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Abstract Gases, such as nitric oxide (NO), carbon mon-

oxide (CO), hydrogen sulfide (H2S), and sulfur dioxide

(SO2) are known toxic pollutants in the air. However, they

are now recognized as important signaling molecules syn-

thesized in animals and humans from arginine, glycine

(heme), and cysteine, respectively. At physiological levels,

NO, CO, and SO2 activate guanylyl cyclase to generate

cGMP which elicits a variety of responses (including

relaxation of vascular smooth muscle cells, hemodynamics,

neurotransmission, and cell metabolism) via cGMP-depen-

dent protein kinases. H2S is also a crucial regulator of both

neurological function and endothelium-dependent relaxa-

tion through cGMP-independent mechanisms involving

stimulation of membrane KATP channels and intracellular

cAMP signaling. Additionally, NO, CO, and H2S confer

cytoprotective and immunomodulatory effects. Moreover,

NH3 is a major product of amino acid catabolism and pro-

foundly affects the function of neurons and the vasculature

through glutamine-dependent inhibition of NO synthesis.

Emerging evidence shows that amino acids are not only

precursors for these endogenous gases, but are also regula-

tors of their production in a cell-specific manner. Thus,

recent advances on gaseous signaling have greatly expanded

our basic knowledge of amino acid biochemistry and

nutrition. These exciting discoveries will aid in the design of

new nutritional and pharmacological means to prevent and

treat major health problems related to developmental biol-

ogy and nutrient metabolism, including intrauterine growth

restriction, preterm birth, aging, neurological disorders,

cancer, obesity, diabetes, and cardiovascular disease.
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Abbreviations

AA Amino acid

CBS Cystathionine b-synthase

CSE Cystathionine c-lyase

EC Endothelial cells

GABA c-Aminobutyrate

HO Heme oxygenase (HMOX)

LPS Lipopolysaccharide

MPST b-Mercaptopyruvate sulfurtransferase

NFjB Nuclear factor kappa B

NAC N-Acetyl-cysteine

NMDA N-Methyl-D-aspartate

NO Nitric oxide

NOS Nitric oxide synthase

VSMC Vascular smooth muscle cells

Introduction

Nitric oxide (NO), a toxic gas produced by automobile

engines and power plants, was discovered in 1987 as the

endothelium-derived relaxing factor synthesized from

arginine in animals and humans (Ignarro et al. 1987). This

Unless otherwise indicated, amino acids mentioned in this paper are

L-isomers.
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seminal finding has fundamentally changed classical views

about the role of endogenous gases in cell physiology.

Subsequent work has shown that other environmental

gaseous pollutants, such as carbon monoxide (CO),

hydrogen sulfide (H2S), and sulfur dioxide (SO2) also

affect important biological functions (Maines 1997;

Orlando et al. 2008; Yang et al. 2008).

NO, CO, H2S, and SO2 are water-soluble colorless

molecules that easily penetrate biological membranes and

exert their effects independent of membrane receptors

(Barañano et al. 2001). NO and CO are odorless, but H2S,

SO2 and NH3 each have a characteristic strong, pungent

odor (e.g., the smell of rotten eggs for H2S). Notably, NO is

a highly reactive free radical, whereas CO, H2S, and SO2

are strong reducing agents. None of these gases are stable

in physiological solutions. It is now established that amino

acids (AA) are the sources of these gases in animals and

humans (Qu et al. 2007; Yang et al. 2008).

A growing body of evidence indicates that AA not only

act as signaling molecules themselves (Deldicque et al.

2008; Liao et al. 2008; Rhoads and Wu 2008), but also

regulate the production of NO, CO, H2S, SO2, and NH3

(Chang et al. 2008; Wu and Meininger 2002). The objec-

tives of this review are to provide the basis for integration

of multiple pathways whereby these gases are biosynthe-

sized and to highlight their physiological roles, with

particular attention to the cardiovascular, nervous, immune,

and anti-oxidative systems. This knowledge will aid in the

development of new nutritional and pharmacological

means to prevent and/or treat a variety of chronic diseases.

Endogenous synthesis of gaseous molecules

Synthesis of NO from arginine

NO is synthesized by the oxidation of a guanidino nitrogen

of L-arginine, with citrulline as the co-product (Bredt and

Snyder 1994). This process is catalyzed by one of the three

isoforms of NO synthase (NOS): neuronal NOS (nNOS;

also known as NOS1), inducible NOS (iNOS; also known

as NOS2), and endothelial NOS (eNOS; also known as

NOS3). nNOS, eNOS, and iNOS are localized primarily in

cytoplasm and mitochondria, plasma membrane and cyto-

plasm, and cytoplasm, respectively (Jobgen et al. 2006).

Both nNOS and eNOS were named after the tissue and cell

type from which they were originally isolated. nNOS was

purified from the cerebellum of rat brain, eNOS from

bovine aortic endothelial cells (EC), and iNOS from a

mouse macrophage cell line activated by interferon c and

bacterial lipopolysaccharide (LPS). It is now known that

nNOS and eNOS are constitutively expressed in a cell-

specific manner and produce low levels of NO. In contrast,

iNOS is induced by certain immunological stimuli

(including LPS and inflammatory cytokines) and generates

a large amount of NO.

All isoforms of NOS depend on NADPH, calmodulin,

FAD, FMN, and tetrahydrobiopterin as essential cofactors

for their enzymatic activities (Fig. 1). In addition, nNOS

and eNOS, but not iNOS, require calcium for generation of

NO (Bredt and Snyder 1994). Nearly all cell types can

recycle citrulline into arginine via argininosuccinate syn-

thase and argininosuccinate lyase, and this intracellular

arginine-citrulline cycle helps sustain sufficient concen-

trations of arginine to support NO production (Wu and

Brosnan 1992).

