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Azote is one of the most abundant elements; combined with caloric it forms
azotic gas, or mephitis, which composes nearly two thirds of the atmosphere . . .
When combined with oxygen, azote forms the nitrous and nitric oxides and
acids . . .

Antoine Laurent Lavoisier, “Elements of Chemistry”

One treadle sets a thousand threads a-going,
And to and fro the shuttle flies;
Quite unperceived the threads are flowing,
One stroke effects a thousand ties.
Johann Wolfgang von Goethe, “Faust,” part I, 1924-8
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Preface

This book is unusual for two reasons. First, the very mingling of one of the
most archaic signaling molecule, nitric oxide, with one of the most recent fields
of Internal Medicine, Nephrology, is unorthodox. Second, both comingled fields
of knowledge are advancing so swiftly that describing them is akin to counting
sheep from a window of a moving train. Even a snapshot will provide certain
aberrations in the fast-changing landscape. Anyone glancing outside for the first
time will obtain a different prospective from that seen just a few moments ago.
This was exactly the reason why we felt an urging necessity to artificially carpe
diem, “freeze the moment,” and scan the field with high-power binoculars.

There is a school of thought, favored by historians, that an objective description
of events requires a certain distance in time, when the dust has settied. Indeed,
Sir Walter Raleigh was once amazed by the difference in individual accounts on
a commotion in a courtyard that was actually observed by a host of prisoners.
Nonetheless, he doubted the accuracy of historic description of events from the
nonwitnessed past.

Hence, this book captures the first decade of nitric oxide history as it has been
evolving until the day when a group of investigators, all leaders in their respective
fields, settled to reflect on the subject “How advent in nitric oxide biology and
physiology fertilizes and fuels the development of Renal Medicine.” The task
was accomplished briskly, within a few months; however, the duration was
sufficient for accumulation of some novel results. Therefore, some chapters are
accompanied by “notes added in proof” to reflect on such unincorporated new
data. This intensity notwithstanding, we hope that the produced snapshot would
offer the reader an appropriate starting point into diverse subjects, whereas the
high professionalism of the contributors should secure adequate objectivity and
depth of presentation. With this, we wish to express our profound gratitude to
all contributors who, frequently at the expense of their other calls, have dedicated
their invaluable time to this work produced in a timely fashion. We are also most
obliged to Professor Louis J. Ignarro for the Introduction to the book and to Mrs.
Lisa LaMagna for excellent editorial assistance.
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Annotation

During the 1980s, an endothelium-derived relaxing factor (EDRF) described
by Furchgott and Zawadski has been extensively studied. Its identification with
nitric oxide heralded a new era in physiology and pathophysiology. Indeed, there
hardly exists a cell type in the body which does not either produce this smallest
and simplest autacoid or respond to its action. Not surprisingly, investigations
on the different aspects of EDRF-nitric oxide system are mounting. It has been
recognized that the kidney is not only the ultimate synthetic source for the
substrate for nitric oxide synthase L-arginine, and not only renal dysfunction
leads to the accumulation of an endogenous inhibitor of this enzyme, but that
the kidney and its various structural units represent also sensitive targets for
nitric oxide’s multiple actions. All three known isoforms of nitric oxide synthase
have been disclosed within different segments of the nephron. Their complex
topography sheds light on the intricate and delicate regulatory network, which,
upon disarray, results in renal dysfunction. It is most appropriate, in this context,
to recall Shakespeare’s lines:

Take but degree away, untune that string,
And, hark, what discord follows.

Despite a short history of research on the EDRF-nitric oxide system, the
amount of information is overwhelming and controversies are abundant. It has
become necessary, therefore, to summarize the existing knowledge on chemistry
of nitric oxide, molecular biology of the enzymes generating it, physiological
targets of nitric oxide in the kidney, and the role of this system in the pathogenesis
and pathophysiology of various renal diseases, including glomerulonephritis,
hypertension, renal failure, diabetic nephropathy and preeclampsia, to name a
few. According to these goals, the book consists of five major parts: “Introduction”
by L.J. Ignarro, which summarizes the first decade of NO research, “Biochemistry
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of nitric oxide”, “Renal expression of nitric oxide synthases and production of
nitric oxide”, “Functions of nitric oxide in regulating renal hemodynamics”, and
“Role of nitric oxide in renal pathophysiology”.

This venture was accomplished by an international team of experts in specific
areas of EDRF-nitric oxide research. The book will be of interest to physiologists,
biochemists and pharmacologists, as well as many nephrologists working on the
pathophysiology of renal diseases. The book should provide a solid background
for those nephrologists and physiologists who are just being attracted to the field
of nitric oxide, should systematize and prioritize the issues for those who are
already working on various aspects of nitric oxide, and should sketch the future
directions of this field of research for those who are still considering whether or
not to join investigative efforts on nitric oxide, thereby ensuring a lasting impact
on the development of this branch of science.



Introduction

Nitric oxide (NO), one of the ten smallest molecules in nature according to
Linus Pauling, has evolved from being an important molecule in the atmosphere,
microbes and plants to being one of the most important and ubiquitous biological
molecules in mammalian cells. It all started with Joseph Priestly more than 200
years ago, who discovered not only oxygen but also NO. Nitrogen oxides in
general have played an important part in the development of our understanding
of atmospheric pollution, the nitrogen cycle in microbes and plants, and in food
preservation. For example, nitrites and nitrates have been added to certain meats
not only to preserve them against microbial-induced spoilage but also to provide
a deep red color and thereby make the meat more appealing to the consumer.
This latter well-known use is attributed to the microbial-mediated reduction of
nitrite or nitrate to NO, which reacts with the hemoproteins abundant in meat to
form nitrosyl-hemoproteins having a distinctly red color. Indeed, NO has been
used since the 1860s as a probe to study ligand properties in metalloproteins
such as hemoglobin and myoglobin.

Interest in NO as a molecule that could affect mammalian cell function came
in the mid 1970s when NO was found to activate guanylate cyclase and stimulate
the formation of cyclic GMP in a variety of tissues. Following these observations
came the discovery that NO is an exceedingly potent vascular smooth muscle
relaxant and inhibitor of platelet aggregation, which elicits these pharmacological
effects via the intracellular second messenger actions of cyclic GMP. The question
arose as to why mammalian cells respond in this way to an air pollutant with
such great potency and efficacy. In 1981, the mechanism of vasodilator action
of nitroglycerin was attributed to the liberation of NO gas from nitroglycerin in
vascular smooth muscle. Although this was an important discovery that explained
the prior 100 years of documented clinical effects of nitroglycerin, the question
still remained as to why mammalian cells have receptors for the exogenous
chemical, NO. As a scientist very much interested in learning more about the

Xvii
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pharmacology of NO, I truly believed that mammals must have an endogenous
NO or NO carrier such as nitroglycerin for the purpose of facilitating local tissue
blood flow and protecting against thrombosis. Designing experiments to test this
hypothesis proved to be quite a difficult task, but then it all came together in my
mind in 1985, just after relocating from New Orleans to Los Angeles.

While studying factors affecting the production and action of endothelium-
derived relaxing factor (EDRF), which was discovered five years earlier in 1980,
we noted that EDRF generated in arterial rings in response to acetylcholine and
bradykinin caused the activation of purified preparations of guanylate cyclase.
The EDRF had a very short half-life that was equivalent to that of authentic NO,
about 5 seconds. Moreover, the cyclic GMP stimulating effects of EDRF and
NO were antagonized by the guanylate cyclase inhibitor, methylene blue. These
observations were cautiously interpreted as signifying that EDRF might be NO
or a labile nitroso precursor of NO. As prior experiments from this laboratory
had revealed that NO activates guanylate cyclase by heme-dependent mecha-
nisms, new experiments were conducted to ascertain whether EDRF-elicited
activation of guanylate cyclase might also be heme-dependent. Upon learning
that such was indeed the case, we realized the impact of what we had found,
namely, that EDRF must be NO, and we presented the data in support of this
hypothesis at several meetings in 1986.

Clearly, these observations explained the long-appreciated potency of nitro-
glycerin as a vasodilator drug and quenched my search for the endogenous
nitroglycerin-like molecule. The discovery made independently by two groups
that EDRF as NO triggered an explosion in the field of NO research that is
unparalleled in modern science. This discovery took the form of a tidal wave,
sweeping the interest and imagination of so many basic and clinical researchers.
The number of annual publications on NO has surged from several dozen to
several thousand in the last decade. Who would have ever thought just 15 years
ago, even for a brief moment, that the free radical gas, NO, would turn out to
become one of the most universal and ubiquitous biological signaling molecules
involved in both physiology and pathophysiology.

The kidney represents one of many important target organs for NO. Renal
physiology and pathophysiology involve a multitude of actions of NO ranging
from the regulation of blood flow, renin secretion and glomerular filtration to
glomerulonephritis and renal failure. As is the case with other organs, there
appears to be both a good side and a bad side regarding the actions of NO in
the kidney. This book represents a state-of-the-art exposition of our current
understanding of NO in the kidney, and should serve as a springboard for future
research in renal physiology and pathophysiology.

