation or heme detoxification systems get over-
whelmed, which allows for nonspecific heme uptake and heme cata-
lyzed oxidation reactions [52–54]. In this manuscript we report for the
first time, an increase in the plasma levels of CFH in humans who were
exposed to Cl2 gas post accidental gas leakage at the Birmingham Water
Works Plant on February 27th, 2019. These findings correlated with our
rodent experiments, where we found that C57BL/6 mice exposed to Cl2
gas also had elevated plasma levels of CFH. Since halogen gases such as
Cl2 and Br2 do not cross alveolar epithelium post inhalation, to reach
blood stream, they are unlikely to cause hemolysis. However, we had
earlier reported that rodents exposed to Cl2 gas had elevated plasma
levels of chlorinated fatty acids (ClFA), which are formed by the in-
teraction of Cl2 with plasmalogens on the alveolar epithelium [26].
Therefore, we sought to determine whether these longer lasting, mod-
ified lipids, are the catalyst for hemolysis and elevated CFH in animals
and humans. Ex vivo exposure of RBCs to chlorinated or brominated

lipids in concentrations similar to seen in animals post halogen gas
exposure resulted in hemolysis and release of CFH. Interestingly, we
found that ClFA were also elevated in humans that were accidently
exposed to Cl2 gas suggesting that halogenated lipids may be re-
sponsible for hemolysis post inhalation of toxic gases. Moreover, recent
studies have shown that these halogenated lipids are elevated in pa-
tients who have ARDS secondary to sepsis and correlate with the dis-
ease severity [28]. In these patients, chlorinated and brominated lipids
are increased as an end product of reactions by myeloperoxidase (MPO)
and eosinophil peroxidase (EPO) respectively [55]. Thus, our data es-
tablishes that halogenated lipids are both biomarkers and potential
mediators of hemolysis and acute lung injury.

Additionally, an increase in plasma CFH can itself cause substantial
hemolysis by stimulating potassium loss and impairing the ability of
RBCs to maintain cation gradient [56]. CFH also disrupt lipid–lipid,
lipid–protein, and protein–protein associations in RBC ghosts [57].
Earlier studies have shown CFH can destabilize RBC membrane by al-
tering the conformation of cytoskeletal proteins, such as spectrin and
protein 4.1 [58]. The hydrophobic molecule, CFH, enters RBC mem-
brane and interacts with hydrogen peroxide to cause oxidative mod-
ification of cytoskeletal proteins [59]. Oxidation of amino acid residues
in spectrin can result in the aggregation of the protein, which may cause

Fig. 8. Computer modeling and heme docking on ENaC. The YASARA computer modeling software was used to identify heme binding sites on the known ENaC
structure (Protein Data Bank: 6BQN). The AutoDock program was utilized to dock heme molecules on ENaC. The software identified 22 heme docking sites on ENaC.
Two prominent heme (red balls) docking sites within the transmembrane domain are highlighted in the figure. The energy of heme binding to ENaC at these two sites
was determined by the software as 390.5 kJ/mol (A) and 313.2 kJ/mol. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 9. Heme scavenging attenuates RBC membrane protein oxidation and RBC fragility. Adult male C57BL/6 mice were exposed to Br2 (600 ppm, 30min) or
Cl2 (400 ppm, 30min) gas and returned them to room air. One hour later, mice were given an intramuscular injection of either saline or hemopexin (Hx) (4 mg/kg
BW). Mice were sacrificed 24 h post exposure and the RBCs were isolated. The carbonyl (aldehydes and ketones) adducts, a hallmark of the oxidation status of
proteins, were measured by gel electrophoresis and western blotting using proteins obtained from the RBCs ghosts. The data demonstrated that Hx attenuated Br2
(n = 5) (A) and Cl2 (n = 5–6) (B) induced increase in RBC membrane protein oxidation. Further, subjecting the isolated RBCs to mechanical stress, showed that Hx
treatment prevented the increase in RBC fragility and hemolysis induced by exposure of mice to the halogen gases (n = 5–8) (C). Individual values and
means ± SEM. *P < 0.05 vs. air exposed mice, †P < 0.05 vs. mice exposed to Br2 for panel A, Cl2 for panel B, and their respective Br2 or Cl2 for panel C. The results
were analyzed by one-way ANOVA followed by Tukey post hoc testing.
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a decrease in spectrin content on the RBC membrane [60]. In the pre-
sent study, we found that the exposure to Cl2 or Br2 gas resulted in the
post translational modification (carbonylation, a read out of oxidative
stress) of the lysine residues in spectrin alpha and beta chains. Inter-
estingly, we report for the first time that Cl2 and Br2 gases caused
carbonylation of distinct lysine residues in spectrin. Specifically, Br2
was able to cause carbonylation of both alpha and beta chains of
spectrin, while Cl2 exposure caused the carbonylation in spectrin alpha
chain only. These results suggest that the initial hemolysis and release
of CFH by halogenated lipids can potentially be self-propagated by CFH
in ARDS resulting in continued hemolysis even when the initial insult
ceases to exist.