In cells and blood, NO is rapidly oxidized via many

nonenzymatic reactions to nitrite and nitrate, with nitrate

being the major product. For example, NO is readily oxi-

dized to nitrite via autoxidation or reacts with superoxide

anion to yield peroxynitrite (an oxidant). NO and nitrite

can also be oxidized by oxyhemoglobin or oxymyoglobin

to form nitrate. Nitrite and nitrate are excreted by the

kidneys. The half-life of NO in physiological solutions is

extremely short (\5 s), but it can be transported as a glu-

tathione adduct to conserve its biological activity (Wu et al.

2004). Determination of nitrite and nitrate provides a valid

indicator of NO synthesis by cells.

Synthesis of CO from glycine-derived heme

Although CO can be formed by lipid peroxidation, over

90% of it is produced from the degradation of heme by

membrane-bound heme oxygenase (HO or HMOX) in the

body (Durante et al. 2006). The HO system depends on

NADPH-cytochrome 450 for its catalytic activity. Equi-

molar amounts of biliverdin, iron, and CO are produced by

cleavage of the heme methene bridge (Fig. 2). In cells,

heme is synthesized from glycine and succinyl CoA via a

L-Arginine

Plasma
membrane

L-Arginine

NADPH+H +

BH4, FAD, FMN

Ca2+, Calmodulin

L-CitrullineNADP +

ASS

AS

Asp

NOS

NO

O2

NO NO2
- NO3

-[O] [O]

ASL

Fumarate

Fig. 1 Synthesis of NO from L-arginine in animal cells. AS
argininosuccinate, BH4 tetrahydrobiopterin, ASL argininosuccinate

lyase, ASS argininosuccinate synthase, Asp L-aspartate
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series of reactions involving both cytoplasm and mito-

chondria, and the carbon of CO is derived from the methyl

carbon (carbon-2) of glycine. There are three isoforms of

HO: HO1 (also known as heat shock protein 32), HO2, and

HO3. HO1 is a highly inducible protein, and its activity can

increase up to 100-fold when cells are treated with oxi-

dants, endotoxins, or inflammatory cytokines. In contrast,

HO2 is constitutively expressed and its activity is not

altered by these agents. HO1 and HO2 proteins are encoded

by two different genes (Cruse and Maines 1988). In the late

1990s, the HO3 cDNA was isolated from rat brain and its

protein was purified (McCoubrey et al. 1997). Recent work

conducted in our laboratory demonstrated that adipose

tissue expresses HO3 which may function to regulate

lipolysis and oxidation of energy substrates (Fu et al. 2005;

Jobgen et al. 2009b). The predicted amino acid sequence of

HO3 differs from that of HO1, but has *90% identity with

HO2 (McCoubrey et al. 1997).

Unlike NO, CO is not an oxidant and, therefore, does

not cause oxidative damage to macromolecules. However,

like NO, CO reversibly binds heme-containing proteins,

including oxyhemoglobin, myoglobin and cytochrome c

oxidase, and soluble guanylyl cyclase (sGC) (Maines

1997). It is indeed interesting that a product of HO (CO)

binds its physiological substrate (heme), and this reaction

may be a mechanism for regulating CO bioavailability. The

half-life of CO in the blood circulation has been reported to

be 40–75 and 22–120 min, respectively, for pigs (Aberg

et al. 2004) and humans (Shimazu et al. 2000). Endoge-

nously generated CO is transpired to the atmosphere

primarily by the lungs.

Synthesis of H2S and SO2 from cysteine

Desulfuration of cysteine for production of H2S and SO2

occurs via multiple pathways (Fig. 3), which include

[2-14C]Glycine

Succinyl-CoA

NADP+

Bilirubin

Biliverdin

[14C]Heme

NADPH + H+

NADP+

Fe3+

NADPH + H+O2

14CO

HO

SR

BVR

Fe2+

Fig. 2 Synthesis of CO from glycine-derived heme in animal cells.

BVR biliverdin reductase, SR a sequential series of reactions involving

d-aminolevulinate synthase (a mitochondrial enzyme), d-aminolevu-

linate dehydratase (a cytosolic enzyme), uroporphyrinogen I synthase

(also known as porphobilinogen deaminase), uroporphyrinogen

I/uroporphyrinogen III cosynthase, uroporphyrinogen decarboxylase

(a cytosolic enzyme), coproporphyrinogen oxidase, protoporphyrin-

ogen oxidase, and heme synthase (also known as ferrochelatase). The

last three named enzymes are located in mitochondria
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Fig. 3 Synthesis of H2S and SO2 from cysteine in animal cells.

AAT amino acid transaminase, Asp L-aspartate, CAT cysteine amino-

transferase, CDO cysteine dioxygenase, CSD cysteinesulfinate

decarboxylase, CysSR cysteine-thiol complex, GCS, c-glutamylcys-

teine synthase, Glu L-glutamate, Gly glycine, GS glutathione synthase,

GSH reduced glutathione, GSSG oxidized glutathione, a-KA

a-ketoacid, a-AA a-amino acid, Mit-ukn unidentified mitochondrial

enzyme(s), NER non-enzyme catalyzed reaction, OAA oxaloacetate,

PPG propargylglycine (an irreversible inhibitor of cystathionine

c-lyase), RSH a thiol-containing compound, SAM S-adenosylmethi-

onine, SOX sulfite oxidase, and TSR thiosulfate reductase

Amino acids and signaling 67

123



cystathionine b-synthase (CBS), cystathionine c-lyase (also

known as cystathionase; CSE), and b-mercaptopyruvate

sulfurtransferase (MPST) (Griffith 1987). Cysteine is syn-

thesized from methionine in liver via the transsulfuration

pathway that also involves CBS and CSE. These two

cytosolic enzymes are pyridoxal phosphate-dependent

and responsible for production of most H2S in animals

(Stipanuk et al. 2006). CBS is Ca2? and calmodulin-

dependent, whereas CSE is inducible by LPS and likely

inflammatory cytokines (Kamoun 2004).