Louis J. Ignarro
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PART I

General Biochemistry of NOSs
and Cellular Actions of NO



1

The Biological Chemistry of NO
Neil Hogg and Owen W. Griffith

1. Introduction

The most well-characterized biological function of nitric oxide (*NO) is the
elevation of cyclic guanosine monophosphate (cGMP) levels by the activation
of guanylyl cyclase [1-3]. Simplistically, this pathway involves diffusion of *NO
from its site of synthesis to a target enzyme in an adjacent cell or tissue. In this
respect, *NO is acting as a conventional paracrine messenger. However, the
known chemistry of *NO suggests that this journey is not at all simple and that
there is the potential for a plethora of side reactions to occur. The chemical
reactions between *NO and other biological molecules impact not only on the
efficiency of guanylyl cyclase activation but also contribute to the cytotoxic
potential of activated immune cells. Moreover, if uncontrolled, *NO synthesis
may be responsible for a variety of pathological processes.

It has become clear that in order to fully understand the biological chemistry
of *NO, the spontaneous, nonenzymatic reactions of *NO have to be considered.
Such reactions lead to the generation of secondary species which have been
variously (and perhaps confusingly) termed “reactive nitrogen intermediates” and
“reactive nitrogen species.” Included in this group are peroxynitrite (ONOO"),
nitroxyl anion (NO"), and nitrosonium cation (NO*). Appreciation of the chemis-
try, biochemistry, pharmacology, and pathology of such species is critical to a
complete understanding of the often contradictory biological effects of sNO.

2. Molecular Properties of *NO
2.1. Nitric Oxide Is a Hydrophobic Gas

At room temperature *NO is in the gaseous state [boiling point (bp) = —151°C]
[4]. In this form *NO is primarily monomeric, although small quantities of the
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dimeric form (N,0,) have been detected [5]. In aqueous solution, *NO is also
mainly monomeric and has limited solubility (about 2 mM at room temperature
[6]). *NO is more soluble in organic solvents and has an octanol partition coeffi-
cient of about 6 [7]. The hydrophobic nature of *NO implies that biological
membranes will not represent a barrier to *NO diffusion [7-9] and that *®NO may
partition preferentially into the hydrophobic interior of phospholipid bilayers and
lipoproteins. The diffusion coefficient of *NO is 3300 um? s™ in water [10].

2.2. Nitric Oxide Is a Free Radical

Free radicals are molecules that contain one or more unpaired electrons (conven-
tionally indicated by a ¢ symbol) in s or p orbitals. Free radical reaction mecha-
nisms are generally dominated by the propensity of unpaired electrons to find a
partner. Many free radicals are transient, highly reactive species that are able to
abstract electrons from other nonradical molecules, generating secondary radicals
and possibly initiating chain reactions. An example relevant to biology is the
initiation of lipid peroxidation by the.highly reactive hydroxyl radical:

OHe + LH — H,0 + Le (1)

The hydroxyl radical (OHe) abstracts a hydrogen atom from an unsaturated lipid
(LH) to form a water molecule and a lipid radical. The lipid radical can then
proceed to initiate the lipid peroxidation chain reaction. Other types of free
radicals are generally not reactive enough to abstract a hydrogen atom or an
electron from a nonradical source, but their electrons can be paired by radical—
radical reactions. This can lead to dimerization as shown in Eq. (2).

A+ Ae 5 A-A 2)

NO belongs to this second class of radicals and its biological chemistry is
dominated by reactions with other free radicals. For example, the reaction of
*NO with oxygen (a biradical), superoxide (O,), and nitrogen dioxide (°NO,)
are all radical-radical reactions. Dimerization of *NO may occur, but the resultant
N,O, is unstable and rapidly dissociates back to *NO.

2.3. Nitric Oxide Is a Reductant/Oxidant

The redox potentials for the reduction of *NO is within the biological range (E”
(*NO/NO") = 0.39 V [11]) indicating that, at least thermodynamically, it is
possible for *NO to be reduced in biological systems. In fact, such reactions
occur; for example, *®NO undergoes redox-type reactions with glutathione [12,13].

One electron reduction of *NO leads to the formation of the nitroxyl anion
(NO"). Although the reactions of NO™ in biological systems are incompletely
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understood, it is clear that in anaerobic systems dimerization of NO~ leads to the
formation of nitrous oxide (N,O, “laughing gas”) and detection of this species
is often taken as evidence for NO~ formation. Under aerobic conditions, the
reaction of NO~ with oxygen can form peroxynitrite (ONOQO") [14], a species
more commonly formed from the reaction between *NO and superoxide (see
Section 3.2).

NO- has been shown to posses Endothelium-Derived Relaxing Factor (EDRF)-
like bioactivity [15]. It is difficult to be certain, however, that NO~ was not
oxidized to *NO, which has EDRF activity. To this end, Pino and Feelish have
used L-cysteine to distinguish between the effects of *®NO and NO™[16]. L-cysteine
enhanced *NO-dependent relaxation of aortic rings, whereas it inhibited the
effects of NO™.

One-electron oxidation of *NO (E” (NO*/NO) = 1.21 V [11]) yields the
nitrosonium cation NO* [17,18]. In aqueous solution, this molecule will ultimately
give nitrite (NO,) by the addition of water. However, *NO* is a highly reactive
species and there exists the potential for other reactions in biological systems
[19]. In fact, evidence for the formation of free NO* is lacking, and the biological
chemistry of NO* may be restricted to the transfer of “bound” NO*, as occurs,
for example, during transnitrosation reactions (Section 3.4).

2.4. Nitric Oxide as a Metal Ligand

One of the most widely appreciated properties of *NO is its ability to bind to
heme iron. Many years before the discovery of *®NO as a mammalian biological
product, *®NO was used to probe the ligand binding site of heme proteins [20,21].
Such studies proved highly relevant, as one of the major biological functions of
*NO involves binding to the heme prosthetic group of guanylyl cyclase, activating
the enzyme [22,23]. Upon binding of *NO to ferrous heme, the histidine on the
opposite side of the heme ring is displaced, and by this mechanism, the *NO
binding signal can be transformed into a protein conformational change [24].
*NO can bind to both the ferric and ferrous forms of heme proteins although the
affinity for the ferrous form is usually much greater [24].

*NO can also bind to nonheme iron, and it has been suggested that such an
interaction with low-molecular-weight iron complexes may inhibit the oxidative
stress associated with the presence of such complexes; that is, ®NO will bind to
the iron complex and prevent iron redox cycling and the consequent oxygen
radical formation [25]. The reduction, by *NO, of nonheme iron in the active
site of lipoxygenase has been suggested as a mechanism of inhibition [26].

Electron paramagnetic resonance (EPR) spectroscopy has identified dinitrosyl
iron complexes of *NO in biological tissues [27]. Such complexes spontaneously
form from low-molecular-weight thiols, such as cysteine, ferric or ferrous iron,
and nitric oxide, and have potent vasodilator activity [28]. Protein-bound dinitro-
syl complexes have also been identified and it has been proposed that such high-
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molecular-weight *NO complexes may act as a store of *NO that can be released
by low-molecular-weight thiols [29]. The biological consequences of dinitrosyl
iron complex formation in vivo has yet to be established.

3. Biological Reactions of Nitric Oxide
3.1. Oxygen
*NO reacts with oxygen in aqueous solution as shown in Eq. (3).

4NO + O, + 2H,0 —> 4H* + 4NO; 3)

One molecule of oxygen consumes four molecules of *NO and generates nitrite
as the only nitrogen-containing product. The rate-limiting step for this reaction
is the third-order reaction between *NO and oxygen shown in Eq. (4) [30,31].

k=6x100 M7 571

2NO + 0, —2% ' 5 2.NO, )
k=Lix10° M1 57!
*NO, + 'NO ——— > N,0, )]
—1x 33—1
N,O; + H,0 % 5 91+ + 2NO; (6)

The nitrogen dioxide formed from this reaction reacts rapidly with nitric oxide
to give dinitrogen trioxide [N,O,, Eq. (5)]. Hydrolysis of N,O; finally yields
nitrite [Eq. (6)]. Dimerization of nitrogen dioxide gives dinitrogen tetraoxide
(N,0,) (not shown), which can hydrolyze to give equal quantities of nitrite and
nitrate. However, kinetic simulation of the above reaction scheme has indicated
that very low, nonbiological rates of *®NO production are required before nitrate
is formed in significant amounts [32,33].

The kinetics of Eq. (4) imply that the rate of decomposition of *NO is propor-
tional to the square of the *®NO concentration. This dependency on [*NO]? has
the important consequence that at high concentrations of *NO, the reaction with
oxygen is rapid, whereas at low concentrations of *NO, the reaction is very slow.
For example, if 1 mM solutions of these gases are mixed, the initial rate of
oxidation will be approximately 6 mM s™'. However, if physiological concentra-
tions are considered (100 nM *NO and 20 uM oxygen), the initial rate of oxidation
will be 1.2 pM s7'. It is arguable whether the reaction between *NO and oxygen
plays any role in vivo. It clearly cannot account for the measured biological half-
life of endothelial-derived nitric oxide of about 4 s [34].

