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Abstract

The diverse physiological actions of the “biologic gases,” O,, CO, NO, and H,S, have attracted much interest.
Initially viewed as toxic substances, CO, NO, and H,S play important roles as signaling molecules. The mul-
tiplicity of gas actions and gas targets and the difficulty in measuring local gas concentrations obscures detailed
mechanisms whereby gases exert their actions, and many questions remain unanswered. It is now readily
apparent, however, that heme-based proteins play central roles in gas-generation/reception mechanisms and
provide a point where multiple gases can interact. In this review, we consider a number of key issues related to
“gas biology,” including the effective tissue concentrations of these gases and the importance and significance of
the physical proximity of gas-producing and gas-receptor/sensors. We also take an integrated approach to the
interaction of gases by considering the physiological significance of CO, NO, and H,S on mitochondrial cyto-
chrome c oxidase, a key target and central mediator of mitochondrial respiration. Additionally, we consider the
effects of biologic gases on mitochondrial biogenesis and “suspended animation.” By evaluating gas-mediated
control functions from both in vitro and in vivo perspectives, we hope to elaborate on the complex multiple
interactions of O,, NO, CO, and H,S. Antioxid. Redox Signal. 13, 157-192.
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l. Introduction

AGAS, BY DEFINITION, is a state of matter different from
either the liquid or solid states. Gases possess the ability
to diffuse readily in different materials and become uniformly
distributed within a defined space. “Biologic gases” are as-
sumed to diffuse freely across biologic membranes, acting in a
variety of functional capacities in autocrine, paracrine, or
juxtacrine fashions. Recently, the diverse physiologic actions
of carbon monoxide (CO), nitric oxide (NO) and hydrogen
sulfide (H,S) and their role in diseases through regulation of
gas-generating and -sensing mechanisms have attracted a
great deal of interest. Figure 1 outlines the components of gas
signaling transducing systems.

Molecular oxygen (O,) is produced solely by plants and
cyanobacteria and is a product of oxygenic photosynthesis,
whereas CO, NO, and H,S are enzymatically produced in
mammals. O, is often viewed as a “physiological” ligand of
the key heme proteins hemoglobin (Hb) and mitochondrial
cytochrome c oxidase (COX). Conversely, the other three ga-
ses are often viewed as “toxic” ligands. This characterization
has arisen because CO, NO, and H,S are all capable of binding
to either hemoglobin or mitochondrial cytochrome c oxidase,
where they can either block O, transport to the tissue or in-
hibit energy production, respectively. [The result being that
the tissue may experience either a hypoxic hypoxia or cyto-
pathic hypoxia state (87)]. Alternatively, a growing body of
evidence now indicates that these same gases also function in
a regulatory capacity, controlling important physiologic

functions, including vascular tone, host defense against
pathogens, neuromodulation, apoptosis, and energy metab-
olism. Many excellent reviews are available on signal trans-
duction by various gases, and the reader is referred to a
number of articles [e.g., CO (140, 260, 373), NO (33, 128, 206),
H,S (144, 181, 187, 237, 304, 340), and interactions of CO, NO,
and H,S (67, 94, 147, 180, 225)].

A central question in the field of “gas biology” is how do
these gases interact with one another when transducing sig-
nals and modulating cell function? There are several reasons
why this is a difficult question to answer. In the first place, the
effects of gaseous molecules are often not dependent on one
specific receptor; accordingly, they can produce myriad ef-
fects virtually simultaneously. Additionally, gases exert bio-
logic activity through interactions with macromolecules in
ways that are fundamentally different from other signaling
molecules, such as hormones or peptides.

This review focuses primarily on gaseous interactions in-
volving coordinate bonding of gases to prosthetic heme
complexes in gas sensors/receptor proteins. Additionally, key
questions regarding the interactions of gases are considered
for CO, NO, H,S, and O,. We focus on soluble guanylate
cyclase as a primary gas target.

How do gases interact with one another to control cell and
ultimately organ function? This question can be broken down
into several related parts. First, where, when, and how are
gases generated? Second, what and where are the molecular
targets and sensors of these gases? Third, what effector sys-
tems are associated with these gases? And finally, how do
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FIG. 1. Scheme to illustrate pathways of gas signal-
transducing systems by the four gases, O,, CO, NO, and
H,S. Valence electrons in each gas molecule are shown
as dots and crosses. HO=heme oxygenase; NOS = nitric
oxide synthase; CBS = cystathionine f-synthase; and CSE =
cystathionine y-lyase.
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multiple gas-generating systems and gas-reception systems
interact with one another?

In this review, we address these questions, discuss con-
troversial areas, and review the physiological significance of
CO, NO, and H,S on mitochondrial signaling and their rela-
tion to O, metabolism.

Il. Overview: Heme Proteins as the Key
to the Generation, Signal Transduction,
and Interaction of Gases

We begin this review by pointing out four main functions
of heme proteins (see Table 1 for a list of main functions)
because these metal-containing protein molecules are key
molecular entities in gas transport, gas generation and gas
sensing, as well as important sites of multiple gas interactions.

The first function of heme proteins to be considered is that
of gas transport, typically recognized as O, transport by
myoglobin and hemoglobin. These iron-containing heme
proteins have a broad range of ligands, including CO (9), NO
(364), and H,S (86, 166, 242). The reversible nature of coor-
dinate bonding between a gaseous ligand and the heme al-
lows a gas to be bound and released and forms the basis for
competition with another gas.

A second function of heme proteins is to transfer electrons,
something typically recognized in mitochondrial cytochrome
c. This heme protein mediates single-electron transfer be-
tween integral membrane complexes in the mitochondrial
respiratory chain of eukaryotes. The transfer of an electron

TaBLE 1. Four MAIN FuNncTioNs BY HEME PROTEINS

Classes Proteins /enzymes Reactions Functions
1 Storage and Myoglobin Fe’" +0, = Fe’"-0,, O, storage
transport of gases Fe’* +CO = Fe*"-CO
Fe’* + NO = Fe’*-NO
Hemoglobin Fe’" + 0, = Fe’"-0,, O, carrier
Fe’* + CO = Fe’*-CO
Fe>* + NO = Fe**-NO
Neuroglobin (112) Fe’" + 0, = Fe* -0, O, carrier
Cytoglobin (112) Fe?* + 0, = Fe?™-0, O, carrier
Nitrophorin (335) Fe®t + NO = Fe’*-NO NO carrier

2 Electorn transfer
3 Reduction-oxidation

4 Gas sensors

Hemoglobin I (86, 242)
Cytochromes
Heme oxygenase

Nitric oxide synthase

Prostaglandin endoperoxide
H, synthases

Cytochrome c oxidase
Catalase

Peroxidase

Cytochrome p450

Soluble guanylate cyclase

Cystathionine f-synthase
CooA (10)

NPAS2 (78)

FixL (98)

HemAT (123)

PDEA1 (53)

Fe**—H,0 + H,S = Fe**—H,S + H,0

Fe*' +e = Fe*"
heme + 3AH2 + 302 -

biliverdin + Fe** + CO + 3A + 3H,0O

L-arg 4 1.5¢ + 1.5HY +20, »
L-citrulline + 'NO + 2H,O

arachidonic acid + 20, - PGG,

O, +4e +4H" - 2H,0
2H202 g 2H20 + 02
H202 + AHZ g 2H20 + A

0O,+2e +2H"+ A - AO+H,0

Fe?* + NO = Fe?"-NO
Fe?’" + CO = Fe**-CO
Fe?t +CO = Fe?*-CO
Fe** 4+ CO = Fe**-CO
Fe?* +CO = Fe*"-CO
Fez+ + 02 = Fe2+-02
Fe*" +0, = Fe*™-0,
Fe“ + 02 = Fe“—Oz

H,S carrier

Oxygenases
Oxygenases
Oxygenases

Oxidoreductases
Oxidoreductases
Cytochrome peroxidases
Oxygenases

Second messenger

Allosteric inhibition
DNA binding

DNA binding

Histidine protein kinase
Methyl carrier protein
Second messenger
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FIG. 2. (A) The reaction cata-
lyzed by heme oxygenase (HO).
The HO reaction consists of three
oxidation steps, where one mol-
ecule of O, is used in each reac-
tion step. The reaction starts with
the formation of the Fe*" heme-
HO complex. Then Fe*" heme is
reduced to the Fe®" state by the
first electron donated from
NADPH-cytochrome P450 re-
ductase. O, binds with the heme
of the complex. The iron-bound
O, converts to a peroxy interme-
diate (Fe*"™-OOH). Subsequently,
the terminal O, of Fe*'-OOH
attacks the a-meso-carbon of the
porphyrin ring to form Fe’"
a-meso-hydroxylheme. A subse-
quent conversion of Fe>" a-meso-
hydroxylheme to verdoheme
requires another O,, and this step
produces CO by the regiospecific
cleavage of the porphyrin ring of

{H

H,N“ COOH

L-citrulline

the heme at the a-meso carbon atom. The rate-determining step is O, binding to verdoheme, which is much slower than O,
binding to the heme complex (324). This step produces Fe*" and biliverdin. Adapted by permission from Macmillan Pub-
lishers Ltd: Schuller ef al. Nat Struct Biol 6: 860-867, 1999 (270). (B) The reaction catalyzed by nitric oxide synthase (NOS). NO
is synthesized from the guanido nitrogen atom(s) of L-arginine by the action of NOS. The process involves the incorporation of
an O, into the unstable intermediate N”-hydroxy-L-arginine and subsequently into L-citrulline (250, 257).

takes place at the iron of the prosthetic heme where the iron
switches between two oxidation states: Fe*" and Fe>* (151).

A third function of heme proteins is to facilitate reduction—
oxidation (redox) reactions that occur at catalytic sites of
specific enzymes. In this case, enzyme reactions mediated
by these heme proteins start with the reaction of O, and
an electron or H,O; at the iron of a prosthetic heme. During
these reactions, the heme iron is activated by O, to form
high-valence states (195, 257). Oxygenases are a subclass
of enzymes that catalyze the addition of O, to a substrate.
Heme oxygenase (HO), the CO-producing enzyme, and nitric
oxide synthase (NOS) belong to this category.

A fourth function of heme proteins is that of gas sensor.
Unlike the other three heme-protein functions, in which the
heme is located at the functional site, in gas-sensing proteins,
the prosthetic heme is not found at the functional site, but
rather, it is located at a requlatory site. In this case, the heme
group conveys a signal to the functional site of the protein.
Cystathionine f-synthase (CBS, an H,S-producing enzyme)
and soluble guanylate cyclase (sGC) are examples of enzymes
that belong to this category.

lll. Gas Metabolism
A. Os

Oxygenic photosynthesis is the biologic process occurring
in plants and cyanobacteria that generates O, from water
(2H,O — 4H™" +4e” + O,). Although O, is essential for mammals
to generate energy (ATP) for cell survival and to break down
larger substances into simpler components, our body cannot
produce its own O,. Most of the O, entering the human body is
consumed during oxidative phosphorylation by the terminal

enzyme of the electron-transport chain, COX, in a four-
electron reduction of O, to yield H,O (4Cytochromes ¢*"+
4H" + O, — 4Cytochromes ¢> " 4 2H,0).

B. CO

In the human body, the predominant endogenous source of
CO is from oxidative degradation of heme (iron protopor-
phyrin IX) by heme oxygenase (HO, EC 1.14.99.3). Although
most heme is derived from senescing red blood cells and in-
effective erythropoiesis, a small fraction comes from the
degradation of other heme proteins, such as myoglobin, cat-
alase, peroxidases, and cytochromes (23). Under pathophys-
iologic conditions, additional sources of non-heme CO are
thought to be lipid peroxidation (331) and the metabolic ac-
tivity of intestinal bacteria (82). CO is generated by HO, which
catalyzes three successive monooxygenation steps to convert
heme to biliverdin, Fe**, and CO in the presence of reducing
equivalents (Fig. 2A) (270, 324).

HO is a unique heme protein, in that the heme serves as
both a substrate and a catalytic center of this reaction. Redu-
cing equivalents are supplied by cytochrome P450 reductase,
which provides an electron, derived from NADPH, to the
ferric heme. Overall, the reaction requires three O, molecules.
CO is transported by the red blood cell, where it is bound to
ferrous heme of hemoglobin (COHb). CO is subsequently
eliminated through the lung, when it is displaced by O, as the
red cell transits along a capillary in the alveolar membrane.
Although the binding of CO to hemoglobin is strong (i.e., high
affinity), O, can outcompete CO (186) under the atmospheric
O, conditions that exist in the lung. The reported values of
COHD half-life in the circulation range from 22 to 360 min in
humans (280, 287).
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C. NO

NO is synthesized from L-arginine (L-arg), a readily
available amino acid, by a family of nitric oxide synthase
enzymes (NOS, EC1.14.13.39). Each NOS is a heme protein
consisting of an oxygenase and a reductase domain. The re-
ductase domain first provides an electron from NADPH to the
ferric heme. Subsequently, the NOS hydroxylates the guani-
dine nitrogen of L-arg and oxidizes the N”-hydroxy-L -arginine
intermediate (NOHA) to the free radical NO and r-citrulline
(5, 250, 257, 295) (Fig. 2B). The reaction requires two O,
molecules. In addition, NO is nonenzymatically generated by
reduction of nitrite to NO, in which deoxyhemoglobin in the
red blood cell acts as a nitrite reductase. In cells and blood, NO
is oxidized by nonenzymatic reactions to nitrite and nitrate.
Dinitrosyl iron complexes are reported as stable forms of NO
storage in cells (228, 326). The half-life of NO in solution is
short (< several seconds) (316). Nitrite and nitrate are excreted
by the kidney.

D. H,S

H.S is a gas, which is very soluble in water. Although
somewhat ambiguous, the term “H,S” in this article refers
mostly to combinations of the inorganic sulfides as undisso-
ciated hydrogen sulfide (H,S), hydrosulfide anion (HS’), and
the sulfide anion (5%) in water, unless otherwise specified.
Which of these species exerts biologic action(s) is not currently
known (180, 352). The biochemical pathways and the mech-
anisms whereby endogenous H,S are generated are not well
understood and are currently the subject of active research.
Readers are referred to excellent articles by Kamoun (144),
Kimura (156), and Li et al. (180) for more-comprehensive re-
views on this subject. In brief, as shown in Fig. 3, the multiple

reactions associated with three main enzymes, cystathionine
p-synthase (CBS, EC 4.2.1.22) (57, 199, 283, 284), cystathionine
y-lyase (CSE, EC 4.4.1.1) (361), and 3-mercaptopyruvate sul-
furtransferase (MPST, EC 2.8.1.2) (279) are responsible for its
production in mammals (144, 156).

The first enzyme, CBS, uses pyridoxal phosphate (PLP) as a
cofactor (152). CBS catalyzes the production of H,S from
cysteine by f-elimination (L-cysteine+ L-homocysteine —
L-cystathionine + H,S), f-replacement reactions (L-cysteine +
2-mercaptoethanol — S-hydroxyl-L-cysteine + H,S) (57, 200),
and/or o, p-elimination reactions (L-cysteine +H,O—
pyruvate + H,S + NH3) (57, 284). The second enzyme, CSE, is
a PLP-dependent enzyme catalyzing the desulfhydration of
cystine (144). Although CSE normally catalyzes y-elimination
reactions, it also catalyzes a f-disulfide elimination reaction,
which results in the production of pyruvate, NH,", and
thiocysteine (Fig. 3) (200). Thiocysteine can react with cyste-
ine to form H,S (289). Cysteine can be converted to 3-
mercaptopyruvate by aspartate aminotransferase (AAT). The
3-mercaptopyruvate is then desulfurated by MPST, the third
enzyme, to form H,S and pyruvate (Fig. 3) (139). In rat liver
and kidney (213, 222), unlike CBS and CSE, which are located
in the cytosol (144), MPST is located in both mitochondria and
cytosolic fractions. Among these three enzymes, we focus on
CBS in the later discussion because this enzyme possesses a
prosthetic heme that serves as a target for CO.