Expression and activity of CBS and CSE vary greatly

among cell types and tissues (Zhao et al. 2003). For

example, brain has a relatively high abundance of CBS, but

a very low level of CSE. In contrast, CSE, but not CBS, is

expressed in rat vascular tissues (e.g., artery and aorta) and

EC (Zhao et al. 2001; Yang et al. 2008). In addition, the

liver has high activities of both CBS and CSE (Stipanuk

et al. 2006). Thus, H2S levels are greatly reduced in brains

of CBS knock-out mice, but their EC still produce H2S

(Yang et al. 2008). In adult rats, rates of H2S generation per

gram of tissue are greatest in homogenates of liver, fol-

lowed by kidney, brain and heart, and then aorta, and small

intestine (Kamoun 2004; Zhao et al. 2003).

SO2 can be generated from (1) the spontaneous degra-

dation of b-sulfinylpyruvate (an intermediate of cysteine

degradation); (2) oxidation of H2S by NADPH oxidase;

and (3) oxidation of H2S through a series of reactions

involving the non-enzymatic formation of thiosulfate and

its subsequent enzyme-catalyzed reaction with reduced

glutathione (Qu et al. 2007). Because most cysteine is

degraded via the cysteine dioxygenase pathway in animals

(Stipanuk et al. 2008), nonenzymatic cleavage of b-sulfi-

nylpyruvate is likely the major source of SO2 in vivo.

Both H2S and SO2 are exhaled by lungs, but sulfite and

sulfate are excreted by kidneys. In saline, H2S exists in

equilibrium with HS-, with the ratio of H2S to HS- being

approximately 1:2. In physiological solutions, SO2 spon-

taneously reacts with water to yield sulfurous acid (H2SO3)

and then sulfite (SO3
2-) through dissociation of bisulfate

(HSO3
-): SO2 ? H2O $ H2SO3 $ HSO3

- ? H? $
SO3

2- ? 2H?.

Production of NH3 from AA, purines, and pyrimidines

Except for developing conceptuses (embryos/fetuses and

associated extraembryonic membranes) and growing ani-

mals (Wu et al. 2008a, b), AA are not stored in tissues and

must be degraded to yield NH3 in a cell-specific manner

(Suryawan et al. 2008). The production of NH3 from AA is

catalyzed by many enzymes, including phosphate-activated

glutaminase, glutamate dehydrogenase, amino acid oxi-

dase, glycine synthase, x-amidase, cysteine desulfhydrase,

histidase, and 2-amino cis–cis muconate semialdehyde

reductase. In addition, degradation of purines and pyrimi-

dines generates NH3, particularly in exercising skeletal-

muscle. For example, adenylate deaminase converts AMP

into NH3 plus IMP, adenosine deaminase oxidizes adeno-

sine to yield NH3 plus inosine, and guanase deaminates

guanine into NH3 plus xanthine. In aqueous solution, free

NH3 is at equilibrium with NH4
?. Under physiological

conditions (pH 7.4 and 37�C), the ratio of NH3 to NH4
? is

approximately 2:98.

Regulation of the synthesis of gaseous molecules by AA

Synthesis of NO

Inadequate intake of protein from the diet reduces systemic

NO synthesis by eNOS, nNOS, and iNOS, resulting in car-

diovascular abnormalities and compromised immune

functions (Wu et al. 1999). The underlying mechanisms

involve reduced expression of the enzymes and reduced

availability of essential cofactors (Table 1). The Km values

of various NOS isoforms for arginine are very low

(3–10 lM), compared with its intracellular concentrations

(0.5–2 mM) in most cell types (Li et al. 2008a; Wu and

Meininger 2002). However, increasing extracellular con-

centrations of arginine from 0.1 to 10 mM dose-dependently

stimulates NO production by EC and macrophages (Wu and

Meininger 2002). This arginine paradox is now explained by

enhanced expression of (1) GTP cyclohydrolase-I protein

for tetrahydrobiopterin synthesis in EC (Kohli et al. 2004;

Wu and Meininger 2009) and (2) iNOS protein in cytokine-

activated leukocytes and neurons (Lee et al. 2003). Because

only enterocytes can synthesize citrulline from glutamine/

glutamate or proline (Wu and Morris 1998), extracellular

arginine provides the nitrogenous substrate for NO genera-

tion in other cell types (Wu and Meininger 2000). Thus,

inhibition of arginine transport by lysine reduces arginine

concentrations, and therefore, NO synthesis in cells (Closs

et al. 2000).

Glutamine is an important substrate for arginine syn-

thesis (Hu et al. 2008; Wu et al. 2007a) and regulates

whole-body homeostasis (Lagranha et al. 2008a, b).

Increasing extracellular concentrations of glutamine from 0

to 2 mM dose-dependently reduces NO synthesis by

bovine and porcine EC (Arnal et al. 1995; Meininger and

Wu 1997). In addition, glutamine inhibits NO-dependent

cerebral neurogenic vasodilation (Lee et al. 1996) and

dietary glutamine supplementation attenuates systemic NO

production in rats (Houdijk et al. 1998). It is now known

that metabolism of glutamine to glucosamine-6-phosphate

(an inhibitor of NADPH synthesis via the pentose cycle)

is necessary for glutamine-dependent inhibition of NO

synthesis by EC (Wu et al. 2001). In contrast, glutamine is
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required for production of iNOS protein by macrophages,

thereby stimulating NO production under conditions of

immunological activation to kill pathogenic microorgan-

isms (Li et al. 2007).

Glutamate and glycine bind the different sites of the

excitotoxic NMDA receptor, resulting in Ca2? influx and

nNOS activation for NO synthesis (Atlante et al. 2001).

Similarly, GABA (a decarboxylation product of glutamate)

stimulates NO production by nNOS in hypothalamic

magnocellular neurons via divergent G-protein signaling

pathways (Di et al. 2009). There is also evidence that

GABA and glutamate increase iNOS protein abundance in

ischemic brains (Harty et al. 2004), thereby contributing to

oxidative stress in neurons. The enhancement of NO syn-

thesis by high concentrations of glutamate and GABA in

the brain and other nervous tissues provides a metabolic

basis for their neurotoxicity. In contrast, glycine reduces

iNOS expression in endotoxin- or cytokine-challenged

liver cells (Li et al. 2007), thereby attenuating hepatic

injury under inflammatory conditions.