In cell culture systems, the concentration of oxygen is usually significantly
higher than that found in vivo. Additionally, *NO synthesized by cells in culture
or added to such a system, will largely remain dissolved in the cell culture
medium; only a small proportion is likely to be lost by partition into the gas
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phase. Under such conditions, the reaction between *NO and oxygen may be a
significant determinant of the biochemistry and toxicology of *NO. Lewis et al.
[35] have attempted to analyze the fate of *NO, generated by activated macro-
phages, in cell culture by end-product determination. They concluded that even
in cell culture conditions, only about 50% of the measured NO, can be accounted
for by the reaction between *NO and oxygen.

There is evidence, however, that suggests the biological half-life of *NO is
oxygen dependent even though the kinetics of the reaction with oxygen are too
slow to explain *NO consumption. In an attempt to reconcile this paradox, it has
been suggested that the initial step of the reaction of *NO with oxygen is the
association of *NO and oxygen, to form the intermediate free radical ONOOse,
and that further reactions of this radical may represent a route of *NO decomposi-
tion [36]. This idea is as still highly speculative.

The reaction of *NO with oxygen as shown in Egs. (4) and (5) forms N,O; as
an intermediate. N,O; is a powerful nitrosating agent and can react with amines
and thiols to form N-nitrosamines and S-nitrosothiols, respectively [37]. The
former are usually highly toxic mutagens, and this reaction has been implicated
in the mutagenic and toxic potential of *NO [38]. S-Nitrosothiols have been
suggested to be physiological storage and transport molecules for nitric oxide
and will be discussed later.

3.2. Superoxide

The reaction of *NO with superoxide was shown by Blough and Zifarou [39] to
form peroxynitrite:

k=6x10° M~ 571

NO + O; ———— > ONOO"~ @)

The chemistry of peroxynitrite had been sporadically studied since it was first
described in 1901 [40]. However, after Beckman et al. proposed in 1990 that
this molecule may account for much of the cytotoxic potential of NO [41], the
reactions between peroxynitrite and biological molecules has been extensively
investigated, and peroxynitrite has been implicated in the mechanism of a number
of disease processes. The biological chemistry of peroxynitrite has been reviewed
by Pryor and Squadrito [42].

Peroxynitrite has a pK, of 6.8 [42] and is, therefore, partially protonated at
physiological pH. The state of protonation is of major consequence, as peroxyni-
trite and peroxynitrous acid undergo distinct chemical reactions with biological
molecules. The peroxynitrite anion will oxidize thiols such as glutathione with
a rate constant of about 3—-6000 M~' ¢cm™ [43] and will nitrate tyrosine and
tryptophan residues in the presence of a suitable catalyst (i.e., metal ions or
superoxide dismutase) [44]. These nitrated amino acids, especially nitrotyrosine,
have been used as an immunological marker of peroxynitrite-mediated damage
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[45]. Peroxynitrous acid is a potent oxidant and undergoes both one- and two-
electron oxidation reactions [42].

There is evidence that the peroxynitrite-dependent oxidation of methionine
[46] and a-tocopherol [47] occur mainly via two electron oxidation reactions. For
example, peroxynitrite will oxidize o-tocopherol predominantly to a-tocopherol
quinine and only a small quantity of a-tocopheryl radical is formed [47]. Free
radical intermediates have also been observed in the oxidation of ascorbate [48]
and glutathione [49,50] and it is not yet established if they are a major or minor
product of the oxidation reaction.

The one-electron oxidation reactions of peroxynitrite are mediated either by
molecule-assisted homolysis reactions, where the interaction between peroxyni-
trous acid and the reactant molecule promotes homolytic dissociation, or by a
noninduced hydroxyl radical-like reactivity [42]. Although it was initially thought
that peroxynitrite could undergo homolysis to give hydroxyl radical and nitrogen
dioxide, such cleavage is not thermodynamically favorable. It has been more
recently proposed that the hydroxyl radicallike activity of peroxynitrite is due to
an excited-state intermediate that occurs during internal rearrangement to nitric
acid [51]. This modality of peroxynitrite chemistry includes many of the reactions
previously thought to be diagnostic for the hydroxyl radical, including the oxida-
tion of deoxyribose to malondialdehyde and the hydroxylation of benzoic acid
[41]. Moreover, typical hydroxyl-radical scavengers such as mannitol and ethanol
can inhibit product formation in these systems [41].

Many of the reactions of peroxynitrite such as deoxyribose degradation, o
tocopherol oxidation, and the initiation of lipid peroxidation also occur in systems
where *NO and superoxide are generated simultaneously [52-54]. Such co-
formation can be achieved conveniently by the used of SIN-1 [52], a sydnonimine
derivative that decomposes in oxygenated buffers to give stoichiometric amounts
of *NO and superoxide [55], or by using a separate source of both superoxide
and nitric oxide [54,56].

The biological consequences of the reaction between *NO and superoxide
remain controversial and are likely to depend on the system studied. For example,
in a number of studies, the reaction between *NO and superoxide has been
implicated as a protective mechanism of superoxide removal [57,58]. From an-
other perspective, it may be argued that the removal of *NO by this reaction is
of greater functional consequences than the formation of peroxynitrite. It has
also been suggested that the reaction has a profound impact on endothelial cell
function by regulating NFxB-dependent gene expression [59]. In some circum-
stances, the reaction of peroxynitrite with molecules in the experimental system,
such as glutathione and glucose, can lead to the generation of nitric oxide donor
compounds that will slowly release *NO [60,61]. Exposure of cells or biological
solutions to peroxynitrite can thus result in a long-lasting effect closely resembling
that seen with *NO.
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3.3. Heme Proteins

Heme biochemistry and *NO are intimately related. As noted earlier, the best
established physiological target of *NO is the heme group of guanylyl cyclase.
It has also been suggested that nitric oxide synthase is product-inhibited by *NO
binding to that enzyme’s heme prosthetic group [61-62].

Although it has been known for many years that *NO is a ligand for the
heme a;-Cu b (oxygen binding site) of cytochrome ¢ oxidase, the functional
consequences of such a reaction have only recently been explored. ®NO may not
only act as an inhibitor of cytochrome ¢ oxidase (and hence mitochondrial
respiration) [63] but may also be reduced to NO~ in the process [64]. It is
intriguing to speculate that mitochondria may represent a site of *NO catabolism
in vivo.

Another set of reactions that has been known for many years [65] is the
complex chemistry of eNO with hemoglobin and myoglobin. NO reacts rapidly
with the oxygen-ligated ferrous forms of these proteins to form nitrate and the
ferric “met” form of the heme protein:

Hb(Fe**) — O, + *NO ———> Hb(Fe*) + NO; (8)

This reaction is rapid and is accompanied by a dramatic change in the visible
spectrum of the heme protein; the spectral change has be used to quantitate *NO
production [66]. This method is a very useful way of determining the concentration
of an aqueous solution of *NO [67]. eNO will also bind to both ferric and ferrous
hemoglobin [68]. The ferrous—*NO complex has a characteristic electron spin
resonance (ESR) signature that has been observed in the blood of endotoxin-
treated animals [69]. The corresponding myoglobin signal has been recently
observed in cardiac tissue [70]. The ferrous—sNO complex is relatively stable
and its decay in the presence of oxygen is limited by the rate at which *NO
dissociates from the complex. The binding of *NO to ferric hemoglobin leads to
an ESR silent complex that undergoes slow autoreduction by an unknown mecha-
nism to eventually give the ferrous—NO complex [71].

The rapid kinetics of these reactions and the high concentration of hemoglobin
in blood make it likely that once *NO diffuses into a vessel it is rapidly destroyed.
This may represent the major route of *®NO decomposition in vivo. Mathematical
simulations have indicated that the presence of blood-containing vessel can have
a major impact on the sustainable steady-state concentration of *NO in a vessel
wall [34].

3.4. Thiols

As nitric oxide diffuses within cells, one of the molecules it is most likely to
collide with is glutathione, which is present inside cells at very high concentrations
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(1-8 mM) [72]. There has been much speculation about the functional conse-
quences of reactions between *NO and thiols. It has been suggested that the
formation of S-nitrosothiols from this reaction represents a mechanism of either
storage or transport of *NO [73].

The biological chemistry of *NO and thiols is complex. *NO will oxidize
glutathione (GSH) to glutathione disulfide (GSSG) generating NO™~ [Eq. (9)] [74].