As seen in Fig. 4, in animal tissues, the sulfur atom exists
in several oxidation states [i.e., —2; H,S and organic thiols
such as cysteine, —1; polysulfide, 0; elemental sulfur such as
protein—bound-SO, +2; thiosulfate, +4; sulfite, and +6; sulfate
(185, 323)]. On generation, H,S can be stored in three different
forms: (a) stable, (b) acid-labile, and (c) bound-sulfane sulfur
[the term “sulfane” designates a compound containing a



162

Organic - -
sulfur ..t Interaction with NO [—]Omdatlon
CBS MPS'I."...'...v Bindiﬂgtpo EEsEEEESEEEEREEEE
CSE¥ @sD &0
- (] 2- 2- 2-
T HS, s’ || s,0, SO, S0,
Hydrogen Poly- ||Elemental || Thio- Sulfite Sulfate
sulfide sulfide sulfur sulfate
FeS |[RS7S @
Acid-labile || DTT-labile '*[@
Iron Sulfane
sulfide sulfur
Oxidation state of the S atom in compounds
-2 -1 0 +2 +4 +6
cysteine  ypjoeysteine Sulfenic hypotaurine taurine
glutathione acid

FIG. 4. Catabolism of H,S and oxidation states of the
sulfur atoms of various compounds. The sulfur atom of H,S
(reduced divalent) is oxidized in mitochondria to a fully
oxidized state as a sulfate (hexavalent). The reduced sulfur
atoms can be stored as labile sulfur species that can be re-
leased as H,S in response to a signal. Dotted lines, Different
catabolic pathways. *Sulfane sulfur. TST = thiosulfate:
cyanide sulfurtransferase; SO =sulfite oxidase; TSMT =
thiol S-methyltransferase. Adapted by permission from
Elsevier Ltd: Lloyd, Trends Microbiol 14: 456-462, 2006 (185).

sulfur-bonded sulfur (144); e.g., polysulfides, polythionates,
thiosulfate, thiosulfonates, and elemental sulfur. Compounds
containing reduced divalent (—2) or oxidized hexavalent (+6)
forms are defined as “stable” because the sulfur atoms are not
liberated by simple chemical treatment with acid or dithio-
threitol. The stable form includes organic sulfur present in the
divalent state, including cysteine and methionine. By contrast,
other forms of sulfur compounds are defined as “labile,” be-
cause H,S is liberated by simple chemical treatment (323). The
ion-sulfur (FeS) complex is an example of the acid-labile form,
which releases H,S under acidic conditions, whereas poly-
sulfide (R-S,-R where n >3) is an example of a bound-sulfane
sulfur form, which releases H,S under reducing conditions
(156, 323).

The nonenzymatic production of H,S from the organic
polysulfides found in garlic has been suggested as a potential
source in the circulation (22, 271), suggesting that stored
forms of H,S are physiologically significant. The existence of
labile-sulfur fractions not only elaborates the biology of H,S,
but also complicates detection of endogenous levels of H,S in
the tissue. This issue is discussed later (Section IV.B.3).
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What are the mechanisms of H,S catabolism in the body?
In a pioneering study, Haggard (110) reached the conclu-
sion that sulfide is rapidly metabolized, based on his
demonstration that a quick bolus injection of Na,S in the
dog was lethal, whereas a slow rate of injection caused no
harm. However, the catabolic pathway(s) whereby endog-
enous H,S is metabolized appear to be more ambiguous
than those of CO or NO (181). Although several systems for
breaking down, scavenging, and sequestering H,S have
been identified, most data were obtained by using exoge-
nous H,S (187).

The first pathway of H,S catabolism is its oxidation. Studies
using an organ-perfusion model indicated that H,S was oxi-
dized in mitochondria to thiosulfate (S,05%), sulfite (SO5%),
and sulfate (S0,%) (20, 144, 181, 247), and then excreted in the
urine (63). Sulfate (SO,%) is the major end product of H,S
(181). The initial oxidation to thiosulfate is most likely a
nonenzymatic step. Conversions of thiosulfate to sulfite and
sulfite to sulfate are catalyzed by thiosulfate:cyanide sulfur-
transferase (TST) (241) and sulfite oxidase (SO), respectively.
The second pathway of H,S metabolism is the thiol S-
methyltransferase (TSMT)-mediated methylation of H,S to
yield monomethylsulfide and dimethylsulfide (97). The third
pathway involves the binding of H,S to methemoglobin to
form sulfhemoglobin. Additionally, H,S can react with NO
(350). It has also been reported that H,S can diffuse across the
alveolar membrane (83, 132, 209).

IV. Determinants of the Effective Gas
Concentrations at the Target

A. General considerations

To understand how gases are functioning in physiological
processes, it is important to know how much gas is actually
being delivered to a given target. Three major determinants of
the effective gas concentration are (a) the physiochemical
properties of the gas itself (258); (b) the properties of the local
environment, including the surrounding media through
which a gas travels including viscosity, temperature, and
tissue composition (117, 167); and (c) scavenging systems,
including chemical reactions that consume the gas. Here we
attempt to compare and contrast factors affecting gas-transport
efficiency, while referring the reader to excellent books and
reviews on the transport properties of O, (167, 346), CO (332),
and NO (38, 39, 56). Although physical (203, 216), biochemical
and physiological (144) properties of H,S have been well
studied, experimental and mathematical modeling of H,S
transport properties in vivo is limited.

TABLE 2. PHYSICOCHEMICAL PROPERTIES OF O,, CO, NO, aAND H,S

Property 0O, CcoO NO H,S
Molar mass (g/mol) 32.00 28.01 30.01 34.08
Dipole moment (D, debye) (367) 0.11 (367) 0.16 (367) 0.97 (183)
Solubility (g/100g H,O/20°C) 0.0043 (183) 0.0028 (183) 0.0062 (183) 0.40 (183)
Solubility, Mole fraction (x10~° H,0,/20°C) 2.29 (18) 1.77 (47) 3.47 (368) 185 (92)
Diffusion coefficient in H,O (x107° em?s~! 20°C) 2.30 (356) 2.03 (355) 2.07 (355) 1.75 (308)
1% inonization energy (eV) 12.07 (367) 14.01 (367) 9.26 (367) 10.46 (183)
Affinity for metal ions (367) ++(367) +++(367) N/A

Numbers in parentheses denote references.
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Biologic membranes create a diffusion barrier. In general,
gaseous molecules have a high solubility in nonpolar solvents,
such as the lipid bilayer. The dipole moment indicates the
polarity of the gas molecule. The larger this value, the more
polar the gas (i.e., the less permeable through hydrophobic
membranes). As seen in Table 2, H,S stands out among the
four gases under consideration in this review. It has the largest
dipole moment (H,S>>NO >CO >0,), suggesting that it
has the lowest permeation through lipid bilayers, and it
displays the greatest water solubility (H,S>>NO >
O, > CO). Unlike CO and NO, H,S possesses an acidic proton
with a pK, of 6.8, making H,S the anionic conjugate base, HS ™,
the predominant form at the physiologic pH 7.4 (202). Dif-
ferent fractions of H,S species exist under different conditions.
For example, in water at 25°C, pH 8.1, the following compo-
sition has been reported: H,S (7.05%), HS™ (92.25%), and s*
(2.9%x107°%) (203); whereas, in physiologic solution (160), a
composition of H,S (~30%) and HS™ (70%) has been reported.
Because of its ionization, it can be speculated that H,S may
have a reduced ability to permeate the lipid bilayer compared
with either O, or CO. NO (free radical) also changes its ap-
pearance; the ease of oxidation to the nitrosonium ion (NO™M),
the probability of reduction to the nitroxide ion (NO™), and
the attack by O, leading to formation of NO, (197). It remains
difficult, however, to determine the fractional contributions of
each H,S and NO species involved in physiologic processes.

From the diffusion coefficient (D), one can calculate how far
a gas molecule travels in a given time and can estimate the
time for a certain diffusion process. For O; to travel a 10-ym
distance in water at 20°C, it takes 0.021 seconds; whereas, for
H,S that has a smaller D, it takes a slightly longer time, 0.028 s.
It would be of great interest to compare the D of O,, CO, NO,
and H,S in heme protein—containing solutions (the values
listed in Table 2 were obtained in water). Although no such
information can be found in the literature, Longmuir and
Roughton (186) did compare the D of CO and molecular ni-
trogen (N,), which have similar molecular weights (i.e., 28.0)
and physical properties. Measured values of Dy, (2.8x107°
cm/s) and Dco (3.2x107° em/s) at 20°C in 40% hemoglobin in
water were similar. To our knowledge, no information exists
on the diffusion of H,S through biologic tissues, as has been
done with O, (167).

Furthermore, the reported values of the redox potentials of
NO are +0.71 volts in acidic solution (2NO+2H' +
2e” - H,N,0,) and +0.18 volts in basic solution (2NO +
2 e~ — N,O,%) (102). This indicates that NO is readily reduc-
ible or oxidizable, allowing it to function as either an oxidizing
or a reducing agent (367). By contrast, H,S tends to be re-
garded as solely a reducing agent (180, 185). However, the
biologic chemistry of H,S has not fully been investigated.

NO has a higher affinity than either O, or CO for metal ions
(367). Because NO has an unpaired electron, it can readily
accept or donate an electron to a metal ion, as described ear-
lier. Although H,S has been recognized to react with metals
such as silver and zinc, no report exists comparing the inter-
action energy of NO and H,S with a certain metal. The in-
teraction with a metal depends on the first ionization energy
of the lone pair electron in the gas ligand and the electron
affinity of the metal (100). It can be speculated that H,S ex-
hibits a slightly weaker affinity to a metal as compared with
that of NO (H,S, 10.46eV, vs. NO, 9.26eV), but a stronger
metal affinity than either O, or CO.
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B. Membrane permeability of gases

An important question has recently been raised regarding
the membrane permeability of gases. Do gases cross biologic
membranes by simple diffusion alone, or might they be
transported? Factors influencing the permeability of small
neutral molecules such as gases are (a) how easily the gas
dissolves into the membrane’s hydrocarbon, and (b) the rate
at which the gas diffuses through the hydrocarbon. Based on
this “solubility-diffusion” model (88, 158), it is generally as-
sumed that biologic membranes are no barrier to small gases,
which can readily cross membranes without specific trans-
porters. However, some experimental data do not support
this model. For example, the apical membrane of gastric gland
cells was found to have no demonstrable permeability to ei-
ther H", CO,, HCO;~, NHs, or NH," (333). Investigators
suggest that the lipid bilayer can offer resistance to simple
diffusion, based on data showing that changes in lipid com-
position alter gas permeability (119), whereas other investi-
gators have challenged the solubility-diffusion model (69, 93),
suggesting that gases are transported across biologic mem-
branes by proteins.

Recently, NO membrane permeability was suggested to be
facilitated by the aquaporin-1 (AQP1) protein (115). Ad-
ditionally, when AQP1 was purified from human red blood
cells and reconstituted into proteoliposomes, it was found to
increase the permeability of both water and CO,. As both ef-
fects were abolished with HgCl,, the authors concluded that
AQP1 served as a protein-mediated channel that increased CO,
permeability (245). Although the notion that AQP-1 mediates
gas permeability is supported by various studies (69, 81, 342),
the experimental system has been criticized (204, 253) and the
concept refuted. Moreover, in a study using transgenic mice
lacking AQP1, CO, permeability in red blood cells was not
reduced in the absence of AQP1 (84, 360). To date, no report
suggests facilitated transport of either O,, CO, or H,S.

V. Mechanisms of Gas Sensing and Gas Actions
A. Heme-protein sensors

1. General aspects of heme-protein sensors: biochemical
characteristics and structural-functional relations. Heme-
based sensor proteins are key regulators of cellular responses
to changes in O,, CO, NO, and H,S levels. These gas sensors
act as signal transducers by coupling a “regulatory” heme-
binding site to a “functional” signal-transmitter site. Four
different types of heme-binding domains are known: (a)
globin-coupled sensors, (b) heme-binding PAS domains, (c)
CooA, and (d) heme-NO-binding (HNOB). Coupled trans-
mitter domain sites include cyclase, histidine protein kinases,
and phosphodiesterases, as well as transcription factors with
the basic helix-loop-helix motif.

What are the molecular mechanisms whereby heme-based
gas-sensing molecules transduce signals? Understanding the
structural-functional relations of the coordinated complex at
the site of a prosthetic heme of these sensor proteins can help
provide answers. Here we first describe key biochemical fea-
tures of heme-protein sensors that should be taken into account
when discussing the concept of gas sensing and signaling. This
includes the relations between (a) oxidative states of the central
iron of the prosthetic heme and the binding affinity of gases, (b)
ligand binding and base affinity, (c) conformational changes
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within the protein arising from ligand binding, and (d) struc-
tural changes and protein functions.

The oxidative state of the heme iron is an important deter-
minant of ligand discrimination. The iron atom in the pros-
thetic heme can exist as either an Fe?* (ferrous) or an
Fe**(ferric) oxidation state that, as described earlier, has the
ability to form six coordinate bonds. As shown in Fig. 5, each of
the lone pairs on the nitrogen atom of the porphyrin ring in
hemoglobin can form a coordinate bond with either an Fe*"
an Fe*" ion, holding it at the center of the porphyrin ring. This
leaves two more coordinate positions, one above and one be-
low the plane of the porphyrin ring. The globin attaches to one
of these positions by using a lone pair of the nitrogen molecule
of histidine known as proximal histidine. The other position is
the point at which a gas forms the sixth coordinate bond.

The electronic structure of the iron atom in its ground state
can be expressed by specifying the number of electrons in each
orbital as follows: 15°25°2p°3s?3p®3d®4s®. When iron is oxi-
dized to Fe?", it loses two electrons from its 4s orbital,
changing its electronic state to 15°2s*2p°®3s°3p°®3d°. When it is
further oxidized to Fe**, an additional electron is lost from the
3d orbital, resulting in a 1s°25*2p°3s*3p°3d° electronic config-
uration. In an octahedral complex with six ligands, the energy
level of the iron 3d orbitals splits into two, giving low energy
tag (dyy, dxz, dy,) and high energy e, (ds2.y2, d,2) orbitals. The
former are essentially non-bonding, while the latter are weakly
anti-bonding with respect to the coordination bonding with
the ligands. The bonding molecular orbitals in the complex are
close in energy to those of the atomic (or molecular) orbitals of
the isolated ligands that compose a lone pair, although the iron
4s and 4p orbitals also contribute significantly to the stabili-
zation of the coordination bonds (17, 194).

Electronic configurations of O,, CO, NO, and H,S are an
important determinant for gas binding. All of O,, CO, NO,
and H,S have lone pairs of electrons in their outer energy
levels, making them active electron-lone-pair donors (Fig. 5).
The ferrous oxidation state (Fe*") of hemoglobin preferen-
tially binds neutral ligands such as O, (the physiologic
ligand), CO (a typical toxic ligand), and NO (9). Conversely,
the ferric oxidation state (Fe>") preferentially binds H,S and
water (138), and anions such as CN~, N®>~, and OH"~ (Fig. 5)
(367).