Homocysteine is an independent risk factor for cardio-

vascular disease. There is direct evidence that increasing

extracellular concentrations of homocysteine dose-depen-

dently inhibits NO synthesis by EC (Zhang et al. 2000)

and platelets (Mutus et al. 2001), thereby impairing

endothelium-dependent relaxation. Similarly, elevated

levels of homocysteine in response to dietary methionine

loading or hypercysteinemia reduce NO synthesis by

eNOS or nNOS and results in endothelial dysfunction

(Chao et al. 2000). Importantly, the adverse effects of

homocysteine can be alleviated by nutrients (e.g., folic

acid and vitamin B12) that facilitate its conversion into

methionine (Chao et al. 2000). In contrast to the consti-

tutively expressed NOS isoforms, homocysteine promotes

iNOS expression in vascular smooth muscle cells

(VSMC) (Welch et al. 1998) and kidneys (Zhang et al.

2004) through NFjB-dependent transcriptional activation

of Nos2. iNOS-induced oxidative stress may be a major

mechanism responsible for atherosclerosis in obese and

diabetic subjects with high circulating concentrations of

the methionine metabolite.

Taurine is a potent antioxidant and the most abundant

free AA in the brain, heart, skeletal muscle, and leukocyte

(Mühling et al. 2008; Saransaari and Oja 2008). This b-AA

stimulates NO synthesis by eNOS and nNOS (Abebe and

Mozaffari 2003), while inhibiting iNOS expression and

production of excess NO by cytokine-activated cells (e.g.,

macrophages, neurons and VSMC) by reducing NFjB

activity (Barua et al. 2001). In addition, through the for-

mation of taurine chloramines, taurine inhibits iNOS

expression and excess NO synthesis in various cell types,

including hepatocytes, macrophages, and glial cells (Wu

and Meininger 2002). Thus, taurine protects organisms

from oxidant-induced tissue damage.

Table 1 Effects of dietary

protein and amino acids on NO

synthesis in cells and tissues

BH4 tetrahydrobiopterin, :
increase, ; decrease

Factor Effector Effect Cell or tissue type

Protein deficiency nNOS and eNOS ; Whole body, kidney, brain, muscle

iNOS ; Whole body, lung, kidney, brain, macrophage

Arginine eNOS and BH4 : Endothelial cells, whole body, heart, VSMC

iNOS translation : Astrocytes

Citrulline Arginine availability : Endothelial cells, neurons, VSMC

Glucosamine NADPH ; Endothelial cells

iNOS expression ; Macrophage, spleen, lung, liver

Glutamate NMDA and nNOS : Brain

iNOS : Brain

Glutamine NADPH ; Endothelial cells

iNOS : Macrophage

iNOS ; Gut

Glycine iNOS expression ; Liver

nNOS : Brain

Lysine Arginine transport ; Many cell type

Taurine eNOS : Endothelial cells

iNOS ; Many cell type

Homocysteine eNOS and BH4 ; Endothelial cells

iNOS : Kidneys and VSMC

GABA nNOS and Ca2? : Neurons

iNOS : Neurons and endothelial cells

Amino acids and signaling 69

123



Synthesis of CO

Arginine is a key physiological regulator of CO production

in cells. For example, dietary supplementation with argi-

nine increases HO3 expression in white adipose tissues of

the Zucker diabetic fatty rat (a genetically obese type-II

diabetic animal model) (Fu et al. 2005) and diet-induced

obese rats (Jobgen et al. 2009b). Notably, a common

finding in these two animal models in response to arginine

supplementation is enhanced expression of the HO3 gene

in the fat pad, despite their marked differences in global

expression of adipose tissue genes. Additionally, arginine

upregulates HO1 expression and CO generation in cells

(including VSMC) likely through an NO-dependent

mechanism (Chung et al. 2008).

Physiological levels of glutamine induce HO1 expres-

sion in animals. Because of an important role for glutamine

in gut function (Wang et al. 2008a, 2009), much research

has been directed to intestinal epithelial cells. Coeffier

et al. (2002) originally reported that enteral provision of

glutamine enhanced HO1 expression at both mRNA and

proteins levels in human duodenal mucosa. Subsequent

work established that pretreatment of LPS-challenged rats

with glutamine increased HO1 expression in mucosal epi-

thelial cells and lamina propria cells of the intestine, and

prevented intestinal tissue injury (Uehara et al. 2005).

Similarly, glutamine increased HO1 protein and prevented

hemorrhagic shock-induced intestinal tissue injury (Umeda

et al. 2009). Interestingly, tin mesoporphyrin (a specific

inhibitor of HO1) completely abolished the protective

effect of glutamine on rat intestine (Uehara et al. 2005).

Thus, induction of HO1 by glutamine may be necessary for

its cytoprotective benefit.

Glutamate and alanine, two products of glutamine

catabolism, may stimulate CO synthesis in multiple cell

types. For example, glutamate increases CO production in

cerebral microvascular EC expressing both HO1 and HO2

(Parfenova et al. 2001). Additionally, through glutamate

receptor-mediated NO production, glutamate stimulates

HO2 expression in piglet cerebral microvessels (Leffler

et al. 2005). Thus, glutamate enhances CO generation in

the endothelium, resulting in the relaxation of piglet cere-

bral arteries (Fiumana et al. 2003). There is also evidence

that alanine may exert its antioxidant effect on EC by

augmenting HO1 expression (Grosser et al. 2004). How-

ever, such a cytoprotective effect of alanine was not

observed in intestinal epithelial cells (Haynes et al. 2009)

or neutrophils (Mühling et al. 2007).