2GSH + 2eNO ——> GSSG + 2NO™ + 2H* ©)]
2NO™ + 2H* ——> N,0 + H,0 (10)
NO™ + O, ——> ONOO- an

The chemistry of NO™in biological systems is incompletely understood. Dimeriza-
tion of NO™ leads to the formation of nitrous oxide [N,O, Eq. (10)] and under
anaerobic conditions, 70% of *NO can be detected as N,O after reaction with
glutathione [74]. NO™ may also be reduced by glutathione to yield hydroxylamine
and GSSG [17]. In the presence of oxygen, NO~ can form peroxynitrite [Eq.
(11)] [14]. The reaction between protein thiols and nitric oxide also leads to the
formation of nitrous oxide, and if disulfide formation is not possible, the protein
cysteinyl residue is oxidized to the sulfenic acid (RSOH) [75]. The reaction of
peroxynitrite with glutathione generates mainly GSSG [43] and also small yields
of glutathione radical [50] and S-nitrosoglutathione (GSNO) [61]. It has been
reported that S-nitroglutathione (GSNO,) is also generated from the reaction
between peroxynitrite and glutathione [76].

As mentioned previously, the reaction of *®NO with oxygen leads to the forma-
tion of N,O,. This potent nitrosating agent can react with thiols to generate S-
nitrosothiols as shown in Eq. (12).

GSH + N,0; —> GSNO + NO; + H* 12)

Hence the reaction of *NO with GSH in well-oxygenated solutions leads predomi-
nantly to the formation of GSNO. However, in vivo, the reaction of *NO with
oxygen is thought to be of minor consequence, and the importance of this
mechanism of S-nitrosothiol synthesis remains to be established.

Although there is as yet limited direct evidence of endogenous low-molecular-
weight S-nitrosothiols in vivo, these compounds have been implicated in a number
of biochemical processes. For example, it has been suggested that EDRF more
closely resembles S-nitrosocysteine than *NO [77], though this has been contested
[78]. There is good evidence for the presence of S-nitroso-proteins in plasma
(e.g., S-nitrosoalbumin) [79] and in erythrocytes (e.g., S-nitrosohemoglobin) [80].
These and other examples establish that posttranslational modification of protein
cysteinyl residues can result in the formation of an S-nitrosocysteinyl residue
[81]. Such modification is easy to achieve in vitro, as incubation of any thiol-
containing protein with excess low-molecular-weight S-nitrosothiol generally
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results in the formation of an S-nitroso-protein. The mechanism for this reaction
involves transnitrosation: the transfer of NO* from an S-nitrosothiol to a thiol:

RSNO + R'SH —> RSH + R'SNO (13)

These reactions are fairly rapid (k~10-100 M~ s7), reversible, and represent a
distribution of the nitrosyl functional group among all available thiols [82-84].
The high concentration of glutathione in the intracellular space may make transni-
trosation reactions effectively unidirectional and favors formation of GSNO above
all other S-nitrosothiols. One exception is perhaps in the erythrocyte, where the
concentration of hemoglobin matches that of glutathione. Significant quantities
of S-nitrosohemoglobin have been measured in venous and arterial blood [79].
In the extracellular space, the thiol group of serum albumin may represent the
thermodynamic sink for the nitrosyl moiety [78]. Transnitrosation reactions have
been suggested to be the predominant mechanism of action of exogenously added
GSNO in vivo [85]. De Groot et al. [86] demonstrated that the cytostatic action
of GSNO on Salmonella typhimurium appears to be associated with the transfer
of the S-nitroso functional group to the cytoplasmic space rather than external
*NO release.

Most biologically relevant S-nitrosothiols are remarkably stable compounds
in the absence of light and contaminating transition metal ions, both of which
stimulate S-nitrosothiol decomposition [84,87,88]. Light stimulates homolytic
decomposition of S-nitrosothiols, resulting in the production of *NO and the
corresponding thiyl free radical [89]. Interestingly, transition metal ion-dependent
decomposition of S-nitrosothiols does not appear to involve a thiyl radical interme-
diate [83]. As both light and free metal ions are unlikely to be present in biological
systems under normal conditions, it is not known how, or if, S-nitrosothiols
decompose to give *NO in vivo. Transnitrosation reactions will only redistribute
the nitroxyl moiety according to the thermodynamic parameters of the various
reactions but will not lead to *NO release. In the absence of a faster reaction,
GSNO will slowly react with GSH to give GSSG and NO~ as shown in Eq.
(14) [74]:

GSNO + GSH —> GSSG + NO™ + H* (14)

As mentioned previously, NO™ can result in the formation of N,O and ONOO'.
The mechanisms of S-nitrosothiol decomposition in vivo remain to be elucidated.

3.5. Peroxyl Radicals

Lipid peroxidation may be a consequence or a cause of many pathological states.
Peroxidation of lipid bilayers not only disrupts membrane integrity at the level
of the lipid but may transmit the damage to integral membrane proteins. Moreover,
the products of lipid peroxidation can have adverse consequences on the normal
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eicosanoid signaling pathways. As noted above, reactive free radicals can initiate
lipid peroxidation by a hydrogen abstraction reaction and ONOO™ can also initiate
lipid peroxidation by a radical-like reaction. The propagation of lipid peroxidation
is represented in Egs. (15) and (16):

Le +0, ——> LOO- (15)
LOOs + LH —> LOOH + Le (16)

The lipid radical (Le) from Eq. (1) reacts rapidly with oxygen to give a lipid
peroxyl radical (LOOe). The lipid peroxyl radical can then abstract a hydrogen
atom from another molecule of lipid (LH) to give a lipid hydroperoxide (LOOH)
and a further lipid radical. Equation (16) is the rate-limiting step of this chain
reaction, and conventional chain-breaking antioxidants, such as o-tocopherol,
function by scavenging the peroxyl radical intermediate, generating a lipid hydro-
peroxide and a stable antioxidant radical.

Recently, it has been discovered that *NO can inhibit the propagation of lipid
peroxidation by scavenging peroxyl radicals in both low-density lipoprotein [90],
free fatty acid [56], and liposome systems [91]. The reaction between *NO
and peroxyl radicals [Eq. (17)] is diffusion controlled [92] and forms nitrogen-
containing lipid adducts that have been detected by mass spectrometry [91,93].

LOOs + 'NO —> LOONO an

*NO, delivered using a slow-release *NO donor, is an extremely potent inhibitor
of lipid oxidation and will suppress the propagation chain reaction at physiological
concentrations [94]. A corollary of this observation is that any process that
inhibits the production of *®NO may be regarded as pro-oxidant due to the removal
of the radical scavenging activity of sNO.

3.6. Iron—Sulfur Complexes

The combination of iron, thiol, and *NO leads to the formation of dinitrosyl iron
complexes (DNIC). These complexes are paramagnetic and have a characteristic
ESR spectrum. There is evidence that such complexes are formed in biological
systems and represent either a degredation product of ferritin or iron—sulfur
centers, or a stabilized form of *NO, having either a storage or transport role.
Low-molecular-weight DNIC can interact with serum albumin to generate pro-
tein-bound DNIC and other nitrosyl-iron complexes, and also generate protein
S-nitrosothiols [95].

The reaction between *NO and iron—sulfur complexes of proteins leads to
similar protein-bound complexes with characteristic ESR spectra. Such complexes
can be observed in whole macrophages stimulated to produce *NO [96].

The functional consequences of the reaction between *NO and iron—sulfur
complexes are under investigation and have unearthed a surprising relationship
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between *NO and iron regulation. The cytoplasmic form of aconitase, an enzyme
of the tricarboxylic acid cycle, contains a cubane iron—sulfur cluster. However,
a form of cytoplasmic aconitase that is deficient in the iron—sulfur cluster is a
powerful translational regulator of proteins involved in iron metabolism such as
ferritin and transferrin receptor [97]. It has been reported that elevated *NO can
act as a functional switch between the aconitase activity and the iron-regulatory
protein activity of this enzyme [98]. By this mechanism, elevated *NO mimics
iron deficiency and results in increased translation of transferrin receptor and
decreased translation of ferritin.

3.7. Other Reactions

Proteins

Nitric oxide-dependent inhibition of ribonucleotide reductase is thought to
occur via the direct reaction of *NO with a protein tyrosyl radical that is an
essential intermediate in the catalytic cycle of this enzyme [99]. This reaction,
which would block DNA synthesis, represents a possible mechanism for the well
documented cytostatic effects of *NO.

Several studies have indicated that *NO is able to modify nonthiol amino acid
residues of proteins. Moriguchi et al. [100] implicated deaminination of the
N-terminus of hemoglobin and carbonic anhydrase by nitric oxide, presumably
through N,0; formation and nitrosamine formation.

Antioxidants

Although there are a number of reports indicating that *NO, added in gaseous
form, directly oxidizes o-tocopherol to the o-tocopheryl radical and ultimately
the quinone form [101-103], other studies indicate that if *NO is released slowly
from donor compounds, no reaction with a-tocopherol is observed [53,94]. It
has recently been demonstrated that *NO gas is also incapable of oxidizing
a-tocopherol if appropriate steps are taken to remove contaminating oxides of
nitrogen [104].