Why does the Fe®" of the prosthetic heme of myoglobin or
hemoglobin prefer an anion to a neutral ligand? Under the
condition of low electron density of the metal (M)-d-orbitals,
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Proximal
histidine

FIG. 6. Distinct positional changes at the distal histidine
induced by different ligands: O, CO, and NO. Ligand
geometry in the heme pocket of sperm whale myoglobin is
shown. The heme iron is coordinated to a proximal histidine
(His93), making the iron five-coordinate with a free binding
site for O,. The distal histidine (His64) located above the free
binding site can form a hydrogen bond to the sixth iron
ligand. The heme is ligated by O, (IMBO, blue), CO (1VXF,
green), or NO (1HJT, red). Each structure was determined by
x-ray crystallography, and each structure is superposed on
another. Hydrogen bonds, interatomic distances <3.0 A, are
represented by lines. Adapted by permission from Wiley-
Blackwell Ltd: from Brucker et al. Proteins 30: 352-356, 1998
(35).

donation of an electron from the ligand (L) to M (“n-donation”)
tends to stabilize the complex by forming “n-bonding” (194).
Because an Fe*™-heme possesses one less electron than an
Fe?*"-heme, the electron density of its d-orbitals is lower,
making it more readily accepting of an electron from L. This is
one explanation for why Fed" prefers more-electronegative
ligands to neutral ones (194). Furthermore, the charge-transfer
property from L to M depends on the ionization energy of the
lone-pair electron in L and the electron affinity of M (100). In
this regard, the first ionization energy among different lone-
pair-donating ligands (the energy required to remove the first
electron in the molecule) appears to become an important
parameter. Here the smaller the ionization energy, the more
readily the transfer of electronic charge occurs. As shown in
Table 2, H,S (10.46eV) displays a smaller ionization energy
compared with CO (14.01 eV), making H,S a better ligand for
an Fe’"-heme complex than CO (194).

Why then does the neutral ligand CO bind to Fe**-heme,
but not to Fe’*-heme? The bonding of CO to M is thought to
have two steps. The first step is the donation of electron
density from CO to M, “n-donation”, whereas the second step
is the back donation from the dn-orbital of M to an empty n*
antibonding orbital of CO, called “n-back donation” (197).
Such a “n-back donation” occurs more readily for the Fe?*
heme than that for the Fe*"-heme because the difference in
energy between the d-orbital energy of an Fe>" and the 7*-
orbital energy of COisrelatively small (194). Consequently, CO
can interact with an Fe**-heme, but not with an Fe>"-heme.

This description makes us realize the importance of the
metal center redox state. The Fe** of hemoglobin can be rap-
idly oxidized to the Fe’* of methemoglobin in the presence of
O,. However, in our body, the endogenous source of the re-
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FIG. 7. Difference in transaxial effects of CO and NO li-
gation on the prosthetlc heme of hemoglobin. Ligand af-
finities of the Fe®'-heme-hemoglobin complex and the
binding constants for proximal base are compared between
CO and NO. For the gas-ligand affinity, NO binds better
without the proximal base, which sets NO apart from CO.
Correspondingly the binding constant for the proximal base is
decreased by ~10-fold; weakening the bonding of the heme
iron to the imidazole base of the histidine residue. K, equi-
librium constant in M~ ', Adapted from Yonetani et al., Journal
of Biological Chemistry 273: 20323-20333, 1998 (364).

ducing equivalent modulates the heme oxidative state. For
hemoglobin, the electron donor is methemoglobin reductase,
and for HO, it is cytochrome P450 reductase: however, the
electron donor for CBS is unknown. Nitric oxide poses a more-
complicated story because the relative distributions of the Fe
oxidative states are not well understood (295).

Although myoglobin is not considered a gas sensor per se, it
does bind O,, CO, and NO. Figure 6 shows the structures of
native sperm-whale myoglobin whose ferrous heme has been
ligated by O,, CO, or NO, respectively (35). Each structure
was determined by x-ray crystallography and then super-
posed. As seen, ligand-binding by the different gases causes
distinct positional changes of the distal histidine group. A
change of this kind is considered to be the first step in the
signal-transduction mechanism of heme-protein gas sensors.

How then is this first conformational change, induced by
ligand binding, coupled to structural changes at distant sites
within the heme-protein gas sensor? And furthermore, what
is the mechanism whereby NO acts differently than CO?
Hemoglobin can be used as a model to describe such a
mechanism. Figure 7 shows a scheme comparing binding
affinities (iron-to-gas bond) and base affinities (iron-to-
imidazol) of CO and NO. Although both CO and NO are
strong heme-ligands, NO has a much higher affinity for fer-
rous heme (nitrosylheme) than does CO. Conversely, the base
affinity of nitrosylheme is lower than that for CO-heme.
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the immediate vicinity of the heme of a-NO hemoglobin.
NO forms a five-coordinated nitrosyl-heme complex in which
the a-heme Fe-His (F8) bond is weakened and cleaved, caus-
ing a shift in the quaternary structural equilibrium from the R-
toward the extreme T-state. In this form, the O, affinity in the
f-subunit is substantially reduced, making it an extreme low-
affinity O, carrier. (B) Comparison of O,-delivery capacities of
untreated RBCs (grey line) and a-NO RBCs (black line) at pH 7.4
and 15°C. Normal hemoglobin can carry four O, per tetramer,
whereas o-NO hemoglobin can only carry two, because the o-
subunits are ligated by NO. Under normal conditions, RBCs
unload ~11% of total O,, whereas «-NO RBCs can deliver
29%. Adapted by permission from Taylor & Francis Ltd.:
Tsuneshige et al., Artif Cells Blood Substit Immobil Biotechnol 29:
347-357, 2001 (322).

CO binds preferentially to the six-coordinated structure
with an equilibrium constant (Kg) of 4x10® M !, compared
with 2x10* M~ for the five-coordinated structure, a 4 orders-
of-magnitude difference. The opposite is true for the binding
of NO, which prefers the five-coordinated structure to the 6-
coodinated structure by a 3 orders-of-magnitude difference
(255, 256, 266, 320). The consequence of this differential
binding is that the binding of CO strengthens the Fe-axial
bond to the imidazol base of proximal histidine; whereas that
of NO markedly weakens the same bond (Fig. 7). Under some
conditions, the proximal iron-histidine bond is severed,
forming a 5-coodinated nitrosylheme complex. This has been
observed in both o-NOHb in the presence of inositol
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FIG. 9. Simplified drawing to show the proposed mech-
anism of NO sensing by sGC. NO binds and unbinds from
the Fe** heme in the regulatory domain, which transduces
the signal to the functional domain, where a conformational
change is transduced to the functional unit, and the cyclase
activity is turned on. For a more complete scheme, readers
are referred to the articles by Marletta and his co-workers
(73, 354). The equilibrium constants, Kno, Kco, are calculated
based on rate constants from the literature.

hexaphosphate (364) and in the heme-regulatory subunit of
sGC (101, 161).

Iron in the six-coordinated nitrosylheme is situated in
the plane of the porphyrin ring; whereas, iron in the five-
coordinated structure is displaced out of the plane, causing a
shift of the iron toward the NO ligand. This shift is thought to
induce further changes in protein structure (161, 364, 367). By
using a-nitosyl hemoglobin (x-NOHb) as a model, in which
the two a- subunits are bound by NO, we relate a structural
change induced by NO into a functional change of hemoglo-
bin, namely the O, binding characteristics and O,-delivery
performance of «-NOHb. Yonetani et al. (364) showed that
o-NOHb modulates the quaternary structure of hemoglobin
between the R (relaxed) and T (tense) forms. The T-state dis-
plays a dramatic decrease in affinity for O, in the f-subunits,
attributable to the quaternary conformational change caused
by NO-induced cleavage of the axial bond in the a-subunits.
Conversely, O, binding to the f-subunits shifts the quaternary
conformation toward the R-state, causing a decrease in the
affinity of NO for the o-subunits (Fig. 8A). Indeed, the O,
saturation curve of human erythrocytes containing «-NOHb
(«-NO-RBC) is right-shifted compared with that of the NO-
free erythrocytes (Fig. 8B) (298, 322). In this manner, a-NO-Hb
is suggested to augment O, delivery in the peripheral tissues.

2. Specific heme-protein sensors

a. NO sensor. The soluble guanylate cyclase enzyme (sGC,
EC 4.6.1.2), which catalyzes the conversion of GTP to the
second-messenger cGMP, is a heme-based NO sensor and
was the first definitive receptor of NO to be identified in
mammals (73, 188, 243, 293, 319). sGC is a heterodimer con-
sisting of a- and f-subunits (72). The N-terminal regulatory
domain of each subunit has a heme-nitric oxide and oxygen
binding domain (H-NOX), whereas the f-subunit has a
prosthetic heme (136, 146). The ligand-binding characteristics
of sGC are unusual, in that its heme group does not bind O,,
even under atmospheric pressure.

The catalytic activity of sGC is controlled by both NO and
CO (Fig. 9). NO binding can increase the catalytic activity of
the enzyme by several hundred-fold (293); whereas, the

KAJIMURA ET AL.

stimulatory effect of CO is far less potent, increasing enzyme
activity by only three- to four-fold (142, 154, 161, 233, 292).
However, in the presence of the allosteric activator YC-1 (3-
(5"-hydroxymethyl-2’-furyl)-1-benzyl indazole) (189), CO
synergistically activates the enzyme to the same level as NO
(294). For detailed kinetics, ligand-binding characteristics,
and structure-function relations of this enzyme, readers are
referred to excellent reviews by Marletta and his co-workers
(49, 73) and others (211, 233, 243).

How are CO and NO different from each other with respect
to their sGC-binding properties? Sharma and Magde (274)
summarized important kinetic data for CO and NO binding to
sGC, and the following values are taken from their table. CO
rate constants for association and dissociation are 1.2x10°
M 's7'and 28 s7! at 23°C, respectively (154), whereas Stone
and Marletta (291) reported values for CO on and off rates as
3.6x10* M 's ' and 3.5s ! at 10°C, respectively. By contrast,
these values for NO are 1.4x10° M 's~! and 8x10™* s}, re-
spectively. This means that the association of NO to the heme
is faster than that of CO, whereas dissociation of NO from the
heme is slower than that of CO.

How is the binding of NO translated into an increase in the
enzyme activity? Although no three-dimensional structural
information of sGC is yet available, kinetics and equilibrium
binding studies of NO to sGC have made it possible to pro-
pose a complicated multistep mechanism of sGC activation
that involves at least two NO-binding sites (49). It was once
thought that sGC followed a simple two-step activation pro-
cess whereby NO bound to heme, forming a sGC-NO com-
plex (six-coordinated histidine-Fe-NO), which subsequently
changed to form a fully active five-coordinated histidine-
Fe-NO complex. However, this model was revised by Zhao
et al. (371), who showed that full activation required two NO-
dependent kinetic processes. By monitoring NO binding and
catalytic activity simultaneously, Russwurm et al. (259)
showed that when 80% of heme is saturated, as in the Fe-NO
complex, sGC displayed only 10% of maximal activity, sup-
porting two NO-bound states of the sGC. Poulos (243) sug-
gests in his review that sGC exists in a mixture of two species
of five-coordinate Fe-NO complexes displaying identical
spectra, in which one has low or no activity and the other has
full activity. By contrast with NO, CO ligation results in the
formation of a six-coordinated Fe*"-CO complex (161). Stone
and Marletta (291) suggest that the binding of CO to sGC is a
simple one-step process, in which the off-rate of CO from the
hexacoordinate complex is much faster than typically found
in heme proteins. The differences in sGC ligand binding de-
scribed earlier become important when the interactions of CO
and NO are considered in vivo.

b. CO sensor. Are specific CO-specific sensors not affected
by NO under physiologic conditions? The transcriptional ac-
tivator CooA in the photosynthetic bacteria Rhodospirillum
rubrum is the first example of a heme protein in which CO
plays a physiological role. Here only the CO-bound form of
CooA binds to its target DNA and acts as a transcriptional
activator (11, 127, 275). In mammals, the heme protein neu-
ronal PAS domain protein 2 (NPAS2) was reported to be a
specific CO sensor (78, 251). It was identified as a member of
the bHLH family of transcription factors expressed in the
forebrain. The resonance Raman spectra indicated that CO
coordinated to the heme iron histidine on the proximal side,
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FIG. 10. Effects of CO and NO on the activity and structure of the prosthetic heme of rat recombinant full-length CBS.
(A) Sodium sulfate polyacrylamide gel electrophoresis for purification of rat recombinant CBS. Lane 1, crude extract; lane 2,
purified CBS. (B) Effects of CO and NO on the Fe*"-CBS activity under optimal substrate conditions at pH 7.4. CO, but not
NO (100 uM), significantly attenuated the activities of the ferrous enzyme. Data indicate mean +SEM of four experiments.
The activities were measured by determining the conversion of homocysteine and serine to cystathionine. *p < 0.05 versus the
group treated with vehicle (V). The concentration of CBS-heme was 10 uM. (C) Stopped-flow visible spectrophotometry for
Fe’*-CBS to examine temporal transitional changes after mixing with CO. Data exhibited a decrease at 448nm and a
reciprocal elevation at 422nm, demonstrating stabilization of the six-coordinated CO-Fe"-histidine complex. (D) Electron
spin resonance spectroscopy indicating the five-coordinate NO-Fe*" complex of the CBS-heme. Arrow, g value = 2.008.
Adapted from Shintani et al., Hepatology 49: 141-150, 2009. (E) Crystal structure of the human CBS (drawn from PDB 1JBQ).

The heme and PLP are presented in a stick model.

whereas NO did not bind to the heme group (318). Here, COis
suggested to regulate the formation of a complex between
NPAS2 and another bHLH transcription factor, BMALL, in a
process that regulates the circadian rhythms (78).

Cytochrome P450 enzymes were once considered putative
CO-sensitive signal transducers (118, 312, 313). However, the
ferrous heme of these enzymes has been found to be sensitive
to both CO and NO, ruling them out as specific CO sensors.
CBS, the “pseudo-cytochrome P450,” conversely, was found
to be a bona fide CO-specific sensor. In vitro studies using re-
combinant CBS have shown that CO acts as an apparent
competitive inhibitor of CBS, with the K; value of ~5uM,
much smaller than that for NO (200 uM) (312). The result is
striking because such a low K; for CO suggests that CBS acts as
a specific CO sensor in vivo under physiologic conditions.
CO inhibits recombinant rat CBS by stabilizing the six-
coordinated structure of the heme. By comparison, NO binds
to heme, but stabilizes the five-coordinated structure.

CBS was first identified as H-450, in which the addition of
CO to its reduced form produced a new spectral species that

resembled that of the reduced CO-complex of a denatured
form of cytochrome P-450 (226). Among heme proteins, CBS is
unique, in that it catalyzes a PLP-dependent reaction (152).
The prosthetic heme of this enzyme is coordinated to histidine
and cysteine as axial ligands in human and rodents. Because a
distance of ~20A exists between the heme and the PLP co-
factor, a direct catalytic role of the heme is excluded (Fig. 10)
(199). Although the crystallographic structure of CO-ligated
forms has yet to be determined, perturbation of the heme
environment by CO, but not by NO, is believed to be com-
municated to the active site with concomitant inhibition of
enzyme activity. Thus, it can be postulated that CBS functions
as a CO-sensing heme protein.