Taurine chloramine and taurine bromamine, products

of taurine metabolism in the myeloperoxidase halide

system, have anti-inflammatory properties. They enhance

HO1 protein levels in resting and LPS-activated J774.2

macrophages, leading to inhibition of cyclooxygenase-2

expression and prostaglandin E2 production (Olszanecki

et al. 2008). Likewise, taurine chloramine promotes HO-1

expression in human fibroblast-like synoviocytes and

suppresses interleukin-1b-induced production of pro-

inflammatory cytokines (Muz et al. 2008).

Sulfur AA may also regulate CO synthesis in diverse

cell types. Culture of EC with 0.3–10 mM methionine

dose-dependently increased HO1 protein expression and

CO production (Erdmann et al. 2005). However, because of

high concentrations used (3–100 times plasma level), the

physiological significance of this finding remains to be

established. Interestingly, N-acetyl-cysteine (NAC; an

effective precursor of cysteine) reduces HO1 expression at

both mRNA and protein levels in VSMC (Hartsfield et al.

1997) and injured brains (Yi and Hazell 2005). This may be

a mechanism whereby NAC protects cells from oxidative

stress. Either cysteine or glutathione may mediate a stim-

ulatory effect of NAC on CO production via alteration of

the cellular redox state.

Some dipeptides, which are products of protein degra-

dation in the intestinal lumen and cells, are potent regulators

of CO production. For example, preincubation of EC

with methionine-tyrosine markedly increased HO1 protein

levels and decreased NADPH-mediated radical formation

(Erdmann et al. 2005). Notably, effects of the dipeptide

Table 2 Effects of amino acids

on CO synthesis in cells and

tissues

Met–Tyr methionine–tyrosine, :
increase, ; decrease

Factor Effector Effect Cell or tissue type

High protein HO1, HO2 and HO3 : Vascular and nonvascular tissues

Arginine HO3 : Adipose tissue

Glutamine HO1 : Intestine

Glutamate HO1 and HO2 : Endothelial cells and brain

Alanine HO1 : Endothelial cells

Taurine HO1 : Macrophages

Methionine HO1 : Endothelial cells

Met–Tyr HO1 : Endothelial cells

Glycine Heme : Vascular and nonvascular tissues

N-Acetyl-cysteine HO1 ; Injured brain and VSMC
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were abolished by zinc deuteroporphyrin IX 2,4-bis-eth-

ylene glycol, an HO inhibitor (Erdmann et al. 2005).

Recently, Mizuguchi et al. (2008) reported that adminis-

tration of a tetrapeptide (D-Arg-Dimethyltyrosine-Lys–Phe)

to rats promoted HO1 expression in the kidneys, while

decreasing renal tubular apoptosis and damage in unilateral

urethral obstruction (Table 2).

Synthesis of H2S and SO2

High intakes of dietary methionine or cysteine increase

urinary excretion of sulfate in rats and humans (Stipanuk

et al. 2006), indicating enhanced production of both H2S

and SO2 in vivo (Table 3). Indeed, the activity of hepatic

CSE was markedly increased for CO production in rats fed

a high-protein (90%) or high-cysteine (4%) diet (Simpson

and Freedland 1976). Similar results have been reported for

cats fed a taurine-supplemented diet (Park et al. 1999).

Also, S-adenosylmethionine (a metabolite of methionine) is

an allosteric activator of CSE, whereas aspartate is an

inhibitor of MPST (Kamoun 2004). In addition, indirect

evidence suggests that intracellular glycine likely modu-

lates H2S production through the synthesis of glutathione

(Wu et al. 2004).

Arginine may play an important role in regulating H2S

and SO2 synthesis in animals. For example, Yanfei et al.

(2006) reported that oral administration of arginine to rats

with high blood flow-induced pulmonary hypertension

increased (1) CSE expression in smooth muscle cells of the

pulmonary arteries; (2) concentrations of H2S in plasma;

and (3) H2S production by the lungs. It is not known

whether arginine itself or its metabolite(s) regulates H2S

production. However, there is evidence that NO upregu-

lates CSE expression and H2S synthesis in VSMC (Zhao

et al. 2001).

Culture of astrocytoma cells with NAC dose-depen-

dently increased production of H2S and SO2, and

beneficially inhibited proliferation of those cells (Jur-

kowska and Wrobel 2008). Furthermore, because the

cystine/glutamate exchange transporter (system xc
-) is a

rate-controlling step in the provision of intracellular cys-

teine (Shih et al. 2006), elevated levels of extracellular

glutamate (1–3 mM) inhibit the uptake of cystine

(0.1 mM) by neuronal cells and thus synthesis of H2S and

SO2. In contrast, lower concentrations of glutamate (e.g.,

0.1 mM) and NMDA (0.1 mM) stimulated H2S production

in brain cell suspensions in the presence of Ca2? and

glycine possibly through NMDA activation (Kimura et al.

2005). Thus, H2S may mediate, in part, the physiological

and pathological actions of glutamate (Table 3).

Gaseous molecules in health and disease

Cardiovascular functions

Although NO is known as a major endothelium-dependent

relaxing factor (Ignarro et al. 1987), there is growing evi-

dence for important physiological functions for CO, H2S,

and SO2 in the cardiovascular system (Yang et al. 2008). It

has been shown that NO stimulates H2S production in

vascular tissues (Zhao et al. 2003), whereas H2S inhibits

the arginine–NO pathway in aorta and EC (Geng et al.

2007). Additionally, endothelial NO has a permissive role

in CO- and perhaps H2S-induced vascular dilation (Bark-

oudah et al. 2004). Thus, there may be cross-talk between

various gaseous signaling pathways, and physiological

levels of NO regulate vascular tone and hemodynamics in

synergy with other gaseous vasoactive factors.