4. Conclusion

There are many potential reactions of *NO as it journeys from its site of synthesis
to its site of action. Some of these reactions are clearly deleterious, some are
clearly advantageous, but most lie in the ambiguous middle ground. This can be
illustrated by the differential toxicity of SIN-1, the molecule that simultaneously
generates *NO and superoxide on various cell types. SIN-1 is toxic to cortical
neurons, in culture, and Superoxide Dismutase (SOD) inhibits this toxicity by
preventing ONOO™ production [18]. However, the opposite effect is observed in
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a human epithelial ovarian cancer cell line, where SOD enhanced the toxicity of
SIN-1 by causing the generation of hydrogen peroxide [105]. The combination
of *NO with hydrogen peroxide appears to be the toxic event in this system. It
is therefore dangerous to extrapolate the effects of ®NO from system to system
and impossible to generalize about the biological consequences of changes in
*NO production.
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Role of NO and Nitrogen Intermediates in
Regulation of Cell Functions

Young-Myeong Kim, Edith Tzeng, and
Timothy R. Billiar

1. Introduction

Prior to the 1980s, nitric oxide (NO) was best known as a toxic reactive free
radical found in atmospheric pollutants and carcinogens [1], a by-product of
microbial nitrogen metabolism [2,3] and a potent activator of the mammalian
enzyme heme-containing soluble guanylate cyclase [4]. As early as 1916, evi-
dence for a mammalian nitrogen metabolic pathway was reported with the finding
that several types of animals, including humans, excreted more urinary nitrate
than could be accounted for by dietary intake [5]. Further evidence was reported
by Tannenbaum and co-workers [6,7] who showed that in vivo mammalian nitrate
formation was substantially enhanced by administration of the immunostimulant
lipopolysaccharide (LPS) [8]. Stuehr and Marletta [9] first demonstrated that
murine macrophages stimulated in vitro with LPS expressed nitrogen oxide
synthetic activity and produced nitrite (NO,) and nitrate (NO5"). Simultaneously,
other investigators were trying to elucidate the identity of a short-lived, diffusable
endothelium-derived relaxing factor (EDRF) produced by acetylcholine-treated
endothelial cells that was responsible for mediating smooth muscle cell relaxation
[10]. Based on the similarities in the pharmacological properties of EDRF and
NO generated from acidified nitrite, Furchgott suggested that EDRF may be NO
in 1986 [11]. At the same time, Ignarro et al. also proposed that EDRF may be
NO or a closely related species [12]. The following year, two independent groups
of investigators [13,14] demonstrated EDRF was indeed nitric oxide (NO).
Following the first report describing nitrite and nitrate biosynthesis by mamma-
lian cells (macrophages) stimulated with LPS in 1985 [9], macrophage-generated
NO was shown to cause inhibition of DNA synthesis and inhibition of mitochon-
drial respiration and aconitase activity in tumor target cells [15]. Subsequently,
cytosols of cytokine-activated macrophages were shown to have an enzymatic
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Table 2-1. Beneficial and Detrimental Effects of Nitric Oxide

Beneficial Effects Detrimental Effects
Maintenance of tissue perfusion Hypotension/vascular collapse

Scavenging of oxygen radicals Formation of oxidizing agents (i.e., ONOO")
Inhibition of Fenton-type reaction of hemoproteins  Iron release from ferritin (Fenton reaction)
Inhibition of microvascular thrombosis DNA modification/damage

Inhibition of leukocyte adhesion Inhibition of cellular protein synthesis
Inhibition of TNFow production Apoptosis of host cells

Antimicrobial activity
Tumoricidal activity (apoptosis)
Induction of cytoprotective genes

activity catalyzing an NADPH-dependent conversion of the amino acid L-arginine
to NO [16], which is selectively inhibited by the L-arginine analog, N*-methyl-
L-arginine [ 15]. NO synthase requires Flavin Adenine Dinucleotide (FAD), Flavin
Mononucleotide (FMN), Nicotinamide Adenine Dinucleotide Phosphate
(NADPH)), tetrahydrobiopterin (BH,), and heme as enzyme-bounding cofactors,
and two substrates, L-arginine and molecular oxygen. It has been shown that
many cell types have the capacity to generate NO from L-arginine. However,
the level of NO production and the functional role of NO vary from cell to cell.

In biological systems, NO is a diffusible, highly reactive, free radical that
interacts with many different types of biomolecules. It is now well accepted
that NO is a mammalian biological messenger molecule involved in numerous
homeostatic processes. Examples include the regulation of vasomotor tone [11—
14], the cytotoxicity modulated by activated macrophages [15-18], regulation of
cell proliferation [19], regulation of cell migration [20], activation of transcription
factors [21], induction of cytoprotective genes [22], modulation of toxic cytokine
production [23,24], and a neurotransmission in the central and peripheral nervous
system [25]. NO acts like a double-edged sword, having both deleterious and
beneficial effects in biological systems (Table 2-1). The ability of NO to mediate
these disparate biological functions depends not only on its unique chemical
properties but also on the site, local concentration, duration, or quantity produced.
In this chapter, we review the function of NO in cytotoxicity, cytoprotection,
and other cellular functions.

2. Chemistry of Nitric Oxide

Nitric oxide is capable of reacting with molecular oxygen, reactive oxygen species
and radicals, transition metals, and some biological molecules. The most common
and biologically significant target for NO is molecular oxygen. Although by
Lewis’ electron structure for O, indicates that it is not a radical, O, is indeed a
diradical with two unpaired electrons in the IT* antibonding orbital. NO gas can
readily react with O, to form NO, gas, which can, in turn, dimerize to yield
N,0,. N,O, dismutates spontaneously in water to yield equimolecular amounts
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of NO, and NO;~. However, NO in oxygenated aqueous solution does not yield
NO;[26]. NO synthesized by purified NOS breaks down predominantly into NO,
with only trace amounts of NO;™ in the absence of contaminating hemoproteins.
Similarly, macrophages (containing a small amount of hemoprotein) activated
with immunostimulants generate mostly NO,™ as the oxidized end product of NO
and a small amount of NO;™ is formed from the reaction of NO with O, [27].
Hepatocytes, in contrast, contain large amounts of hemoproteins. Because of this,
hepatocytes stimulated to express NOS-2 and synthesize NO generate equal
amounts of NO,” and NO;™ [28]. NO reacts with O,” and transition metals to
produce peroxynitrite (ONOO") [29] and nitrosonium (NO,*) [30], respectively.
These products can support additional nitrosative reactions at nucleophilic centers
located within tyrosine residues and thiol groups, forming nitrotyrosine and S-
nitrothiols. In biological systems, the most powerful scavengers for NO are
hemoproteins such as hemoglobin and myoglobin. The reaction between hemoglo-
bin (Hb) and NO is shown in Fig. 2-1. NO is capable of binding heme iron in
either the ferrous (Fe?) or ferric (Fe**) oxidation state, but NO has a lower affinity
for ferric heme. The reaction between NO and ferric heme reduces the iron
moiety to the ferrous state and simultaneously generates nitrosonium ion (NO*)
[Reaction (1)], which reacts with thiols to yield S-nitrothiol [Reaction (2)]:

Heme Fe** + NO ———— > Heme Fe* — NO <—> Heme Fe* — NO* (1)
Heme Fe?* — NO* + GS- ——> Fe?* + GSNO 2)

NO also directly interacts with most reactive oxygen intermediates, which are
the products of activated phagocytes or in several pathological conditions (Table
2-2) and forms a variety of reaction products (Table 2-3).

NO
HbFe2+ >

HbFe2+—-NO

MetHb

0, reductase

v NO

HbFe2+—-0, - HbFe3+ + NO3~

Figure 2-1. Hemoglobin-mediated scavenging of nitric oxide.
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Table 2-2. Reactive Oxygen Species Generated in
Biological Systems

Radicals Nonradicals
Superoxide anion-O,® Oxygen—O,

Hydroxyl radical—HO- Hydrogen peroxide—H,0,
Peroxyl radical—LOOs Hypochlorous acid—HOCI

Alkoxyl radical—LOe
Hydroperoxy! radical—HOOe

Table 2-3. Possible Reactions and Products of Reactive
Nitrogen and Oxygen Species in Biological Systems

Reactants Products

NO + O, *ONOO

*NO + O, ONOO™ + H ——— ONOOH
*NO + «OH HONO ——— NO, + H*
*NO + LOe LONO

*NO + LOO- LOONO

*NO + HOOe ONOOH

*NO + HOCI *NO, + CI" + H*

*NO + H,0, *NO, + H,0

ONOOH + HOCI NOCI + O, + H,0

NO* + CI NOC1

3.1. Biological Targets of NO

The biological activity of NO as an EDRF has been shown to be inhibited by
Hb, thiol compounds, and superoxide anion, indicating that NO is highly reactive
with heme-containing proteins as well as other biological molecules [31]. The
toxicity of NO in macrophage-mediated immune reactions was attributed to the
direct interaction of NO with iron—sulfur-containing mitochondrial enzymes as
well as the inhibition of DNA synthesis through the inactivation of nonheme—iron-
containing ribonucleotide reductase. Although NO reacts with a variety of biologi-
cal molecules (Table 2-4), the reactivity of NO with these compounds is dependent
on the local NO concentrations and the makeup of the microenvironment. For
example, heme proteins such as guanylate cyclase are activated by low NO
concentrations, whereas cytochrome P-450 and other nonheme proteins, such as
ribonucleotide reductase and cyclooxygenase, can be inhibited by much greater
concentrations of NO which are not typically biologically achievable. Further-
more, it should be noted that the reaction of NO with thiol to form S-nitrosothiol
does not directly occur; rather, “redox activation” of either the thiol to thioyl
radical or further oxidation of NO to a species (NO* or N,O5) capable of nitrosation
is required.
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Table 2-4. Biologic Targets for Nitric Oxide and Nitrogen Intermediates

Reactive Sites

Protein Targets

Action (Refs.)