VI. Interactions of Multiple Gas-Transducing Systems

A. Multiplicity of actions: a hallmark of gas behavior

HO, NOS, and CBS are heme proteins that generate CO,
NO, and H,S, respectively. Although these enzymes have
adapted ways to recognize specific substrates and cofactors
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and protect themselves from being bound to nonphysiologic
ligands of similar polarity and shape, interactions among gas
ligands do occur. At least nine different interactions between a
gas and a generating system can be considered (CO/HO,
CO/NOS, CO/CBS, etc.), without taking into account the
binding effects of O,. Here, we mostly limit consideration to
acute interactions of CO and NO at the level of their biosyn-
thetic enzymes, NOS and HO, and sGC, a primary heme
protein target/receptor for these gases.

1. Does CO inhibit NOS and does NO inhibit HO? CO
has been suggested to inhibit NOS activity by coordinating to
the NOS prosthetic heme group. However, such inhibition
seemingly requires a high concentration of CO. For example, by
using purified murine macrophage iNOS, White and Marletta
(349) found that a mixture of 80%CO and 20% O, (a near-
saturated CO solution that resulted in direct CO-binding to the
NOS prosthetic heme) inhibited NOS activity by 73 to 79%.
Similar results were obtained independently (196, 198, 265) by
using recombinant neuronal NOS (nNOS). However, an im-
portant question is what is the actual physiologic inhibitory
concentration of CO? Scheele et al. (265) note that the CO af-
finity for NOS is relatively weak; it is 300 times less than the CO
affinity for human Mb, and they suggest that 1 mM CO, a near-
saturated concentration, would be required to inhibit NOS. It
would appear, however, that such inhibition by CO is unlikely
in vivo, unless such a high concentration can be achieved locally.
Althoughlocal CO concentration cannot be currently measured
and is unknown, such a possibility should be pursued.

Whereas CO does not appear to inhibit NOS unless it is at
high concentrations, based on in vitro experiments, NO has
been reported to bind and inhibit HO (338). The ligation of
NO to the Fe** (ferrous) heme of recombinant human HO-2
was demonstrated by resonance Raman and EPR spectros-
copy (134), and stopped-flow studies revealed that NO binds
500-fold more tightly to Fe*"-human HO-1 than to the Fe®*-
myoglobin (338). In terms of the inhibitory effect, by using the
NO donor, NOC9, Wang et al. (338) reported the ICs for
human HO-1 as 0.08 mM.

2. Does CO autoinhibit HO and does NO autoinhibit
NOS? Can a gas self-inhibit the activity of its own synthe-
sizing enzyme? When exogenous gases were applied to their
respective enzymes in vitro, the answer was “yes” for both CO
and NO. The HO reaction was substantially attenuated under
a gas phase of 20% CO and 80% O, (366). By contrast, how-
ever, endogenously produced CO did not appear to inhibit
the same reaction (191). It is therefore worth noting the
mechanism by which HO can escape from CO autoinhibition
(170, 299, 300). A notable feature of the HO reaction resides
in the oxidation of verdoheme to biliverdin. This reaction
proceeds without interference by CO, which is produced
in the second step of the overall HO reaction as a«-meso-
hydroxyheme is converted to verdoheme (Fig. 2A).

The endogenously produced CO does not seem to interfere
with the third step (single-turnover reaction) of the overall
HO reaction (155). The affinity of CO for verdoheme is low
compared with that for heme. As CO is being generated
during the second step of the HO reaction, it is temporarily
trapped within a special space in the heme pocket of the en-
zyme and then released after the generation of biliverdin. It is
through this mechanism that CO autoinhibition of HO is
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avoided (299). However, excess exogenous CO does inhibit
this third reaction step. Under a gas phase of 20% CO and 80%
O, (366), the HO reaction is substantially attenuated, specifi-
cally at the verdoheme stage. These findings suggest that the
active site of HO may be equipped with structural features
that allow the HO to escape autoinhibition by local CO during
the reaction, but not by external CO. Somewhat consistent
with this concept is x-ray crystallography data, which show
that the heme-HO complex has a structure that increases the
affinity for O,, but decreases the affinity for CO (300).

Similar to the inhibition of HO by exogenous CO, exoge-
nous NO (105, 254) has been shown to inhibit NOS activity at
concentrations between 0.1 and 10 uM (1, 105, 192). Grisca-
vage et al. (105) suggested that enzymatically generated NO
could autoregulate NOS, with direct consequences on NOS
activity and local changes in NO concentration. The mecha-
nism of NO autoregulation may be somewhat different,
however, from that of CO autoregulation, as NO binds to both
Fe”" and Fe’* oxidation states in heme proteins, whereas CO
binds solely to the Fe** oxidation state of NOS heme proteins.

Stuehr et al. (295) comprehensively summarized a novel
catalytic model that emphasized the importance of heme ox-
idation states during NO biosynthesis, suggesting a possible
role for NO as an intrinsic regulator. During NO synthesis, the
iron of the NOS prosthetic heme alternates between the Fe**
and Fe®" oxidation states (192). Under an anaerobic atmo-
sphere, the heme iron of nNOS was shown to bind NO as a
sixth ligand in both the Fe** and Fe®" oxidation states, gen-
erating stable NOS heme iron-NO complexes (339). During
NO synthesis, NO binds to the Fe®*"-heme before exiting the
NOS, and the reduction of the Fe**-heme is the rate-limiting
step for the overall enzyme reaction (264).

3. CO Attenuation of NO-mediated sGC activation. As
discussed previously, a principal means by which CO and NO
transmit signals is through binding to the heme moiety at the
active site of sGC. What happens if both CO and NO simul-
taneously diffuse to the sGC? To answer this question, an
experiment was conducted with purified bovine sGC to de-
termine whether CO modulates NO-dependent activation of
sGC (1.7nM in a reaction mixture) (142). At in vitro concen-
trations of 10 to 30 uM, CO exhibited dual effects on the
activation of purified bovine sGC induced by the NO donor
S-nitroso-N-acetylpenicillamine (SNAP). In the presence of
SNAP at <100nM, CO elicited a modest activation of sGC.
However, in the presence of SNAP at greater concentrations,
the application of CO modestly but significantly attenuated
sGC activation. These results suggested that CO serves as a
partial antagonist for sGC, limiting the dynamic range of the
NO-dependent activation of the enzyme. Many biochemical
investigations have provided good evidence for the acute
interactions of CO and NO at the level of the generating en-
zymes. To use these findings to discuss more-complicated
systems in vivo, we must consider the following factors of gas
generation: (a) concentrations of gases in tissues, cells, or even
compartments in the cells; (b) spatial localization of gases; and
(c) temporal regulation of gas generation.

B. Quantitative arguments

Organs and cells are specialized in their ability to produce
different gases at different rates, and it is this specialization
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that controls cellular function. Many studies have extrapo-
lated from the protein expression of gas-producing enzymes
to the amount of gas generated. However, such extrapolation
is far from ideal because it is the availability of substrates and
trace elements that controls enzyme activities and is more
likely to determine the rate of gas formation in a tissue than
simple protein expression.

Unlike NO, which is synthesized from L-arginine, a readily
available substrate, it is generally assumed that little free
heme is available to act as a substrate for the CO-generating
enzyme, HO. Furthermore, production of CO appears to be
controlled in a more tonic fashion, in which no acute on—off
switch is required, differing from NO, which is more tightly
regulated. HO-2, the constitutive isoform, contains three Cys-
Pro signatures, known as heme-regulatory motifs (HRMs),
which regulate processes related to iron and oxidative me-
tabolism (124). Yi et al. (362, 363) showed that the C-terminal
HRMs act as a thiol/disulfide redox switch, controlling the
affinity of the enzyme for heme. To understand better the
molecular mechanisms of gas signaling in vivo, more rigorous
measurements of the actual levels of gas production with high
spatial and temporal resolution are required. This is very
difficult because gases bind to multiple entities, reducing their
free levels, and currently no robust experimental approach to
measure their local concentrations exists. Currently, real-time
measurement of CO with high spatial resolution is not
available. Here we focus on the quantitative differences in
tissue between CO, NO, and H,S and discuss the possible
physiologic consequences that these differences might induce.

1. Tissue concentrations of CO. CO has attracted
much interest since being implicated as a gaseous messenger
for various biologic systems (230, 261, 296, 328). To under-
stand the molecular basis and mechanisms whereby CO
mediates cellular functions, it is important to determine the
local concentration of CO in target tissues. Analytic proce-
dures used to measure endogenous CO concentrations in-
clude gas chromatography-gas-reduction detection (330), gas
chromatography-mass spectroscopic detection (14), laser
sensor—infrared absorption (165, 208), and UV-visible spectro
photometric measurement of the CO-hemoglobin or the
CO-myoglobin complex (2). Although recent quantum cas-
cade laser technology (165, 208) enabled us to perform the
real-time detection of biogenic CO generation, the technology
to resolve both spatial and temporal dynamics of CO is not yet
available. Readers are referred to comprehensive articles by
Vreman ef al. (332) and Marks et al (191).

One of the first attempts to determine the level of endoge-
nous CO was made by using an isolated perfused liver
preparation. Concentrations of CO in the effluent were de-
termined spectrophotometrically by measuring the formation
of the ferrous-CO complex of myoglobin (296, 297). The
steady-state generation of CO was calculated to be 0.7 nmol/
min per gram of liver. When the differences in local flow rates
between ex vivo and in vivo systems are considered, it appears
that local concentrations of CO in and around sinusoidal
vessels are approximately 1 uM (296).

Recently, the development of a gas chromatography/
reduction gas detector (GC/RGD) system allowed measure-
ment of CO with a sensitivity of 1 pmole and a linear range up
to 120 pmoles (330). By using this technique, the CO tissue
concentration in rat liver was found to be 4 pmol CO/mg FW
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(fresh weight), which was similar to that measured by Sue-
matsu et al. (296). In the rat brain, Vreman ef al. (359) found the
CO content to be 2 pmol CO/mg FW. By using GC, Ishikawa
et al. (135) detected 1 uM CO in rat cerebrospinal fluid (CSF).
In the same CSF, the concentration of bilirubin-IX«, an end
product from heme degradation through the HO reaction,
was determined to be 0.8 uM, suggesting that the stoichiom-
etry of CO and bilirubin-IX« is close to 1 to 1. Taken together,
these data suggest that CO concentrations in the liver and
brain are in a micromolar range. By comparison, this value is
one or two orders higher than the concentration of NO.

2. Tissue concentrations of NO. It is a difficult task to
measure endogenous NO gas in vivo because of its low con-
centration and its short half-life. Analytic procedures to
measure endogenous NO concentrations include electro-
chemical detection by using microelectrodes (16, 321) and
chemical detection by using fluorescent indicators (163). NO
microelectrodes can achieve a low detection limit [e.g., 6nM
(16)] and fast response time with high temporal resolution,
but they cannot provide information on the spatial distribu-
tion of the gas within the tissue of interest. Conversely,
fluorescent probes can provide information on spatial distri-
bution, but cannot provide real-time information on NO flux.
This is because fluorescent probes irreversibly react with NO.
In vivo studies indicate that the NO concentration in tissues is
likely to be in the 0.1 to 100nM range (21, 38, 41), whereas
values of perivascular NO concentrations from the resistance
arterioles have been reported to be 500 to 600 nM (29, 321).

Numerous studies have tried to answer the following
question: How much NO is required to activate sGC in vivo?
The answer depends on (a) how much NO is actually pro-
duced, and (b) how much NO is delivered and coordinated to
the prosthetic heme group of sGC, as an axial ligand. In the
literature, the low-end concentration of NO required for half-
maximal activation of purified sGC is 1.7nM (103). By con-
trast, Stone and Marletta (293) reported an NO concentration
of 250 nM at 10°C in vitro. Theoretically, the physiologic half-
maximal activation of sGC at 37-38°C should be even higher,
when one considers that NO reacts with not only with sGC,
but also with other molecules, such as superoxide, thiol
groups, hemoglobin, and cytochrome c oxidase, thereby re-
ducing the effective concentration of the gas at the site of sGC
(37, 196, 234).

In vascular smooth muscle cells (VSMCs), NO binding to
the heme group of sGC occurs within milliseconds to a few
seconds, although subsequent release of cGMP is much
slower (49). Half-maximal activation of sGC requires 23 to
250nM NO. The deactivation of sGC, with a half-life of 1 to
2min, is at least an order of magnitude slower than its acti-
vation (64). This might imply that, even after the NO in the
local environment dissipates, the sGC remains activated. This
adds another level of complexity to the question of how much
NO is needed to relax the smooth muscle in situ.

The difficulty in measuring the tissue concentration of NO
has accelerated the field of mathematical modeling of NO
delivery. Many mathematical models predicted a concentra-
tion range between 100 and 250nM (38, 56, 327). Direct en-
zymatic production of NO in tissue depends on the
availability of substrates and cofactors and the expression of
the NO synthases (nNOS, iNOS, and eNOS (207)). Until re-
cently, most NO available for vascular walls was believed to
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FIG. 11. Vasodilatory response on reducing endogenous
CO generation associated with augmented NO generation
under a CO-suppressed condition in the rat brain. (A)
Changes in arteriolar diameter at 60min after the super-
fusion of various reagents. Supplementation of CO (10 uM)
significantly reduces the vasodilatory response induced by
HO inhibition. Inhibition of NOS by L-NAME (1 mM) abol-
ishes this vasodilatation. Diameters are standardized as a
percentage of baseline diameters before applying the re-
agents. *p <0.05; an increase as compared with the vehicle-
treated control. #p < 0.05; as compared with the ZnPP-treated
group. Values are expressed as mean+SEM. (B) Time-
dependent elevation of NO production in the pial microcir-
culation. In the control group, NO-associated fluorescence is
faint at 20 min. At 60 min, it becomes obvious at the vascular
walls and at the cells located in extravascular space. Con-
versely, in the ZnPP-treated group, fluorescence is evident
even at 20min, and it increases further at 60 min. Adapted
from Ishikawa et al., Circ Res 97: e104—e114, 2005 (135).

be derived from eNOS in endothelial cells. However,
Kashiwagi et al. (148) found that nNOS-containing nerve fi-
bers, which innervate arterioles and nerve terminals, are
major sources of arteriolar NO, indicating an additional
source in the vicinity of arteriolar walls (Fig, 11). Others also
reported the presence of nNOS in perivascular nerve fibers
(64, 219). These findings are reinforced further by the theo-
retic study in which consideration of the perivascular source

KAJIMURA ET AL.

of NO gives rise to a more realistic prediction of the NO-
concentration profile in and around an arteriole, making it
closer to the measured values (149). Although determination
of tissue concentrations of NO is not easily achieved, these
investigations may allow us to speculate that its concentration
is in a nanomolar range, much less than that of CO. Possible
consequences of the difference in CO and NO gas tissue
concentrations are discussed later.

3. Tissue concentrations of H,S. Notwithstanding the
numerous reports of potent actions of H,S in many organs, the
cellular and molecular sources of this gas and the mechanisms
of its release are still far from clear. To unravel these mecha-
nisms, spatiotemporal determination of the H,S concentration
must be acquired. However, among CO, NO, and H,S, the
determination of H,S concentration in biologic samples, let
alone the spatial determination of gas generation, appears to
be the most challenging case. As mentioned in Section IIL.D.
besides existing as free H,S, the gas is reversibly converted
into different molecular entities of its related species. Pro-
cesses of this conversion are sensitive not only to the natural
biologic stimuli but also to the experimental conditions,
making it difficult to determine actual local concentrations of
H_S. Technical uncertainties of this kind challenge unraveling
the mechanisms whereby H,S evokes biologic events.