Recent studies have shown that CFH disrupts alveolar-capillary
barrier [20]. A functional alveolar epithelial barrier is vital for optimal
fluid balance and gas exchange in the lung [61,62]. Excess alveolar
fluid from the air space is reabsorbed into the interstitium by active
Na+ transport process in which Na+ enters the alveolar epithelial cells
through the apically located ENaC and cation channels and is pumped
out subsequently by the basolaterally located Na+/K+-ATPase [61,63].
Mice lacking ENaC are unable to clear lung fluid from the alveoli and
die immediately after birth [64]. Importantly, in most ARDS patients,
alveolar fluid clearance (AFC) is impaired [22]. Moreover, the mortality
is significant higher in ARDS patients with impaired AFC than in ARDS
patients with normal AFC [22] suggesting that ENaC dysfunction is

Fig. 10. Heme scavenging improves EnaC func-
tion. Adult male C57BL/6 mice were exposed to air
or Br2 (600 ppm, 30min) gas and returned them to
room air. One hour later, mice were given an in-
tramuscular injection of either saline or hemopexin
(Hx) (4 mg/kg BW). Mice were sacrificed 24 h post
exposure and lungs were isolated. AT2 cells in lung
slices were patched in the cell-attached mode. Panel
(A–C) represents trace exhibiting mainly the 4 pS,
while panel (E–G) represents trace exhibiting mainly
the 16 pS, amiloride-sensitive current (ENaC) in the
air, Br2, or Br2+Hx treated mice. Notice the inhibi-
tion of open probability (P0) of 4 pS and 16 pS
channels in the Br2 exposed mice AT2 cells (B, F).
However, the P0 of 4 pS and 16 pS channels was
significantly improved in the AT2 cells of mice
treated with Hx post Br2 exposure. Panel (D–H)
shows the quantification of P0 of 4 pS and 16 pS
channels respectively. Individual values and
means ± SEM. (n = 11). *P < 0.05 vs. air exposed
mice, †P < 0.05 vs. mice exposed to Br2 for panels D
and H. The results were analyzed by one-way ANOVA
followed by Tukey post hoc testing.

S. Aggarwal, et al. Redox Biology 36 (2020) 101592

10



critical in ARDS pathology. In addition, increased concentration of re-
active intermediates following various forms of lung injury have been
shown to also inhibit the Na+/K+-ATPase which abolishes active Na+

transport leading to alveolar edema [65–69]. However, data presented
herein clearly establish that in our models of lung injury, Na+/K+-
ATPase is not inhibited and the decrease in short circuit current across
cultured human airway cells post heme exposure is due to damage to
the apically located Na+ conducting pathways, including ENaC.