NO and CO bind the heme group of sGC, thereby

activating this enzyme for generation of cGMP from GTP

(Bredt and Snyder 1994). There is also evidence for

enhancement of aortic cGMP availability in response to

SO2 treatment (Li and Meng 2009). cGMP triggers cGMP-

dependent kinases and the phosphorylation of target

Table 3 Effects of dietary

protein and amino acids on H2S

synthesis in cells

SAM S-ademosylmethionine, :
increase, ; decrease

Factor Effector Effect Cell or tissue type

High protein CSE and CBS : Vascular smooth muscle cells

Methionine CSE and CBS : Liver and possibly intestine

Cysteine CSE and CBS : Vascular and nonvascular tissues

Arginine CSE : Vascular smooth muscle cells

SAM CSE : Various cell types

Glycine Glutathione : Various cell types

N-Acetyl-cysteine Cysteine : Astrocytoma cells

NMDA Ca2? : Brain

Glutamate (0.1 mM) NMDA : Brain

Glutamate (1–3 mM) Xc
- transporter ; Brain, liver, and other tissues

Aspartate MPST ; Various cell types
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proteins that elicit a series of physiological responses (e.g.,

relaxation of VSMC, vasodilation, and mitochondrial bio-

genesis) (Fig. 4). In addition, NO exerts some of its

physiological effects (e.g., inhibition of VSMC prolifera-

tion) via cGMP-independent mechanisms (e.g., inhibition

of ornithine decarboxylase) (Ignarro et al. 2001; Maines

1997; Wei et al. 2001). Interestingly, H2S has a Ca2?-

dependent effect on vasodilation via cGPM-independent

mechanisms that may involve (1) direct stimulation of

ATP-sensitive K? channels and membrane hyperpolariza-

tion (Tang et al. 2005); (2) a reduction in production of

oxidants (Kiss et al. 2008); and (3) Ca2?/calmodulin sig-

naling (Yang et al. 2008) in VSMC. Emerging evidence

shows that physiological levels of both NO and H2S inhibit

myocardial injury induced by oxidants (e.g., homocysteine)

(Chang et al. 2008). Of particular note, these two gases

play important roles in cardiovascular function, as impaired

endothelium-dependent vasorelaxation and pronounced

hypertension occur in mutant mice lacking either eNOS

(Huang et al. 1995) or CSE (Yang et al. 2008).

Neurological functions

As novel neural messengers, NO, CO, and H2S differ

markedly from classical neurotransmitters (e.g., glutamate,

acetylcholine, and noradrenalin) in their biosynthesis,

chemical nature, cellular localization, and mechanisms of

action (Barañano et al. 2001). There is distinctive locali-

zation for nNOS and HO2 in brains and the male

reproductive tract, but these two proteins are co-localized

in the myenteric plexus of the small intestine (Burnett et al.

1998). In neurons, NO and CO, either alone or in com-

bination, enhance the synthesis of cGMP from GTP

(Qu et al. 2007). These two gases act downstream from

the N-methyl-D-aspartate (NMDA) receptor as retrograde

messengers at synapses and enhance long-term potentiation

(a type of synaptic plasticity as a mechanism of learning) in

the hippocampus (Zhuo et al. 1993). Thus, nNOS defi-

ciency results in testosterone-dependent behavioral

abnormalities in male mice (Nelson et al. 1995). Endoge-

nous CO may also play an important role in memory

processing (Cutajar and Edwards 2007). In contrast, H2S

released from astrocytes or glia surrounding synapses

facilitates induction of hippocampal long-term potentiation

via activation of NMDA receptors (Kimura et al. 2005).

This gas also increases Ca2? concentrations in glial cells

and induces Ca2? waves in astrocytes to mediate glial

signal transduction (Qu et al. 2007).

While high concentrations of NO, CO, and H2S are

deleterious to all cells, physiological levels of these gases

have potent cytoprotective effects, particularly on neurons

(Chang et al. 2008; Voss and Grune 2007). For example,

inhibition of endogenous NO synthesis blocks NMDA-

mediated neurotrophic and neuroprotective effects in
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neurons (Pantazis et al. 1998). Conversely, nNOS-derived

NO plays an essential role in promoting the survival of

granule cells in the cerebellum and protecting those cells

from ethanol-induced neurotoxicity (Bonthius et al. 2008).

Similarly, overexpression of eNOS confers cytoprotection

from reactive oxygen species, endoplasmic stress, and

DNA damage in neuronal cells (De Palma et al. 2008).

Notably, an appropriate dose of inhaled NO has a neuro-

protective effect in preterm infants (Marks and Schreiber

2008) possibly through (1) increased production of cGMP

by cGS; and (2) stimulation of ATP-sensitive K? channels

via activation of the Ras/AMPK pathway (Lin et al. 2004).

Findings from recent studies indicate that CO and bili-

rubin, produced by HO1 and HO2, are neuroprotective. For

example, overexpression of HO1 protects dopaminergic

neurons against neurotoxicity induced by 1-methyl-4-

phenylpyridinium (Hung et al. 2008). In addition, HO1

knock-out mice exhibit a profound lesion in the brain fol-

lowing the administration of NMDA into the striatum

(Ahmad et al. 2006). Moreover, overexpression of HO2

protects olfactory receptor neurons from glutathione

depletion-induced apoptosis (Chen et al. 2005).

H2S has an anti-inflammatory effect by augmenting

glutathione availability in neurons. This conclusion is

based on the facts that (1) H2S increases GCS activity

either by direct activation of the enzyme or through a post-

transcriptional mechanism (e.g., enhancement of mRNA

translation and/or inhibition of protein degradation) (Qu

et al. 2007); (2) H2S enhances concentrations of cAMP that

activate protein kinase A, leading to NMDA phosphory-

lation and the opening of Ca2? channels (Kimura et al.

2005); and (3) H2S stimulates ATP-sensitive K? channels

in neuronal cells, causing the efflux of K? and membrane

hyperpolarization (Tang et al. 2005). At present, little is

known about a role for SO2 in neurological function.