Current methods to analyze H,S concentrations in biologic
samples fall into two categories. One is designed to measure
solely the “free” H,S, involving no derivatization process. The
polarographic H,S sensor (79) is one such method. The other
is designed to measure “labile” H,S, involving chemical
treatment of samples with either acid or reducing agents to
liberate H,S from sulfur compounds of cellular-H,S pools
such as Fe-S complex (acid-labile) and bound-sulfane sulfur
(dithiothreitol-labile). Colorimetric assays using methylene
blue (108), gas chromatography—mass spectrometry (126),
and high-performance liquid chromatography are often used
to measure labile sulfur [see reviews by Tangerman (310) and
Ubuka (323)].

Reported values of labile H,S in plasma and blood varied
mostly between 20 and 300 uM (351, 352). In contrast, with a
polarographic H,S sensor with the detection limit of near
10nM (79, 160), no detectable H,S was found in either blood
or plasma without any derivatization (352). Readers are re-
ferred to comprehensive summaries by Whitfield et al. (352)
and Whiteman and Moore (351), in which values and the
analytic methods used are comprehensively surveyed.

To measure free HyS in the rat brain homogenate, Ishigami
et al. (133) developed a method using silver particles to trap
free H,S, with the detection limit of near 9 uM; however, as in
blood and plasma, no detectable H,S was found. In other
studies, free H,S in the mouse brain was reported as 14nM
(96), whereas labile sulfur varied between 30 and 70 uM (323,
344). Investigators (351) interpreted these results to mean that
H,S was stored in plasma rather than as free H,S. It is further
suggested that H,S release from labile sulfur might take place
in response to physiologic stimuli (156).

By using brain tissues from rodents, Ishigami et al. (133)
reported the intriguing result that alkalization of the ho-
mogenates caused a release of H,S from bound sulfur.
Moreover, in murine primary astrocytes, an increase in ex-
tracellular K* concentration causes an alkalization of intra-
cellular pH ([pH]}). An increase in [pH]; could occur in
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FIG.12. Three different routes by which CO controls sGC activities and vascular tone. (A) CO modestly stimulates sGC,
thereby reducing the tonic contractile tension of vascular walls. For this action to take place, the local amount of NO must be
low, as reported in the liver microcirculation, where constitutive NO appears to be cancelled by basal superoxide. (B) In
contrast, when a sufficient amount of NO exists, CO partially inhibits sGC, enhancing its tonic contractile actions. (C) CO
interferes with NOS activities as a first step, and it subsequently reduces NO, resulting in sGC inhibition. Here, the gas acts as

a tonic vasoconstrictor.

response to neuronal activity, suggesting a neuron-originated
control of H,S release in the central nervous system. However,
it is important to note that the analytic conditions used to
liberate the gas (i.e., the ways to alkalize the sample) may have
significantly affected the amounts of labile sulfur. Whitfield
et al. (352) showed a rapid liberation of H,S from 5% bovine
serum albumin (BSA) on mixing it with a strong alkaline
buffer. The authors cautioned that using a strong alkaline
solution might cause artificial generation of H,S. Although
considerable advances have occurred in the quantitative
analysis of H,S, more-rigorous approaches are needed to ac-
quire spatial information about this gas.

C. Functional arguments

1. Anatomical proximity of gas-producing and gas-
reception sites. Experimental evidence suggests that CO
modulates the generation of NO, and, by so doing, regulates
vascular tone. Like NO, CO has vasodilatory properties in the
liver where endogenous NO production appears low (296). In
the brain, which produces relatively high levels of NO, how
these gaseous monoxides interact with each other to control
cerebrovascular tone is unclear. Ishikawa et al. (135) found
that CO derived from HO acted as a tonic regulator against
NO-dependent vasodilation in the adult rat brain. The au-
thors showed that suppressing endogenous CO caused an
increase in arteriolar diameter that was accompanied by an
increase in local NO generation, demonstrating a causal re-
lation between CO and the rate of NO production (Fig. 11).
Such an inhibitory function of CO on NO generation appeared

to be mediated by the ability of CO to bind the prosthetic
heme of NOS. Additionally, immunohistochemical analyses
of the rat brain showed that HO-2, the constitutively ex-
pressed form of HO, was present in neurons and arachnoid
trabecular cells expressing nNOS and the vascular endothe-
lium expressing eNOS, suggesting a colocalization between
CO- and NO-generating sites. These results demonstrate the
importance of spatial relations among the gas-producing en-
zymes and their reception systems.

Taken together with other studies, it can be argued that CO
regulates vascular tone in at least three distinct ways that
depend on the microanatomic arrangements of the vasoactive
gas-generation and -receptor systems. These arrangements
are summarized as cartoons in Fig. 12. First in the liver, CO
modestly stimulates sGC in hepatic stellate cells, thereby re-
ducing the tonic contractile tension of sinusoids. For this ac-
tion to take place, the local amount of NO must be low, as
found in the liver microcirculation, in which constitutive NO
appears to be negated by basal superoxide (99, 169, 296, 297).
Second, in resistance arterioles, where sufficient amounts of
NO are found, CO could target sGC and modulate NO-
mediated vasodilatation. The observation that transgenic
mice overexpressing cell-specific HO-1 in VSMCs exhibit
systemic hypertension (130) supports this concept. Ad-
ditionally, we found that endogenous CO produced by HO-2
in Miiller glial cells plays a role in refining the NO-mediated
activation of sGC in the retina (Fig. 13) (142). Finally, in the
cerebral microcirculation, CO interferes with NOS activity
and subsequently reduces NO generation, thereby limiting
vasodilation. It appears that the mechanisms by which the
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FIG. 13. Visualization of sGC activi-
ties with alterations in NO and CO
. generation. Monoclonal antibody against
&l os sGC, mADb3221, makes it possible to
' examine the activation state of sGC.
Shown here is the immunoreactivity
to mADb3221, which acquires a greater
binding affinity through its recognition
of a regiospecific structure determined
by the two subunits of sGC. (A) Vehicle-
treated control. (B) L-Arg treatment. (C)
L-NAME treatment. (D) ZnPP treatment.
Scale bar, 50 um. (E) Schematic drawing
of the relation between gas-producing
enzymes and sGC in the rat retina. It is
proposed that NO is the dominant acti-
vator of sGC, but endogenous CO pro-
duced in Muller glia cells plays a role in
refining the NO-mediated regulation of
sGC function. Blue, green, yellow, and
orange represent increasing partial O,
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pressure (poy). OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; OpFL, optic
fiber layer. Adapted by permission from The FASEB Journal: Kajimura et al., FASEB ] 17: 506-508, 2003 (142).

gases exert their actions depend in part on the colocalization
of the NOS and HO enzymes with sGC. These findings
demonstrate the importance of spatial relations among the
gas-producing enzymes and their reception systems in eval-
uating the functional roles of gases.

Several mechanisms exist by which the HO-CO system
might modulate NO-dependent biologic events. First, oxidative
degradation of heme by HO can downregulate catalytic ac-
tivities of heme proteins, including NOS (305). A second
possibility is related to substrate availability. Because both
HO and NOS enzymes use NADPH as a reducing equivalent
and molecular O, as co-substrates, competition for these
substances may mediate enzyme activity under normal con-
ditions. Because NADPH is an intracellular substance that is
not transported between cells, for HO and NOS to be in
competition for these substrates, they must reside in the same
cell. The finding that these enzymes do colocalize in the same
cell supports the possibility that substrate competition may
modulate enzyme activity. A third mechanism is related to the
key observation made by White et al. (349), in which NOS
activity is directly inhibited by CO in vitro, suggesting that the
site of CO action is on the prosthetic heme of the NOS enzyme.
As mentioned earlier, this inhibition requires a high concen-
tration of CO, as much as 1mM (265). By contrast, however,
the reported values of tissue CO concentration are only on the
order of ~1 uM, significantly lower. One possibility to explain
this discrepancy is that the in vivo mechanism involves local
concentrations of CO, which may be much higher than global
averages would suggest. If the turnover of HO-2 were fast
enough, then it is possible that a large concentration of CO
may exist locally. Provided that both HO-2 and NOS are ex-
pressed in the same cell, it is conceivable that NOS activity
could be regulated by HO-2 in an autocrine manner. Although
a gas is often thought to diffuse easily to a distant location in
the tissue, the effective distance from the gas-generating site to
its target could be much shorter than expected.

2. Is CO vasodilatory or vasoconstrictive? The observa-
tion that CO acts as a tonic inhibitor of NO-mediated vasodi-
latation appears to contradict the results of other studies
reporting that CO acts as a vasodilator (137, 176, 177, 297, 341).
However, several possibilities exist that may help to explain
this discrepancy. First, the principal target molecules for CO
could be different in different experimental systems; thus, it is
reasonable to expect different cellular responses based on dif-
ferent receptor systems. Leffler et al. (137, 164, 176) showed that
superfusion of either CO (10~ to 10~? M) or heme-L-lysinate
(107" to 107 M) dilates cerebral arterioles of newborn pigs
(1 to 3 days old) by ~25%. These authors concluded that CO
does this by activating the Ca*"-activated potassium channel
(KcZ™) through a cGMP-independent mechanism. For the de-
tailed mechanisms of K2t channel gating by endogenous
signaling molecules, readers are referred to Hou et al. (122). Itis
reasonable to speculate that in the adult rat model, the major
action of CO is tonic inhibition of NOS activity, which results
in attenuating cGMP-dependent vasodilatory mechanisms,
whereas in the newborn pig, it is to activate Kc2' involving
c¢GMP-independent relaxation of VSMCs.

Second, expression levels of CO- and NO-producing en-
zymes and those of target proteins could differ widely in
different developmental stages within one animal model or
between different species. By using cultured cerebellar gran-
ule cells of neonatal rats, Ingi et al. (131) demonstrated that
production of CO decreased with the maturation of cells,
whereas that of NO increased. More importantly, in mature
cultures in which NO production reached a high level, HO
inhibition potentiated the NO-mediated cGMP increase.
These data were interpreted to mean that endogenous CO
acted as an antagonist of NO-dependent cGMP production.
Such results are consistent with previous studies from our
laboratory in the rat retina (142). These investigators con-
cluded that the role of CO varies depending on whether NO is
present. Furthermore, studies revealed that the expression
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levels of sGC and nNOS change dramatically during post-
natal development of the rat cerebral cortex (77).

A key factor that determines whether CO acts as either a
constrictor or as a dilator could lie with the bioavailability of
NO in each organ. In the brain, appreciable amounts of NO
are present in both the vessel wall and the perivascular space
(40, 58), whereas, in the liver, NO released from the sinusoidal
endothelium appears to be extremely low, in part due to re-
action with superoxide produced by Kupffer cells (296, 297).

What is the physiologic implication of having differential
CO effects, particularly in the brain? We postulate that the
effect of CO in regulating vascular tone is multifaceted where
low tissue availability of NO renders CO a vasodilator,
whereas high tissue NO availability renders CO a constrictor
(141). Under resting conditions in the rat brain, endogenously
produced CO could keep blood vessels from unnecessary
dilation by suppressing local NOS activity, which may, in
turn, contribute to the maintenance of normal intracranial
pressure. Under traumatic brain injuries, such as cerebral is-
chemia and subarachnoid hemorrhage, CO can be over-
produced, atleast at some time point, because of an increase in
free heme on the hydrolysis of heme proteins (55) or by an
induction of HO-1 (303) or both. In addition, substantial al-
terations in NO and H,S might occur in relation to a reduced
supply of O,, substrate availability, or altered redox states of
gas-producing enzymes. Thus, aberrant actions of CO, to-
gether with NO, H,S, and O, under these pathologic cir-
cumstances, deserve further investigation.

To summarize, although NO acts as a principal vasodilator,
it may be important physiologically to have a modulating
mechanism whereby NO alone does not dominate the control
of cerebral vascular tone. CO generated by HO-2 might play a
role in counteracting unnecessary overproduction of NO. This
would imply a critical role for endogenous CO in maintaining
resting cerebrovascular tone.

3. CBS as a CO sensor in vivo. Several lines of evidence
support the concept that CBS acts as an in vivo CO sensor. First,
studies using recombinant CBS have shown that CO inhibits
CBS with a K; value of ~5 uM (312). Second, the low-end value
of endogenous CO found in the literature is 5 pmol CO per
milligram FW in the mouse liver (330), suggesting that its tissue
concentration is in the micromolar range. Third, murine
hepatocytes express both CO-producing HO-2 (99) and H,S-
producing CBS (our observation), with additional HO-1 in-
duced in both hepatocytes and Kupffer cells during stress. The
close proximity of the enzyme distributions taken together
with measured CO concentrations, and the kinetics of CBS
activity, suggests that CBS is acting as a CO sensor in vivo.

Shintani et al. (281) demonstrated that an increase in hepatic
CO content caused a global decrease in transsulfuration me-
tabolites such as cystathionine, cysteine, and hypotaurine,
suggesting that CO inhibits the transsulfuration pathway.
Furthermore, CO-overproducing livers showed a decrease in
labile H,S amount, whereas the livers of heterozygous CBS-
knockout mice showed no decrease, suggesting that CO
inhibits the activity of CBS in vivo. Furthermore, an adminis-
tration of a stress-inducible level of CO (as 20 umol/kg of
CO-releasing molecule) caused a decrease in hepatic H,S
content to stimulate HCO3-dependent biliary choleresis. Such
a CO-sensitive metabolic adaptation may play a role in quality
control of bile excretion under disease conditions (281).
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A remaining question is what is the physicochemical
mechanism whereby CO interferes with the activity of CBS.
Specifically, how is the iron center of the heme in this enzyme
reduced to the Fe" oxidation state, and what kind of reduc-
ing agent accounts for this reduction in vivo. In the case of
hemoglobin in the erythrocyte, methemoglobin reductase
prevents the iron center of the heme from being oxidized.
What might be playing the equivalent role in the case of CBS?
At present, the regulation of CBS oxidative states in vivo is
unknown and remains an important issue to be investigated.

4. HO-2 as an O, sensor: a possible role in hypoxia-
induced vasodilation. It was reported that HO-2 enzyme
activity was activated by phosphorylation of serine 79 (28),
implying the existence of an endogenous control mechanism
in the central nervous system. Because HO-2 has been pro-
posed to be an O, sensor in chemosensing tissues, such as
carotid body glomus cells (244, 353), it is reasonable that HO-2
plays a role in local hypoxia-induced vasodilatation in the
brain (65, 85, 175, 238, 286). In this hypoxic situation, the ac-
tion of CO could be mediated in a tonic manner in which no
on/off switch is required. If the rate of CO production by HO-
2 were more sensitive to a decrease in O, than the rate of NO
production by NOS isozymes (i.e., the O, affinity of an
enzyme-intermediate-product complex at a rate-limiting step
for the HO reaction is weaker than that for NOS reaction),
then NOS would still be able to operate at the concentration of
intracellular O, at which HO-2 can no longer produce CO
efficiently. It could then be argued that hypoxia-induced va-
sodilation is mediated by augmented NO formation because
of the reduced capacity of CO to inhibit NOS activity.