Heme

Iron—Sulfur

Nonheme iron

Sulfhydryl

Zn-sulfur

Copper

Others

NOS

Guanylate cyclase
Cyclooxygenase
Indoleamine 2,3-dioxygenase
Hemoglobin

Myoglobin

Cytochrome P-450

Ferryl hemoprotein

Aconitase/IRE-BP
Mitochondrial complex I & II
SoxRS

Ferrochelatase
Metallothionein

Ribonucleotide reductase
Lipoxygenase
Ferritin

Adenylate cyclase (type I)
GAPDH

Plasminogen activator
NMDA receptor
GSH

p2l/ras

Protein kinase C
G-protein

Albumin

Hemoglobin

OMDM transferase
GSH peroxidase
GSH reductase

Metallothionein

Fpg protein

Alcohol dehydrogenase
Transcription factor

Cytochrome c oxidase
Caeruloplasmin

Tyrosine

DNA

SOD

Lipid

Lipid radicals
Tyrosine radical
Ascorbic acid
NADPH oxidase

Inhibition (44-47)

Activation (34)

Activation (41)/inactivation (43)
Inhibition (50)
Oxidation/scavenger (51,52)
Inhibition/scavenger (53)
Inhibition (48,49)

Reduction (127)

Inhibition (54,55)/activation (61,62)
Inhibition (55)

Activation (174,175)

Inhibition (39,176)

Scavenger (56,57)

Inhibition (58)
Inhibition (43,177)
Scavenger (64)/Fe release (69)

Inhibition (76)

Inhibition (72,73)

Activation (68,69)

Inhibition (neuroprotection) (70)
Redox signaling/NO carrier (78,98)
Redox signaling (75)
Inactivation (77)

Inhibition (178,179)

NO carrier (82-85)

NO carrier (86)

Inhibition (180)

Inhibition (145)

Inhibition (146)

Zn release (94)
Inhibition (95)
Inactivation (96)
Inhibition (94)

Inactivation (181)
Cu release (182)

Nitration (30)/inhibition of signal
transduction (113)

Base modification (100,101)

Tyrosine nitration/inhibition (30)

Peroxidation (106,125)

Termination of lipid peroxidation (125)

Neutralizing (59)
Oxidative injury (183)
Inhibition (184)
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3.1. Iron-Containing Proteins

Nitric oxide participates in cellular metabolism, signal transduction, and cellular
protection by interacting with a variety of cellular components. A primary intracel-
lular target for NO is intracellular iron [32,33]. NO nitrosylates the heme moiety
in oxygen-carrying hemoproteins, perhaps the best example of which is the
ferrous iron in hemoglobin and myoglobin. Another important heme-containing
target for NO is soluble guanylyl cyclase [34,35]. NO alters the conformation
of heme moiety of the enzyme, causing activation and cGMP synthesis. cGMP,
in turn, activates cGMP-dependent protein kinases, which may then phosphorylate
synaptic vesicle proteins associated with neurotransmitter release [36,37] and
peripheral cGMP-gate ion channels to increase the intracellular level of Ca?.
c¢GMP may also stimulate or inhibit cyclic nucleotide phosphodiesterase to control
intracellular cAMP levels [38].

Other heme proteins are inhibited by NO. Catalase is a tetrameric ferric hemo-
protein which is also sensitive to inhibition by NO in vitro [39,40]. Another
heme-containing enzyme that is influenced by NO is cyclooxygenase, the rate-
limiting enzyme in the biosynthesis of prostaglandins thromboxane A2 and prosta-
cyclins. There is evidence that indicate that NO interacts with the heme prosthetic
group of cyclooxygenase to either activate the enzyme to increase prostaglandin
biosynthesis [41,42] or to inhibit enzyme activity [43]. NO can also regulate its
own biosynthesis by interacting with the heme iron in NOSs [44-47]. This
feedback inhibition may serve to control neurotransmitter release, endothelium-
dependent relaxation, and NO-mediated cytotoxicity. Additionally, NO regulates
several other heme-containing enzymes, including cytochrome P-450 [48,49] and
indoleamine 2,3-dioxygenase [50]. NO also rapidly reacts with hemoglobin and
myoglobin to form iron—nitrosyl hemoprotein or nitrate [S1-53] and may repre-
sent a mechanism to attenuate NO-mediated biological functions.

Nitric oxide may also mediate cellular effects through interactions with en-
zymes containing nonheme iron. Such enzymes include the iron—sulfur cluster
enzymes, mitochondrial cis-aconitase, complexes I and II of the mitochondrial
electron-transfer chain [32,54,55], metallothionein [56,57] and ribonucleotide
reductase [58—60]. Through its interactions with these enzymes, NO may inhibit
cellular ATP synthesis and DNA synthesis. NO has recently been shown to
influence intracellular iron metabolism at the posttranscriptional level by interact-
ing with cytosolic aconitase (referred to as the iron-regulatory factor; IRF). NO
disrupts the conformation of the iron—sulfur cluster at the catalytic site of the
enzyme and increases the accessibility and binding of IRF to a specific mRNA
structure (iron-responsive element; IRE) [61-63] contained in ferritin, transferrin
receptor, erythroid 5-aminoelvulinate synthase, and mitochondrial aconitase tran-
scripts. These proteins regulate iron homeostasis [64]. NO-induced binding of
IRF to the IRE located in the 5" untranslated region of ferritin mRNA inhibits
ribosomal binding and represses translation. In contrast, binding of IRF to the
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3’ IRE of the transferrin receptor mRNA protects the transcript from RNAse
digestion and increases the mRNA half-life, resulting in increased protein synthe-
sis. NO also directly interacts with the iron in ferritin [33], an iron-storage protein,
to liberate iron [65]. Thus, the interaction between NO and iron may regulate
cellular iron homeostasis or may mediate cellular toxicity [54,55,66].

3.2. Thiol-Containing Proteins

S-Nitrosylated proteins have been identified in biological tissues, including sali-
vary glands of the blood-sucking insect, Rhodnius prolixus, and human plasma,
airway-lining fluid, and neutrophils [67]. In order for NO to take part in S-
nitrosylation, NO must first react with a transition metal, molecular oxygen, or
superoxide anion to undergo a one-electron oxidation to form products (i.e., NO*)
that can support additional nitrosative reactions. S-Nitrosylation can regulate
protein function by several different mechanisms. The activation of tissue-specific
plasminogen activator and N-methyl-D-aspartic acid (NMDA) receptors occur
through posttranslational modification of a single thiol [68—70], whereas the
activation of calcium-dependent potassium channels is mediated by a conforma-
tional change following S-nitrosylation in vascular smooth muscle [71]. Also,
the cytosolic glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenate
(GAPDH) is inhibited by modification of thiol groups located within the active
site [72,73]. In the central nervous system, S-nitrosylation of the NMDA subtype
of glutamate receptors by NO inactivates the receptor and may physiologically
regulate glutaminergic neurotransmission [70], protecting against excessive exci-
tation-induced neuronal cell death. NO also inhibits thioester-linked long-chain
fatty acylation of neuronal proteins. Through direct modification of cysteine
thiols in the neuronal growth cone, NO may reversibly inhibit the growth of dorsal
root ganglion neurites [74]. S-Nitrosylation activates pertussis toxin-sensitive G
proteins and p21™ [75], whereas this modification reduces enzymatic activity of
adenylate cyclase (type I) and protein kinase C [76,77]. NO can deplete intracellu-
lar reduced glutathione levels through the formation of S-nitroglutathione and
oxidation of glutathione which can lead to rapid activation of the hexose-mono-
phosphate pathway [78] and induction of stress proteins such as heme oxygenase
[79] and heat shock protein 70 [80]. S-Nitrosylated albumin has been identified
in serum, but a biological function for this species of albumin has not yet been
identified [81]. One possible function of S-nitrosothiols is to serve as a reservoir
for NO, acting to reduce the functional availability of NO or as a carrier molecule
for NO transport [82-86].