NH3 participates in many vital reactions of nitrogen

metabolism (e.g., as a substrate for glutamate dehydroge-

nase, glutamine synthetase and carbamoylphosphate

synthetase-I), but hyperammonemia can be lethal to the

central nervous system (Wu and Morris 1998). A physio-

logical role for NH3 in cell signaling via activation of

cAMP-dependent signaling pathways has been proposed

(Faff et al. 1996). However, the lowest concentration

(250 lM) used in the study was fourfold greater than that

in plasma of healthy humans. Emerging evidence shows

that NH3 itself is not harmful to the brain, but its conver-

sion into glutamine by glutamine synthetase inhibits

endothelial NO synthesis and, therefore, blood flow and

oxygen supply to the brain (Lee et al. 1996). In support of

this notion, Kawaguchi et al. (2005) reported that rats with

hyperammonemia did not exhibit neurotoxicity or impaired

endothelium-dependent relaxation when glutamine syn-

thesis was blocked by L-methionine-S-sulfoximine.

Immunological functions

Physiological levels of NO have anti-inflammatory effects

(Chung et al. 2008), whereas excess NO produced by iNOS

mediates cytotoxicity of monocytes and natural killer cells

against tumor cells, viruses, bacteria, fungi, malignant

cells, intracellular protozoa, and parasites in mammals,

birds, and other species of animals (Li et al. 2007). For

example, activated macrophages cannot kill target cells

when NO synthesis from arginine is inhibited (Hibbs et al.

1987). Additionally, NO plays an important role in both

innate and acquired immunity (Bogdan et al. 2000).

However, as an oxidant and inhibitor of enzymes con-

taining an iron-sulfur center, high levels of NO rapidly

react with H2O2 to form peroxynitrite (Fang et al. 2002)

which oxidizes biomolecules (e.g., proteins, amino acids,

lipids, and DNA) and causes cell injury and death. Thus,

large amounts of NO can exert a deleterious effect on

mammalian cells and mediate the pathogenesis of many

diseases, including the autoimmune destruction of pan-

creatic b-cells in type-I diabetes mellitus, arthritis,

glomerulonephritis, inflammatory bowel disease, and neu-

rological disorders (Li et al. 2007).

High concentrations of CO, H2S, and SO2 inhibit

microbial growth and kill pathogenic organisms (Nobre

et al. 2007; Zhang and Bhatia 2008; Zhi et al. 2007), but

also induce apoptosis and tissue injury via the NFjB cell

signaling pathway (Kodavanti et al. 2006; Song et al.

2004). Thus, physiological levels of these gases are

important mediators of immune responses. This notion is

further substantiated by the following lines of evidence.

First, CO is a key modulator of NO-mediated anti-apop-

totic and anti-inflammatory functions in hepatocytes and

macrophages, as these effects are absent in mice lacking

HO-1 or receiving HO1 inhibitors (Chung et al. 2008).

Similar results were obtained for human enterocytes treated

with enterohemorrhagic Escherichia coli (Vareille et al.

2008). Second, CO derived from HO1 prevented reactive

oxygen species-induced translocation of Toll-like receptors

(TLR) 2, 4, 5 and, 9 to lipid rafts in macrophages, thereby

inhibiting TLR signaling and conferring potent anti-

inflammatory effects (Nakahira et al. 2006). Third, CO

reduces NO synthesis by iNOS in hepatocytes (Kim et al.

2008) and intestinal cells (Vareille et al. 2008), decreases

the circulating levels of proinflammatory cytokines (e.g.,

interleukins 1b and 6, and tumor necrosis factor-a) (Brusko

et al. 2005; Kim et al. 2008; Ning et al. 2005), and

increases production of anti-inflammatory cytokines (e.g.,

interleukin 10) via the p38 mitogen-activated protein

kinase pathway (Dolinay et al. 2004). Also, inhaled CO

confers anti-inflammatory effects against ventilator-

induced lung injury (Dolinay et al. 2004). Fourth, low

doses of H2S or NaHS (an H2S donor) attenuate the
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synthesis of pro-inflammatory cytokines, reduce leukocyte

adherence to the endothelium, inhibit leukocyte activation,

and exert anti-inflammatory effects in the gastrointestinal

tract and lungs (Esechie et al. 2008; Zhang et al. 2008).

Importantly, parenteral administration of H2S has been

reported to prevent acute lung injury and improve survival

in mice with burn and smoke inhalation (Esechie et al.

2008).

Metabolism of energy substrates

NO, CO, and H2S are key regulators of mitochondrial

metabolism (Kiss et al. 2008; Nisoli et al. 2003). At high

doses, these three gases inhibit cytochrome c oxidase,

therefore reducing substrate oxidation and ATP production

(Galli 2007; Mannick 2007). Interestingly, nontoxic levels

of H2S also decrease cellular oxidative metabolism,

attenuate production of reactive oxygen species, and pos-

sibly increase longevity of animals (Kiss et al. 2008; Miller

and Roth 2007). In contrast, physiological levels of NO

enhance mitochondrial biogenesis, oxidative phosphoryla-

tion, as well as activation of specific transcription factors

and signaling pathways via a cGMP-dependent mechanism

(Nisoli et al. 2003). Thus, NO derived from NOS1 and

NOS3 stimulates the oxidation of energy substrates (e.g.,

glucose and fatty acids) and inhibits the synthesis of glu-

cose, triglycerides, and low-density-lipoprotein (Jobgen

et al. 2006). Similarly, we found that addition of a CO

donor to incubation medium dose-dependently increased

oxidation of glucose and oleic acid in adipose tissue and

skeletal muscle of rats (Table 4). Thus, upregulation of NO

and CO synthesis, within physiological ranges, may reduce

adiposity. In support of this notion, oral administration of

arginine via drinking water increased NOS1 and HO3

expression in adipose tissue of both Zucker diabetic fatty

rats (Fu et al. 2005; Wu et al. 2007b) and diet-induced

obese rats (Jobgen et al. 2009a), while reducing fat gain

and improving whole-body insulin sensitivity in both ani-

mal models. Similarly, partly through regulation of nutrient

metabolism, dietary supplementation with arginine reduced

fat mass (He et al. 2008; Tan et al. 2008) and enhanced

anti-oxidative capacity (Ma et al. 2008) in growing-

finishing pigs. Furthermore, arginine supplementation

increased embryonic/fetal survival and growth in gilts

(Mateo et al. 2007) and rats (Zeng et al. 2008). Interest-

ingly, Li et al. (2008b) reported that weekly intraperitoneal

administration of an HO1 inducer (cobalt protoporphyrin,

3 mg/kg body weight) to obese diabetic mice for 6 weeks

reduced visceral and subcutaneous fat, concentrations of

proinflammatory cytokines (e.g., interleukins 6 and 1b, and

TNFa) and glucose in plasma, and also improved whole-

body insulin sensitivity. These findings indicate that NO

and CO may ameliorate adverse effects of obesity and

metabolic syndrome in humans and animals.