Here, it is worth noting that an overall K, value for O,,
which is usually an important determinant of enzyme func-
tion during hypoxia, does not provide a key to the HO reac-
tion because it consists of three oxygenation steps (Fig. 2). To
gain insight into the O, requirements of HO, one must find out
which of the three oxygenation steps limits the rate of activity
and the O, equilibrium constant for each step. In vitro studies
demonstrated that the rate-determining step of the heme
degradation is the conversion of verdoheme to the ferric bil-
iverdin complex (184, 195). However, although the rate-
determining step involves binding of O, to verdoheme, which
is much slower than the binding of O, to the heme complex,
we can only speculate on the nature of the mechanisms in vivo,
as the HO-2 kinetic parameters are extremely difficult to de-
termine in vivo.

5. Cross-talk between H,S and NO. Besides the modu-
lation of enzymatic activity by gaseous molecules, chemical
reactions should be considered. Whiteman et al. (350) pro-
posed that a reaction between H,S and NO produces S-
nitrothiols (RSNO), by showing that in vitro incubation of
sodium hydrosulfide (NaHS, H,S donor) with NO leads to the
formation of an RSNO. Conversely, H,S was found to reduce
GSNO and release NO (314). This led to the development of a
novel method for measuring RSNO by using H,S (314).

Although H,S is generally considered to act as a vasodila-
tor, through its action on ATP-dependent K™ channels located
on vascular smooth cell membrane (370), studies using the
aortic ring model showed a contractile response to H,S (6,
345). This provided evidence that the opposite response to
H,S was due to the reaction of NO with H,S. These findings
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add a new mechanism to the maintenance of cellular redox
states [see Whiteman and Moore (351) for a comprehen-
sive summary of experimental evidence showing cross-talk
between H,S and NOJ.

D. Non-heme protein O, sensors/HIF/PHD

Hypoxia-inducible factor (HIF) is a heterodimeric complex
consisting of - and f-subunits, which belong to a family of
helix-loop-helix Per/Arnt/Sim (bHLH-PAS)-domain proteins.
At least three distinct a-subunit isoforms (HIF-1a, HIF-2 o and
HIF-3 o) and a single f-subunit (HIF-15) are known. Protein
stability is regulated by the degradation of the o subunit. Under
normoxic conditions, HIF prolyl hydroxylases (PHD1, PHD2,
and PHD3) hydroxylate two proline residues (Pro-402 and Pro-
564 in HIF-1¢) in the oxygen-degradation domain (ODD) of the
HIF-1/2 a-subunit by using O, as a substrate. Modified ODDs
allow binding of von Hippel-Lindau (VHL) ubiquitin ligase,
leading to polyubiquitination and proteasomal degradation
(150). Thus, HIF-1« protein is barely detectable under normoxia.
Under hypoxic conditions, HIF-1« subunits can escape from
hydroxylation because of decreased PHD activity (HIF-1a sta-
bilization) and translocate to the nucleus, where they form
heterodimers with the HIF-1f subunit and bind to the hypoxia-
responsive element of target genes.

Hypoxia-inducible factors (HIF-1 and 2) are responsible for
the upregulation of genes involved in hypoxic adaptation,
including those of glycolysis, erythropoiesis, and angiogene-
sis, all of which are essential for survival under anaerobic
conditions (273). In this sense, O, sensing is the physiologic
response in which activated HIFs modulate cellular functions
by regulating gene expression (HIF pathway).

Under normoxia, both exogenously administered and en-
dogenously produced NO stabilizes HIF-1« in a dose- and a
time-dependent manner viaz distinct mechanisms from the
classic cGMP-mediated pathway (36). This HIF-1a stabiliza-
tion is due to decreased ubiquitin-dependent HIF-1o. degra-
dation. Under normoxia, NO inhibits PHD activity, most
likely through direct interaction between NO and iron in
ligand-like manner. The NO donor SNAP (S-nitroso-N-
acetylpenicillamine) activated the HIF pathway under nor-
moxia. However, SNAP does not inhibit hydroxylation of
HIF-1a by PHD2, but causes S-nitrosation of cysteine 520 in
HIF-1a ODD (236). This inhibits recruitment of VHL to hy-
droxylated HIF-1¢, thereby inhibiting HIF-1a degradation.

In contrast, NO inhibits HIF-1a stabilization and hence
activation under hypoxia. Several mechanisms have been re-
ported for this inhibition. First, physiologic levels of NO can
inhibit COX under hypoxia, which reduces the O, consump-
tion at mitochondria, leading to redistribution of O, from
mitochondria to other part of the cells. This increases the O,
availability for other O,-consuming enzymes, such as PHDs
(36). Second, under hypoxia, NO is converted to peroxynitrite
on interaction with mitochondria-driven superoxide, which
leads to mitochondrial damage.

VII. Physiological Significance of CO, NO, and H,S
on Mitochondrial Signaling and Their Relation
to O, Metabolism

CO, NO, and H;S are known to inhibit O, consumption by
inhibiting COX, the terminal electron acceptor of the electron-
transport chain (ETC). Chemical mechanisms of this inhibi-
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tion by three gases are analyzed and well-compared by
Cooper and Brown in their recent review (67). COX possesses
four redox-active metal centers (Cua, heme a, heme a3, and
Cug) all of which can be targeted by gases. The three gases,
CO, NO, and H,S, can all bind to the iron center of the pros-
thetic heme in the COX enzyme complex. During electron
transport, Cup accepts the first electron from ferrocytochrome
c. The electron is transported to heme 4, from which it passes to
the binuclear heme a3/Cug center, where the reduction of O,
takes place (12). COis a competitive inhibitor that binds only to
the reduced binuclear heme a3/Cup center of COX. NO,
however, can bind to both the reduced and oxidized states of
the heme a;/Cup complex, and its inhibition can be either
competitive or uncompetitive. H,S, which binds to both the
oxidized enzyme and the turnover intermediate, is a non-
competitive inhibitor. COX is thus a target and central media-
tor of mitochondrial respiration, not only through its natural
ligand, O,, but also through the binding of CO, NO, and H,S.
Here, we review four physiological processes affected by
gaseous interactions in mitochondria: (a) mitochondrial redox
signaling (MRS), (b) O, sensing and hypoxia, (c) mitochondrial
biogenesis, and (d) cytoprotection.

A. Mitochondrial redox signaling

The inhibition of COX by CO, NO, and H,S suppresses
oxidative phosphorylation (OXPHOS) and reduces ATP
production. Simultaneously, this downregulation of OX-
PHOS changes the redox state of the ETC and produces re-
active O, species (ROS). In some cases, ROS function as
signaling molecules, thereby controlling cell functions. This
process is known as “mitochondrial redox signaling (MRS).”
In OXPHOS, reducing equivalents produced in TCA cycle
send electrons into the ETC from complexes I and II. These
electrons are passed to complex III and finally transferred to
O, at complex IV (COX) (143). However, a small fraction of
the electrons leak from the ETC, even under normal condi-
tions. These electrons react with O, and produce superoxide
anion (O,"). It is worth noting that ~1% of the O, consumed
in the cell is used for this reaction (31, 249).

B. Relations between CO, NO, H.S, COX,
and hypoxia

CO binds to the reduced form of COX with a K; value of
0.3 uM (67). Its binding to COX is reversible and competi-
tive with O, (52). By using HEK293 cells, D’Amino et al. (70)
reported a dose-dependent inhibition of COX by exoge-
nous CO, which was enhanced under hypoxic conditions.
They also showed that endogenously produced CO inhibited
COX. CO derived from HO-1 inhibited mitochondrial respi-
ration by 12% under 20% O,, but by 70% under 1% O,. The K; of
CO for COX was 1.44 uM at 20%, whereas it was only 0.35 uM
at 1% O,. Similar results were reported previously (113, 239).
Considering that tissue CO concentrations are in the micro-
molar range, it appears plausible that CO inhibits COX in vivo.

CO is known to produce antiinflammatory and anti-
apoptotic effects, which are apparently regulated at the level
of COX and mediated by MRS (260, 262, 369). By using
RAW264.7 cells, Zuckerbraun (373) reported that CO pro-
duction of ROS was derived from the ETC and caused by the
inhibition of COX, thereby eliciting MRS. RAW264.2 cells
produced TNF-« in response to LPS stimulation through p38
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MAPK activity. The antiinflammatory effect of CO is re-
sponsible for the inhibition of this TNF-« production. Zuck-
erbraun ef al. also showed that CO inhibits the activation of
p38 MAPK though induction of MRS. Furthermore, CO up-
regulates superoxide dismutase (SOD)2 expression. Because
SOD converts O, to the signaling molecule H,O,, this char-
acteristic may also enhance the MRS. Downstream signaling
pathways of CO-elicited MRS diverge widely, and readers are
referred to a review on this subject by Bilban et al. (25).

NO binds COX both reversibly and irreversibly (34, 61).
Unlike CO, NO can bind both the reduced and oxidized forms
of COX (67). Reported values of K; of NO for COX are 60 nM at
30 uM and 20nM at 10 uM O,, respectively (34, 309). A recent
report showed a much lower K; of 0.2nM for NO at the O,-
binding site on COX (193). Because tissue levels of NO have
been reported in a range between 10 and 450 nM (190, 277), it
seems possible that NO can bind to COX in vivo. Because the
inhibitory effect of NO on COX is much more efficient under
hypoxic conditions, a question remains as to the in vivo
physiologic effect. This is because the level of NO under
hypoxic conditions is suggested to be lower than that under
normoxic conditions (174), because NOS also uses O, as
substrate. It is not known, however, whether NO has en-
hanced inhibitory effects under hypoxia.

It has been suggested that the effect of NO inhibition of
COX is the induction of MRS, which secondarily regulates
many cellular responses, including ER (endoplasmic reticu-
lum) stress (358), O, redistribution (109), and acceleration of
glycolytic metabolism (7). NO also has a vasodilatory effect
through the sGC/cGMP pathway, which can increase the
blood flow to the tissue. Thus, both the classic sGC/cGMP
pathway and the MRS pathway seem to cooperate to induce
the maximal NO effect in vivo. One important consideration is
the possibility that NO reacts with O, to produce ONOO™, a
highly reactive ROS species that might cause harmful effects
to the cell (36). If so, MRS elicited by NO must be more tightly
regulated as compared with that by CO.

H,S is a competitive inhibitor of COX that has ability to
bind to both the oxidized and turnover intermediate of COX
(67). Reported K; values are 0.2 uM by using purified COX
(239), 10 uM using isolated mitochondria (365) and 30 uM
using whole cells (178). Notwithstanding the lack of a reliable
method to measure the H,S concentration in tissue, Doeller
etal. (79) reported a range of H,S tissue concentration between
1 to 10 uM (79), suggesting that H,S could inhibit COX at the
tissue level.

C. Interactions of CO and NO on COX

No report focuses on the interaction of CO and NO on
COX, specifically. However, D’Amico et al. (70) reported an
interesting finding. They upregulated both NO and CO pro-
duction in RAW264.7 cells by LPS stimulation and observed
the effect of hypoxia on COX inhibition. Although LPS had no
effect on CO level, it decreased the NO level. From these re-
sults, the authors concluded that COX inhibition was associ-
ated with CO, but not with NO. Although the inhibitory effect
of these gases is stronger under hypoxic conditions, hypoxia
itself might not be a suitable condition for their activity. First,
because both NOS and HO use O, as their substrate, hypoxia
might limit the availability of O,, thereby reducing the activity
of both NOS and HO. Second, NO has vasodilatory effects
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through the sGC/cGMP pathway at a much smaller amount
of NO, which may increase the tissue O, concentration be-
yond the level that increases the affinity of COX to bind O,.
And third, the concentration of CO, that induces MRS, de-
pends on the redox state in the cells (74).

HO-1 induction accelerates heme degradation and thereby
affects the activity of heme-containing enzymes. HO-1/CO
suppresses the activity of mitochondrial NOS (mtNOS)
because mtNOS requires heme for its catalytic activity leading
to reduced NO production and NO-induced MRS (66).
Conversely, HO-1 could reduce O,  production outside
mitochondria by downregulating GP91PMx 4 component of
NADPH oxidase (NOX2) (305). Furthermore, ROS from mi-
tochondria has been shown to increase NOX1 (75). All these
findings suggest that ROS induced by HO-1-generated CO
could be the net result of ROS production in the cell and not
merely from COX inhibition.

D. O sensing and hypoxic response: effects of CO,
NO, and H»>S

Although a detailed description of O,-sensing mecha-
nisms is beyond the scope of this review, we briefly discuss
O, sensing to understand better the role of small gases on O,
sensing. Many excellent reviews are available on tissue O,-
sensing mechanisms (172, 272, 343). It is worth stating that, in
most cases, MRS is also used as a mechanism for O, sensing.
Previously, mechanisms for O, sensing were assumed to be
different between acute and chronic hypoxic responses.
However, a growing body of evidence suggests that they are
principally the same because O, sensing is based on sensing
the decrease in O, concentration through mitochondrial OX-
PHOS or ETC. Of course, some tissues use apparently dif-
ferent mechanisms, involving NADPH oxidase-related ROS
detection.

Two distinct hypoxic responses exist, acute and chronic.
The chronic hypoxic response requires transcription of new
genes for its effect. Genes newly transcribed are those neces-
sary for adaptation to anaerobic metabolism, such as eryth-
ropoiesis, angiogenesis, and glycolysis, most of which are
regulated by the HIF pathway. Under hypoxia, stabilization
and activation of HIFs depends on the canonic MRS, which
results in PHD inhibition, thereby rescuing HIF-1o subunits
from proteasome degradation.

Conversely, the acute hypoxic response is executed by
specialized tissue such as the carotid body, pulmonary artery
smooth muscle cells, and adrenomedulla cells (347). These
tissues sense reduced O, concentration and immediately re-
spond by excreting hormones or contracting smooth muscle
cells. The principal purpose of acute O, sensing is to increase
ventilation and circulation to ensure adequate O, delivery to
meet O, demand. The final step of the acute O-sensing
mechanism is widely accepted to be an increase in intracel-
lular Ca®" through the opening of the L-type Ca®" channel
(357). Although this opening of the Ca>" channel is the result
of closure of several type K* channels, mechanisms that close
these K" channels have not been fully investigated. In this
part of this review, we discuss the role of these small gases on
the acute O,-sensing mechanism.

Williams et al. (353) reported the possibility that HO-2 is an
O; sensor in the carotid body. In the carotid body, the activity
of voltage-dependent, Ca®-sensitive, large-conductance K*
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channel (Bxc,) is inhibited by CO. Williams et al. showed that
HO-2 is physically associated with the channel component,
and CO derived from HO-2 is associated with the activity of
this channel. It was hypothesized that the activity of the
channel needed CO derived from HO-2, of which production
is reduced under hypoxic conditions, thereby working as an
O, sensor. However, this possibility has been questioned by
subsequent studies using HO-2-knockout mice that showed
no compromised response to hypoxia (227). However, HO-2—
knockout mice show a lower O, concentration in the blood
(hypoxemia) together with impaired ventilation response
to hypoxia (3), indicating the existence of a ventilation—
perfusion mismatch in these mice. Accordingly, these results
suggest that HO-2 could be an O, sensor in hypoxic pulmo-
nary vasoconstriction (HPV) or the neuroepithelial body in
the lung or both. However, it is not clear whether CO-elicited
MRS plays a role in acute O, sensing.