ENaC is composed of 3 homologous subunits α, β and γ [70,71]. At
the single channel level, ENaC is highly selective for Na+ over K+ with
low conductance (~4 pS) with prolonged channel opening. ENaC ac-
tivity is blocked by the potassium-sparing diuretic, amiloride, with a Ki

of around 100 nM [72]. ENaC activity can be altered significantly in
two ways. Firstly, a rapid alteration in Na+ conduction through ENaC
can be achieved by changing the open probability (Po) or open state of
the channel [73]. The decline in open probability results in decreased
Na+ transport without a change in the surface expression of the
channel. Secondly, Na+ reabsorption through ENaC can be changed by
altering the number of channels located in the apical membrane
[74–76]. In the present study, we found that heme rapidly (within few
seconds) reduced the open probability of the 4 and 16 pS channels with
an IC50 of 125 nM in mouse lung slices. However, the activity of the
Na+/K+-ATPase or the cyclic AMP (cAMP)-activated chloride (Cl−)
channel, CFTR, was not altered by heme exposure. In a different study,
heme has been shown to reduce the open probability of ENaC in mouse
kidney cortical-collecting duct cells with an IC50 of 23.3 nM [77]. The
difference in the IC50 seen in our study could be explained by the dif-
ferent techniques used in each study. We applied heme to the outer side
of the membrane, cell attached mode, while Wang et al. applied heme
to the inner side of the membrane using the inside-out configuration of
the patch clamp [77]. It is likely that the site to which heme binds ENaC
and blocks the channel is closer to the inner narrower side of the
transmembrane pore as shown in our model of putative heme binding
sites on ENaC. In addition, the response of heme to particular cell and
tissue type may be different since we used lung tissues and the other
study used cultured kidney cells [77].

There are no known heme binding sites on ENaC. Therefore, to
identify these potential sites of ENaC, we performed computer mod-
eling using a known cryo-electron microscopy structure of ENaC [42].
The software predicted 22 potential docking sites of heme molecule on
ENaC with the energy of binding ranging from 86 to 1563 kJ/mol. In
particular, we found that at least two these heme-bonding sites were
located near both ends of the narrow transmembrane pore of ENaC
(energy of binding 390.5 and 313.2 kJ/mol). Therefore, it is entirely
possible that the relative large molecular mass of the heme molecule
(616.5 Da) blocks the pore of the channel and prevents the transpor-
tation of a smaller ion such as Na+ (22.9 Da). This would explain the
immediate response of heme to Na+ transport. Previous studies on BK
(calcium-activated potassium) channels have demonstrated that the
CXXCH amino acid sequence serves as a conserved heme-binding motif
[78]. However, no individual ENaC subunit contains this motif and
therefore it is possible that the combined allosteric structure of the 3
ENaC subunits provide basis for heme interaction. Further investigation
involving truncation, replacement, or mutation of regions within the
subunits will be required to fully understand this phenomenon. Since in
our study, heme did not alter the activity of the Na+/K+-ATPase or the
cyclic AMP (cAMP)-activated chloride (Cl−) channel, it also signifies
that the inhibition by heme is channel specific.

To determine the role of heme scavenging strategy as a potential
therapeutic approach to mitigate the impairment of ENaC activity, we
exposed C57BL/6 mice to Br2 gas and then treated them with an in-
tramuscular injection of the purified heme scavenging protein, he-
meopexin. The data showed that exposure to Br2 significantly reduced
the open probability of the 4 pS and the 16 pS ENaC channels. We have
similarly previously shown that the exposure to Cl2 gas also impairs
ENaC channel activity and alveolar fluid clearance, leading to

pulmonary edema [79]. Interestingly, in the current study we found
that treatment of Br2 exposed mice with hemopexin reversed the effects
of Br2 and increased the open probability of the 4 pS and 16 pS chan-
nels. This data suggest that heme may be an important driver of im-
paired fluid clearance and lung edema in ARDS and strategies aimed at
reducing the levels of free heme in ARDS may play an important role as
adjuvant therapy to reduce morbidity and mortality.
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