Conclusion and perspectives

There is a growing body of evidence that gases that are

potentially very toxic (e.g., NO, CO, H2S and SO2) can

function as signaling molecules to impact both physiolog-

ical and pathological processes in animals and humans. This

Table 4 Effect of CO donor on glucose and fatty acid oxidation in rat retroperitoneal adipose tissue and gastrocnemius muscle

Tissue CO donor (lM)

Glucose oxidation Oleic acid oxidation

0 5 30 0 5 30

Adipose 954 ± 37c 1,086 ± 50b 1,226 ± 54a 1.62 ± 0.05c 1.90 ± 0.07b 2.18 ± 0.08a

Muscle 30.5 ± 1.2c 35.7 ± 1.4b 40.4 ± 1.7a 2.57 ± 0.08c 3.02 ± 0.09b 3.40 ± 0.11a

Values, expressed as nmol substrate/2 h per g tissue, are mean ± SEM, n = 14. Means with different superscript letters (a–c) within a row of

each substrate differed (P \ 0.05), as analyzed by one-way analysis of variance and the Tukey multiple comparison test (SAS Institute, Cary,

NC). Male Sprague–Dawley rats (325–350 g) were fed a regular nonpurified diet (Product Cat #8604, Harlan Teklad). At 6 h after the last

feeding, rats were euthanized with CO2 and gastrocnemius muscle and retroperitoneal adipose tissue were obtained for metabolic studies, as

described by Jobgen et al. (2009a). The tissues (*100 mg) were incubated in duplicate at 37�C for 2 h in 1 ml of oxygenated (95% O2/5% CO2)

Krebs bicarbonate buffer (Wu et al. 1994) containing 5 mM D-glucose, 0.2 mM oleic acid and either D-[U–14C]glucose (300 dpm/nmol) or

[1-14C]oleic acid (250 dpm/nmol). The medium also contained 0, 5 or 30 lM CO donor ([Ru(CO)3Cl2]2) or CO donor control product

(RuCl2(DMSO)4), which were generously provided by Dr. Paul J. Kemp (Williams et al. 2004). The chemical CO donor and CO donor control

product were dissolved in dimethyl sulfoxide. The final concentration of dimethyl sulfoxide in all incubation media was 0.1% (vol/vol). 14CO2

was collected using NCS-II and its radioactivity was measured in a liquid scintillation counter (Wu et al. 1994). Rates of substrate (glucose or

oleic acid) oxidation were calculated on the basis of (1) the specific radioactivity of 14C-labeled substrate in incubation medium and (2) the

assumption that tracee carbons were completely oxidized to CO2. Compared with the absence of CO donor (0 lM), 5 and 30 lM CO donor

control product did not affect (P [ 0.05) glucose or oleic acid oxidation in retroperitoneal adipose tissue or gastrocnemius muscle (e.g.,

950 ± 41 and 1.69 ± 0.07 nmol substrate/2 h per g adipose tissue, respectively, for glucose and oleic acid; 30.8 ± 1.2 and 2.60 ± 0.09 nmol

substrate/2 h per g muscle tissue, respectively, for glucose and oleic acid in the presence of 30 lM CO donor control product.)
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recognition has resulted in a paradigm shift in our thinking

and understanding of potential roles for endogenous gases

in cell biology and nutrition. Amino acids are not only

precursors for biosynthesis of these gases but are also

important regulators of both gene expression and activities

of key synthetic enzymes in a cell-specific manner. It is

likely that NO, CO, H2S, and SO2 act in exquisite cooper-

ation through multifaceted and complex interactions to

affect cell function and whole body homeostasis.

Much knowledge has been generated about non-genomic

mechanisms for actions of NO, involving Ca2?, cGMP, and

cAMP signaling (Fig. 4). However, little is known regard-

ing effects of CO, H2S or SO2 on gene transcription and

translation or intracellular protein synthesis and degrada-

tion. With the advance of genomics-based technologies

(e.g., genomics, proteomics, and metabolomics) (Capone

et al. 2008; Wang et al. 2008b; Yan and He 2008; Zhao et al.

2008), this area of biomedical research will likely be highly

significant and productive. Furthermore, because microor-

ganisms in the intestine (particularly the large intestine)

produce relatively large amounts of H2S, SO2 and NH3, and,

to a lesser extent, NO and CO (Blachier et al. 2007),

important roles for these gases in health and disease of the

gut warrants investigation.

Disappointingly, there is a paucity of information

regarding changes in the synthesis of CO, H2S, and SO2 by

vascular or nonvascular tissues under a variety of nutritional

conditions (e.g., underfeeding, obesity and high-protein

intake) in both males and females (either pregnant or non-

pregnant). Nonetheless, recent advances on gaseous

signaling have greatly expanded our basic knowledge of

AA biochemistry and nutrition. We expect these new dis-

coveries to aid in the development of novel nutritional and

pharmacological paradigms to prevent, ameliorate, and treat

major health problems related to developmental biology

and nutrient metabolism, which include intrauterine growth

restriction, preterm birth, aging, neurological disorders,

cancer, obesity, diabetes, and cardiovascular disease.
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