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Abstract

The cellular effects of carbon monoxide (CO) are produced primarily by CO binding to iron or other transition metals, which may also promote
prooxidant activities of the more reactive gases, oxygen and nitric oxide. We tested the hypothesis that prooxidant effects of CO deregulate the
calcium-dependent mitochondrial pore transition (MPT), which disrupts membrane potential and releases apoptogenic proteins. Rats were exposed
to either CO (50 ppm) or hypobaric hypoxia (HH) for 1, 3, or 7 days, and liver mitochondria harvested to study protein expression and sensitivity
to MPT by calcium and oxidants. Both exposures induced hypoxia-sensitive protein expression: hypoxia-inducible factor 1α (HIF-1α), heme
oxygenase-1 (HO-1), and manganese SOD (SOD2), but SOD2 induction was greater by CO than by HH, especially at 7 days. Relative to HH, CO
also caused significant early mitochondrial oxidative and nitrosative stress shown by decreases in GSH/GSSG and increases in protein 3-
nitrotyrosine (3-NT) and protein mixed disulfide formation. This altered MPT sensitivity to calcium through an effect on the “S-site,” causing loss
of pore protection by adenine nucleotides. By 7 days, despite continued CO, nitrosative stress decreased and adenine nucleotide protection was
restored to preexposure levels. This is the first evidence of functional mitochondrial pore stress caused by CO independently of its hypoxic effect,
as well as a compensatory response exemplifying a mitochondrial phenotype shift. The implications are that cellular CO can activate or deactivate
mitochondria for initiation of apoptosis in vivo.
© 2005 Elsevier Inc. All rights reserved.
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Introduction

The biochemistry of carbon monoxide is important in both
toxicity and physiology: Carbon monoxide (CO) is a potentially
dangerous metabolic poison, especially to the brain and heart
[1], but it is also produced endogenously. CO is generated
during heme degradation by the heme oxygenase (HO) enzymes
[2], and in particular, the inducible isoform, HO-1, is adaptive to

oxidative stress [3,4] and inflammation [5]. Endogenous CO
has been proposed to play a physiological role in cell signaling
for more than a decade [6].

The effects of CO on mitochondrial oxidation-reduction
(redox) state are well recognized because CO binds the reduced
iron (Fe2+) in the a3 heme of the terminal electron acceptor of
the respiratory chain, cytochrome c oxidase [7–9]. CO increases
mitochondrial reactive oxygen species (ROS) production in
vitro and in vivo [10,11] and mitochondria metabolize CO by
oxygenation to CO2 [9]. CO also binds to reduced transition
metals in other metalloenzymes including guanylate cyclase and
cytochrome P450 [7]. Therefore, CO-heme ligand formation
tends to interfere with redox reactions involving molecular
oxygen (O2) as well as nitric oxide (NO

S
).

Because of its effects on mitochondrial redox state, we
considered that COmight alter the sensitivity of mitochondria to
calcium-dependent large amplitude swelling [12], or mitochon-
drial pore transition (MPT), also called mitochondrial outer
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membrane permeabilization (MOMP [13], for review). The
MPT is modulated by so-called pore proteins, including
cyclophilin D, the voltage-dependent anion channel (VDAC or
porin), the adenine nucleotide translocases (ANT), and outer
membrane anti- and proapoptotic proteins, such as those of the
proto-oncogene Bax-Bcl2 family, which interact with pore-
forming proteins to facilitate (e.g., Bax) or stabilize (e.g., Bclxl)
the pore [14,15].

The MPT is triggered primarily by the action of calcium on
cyclophilin D, a cyclosporin A-inhibitable isomerase involved
in mitochondrial initiation of apoptosis, e.g., through cyto-
chrome c release, required for apoptosome assembly and
caspase-3 activation [13]. The MPT release of apoptogenic
proteins is modulated by oxidative and nitrosative modification
of pore protein thiols [16–19]. Thus, we tested the hypothesis
that CO at levels encountered endogenously regulates the
sensitivity to MPT in vivo by pore thiol oxidation. We further
proposed that such mitochondrial protein modifications would
not be caused by cellular responses to hypoxia, e.g., from
carboxyhemoglobin (COHb) formation, but by mitochondrial
oxidative and/or nitrosative stress.