NO is an important regulatory factor of blood vessel tone,
and reports showed that NO inhibits hypoxic pulmonary
vasoconstriction (HPV) (104, 174, 348). Actually, NO pro-
duction has been shown to decrease in hypoxic lung (174). NO
has vasodilatory effects through the sGC/cGMP pathway
(334). This in turn has given rise to the idea that HPV might
result from an impaired vasodilatory effect due to decreased
NO production under hypoxia (104, 174, 348). However,
Bernarl et al. (24) recently proposed an interesting hypothesis
about the role of NO on acute O, sensing (24). They reported
that NO production was increased in pulmonary artery en-
dothelium and that this increase in NO accelerated the release
of zinc from metallothionein (MT) by nitrosylation. This Zn
activated protein kinase C, which eventually caused HPV
(NP/MT/zinc pathway). This hypothesis describes a new role
of endothelium-derived NO in HPV. However, one consid-
eration is that knocking out all types of NOS had no effect on
HPV (104, 174, 348). Accordingly, further investigation is
needed to clarify whether NO is the principal effecter or only a
modulator of HPV.

Almost all the investigations on the role of H,S in acute O,
sensing have been made in HPV. HPV is the contraction of
middle-size pulmonary arteries in response to acute hypoxia
(347). During HPV, blood flow within poorly ventilated lung
is redirected to areas with higher pO,, thereby improving
ventilation—perfusion. Olson et al. (224) recently reported that
H,S is produced in the vessel wall. They also showed that
treatment with cysteine, a precursor of H,S, enhanced HPV,
and conversely, inhibition of H,S production impaired HPV.
They also found that hypoxia and H,S share the same
downstream pathways. From these results, they proposed a
novel possibility of H,S as an O, sensor in HPV.

H,S is ubiquitously produced in cytoplasm and oxidized in
mitochondria. Olson et al. (223) hypothesized that non-
oxidized H,S has biologic activity associated with HPV. Be-
cause oxidation depends on O, availability, O, concentration
is the critical factor that determines the total amount of bio-
logically active H,S. According to this theory, high O, con-
centration correlates with lower H,S activity and a dilated
pulmonary artery. Conversely, low O, concentration corre-
lates with higher H,S activity and artery contraction (223).
Actually, H,S has been reported to have both vasodilatory
and vasoconstrictive effects, depending on its concentration
(6, 345). Furthermore, O, concentration has another effect on
H,S-mediated O, sensing. O, has been shown to act nega-
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tively on the activities of both CBS and CSE (15, 288), which
may have an additive effect on the H)S-mediated vascular
response. Reduced production of H,S under hypoxia has also
been reported (352). Olson et al. (224) reported the possibility
of H,S as a universal O, sensor by showing H,S acted as O,
sensor in trout and zebrafish gills.

In summary, although NO, CO, and H,S seem to be in-
volved in acute O, sensing in their own way, no direct poof
indicates that they use MRS for O, sensing. This might be due
in part to the extremely high sensitivity of O,-sensing tissue of
OXPHOS for O, (80). This might cause decreases of ATP at
much higher O, concentrations compared with other non-O,-
sensing cells. One possibility is that eliciting activation of
AMP-dependent protein kinase (AMPK) inhibits the K*
channel in these specialized tissues (357). Also, we cannot rule
out the possibility of MRS as an O,-sensing mechanism,
because ROS production has been shown even in acute
O,-sensing tissue under acute hypoxia.

E. Effects of CO and NO on mitochondrial biogenesis

What is mitochondrial biogenesis, and why does it occur?
The principal purpose of O, sensing is to ensure that O, de-
livery matches O, demands at the cellular level. In this con-
text, O, sensing functions to maintain or increase the energy
supply in the tissue. Considering that cell functions depend
mostly on mitochondrial OXPHOS, it is reasonable for cells to
increase their number of mitochondria to meet their cellular
energy demands. Because small gases are involved in O,
sensing, as discussed previously, we next consider the roles of
these gases on the mitochondrial biogenesis.

Mitochondrial biogenesis is a complex process involving
the coordinated expression of mitochondrial and nuclear
genes. Because discussion of the mechanism of mitochondrial
biogenesis is beyond the scope of this review, readers are
referred to an excellent review in this field (76). The key
molecules in mitochondrial biogenesis are transcriptional
activator peroxisome proliferators-activated receptor -
coactivator-lo. (PGC-1x) and transcriptional factor nuclear
respiratory factor-1 and 2 (NRF-1 and NRF-2). NRFs are the
transcriptional factors that control the majority of proteins
involved in OXPHOS in mitochondria. Additionally, PGC-1a
and NRFs are responsible for the transcription of Tfam, a
central molecule controlling mitochondrial DNA replication
and transcription of mitochondria-encoded genes. Many
physiologic signals control the biogenesis of mitochondria,
including exercise (121) and hypoxia (107). Because no reports
are available in the current literature concerning the role of
H,S, we briefly review the involvement of NO and CO in
mitochondrial biogenesis.

Nisoli et al. (217) have reported that in mouse brown adi-
pocyte precursor cells, mitochondrial biogenesis is dependent
on NO, and this NO effect is mediated by sGC. The same
group has shown, by using different cell systems from dif-
ferent species, that NO can induce mitochondrial biogenesis
(218). Because mitochondrial number was reduced in eNOS-
knockout mice regardless of the tissue, NO derived from
eNOS has been assumed to be responsible for NO-induced
mitochondrial biogenesis (217). Recently, however, involve-
ment of nNOS in mitochondrial biogenesis also was reported
in rat ischemic brain (107). One characteristic of NO-induced
mitochondria biogenesis is that newly synthesized mito-
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chondria can fully produce ATP through OXPHOS (218).
Furthermore, ATP synthesis in NO-induced mitochondria
was not accompanied by a reduction of ATP produced by
glycolysis, which resulted in an increase in total ATP. This
may be a characteristic of energy production through NO.

Compared with NO, research into CO-induced mitochon-
drial biogenesis started only recently. However, contrary to
NO, evidence suggests the involvement of MRS in CO-
induced mitochondrial biogenesis. Recently, endogenously
produced CO, induced by transfection of the HO-1 gene, has
been reported to induce mitochondrial biogenesis in rat
myocardium (301). HO-1/CO-induced mitochondrial bio-
genesis required both H,O, and sGC activity. The production
of H,O, was derived from mitochondria and required the
activity of the AKT/PKB pathway for activation of PGC-1¢,
NRFs, and Tfam. Interestingly, sGC activity was not involved
in this AKT activation.

Lancel et al. (173) also reported myocardial mitochondrial
biogenesis in septic mice injected with the CO-releasing do-
nor, CORM-3. Additionally, with human muscle biopsy
samples, Rhodes et al. (252) reported that inhalation of CO
together with exercise induced upregulation of mRNA levels
of PGC-1a, NRF-1, Tfam, and DNA-polymerase gamma. Al-
though this CO inhalation also increased COX subunit I and
citrate synthase at protein levels, mtDNA was not increased
significantly.

Both ischemia and exercise are conditions that increase
cellular energy demands. However, whereas the former re-
quires NO, the latter requires CO-induced mitochondrial
biogenesis. CO-induced mitochondrial biogenesis accom-
panies the upregulation of HO-1 and SOD2 (252), which
suggests the involvement of mitochondrial oxidative stress.
Although brain ischemia seems to be associated also with
mitochondrial oxidative stress, involvement of CO was not
reported. Conversely, NO-induced mitochondrial biogenesis
is associated with the sGC/cGMP pathway. Although NO can
elicit a strong MRS, it is not clear why this pathway is not the
main pathway for mitochondrial biogenesis. This may sug-
gest the existence of unknown regulatory mechanisms
downstream of MRS elicited by different stimuli.

F. Cytoprotective effects of CO, NO, and H,S

CO, NO, and H,S were considered poisonous gases pre-
viously. A growing body of evidence now suggests that at
physiologic concentrations, these gases have cytoprotective
roles against many pathologic conditions. However, the
mechanisms whereby these gases exert cytoprotective and
pharmacologic effects are not simple and are still largely un-
known. In this part, we discuss the protective role of these
gases, focusing on the mitochondria. Principally, MRS is de-
rived from the ETC of mitochondria under compromised
energy-supply conditions, such as hypoxia. Accordingly, it is
probable that most of the signals elicited by MRS are neces-
sary for the protection and survival of the cell.

In this context, stabilization and activation of the HIF sys-
tem is no doubt the most important downstream pathway
under hypoxia. However, MRS elicited by small gases does
not necessarily accelerate the HIF pathway. We discuss the
characteristic downstream of MRS that is elicited by these
gases. Activation of AMPK is the most characteristic down-
stream of NO-induced MRS. Quintero et al. (248) reported the
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interesting characteristic of NO-induced AMPK activation in
HUVECs. AMPK is usually activated by a decreased ATP
level (263). However, in HUVECs, NO-induced AMPK acti-
vation was associated with neither the ATP level nor the sGC
activity, suggesting that NO-induced mitochondrial redox
signaling activates AMPK. This activation was elicited by
mitochondrial ROS, although observed independence from
the ATP level may be due to the difference of AMPK subunits.
AMPK comprises three subunits, and the activity depends on
the catalytic a-subunit. Most cells use the a2-subunit, which
is sensitive to the ATP level, whereas HUVECs used the
al-subunit. AMPK accelerates glycolysis by upregulating
GLUT4, hexokinase II, and 6-phosphofructo-2 kinase. Glyco-
lysis is usually upregulated by HIFs. However, interestingly,
NO-induced MRS causes O, redistribution, thereby increas-
ing O, concentration in the cell, which in turn inhibits the
stabilization of HIF-1a-subunits (109).

Why does NO-induced MRS inhibit HIF-induced glycoly-
sis while enhancing AMPK-induced glycolysis? One possi-
bility is the rapidity of the AMPK pathway to activate the
glycolytic system. AMPK is fully activated 15 to 30 min after
the hypoxic exposure (171), whereas activation of HIF-1 takes
much longer. NO-induced AMPK activation might be an en-
ergy stress. One interesting and important finding is the early
reduction of the ETC by NO. NO can bind to both reduced
and oxidized COX (68). By doing so, NO can control the redox
state of the ETC. Interestingly Clementi et al. (62) reported that
NO controls COX activity at a basallevel (62). Thus, NO may be
able to control COX activity to elicit MRS. Considering that
mild to moderate inhibition of COX activity does not com-
promise OXPHOS capacity, NO may use ETC to generate a
signal through the regulation of COX. Other downstream tar-
gets are translocation of redox-sensitive transcriptional factors
and Ca”" efflux from cells. The former is related to induction of
genes necessary for survival. Efflux of Ca*" may enhance the
activity of AMPK and may also inhibit MPT by reducing the
sensitivity to oxidative stress (111). The current understanding
of the cytotoxic versus cytoprotective effects of NO in the
mammalian central nervous system, emphasizing multiple
properties of NO, has been well reviewed by others (45).

The role of CO-induced MRS has not been extensively
studied, as compared with NO (25, 240). One characteristic is
involvement in anti-inflammatory reactions. This may be due
in part to the preferential use of macrophage-derived cell
lines. Because CO binds only to reduced COX, is it not known
whether CO also uses ETC to generate signals that are specific
for CO, and not for other gases. CO can stabilize the HIF-1o-
subunit, thereby modulating the HIF pathway. However, by
CO alone, this activation does not seem to be practical because
a large amount of H,O, is necessary to maintain activation of
the HIF pathway.

Currently, no report exists of H,S using classic MRS. Like
NO, H,S can bind to both reduced and oxidized COX. It might
be possible that H,S can also control COX at a physiologic
level. However, despite the similarity to NO at COX binding,
no proof is known that HyS elicits MRS.

G. The roles of H>S, NO, and CO in “suspended
animation”

Suspended animation is a conserved physiologic response
to anoxia in which all life processes reversibly arrest, including
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movement and development (91, 231, 232). Surprisingly, this
characteristic phenomenon completely returns to normal
without any damage when animals are released from stress.
This characteristic phenomenon is an adaptation to reduced
energy demand and is similar to conditions like hibernation
and daily torpor. From studies using Caenorhabditis elegans,
suspended animation appeared not to be a mere passive re-
sponse to a compromised state of energy supply, but rather a
highly controlled active phenomenon (201, 220). Although
suspended animation was originally reported in severe hyp-
oxia, conditions other than hypoxia also can induce this
phenomenon. Of particular interest is that gases including
H,S can induce this phenomenon.

Blackstone et al. (26) reported that inhalation of a nontoxic
level (80 ppm) of H,S in awake self-breathing mice could re-
versibly reduce the metabolic rate to as low as 10% of the
normal state and the body core temperature down to ~2°C
above (15°C) ambient temperature. A subsequent study
showed that decreased metabolism and cardiac function were
not associated with the reduction of core body temperature
(329). The same group further reported that this suspended
animation-like condition protects the animals from lethal
hypoxia (5 to 3% O;) (27). Similar results were reported in
large animals by injecting sulfide into anesthetized pigs (282).

Suspended animation induced by CO was reported in the
embryo of Caenorhabditis elegans (221). Caenorhabditis elegans
entered suspended animation under anoxia below 0.01 kPa.
At modest hypoxia (0.5kPa), an embryo can survive and
continue development by an adaptive response through HIF-
1-pathway induction. However, over an O, range between
0.1 to 0.01 kPa, although the embryo showed development, it
eventually died. CO could induce suspended animation in
this O, environment and rescue the embryo from otherwise
lethal hypoxia.

Suspended animation induced by NO was reported by
using the Drosophila embryo (315). The embryo entered sus-
pended animation under hypoxia. An NO donor also induced
suspended animation in the embryo, even under normoxia.
This NO-induced suspended animation was inhibited by a
scavenger. Interestingly, blocking of respiration by cyanide
also induced suspended animation. However, changes in
RNA and protein regulation that are observed under hypoxia
and NO treatment were not observed in cyanide-induced
suspended animation. Currently, no study is using large an-
imals.

In summary, suspended animation including hibernation is
a highly controlled adaptive response to hypoxia and related
conditions. Recent studies have revealed molecular mecha-
nisms of this interesting and important phenomenon (8). It is
not known what signals are involved between O, sensing at
the COX and rapid metabolic downregulation. Although
these three gases may have different pathways to induce
suspended animation, COX inhibition is the common char-
acteristic. Accordingly, it is highly probable that suspended
animation is located downstream of COX inhibition. If so,
several questions remain. Is inhibition of COX enough to in-
duce suspended animation? Is MRS necessary for this in-
duction? Do all these gases have their own signals to induce
suspended animation? Studies with gases seem to give an
important hint, particularly in the Caenorhabditis elegans ex-
periment. Death of an embryo at the O, concentration of be-
tween 0.1 to 0.01 kPa seems to result from energy exhaustion,
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because the embryos did not stop their embryogenesis and
development, although they require a high energy supply.
The embryo seems to escape lethal hypoxia by reducing en-
ergy expenditure with CO treatment. These situations re-
semble the septic condition, in which animals are in an
exhausted energy condition (179). Moreover, gases with an
inhibiting effect on COX improve the survival rate of septic
animals (19). Inhibition of respiration is no doubt associated
with a reduced energy supply. However, mere blockade of
the COX activity does not seem to induce suspended anima-
tion. Inhibition of respiration through COX inhibition can be a
trigger for suspended animation. However, some additional
signals seem to be necessary for complete induction of this
interesting condition.