Nitric oxide also stimulates the apparent ADP-ribosylation of GAPDH in the
presence of NAD* or NADH. NO-induced ADP-ribosylation is an inductive
automodification, in contrast to the activity of an endogenous ADP-ribosyltrans-
ferase activated by bacterial toxins [87], and involves an active-site cysteine,
probably Cys-149 [88]. ADP-ribosylation of this cysteine inhibits catalytic activ-
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ity and depresses glycolysis. ADP-ribosylation is stimulated by RS-NO (usually
liberating NO* + RS~ by heterolytic cleavage) and related nitrosating agents
(i.e., NO*) rather than by NO itself [89]. S-Nitrosylation of an active-site thiol
subsequently promotes modification by NAD. It is theoretically possible to have
transnitrosation from active-site RS-NO (NO*) to NADH by either increasing
the electrophilicity of the nicotinamide ring (i.e., attack at C6) or by making
nicotinamide a better leaving group (i.e., attack ribose C1), thereby causing
irreversible inhibition of the enzymatic activity [67]. ADP-ribosylation of
GAPDH may represent a pathophysiological event associated with the inhibition
of gluconeogenesis. The active-site thiol of GAPDH is readily oxidized by H,0,
or other oxidative stress conditions leading to the generation of disulfides or
oxidant-specific S-thiolation [90] and results in irreversible inhibition. Therefore,
S-nitrosylation of GAPDH may protect the enzyme from irreversible inactivation
of the active-site thiol, perhaps regulating glucose metabolism [91].

3.3. Other Biomolecules

Zinc is the second most abundant metal in biologic tissues. It is usually complexed
to thiol ligands of cysteine and/or imidazole nitrogen atoms of histidine-forming
zinc-finger domains which are essential for specific DNA binding. Many redox-
sensitive transcription factors including Sp1 and Egr-1 [64] bind cognate DNA via
three zinc fingers of the Cys,His, type [92]. Zinc is a relatively labile component of
this structure and is most susceptible to removal by redox reactions or intracellular
thiol compounds such as apo-metallothionein [93]. NO interacts with Zn—sulfur
clusters in transcriptional factors [LAC9-containing Cys¢Zn(II)-type cluster] [94]
and Zn-containing proteins such as metallothionein [94], DNA repair enzymes
(Fpg protein) [95], and alcohol dehydrogenase [96], resulting in the destruction
of the Zn—sulfur bond. This finding implies that NO may alter the structural
integrity of DNA binding proteins which contain zinc finger motifs and suggests
that NO-mediated cytotoxicity can be associated with the destruction of proteins
containing Zn-sulfur clusters as well as through the interaction of NO with
proteins containing Fe—S clusters. Another possible consequence of NO interac-
tions is seen with metallothionein wherein Zn is released and can inhibit the
catalytic activity of endonucleases involved in DNA fragmentation during apop-
tosis [97-99].

Nitric oxide gas and NO-generating compounds have been shown to be carcino-
genic because of evidence indicating that NO or other reactive nitrogen intermedi-
ates can modify deoxyribonucleotides or induce DNA strand breaks. Wink et al.
[100] reported that NO causes genomic alterations by deamination of DNA in
vitro and in vivo by showing that cytosines are changed to thymidine in DNA
sequences. Guanine can also be modified to form 8-nitrosoguanosine when intact
DNA is exposed to peroxynitrite [101] or in NO-generating epithelial cells [102].
Furthermore, NO and/or peroxynitrite by inducing DNA strand breaks [103]
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activates the nuclear enzyme poly (ADP-ribose) polymerase (PARP). PARP
activation has been proposed to decrease ATP synthesis and induce cell death
by depletion of cellular NAD* during DNA repair.

4. Interaction with Reactive Oxygen Intermediates (ROIs)

Endogenously synthesized NO has a biological half-life of less than 5 s [52] as
compared to a half-life of 500 s or longer of NO in pure aqueous solution [104].
It is possible that NO is rapidly converted into a less active or inactive product
in biological tissues. As detailed earlier, NO can simply react with molecular
oxygen; however, this is a very slow reaction at physiological concentrations of
O,. The reaction of NO with biological components such as metals, thiols, O,,
and O, produces a variety of secondary products ranging from the innocuous
oxidized compounds (NO, and NO;") and nitroxyl (NO") to the reactive interme-
diates such as nitrosonium (NO*), peroxynitrite (ONOQO"), and nitrogen dioxide
(*NO,). The predominant end products of all these intermediates are NO,™ and
NO;, both easily quantified in biological systems.

In many pathological conditions such as inflammation, endotoxemia, and isch-
emia/reperfusion, NO and O, are simultaneously produced. This creates an
environment that favors the formation of peroxynitrite which is a much stronger
oxidant than either NO or O;". Peroxynitrite is an important biological bactericidal
agent that is produced by activated macrophages to combat infection [105].
Although peroxynitrite has a half-life of under 1 s in phosphate buffer at pH 7.0,
it is sufficiently stable under physiological conditions to diffuse some distance
from its site of formation before reacting with target molecules such as membrane
lipid [106], protein sulfhydryl groups [107], DNA [100,108], and antioxidants
[109]. Peroxynitrite generated by endothelial cells has been identified as a potent
mediator of endothelial injury through oxidative modification of low-density
lipoprotein within the arterial wall [110]. This may then contribute to the formation
of the fatty streak and plaque that are characteristic of the athereosclerotic lesion
[29]. Peroxynitrite also reacts with Cu,Zn superoxide dismutase as well as low-
molecular-weight transition metals like Fe**~EDTA. Peroxynitrite catalyzes nitra-
tion of tyrosine residues in many proteins including histone, lysozyme, and
superoxide dismutase [30]. This nitration process may be responsible for the
neuronal damage in amyotrophic lateral sclerosis [111]. Although peroxynitrite-
mediated tyrosine nitration has been identified in a variety of pathological condi-
tions, a precise role for this process has yet to be defined. There are several
possible consequences of tyrosine nitration. It may lead to (i) inhibition of
tyrosine phosphorylation [112] and inhibition of phosphorylation-mediated signal
transduction or, conversely, mimic phosphorylation [113], (ii) alteration of protein
conformation and function [114,115], (iii) “tagging” of proteins for proteolysis,
(iv) initiation of autoimmune processes because these altered tyrosines structurally



Role of NO and Nitrogen Intermediates in Regulation of Cell Functions / 31

resemble dinitrophenol (a strongly antigenic compound), and (v) alteration of
the dynamics of assembly and disassembly processes critical to motor neuron
survival [116]. Peroxynitrite has also been shown to react with iron—sulfur clusters
in aconitase and zinc—thiolate centers of numerous transcription factors and
DNA repair enzymes. Through these interactions, peroxynitrite may inactivate
metabolic pathways, induce DNA mutations, and modify gene expression. It
may, in fact, account for the effects associated with NO.

5. Relevance to Cellular Toxicity and Disease

The role of NO in cellular toxicity is quite complex because it involves a variety
of cellular targets within a wide range of cell types. The toxicity of NO depends
on the cell types producing NO, as well as the local environment into which it
is released, such as oxygen tension and the concentration of transition metals,
reactive oxygen species, and NO scavenging molecules (i.e., hemoglobin).

5.1. Consequences of NO and Superoxide Anion Interaction

The direct interaction of NO with O, to form ONOO™ occurs 3.5 times faster
than the dismutation of O, by superoxide dismutase. Thus, the interaction between
NO and O, represents a major potentiating pathway for NO toxicity, as well
as an inactivating route for endothelium-derived NO. Peroxynitrite is a potent
biological oxidant capable of directly oxidizing amino acids, lipids, antioxidants,
nucleic acids, and thiols in both one- and two-electron transfer reactions
[30,107,108,117,118]. At near biological pH (pK, = 6.8), peroxynitrite becomes
protonated to form peroxynitrous acid (ONOOH). Peroxynitrous acid undergoes
aunique *OH-like oxidative reaction with membrane lipid via a metal-independent
mechanism [29]. Peroxynitrite can react with transition metal ions, such as Fe
and Cu, to yield a species similar in reactivity to that of nitronium cation (NO,")
[119]. Accumulating data suggest that peroxynitrite is a major cytotoxic agent
in many pathophysiologic processes such as ischemia/reperfusion injury, immune
complex-mediated pulmonary edema, cytokine-induced oxidant lung injury, in-
flammatory cell-mediated pathogen killing/host injury, macrophage-mediated
bacterial killing, and immune-mediated joint disease.

Alternatively, the reaction of NO with O,” may also serve to protect cells or
tissues from reactive oxygen intermediate-mediated cytotoxicity. This diversion-
ary reaction with NO (kinetically outcompeting SOD) forces O, to form peroxyni-
trite and into a decomposition pathway that generates the nontoxic end-product
nitrate. This pathway limits the accumulation of H,0, and decreases the formation
of more toxic secondary intermediate species such as *OH which would be
derived from the metal-catalyzed Haber—Wiess reaction (Fenton reaction). NO
also interacts with hemoproteins capable of catalyzing the Fenton-like reaction
with H,O, and so inhibits production of highly oxidized iron species [ferryl ion,
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Fe(IV)=0] characteristic of *OH-like chemical reactivity. In animals exposed to
LPS, inhibition of NO synthesis with a competitive inhibitor of NO synthase,
NC-monomethyl-L-arginine (L-NMA) enhances superoxide release [120] and si-
multaneously increases liver injury [121,122], suggesting that nitric oxide synthe-
sis during endotoxemia prevents hepatic damage by reducing oxygen radical-
mediated cellular injury.