Oxidant regulation of the MPT involves at least two types of
sites at pore-related proteins including the adenine nucleotide
translocator [16–18]. One site contains critical protein thiols
(“S-site”) while the other responds to the redox state of the
pyridine nucleotides (“P-site”) [17]. The concept that thiols at
the S-site regulate MPT is based on facilitation of pore opening
by many oxidants and diazine carbonyls [16,18,19]. Although
the ANT is not required for MPT [20], adenine nucleotide
binding, especially of ADP, is highly protective [18] except
after certain types of oxidative stress [20,21]. Further progress
in understanding MPT regulation by oxidants has been hindered
by lack of precise information on the molecular organization of
the “pore” and the exact nature of the “S-site.” Moreover, the
effects of CO and CO-related chemical changes on MPT control
are unknown, especially with respect to nitric oxide. Both NO
and CO bind cytochrome c oxidase, and NO can modify
susceptibility to MPT both by altering mitochondrial ROS
production and by nitrosylation of pore-associated proteins.
Finally, we chose to evaluate these effects with respect to ATP,
which is needed for apoptosis [22].

Methods

Materials

All materials were obtained from Sigma Chemical Co. (St.
Louis, MO) unless indicated otherwise.

Animal studies

Adult male Sprague-Dawley rats were exposed in room air
(21% O2) to CO (50 ppm) for 1, 3, or 7 days (n = 8 per group) on
a protocol approved by the Institutional Animal Care and Use
Committee. CO levels were monitored continuously with a gas
detector (Toxilog, Biosystems Inc., Rockfall, CT) and regulated
to within 2.5 ppm. A control group was exposed to hypobaric

hypoxia (HH; ∼15,000 feet, 430 Torr) in an altitude chamber
for 1, 3, or 7 days (n = 8 per group). The chamber altitude was
returned to sea level daily for 5 min to clean the cages and
replenish the animal’s food and water. HH exposures were
monitored continuously using a calibrated altimeter and
regulated to within +500 feet. A group of air-control rats
(n = 8) was selected at random from the same batches that were
exposed to CO or HH. After exposure, the animals were given
pentobarbital (100 mg/kg ip), and under deep anesthesia, 0.5 ml
heparinized arterial blood was drawn followed by exsanguina-
tion. The blood was used immediately to measure hemoglobin
and carboxyhemoglobin on a CO oximeter (Instrumentation
Laboratories, Model 480) calibrated for the rodent.

Tissue harvesting

The abdomen was opened and the circulation perfused with
cold 60 ml 0.9% NaCl by puncturing the left ventricle with an
18 gauge needle and sectioning the inferior vena cava.
Approximately 100 mg of liver was excised and placed in a
2-ml polypropylene centrifuge tube and distilled water added by
weight to produce 10% w/w tissue suspensions. This tissue was
diced and sonicated on ice for 1 min (Model 450; Branson
Ultrasonics; Danbury, CT). The sonicates were centrifuged at
2000 g for 30 s on a microcentrifuge (Model DW-41N-115
Qualitron, Inc, Witz Scientific; Holland, OH) and introduced by
injection into sealed gas chromatograph vials (2 ml borosilicate
glass; Alltech Associates, Inc.; State College, PA) containing 2
μl of 60% sulfosalicylic acid (SSA) and 20 μl of dd-H2O and
purged with CO-free nitrogen. The vials were agitated on the
needle to mix the sample and the SSA and returned to ice while
CO was released. The rest of the liver was excised rapidly and a
part snap-frozen in liquid nitrogen and stored at −80°C for
protein and Western blot analyses. About 2 g fresh liver was
placed in cold buffer (0.32 M sucrose, 1 mM EDTA, and 10 mM
Tris-HCl, pH 7.4), minced with scissors, and hand-homoge-
nized, and fresh mitochondria isolated [23].

Tissue CO analysis

CO in the headspace gas of the sealed gas chromatograph
vials was analyzed using a reduction gas analysis GC (RGA5
Process Gas Analyzer; Trace Analytical; Menlo Park, CA)
[24,25]. CO-free carrier gas was obtained by filtering nitrogen
through a stabilized zeolite Getter (PS11-MC1 Ambient
Temperature Gas Purifier; SAES Getters USA Inc.; Colorado
Springs, CO). The GC was calibrated with certified gas contain-
ing 4.89 ppm CO in nitrogen (Scott Specialty Gases; Plumstead-
ville; PA) by using 50 to 550 μl of calibration gas in 2-ml vials
purged with CO-free nitrogen to produce a standard curve [26].

Mitochondrial isolations

Mitochondrial preparations were paired and one CO and one
HH-exposed animal were studied together. Homogenates were
centrifuged at 1330 g at 4°C, the pellets were resuspended in
fresh isolation buffer and centrifuged for 3 min at 1330 g, and
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