To summarize, NO, CO, and H,S can inhibit COX. Through
this inhibition, all three gases elicit MRS, which is necessary
for an adaptive response to hypoxia. In addition, these gases
display protective roles on mitochondria by inhibiting MPT.
Finally, these gases have therapeutic potentials by inducing
suspended animation. In this section, we focused on MRS as a
gas-mediated signaling mechanism. However, these gases
may also regulate cellular signaling without affecting ETC or
OXPHOS capacity. COX activity seems to exceed the ETC
capacity as seen in muscle tissue (168). Hence, mild COX-
inhibition does not necessarily imply a limitation of the ETC.
This may allow cellular pathways to be regulated through
COX activity without affecting mitochondrial respiration.
This may explain how these toxic gases can be fundamental
components of complex cellular signaling. Further studies are
needed to understand the complex mechanism of COX reg-
ulation by these gases.

VIIl. Altered Gas Balance in CNS Diseases

What might happen if the gas balance were significantly
altered in disorders such as strokes? When and how might we
manipulate gas levels to treat disease? Although the majority
of studies have suggested both cytoprotective and cytotoxic
roles for CO, NO, and H,S gases under pathologic conditions,
these suggestions were often made based on either exogenous
application of a gas, expression levels of a producing enzyme,
or the phenotypes obtained by using knockout mice, but not
on actual gas amounts. What is important to study is the di-
rect cause-and-effect relation between gases and their clinical
manifestation. Here we consider some of the governing fac-
tors controlling local gas amounts, including (a) substrate
availability, (b) enzyme control resulting from allosteric con-
trol and covalent modification, and (c) genetic control of en-
zyme expression. With these in mind, we describe the
relevance of gas biology in neurodegenerative diseases of the
central nervous system (CNS).

A. CO in CNS diseases

CO has been implicated in pathologic processes of the
brain. Two isoforms of HO have been identified, the inducible
HO-1 and the constitutively expressed HO-2. For HO-2, sev-
eral mechanisms have been proposed for regulation of its
activity. One is through phosphorylation by casein kinase 2
during neuronal stimulation (28). More recently, Yi et al. (362,
363) showed that the C-terminal heme regulatory motifs
(HRMs; Cys-Pro signature) act as a thiol/disulfide redox
switch controlling the affinity of the HO-2 for heme. Here,
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HRMs known to control processes related to iron and oxida-
tive metabolism can integrate heme homeostasis with CO
signaling. Such regulatory mechanisms are under active in-
vestigation.

Substrate availability is an important determinant of CO
production. Unlike NO production, which uses readily avail-
able L-arginine as a substrate, free heme availability under
normal conditions is thought to be limited (48). However, free
heme levels are thought to increase with ischemic insults due
to the hydrolysis of heme proteins (54), but whether such an
increase in free heme leads to CO overproduction remains
speculative. Notwithstanding the uncertainties about CO
overproduction, HO-CO systems themselves have been im-
plicated in diseases in the brain, including stroke, Alzheimer
disease, and Parkinson disease.

Neural injury can be either ameliorated or exacerbated
(336) by the HO-CO system. However, many studies using
stroke models suggested cytoprotective effects of HO-1 and
HO-2. Overexpression of HO-1 in the mouse brain caused a
reduction in infarct volumes induced by middle cerebral ar-
tery occlusion. Cell viability of primary neuronal cells of HO-
1-knockout mice was decreased when challenged with acute
excitotoxicity compared with that of the wild type (4). More-
over, HO-2 appeared to protect against lipid peroxidation—
mediated cell loss and impaired motor recovery after
traumatic brain injury (54, 55), whereas its deletion exacer-
bated intracerebral hemorrhage—induced brain edema (337).

HO-1 is induced in response to various prooxidants and
stressors. Intense HO-1 immunostaining in the parkinsonian
brain has been demonstrated, indicating that HO-1 may be
involved in the pathogenesis of Parkinson disease (267).
Overexpression of HO-1 in the rat substantia nigra signifi-
cantly increased the survival rate of dopaminergic neurons
against 1-methyl-4-phenylpyridinium-induced neurotoxic-
ity. Furthermore, inhibition of HO activity exacerbated rota-
tory behavior of the rat, suggesting a role of endogenous CO
(125).

Like Parkinson’s disease, oxidative stress appears to be
involved in the pathogenesis of Alzheimer disease (268). HO-1
immunoreactivity is greatly enhanced in the neurons and
astrocytes of the hippocampus and cerebral cortex of Alz-
heimer disease patients and coexpressed in senile plaques and
neurofibrillary tangles (268). Amyloid precursor protein
(APP) generates the f-amyloid peptide that has been postu-
lated to participate in the neurotoxicity of Alzheimer disease.
APP has been found to bind HO and inhibit its activity (307).
However the mechanisms whereby HO-1 or CO or both
control these age-related neurodegenerative disorders are not
clear at present.

The involvement of the HO-CO system has received
considerable attention as a target for the development of
effective therapeutic interventions against degenerative and
inflammatory diseases in the CNS [see review by Schipper
et al. (269)]. It has been proposed that the cytoprotective roles
of the HO-CO system are initiated by a series of molecular
reactions or interactions or both in response to changes in
redox states of the cell, which in turn elicit “homeostatic”
responses, as opposed to “chaotic” ones (25). HO-1 has been
described as a therapeutic funnel (13, 25, 162, 229) because of
the multiple effects mediated by this molecule. Calabrese
et al. (43, 46) view the adaptive mechanisms linked to the HO
pathways as being crucial for both survival and the physical
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quality of life. They termed this complex network of adap-
tive processes, composed of several protective genes, the
“vitagene system”. “Vitagenes” encode for heat-shock pro-
teins (Hsps), Hsp32, Hsp70, thioredoxin, and the sirtuin
protein systems. Because the system may provide a point at
which CO, O,, NO, and H.,S interact with one another, the
neuroprotective potential of the “vitagene system” as a tar-
get for new approaches to neural antidegeneration deserve
further investigation.

B. NO in CNS diseases

Unlike the situation for CO and H,S, it has been proven that
control of NO synthesis is coordinated with neuronal activity.
During neurotransmission, neurons transiently synthesize
NO in response to stimulation of the glutamate-mediated
NMDA receptor, in which the activity of nNOS is tightly
regulated by the intracellular Ca®* level (32, 159).

NO has been suggested to mediate neurotoxicity in re-
sponse to the extracellular accumulation of glutamate. With
pathologic stimulation, NO derived from iNOS in microglia
and astrocytes is associated with neuronal cell death (116). In
addition, NO can trigger the activation of transcription factors
through its binding to COX (235), leading to gene regulation.
NO and other reactive nitrogen species can act as pathologic
agents in processes such as neuroinflammation and neuro-
degeneration (90, 120). These deleterious effects are thought
to be attributable to targeted modifications of critical cyste-
ine residues in proteins, including S-nitrosylation and S-
oxidation, as well as by lipid nitration (44, 45, 205, 215).
Studies support this scenario for neurologic disorders such
as Alzheimer disease (71), amyotrophic lateral sclerosis,
Parkinson disease (59, 311), and ischemic brain damage (30,
205).

C. H,S in CNS diseases

One possible function of H,S in the brain is to act as a
neuromodulator. Currently, however, no definitive mecha-
nism has been reported to link the control of H,S synthesis
with neuronal activity. In the brain, CBS is the predominant
enzyme responsible for H,S generation. Besides CO, which
can inhibit CBS activity, both S-adenosyl-methionine (SAM)
(89) and peroxynitrite (ONOO™) (50) can modulate its activ-
ity. The human full-length CBS is a homotetramer of 63-kDa
subunits, the activity of which is increased by SAM (89). A
truncated CBS dimer with a 45-kDa subunit, which is more
active, but unresponsive to SAM (153), has been found in
HepG2 cells exposed to tumor necrosis factor (372). Unlike
NOS, regulation of CBS by Ca** /calmodulin is most unlikely,
as Chen et al. (57) failed to report any stimulation of CBS
activity in the presence of Ca?*/calmodulin. Interestingly,
Celano et al. (50) showed inactivation of the Fe** CBS dimer
with ONOO™ (50), which could provide a control mechanism
for H,S synthesis under pathologic conditions.

One of the suggested targets for H,S is the NMDA receptor
in the neuron. Although H,S alone does not induce long-term
potentiation, it does so by potentiating glutamatergic trans-
mission through the function of NMDA receptors in neurons
(214). Qu et al. (247) raised the interesting possibility that
this potentiation by H,S is redox dependent. Given that
the neuronal NMDA-receptor possesses thiol groups in the
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extracellular domain (302), these authors speculate that H,S
modulates NMDA activity by its ability to reduce the
Cys744 and Cys798 (247). GAPDH is another target for H,S.
Mustafa et al. (212) reported the interesting finding that sulf-
hydration, the formation of SSH in cysteines, of GAPDH
augments the enzyme activity by sevenfold (212), implicating
a novel H,S-dependent control of cellular energy metabolism
in the CNS.

CBSis encoded by a gene on chromosome 21 (21g22-3). One
of the manifestations of CBS deficiency is mental retardation.
Qu et al. (246) explained this by the inability of H,S to induce
long-term potentiation via the potentiation of the NMDA re-
ceptor in the hippocampus, leading to the compromised
memory function. They also speculate that the memory deficit
seen in Alzheimer disease may be related to reduced H,S. By
contrast, CBS activity in fibroblasts from Down syndrome
patients is ~150% higher than that in those from normal in-
dividuals (51), and H,S is overproduced, based on the amount
of excreted thiosulfate in the urine (145). However, the role of
H,S overproduction in mental retardation is not well under-
stood.

In stroke, H,S appears to exacerbate ischemic injuries, and
thus, its inhibition has been suggested as a potential treatment
in stroke therapy (304). Evidence is accumulating to demon-
strate that inhibitors of H,S production or therapeutic H,S
donor compounds exert significant effects in various animal
models of inflammation, reperfusion injury, and circulatory
shock (304). However, H,S can also induce a reversible state of
hypothermia and a suspended animation-like state in ro-
dents, as discussed in Section VIL.G.

IX. Challenges and Perspectives

Although recent advances in gaseous signaling have un-
raveled uncertainties about their actions in our body, we are
still left to understand the biologic potentials of newly
emerging gases, such as sulfur dioxide (SO,) (182) and hy-
drogen cyanide (HCN) (106) and to elucidate mechanisms
whereby well-known gases, such as ammonia (NH;) and
carbon dioxide (CO,), exert biologic effects. In the last section,
we described challenges to make breakthrough in the field of
gas biology. We provide some detailed mechanisms of gas-
eous transductions and their interactions. However, many
unknown features are lacking. O, is by far most well-studied
gas as to its reception systems and functions. Looking back at
the history of the O,-sensing research, Otto Warburg received
the Nobel Prize in Physiology and Medicine in 1931 for “his
discovery of nature and mode of action of the respiratory
enzymes.” It took more than two and a half centuries to prove
the vital mechanism of O, use in intracellular combustion of
energy substances after John Mayow conducted the experi-
ment suggesting the existence of “O,” in the air. Since then,
technical advances to measure O, continuously, accurately,
and directly within living tissue (60, 325) were made. These
tools that stimulated the field of O,-sensing research and
brought about important discoveries.

Many technical advances are needed to detect physiologic
levels of O,, CO, NO, and H,S in vivo in a real-time manner
with reasonable spatial information. However, a relative lack
of technical breakthroughs for detecting gas behavior in vivo
appears to be a limit for transforming good speculative ideas
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into natural philosophical thoughts. Therefore, one of the
awaiting challenges to move gas biology forward is devel-
opment and implementation of reliable methods for contin-
uous, noninvasive, and sensitive measurements of gaseous
mediators.

Among CO, NO, and H,S, the field of NO is better estab-
lished than the others. Since NO was first identified as the
endothelium-derived relaxing factor in the late 1980s (95, 129),
many approaches have attempted to provide an adequate
means for measuring physiologic levels of NO. Several tech-
niques, including the electrochemical sensors (42, 276) and
fluorescence-visualization methods (163), have been success-
ful in achieving this aim. With these advanced technologies,
the field of NO research has made substantial advances.
Conversely, equivalent tools are yet to be made available for
CO and H,S. Gas-releasing molecules, however, such as NOC
(278) and NOR for NO and CORM (210) for CO, have added
great insight into the mechanisms whereby NO and CO exerts
their biologic effects.

Although we are still waiting for new tools for visualizing
and measuring gaseous molecules in situ, the field of gas
biology has added several cutting-edge technologies. We
believe that a series of these advanced technologies can help us
to make breakthroughs and to unravel mechanisms of
gas generation and gas reception. One such technology is
metabolome analysis using advanced mass spectrometry to
explore systematically gas-responsive regulator enzymes
in vivo. We have applied capillary electrophoresis mass-based
metabolome analysis to profile small molecular metabolites in
pathogenic bacteria or in mouse livers. A comparison of tran-
scriptional expression profiles with metabolome data led us to
hypothesize the existence of novel metabolic pathways and
their regulatory mechanisms, and eventually to succeed in the
discovery of variant TCA cycles in Mycobacterium tuberculosis
(317). Furthermore, we found novel pathways to synthesize
“pseudo-GSH metabolites” in mammals, which could account
for compensatory mechanisms against oxidative stress in the
liver (285). This technology has proven to be powerful because
simple application of a gas to cultured cells and data collection
through differential metabolomic display between disease and
control conditions allowed us to hypothesize gas-responsive
rate-limiting steps for metabolic pathways of interest.

When combined with metabolome analysis, large-scale
computational biosimulation of metabolism is a useful strat-
egy to develop hypotheses on regulatory mechanisms for
metabolic systems, as demonstrated by our recent study to
predict novel roles of hemoglobin to trigger hypoxia-induced
glycolytic activation through multiple enzymes (157). Infra-
red laser Raman spectrophotometry and related bioimaging
devices (IR-RS imaging) are technologies that allow us to
examine gas-sensitive structural changes of metal-containing
prosthetic groups of enzymes in living cells in culture. Fur-
thermore, two-dimensional mass spectrometry analysis of
biologic tissues by means of mass spectrometry imaging
(MSI) will make it possible to detect, with high spatial reso-
lution, the abundance of hundreds of molecules that control
cell behavior (114, 290, 306). It is our hope that, with the help
of these cutting-edge technologies, we will be able to gain new
insights into the complexities of gas interactions and to
translate experimental work into new therapies to treat
human diseases.
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Abbreviations Used

AMPK = AMP-dependent protein kinase
CBS = cystathionine $-synthase
CO = carbon monoxide
CO, = carbon dioxide
CORM = CO-releasing molecule
COX = cytochrome c oxidase
CSE = cystathionine y-lyase
ETC = electron-transport chain
Hcy =homocysteine
HIF = hypoxia-inducible factor
H,0, =hydrogen peroxide
HPV =hypoxic pulmonary vasoconstriction
H,S =hydrogen sulfide
MAPK = mitogen-activated protein kinase
MPST = 3-mercaptopyruvate sulfurtransferase
MPT = mitochondrial permeability transition
MRS = mitochondrial redox signaling
NO = nitric oxide
NOS =nitric oxide synthase
NPAS2 =neural PER-ARNT-SIM
ODD = oxygen-degradation domain
OXPHOS = oxidative phosphorylation
PHD = prolyl hydroxylase
PLP = pyridoxal phosphate
ROS =reactive oxygen species
sGC =soluble guanylate cyclase
SOD = superoxide dismutase
VHL = von Hippel-Lindau
VSMC = vascular smooth muscle cell
ZnPP = zinc protoporphyrin
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