Vascular endothelial cells and phagocytes produce both NO and O,". In the
microenvironment of these cells, interaction between these two radicals leads
not only to the formation of peroxynitrite but also the inhibition of the biological
function of NO as well as the scavenging of O,". In advanced atherosclerotic
lesions, the consumption of NO by O, released by the lesion may contribute to
increased incidence of thrombosis by promoting platelet aggregation [123]. This
interaction of NO with O,” not only inhibits the homeostatic function of NO
(e.g., inhibition of platelet aggregation and phagocyte adhesion) but also forms
peroxynitrite, which is a strong oxidant and proaggregatory agent for platelets
and may further contribute to cellular injury and the formation of thrombus in
atherosclerosis [124].

Therefore, two biological consequences of NO interaction with O,, either
toxic peroxynitrite formation or scavenging of O,”, will depend upon the rate of
formation of both radicals, local redox potential, and transition metal availability
(Table 2-5).

5.2. Interaction of NO with Other Biological Free Radicals

Nitric Oxide can react with a number of other free radicals generated in biological
systems. During inflammation or oxidative stress, hydroxyl radical (*OH) and
lipid radicals, such as peroxyl (LOO¢) and alkoxyl (LO¢) radicals, are generated
by the Fenton reaction and lipid peroxidation. NO reacts with these radicals at
near-diffusion-limited rates (e.g., 1.3 x 10° M~' 57! for LOOe and 10 x 10" M~ 57!
for *OH). Therefore, NO can be a potential scavenger of *OH [125] and an
inhibitor of the radical-induced chain propagation reaction [126] in lipid peroxida-
tion via radical-radical interaction. The rate constant of the reaction of NO with

Table 2-5. Metal-Dependent Cytoxicity Is Dependent
on the Ratio of NO to Oy

Relative Cytotoxicity

Ratio Presence of Iron Absence of Iron
NO only I+ ~I+
NO > O, — +++
NO + Oy + +++
NO < Oy +++ +++

O, only + +
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LOOe is ~500 times greater than that for the reaction between ¢-tocopherol and
LOOQse radicals (2.5 x 10° M s™). Because NO is a lipophilic molecule (lipid :
water partition coefficient ~6.5 : 1) and concentrates in the cellular membrane
compartment, NO can act as a vitamin E-like antioxidant in oxidant-mediated
lipid peroxidation.

During bacterial infection, phagocytes first produce reactive oxygen species
(ROS) to kill bacteria, and 6-9 h later, NO is generated by the inducible NO
synthase. ROS has two consequences: the desirable one being bacterial killing
and the undesirable one being host cell injury via lipid peroxidation. The delayed
production of NO, therefore, may serve to prevent host cell injury by terminating
lipid radical-induced chain propagation reaction induced by ROS production
aimed at killing pathogens. Similarly, NO also reacts with highly oxidized iron,
FE(IV)=0, a *OH-like potent oxidizing species generated from the reaction of
hemoproteins, and inhibits lipid peroxidation of LDL [127,128]. Although the
rate of reaction is significantly lower (2 x 10" M~! s™), NO can reduce a ferric
ion to the ferrous form, which directly enters the Haber—Weiss reaction in the
presence of H,O, to produce a highly toxic *OH. However, at a site of bacterial
infection where ROS and NO are sequentially generated, NO may exert a protec-
tive role by termination of free radical-dependent chain propagation reaction in
cell membranes [125,126] and reduction of toxic ferrylhemoproteins produced
by the reaction of heme with H,0, [127].

5.3. Direct Cytotoxicity of NO

As stated earlier, NO reacts rapidly with iron—sulfur-containing proteins and
hemoproteins. Although these iron-containing proteins are the primary targets
for NO, the reactivity of each of these proteins with NO may vary. EPR (electon
paramagnetic resonance) spectra of iron—nitrosyl complexes have shown that NO
has a much higher affinity for ferrous heme (probably cytosolic guanylate cyclase)
than for iron—sulfur proteins in vascular smooth cells [129]. It is likely that the
major role of NO in these cells is to activate guanylate cyclase to produce cGMP.
In some cell types, the NO/cGMP signaling pathway may be associated with
antiapoptotic functions (see below). Macrophage-derived NO has been shown to
be a cytotoxic effector against tumor cells by mediating intracellular iron loss
[32,130,131], inhibition of iron—sulfur-containing enzymes such as aconitase
[130], and inhibition of NADPH-CoQ reductase (complex I) and succinate~CoQ
(complex II) in the mitochondrial electron transport chain [55,131]. NO-induced
inhibition of these enzymes blocks the metabolic pathway of cellular energy
biosynthesis and depletes cellular ATP stores with consequent cytotoxicity. The
inhibition of these enzymes is associated with the formation of the iron—nitrosyl
complex in a catalytic active site which can be detected at g = 2.04 by EPR
spectroscopy [32,108,132]. Macrophages and pancreatic 3 cells, when stimulated
with cytokines and/or LPS, express iNOS and produce a large amount of NO. The
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overproduction of NO by iNOS inhibits mitochondrial function by inactivating
iron—sulfur-containing enzymes that is believed to ultimately contribute to cell
death. The cytotoxicity and g = 2.04 EPR signal were completely prevented by
addition of L-NMA as well as by red blood cells, a biological scavenger of NO
[28]. It is noteworthy that the EPR signal at g = 2.04 and accumulation of
cGMP were both nearly inhibited in the coculture system of cytokine-activated
hepatocytes and red blood cells, but NO production was not inhibited. This
observation demonstrates that NO-induced cytotoxicity and cGMP signaling are
mediated in a paracrine and/or autocrine manner. Interestingly, the large amounts
of NO produced by hepatocytes do not inhibit mitochondrial function [133] and
do notresult in cellular injury [22]. This resistance of hepatocytes to NO cytotoxic-
ity may be due to higher amounts of NO scavengers such as glutathione and
cytosolic iron present in hepatocytes as compared to other cells. Thus, cellular
resistance or susceptibility to NO depends on the presence or absence of cellular
and microenvironmental factors such as thiols, metal ions, and the rate of cellu-
lar metabolism.

5.4. Cytoprotective Actions of NO

Nitric oxide can directly react with transcriptional factors, such as SoxR, a redox-
sensitive transcriptional regulator found in the bacteria-containing Fe—S cluster.
This factor is involved in the transcriptional regulation of approximately 80
inducible proteins responsible for protection against oxidative damage [134].
Mammalian cells also respond to unfavorable stimuli such as oxidative stress,
heat, and heavy metals by expressing many different stress proteins. NO induces
a number of stress proteins including heme oxygenase [22] and heat shock protein
70 [80] via interaction with intracellular glutathione or hemoproteins. We have
shown that hepatocytes pretreated with NO were protected against subsequent
exposure to high doses of NO and H,0,, and this protection was abrogated
by Sn-protoporphyrin, a specific inhibitor of heme oxygenase. NO-pretreated
hepatocytes were also resistant to TNFo-induced cytotoxicity. Thus, NO protects
against cellular injury by inducing cytoprotective proteins through alterations of
cellular redox potential [80,135] or heme mobilization [136].

Nitric oxide also modulates vascular function and platelet aggregation by
altering the expression of adhesion molecules such as selectins and ICAM. The
genes for these adhesion molecules possess NF-kB binding sites in their promoter
regions [137] which are transcriptionally inhibited by NO. In animal studies, it
has been demonstrated that pretreatment with L-NMA enhanced the expression
of P-selectin in a concentration- and time-dependent manner and significantly
increased leukocyte rolling and adhesion [138]. Furthermore, the coadministration
of L-NMA with immunostimuli such as interleukin-1f or TNF increased platelet
adhesion to endothelial cells and platelet accumulation in the lungs [139]. Inhibi-
tion of NOS activity during endotoxemia also has detrimental effects on tissue
blood flow and oxygen delivery [140,141].
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In a murine model of LPS-induced hepatic damage, nonselective inhibition of
NO synthesis increased hepatic injury as measured by enzyme release as well
as by histologic examination [142]. A subsequent study demonstrated that this
hepatic injury was in part mediated by ROS such as O,~, H,0,, and *OH, supporting
the cytoprotective function of NO in LPS-induced hepatic damage associated
with ROS scavenging and by the inhibition of microvascular thrombosis [121].
Additional studies showed that NO acts synergistically with prostaglandins in
ameliorating hepatic injury during endotoxemia [143]. During endotoxemia, mac-
rophages including Kupffer cells produce TNF«, one of the major soluble cyto-
toxic cytokines in hepatic injury. NO-mediated cGMP production inhibited LPS-
induced TNFo production by Kupfter cells in vitro [24]. Furthermore, administra-
tion of L-NMA increased TNFa expression in a murine model of endotoxemia
[23]. These reports suggest that NO may protect from hepatic injury by direct
scavenging of ROS and by suppression of TNFa expression. More recent studies
from our group and others [144] suggest that the source of NO may be important
in determining the mechanism of protection in the liver. Treatment with selective
iNOS inhibitors does not result in increased hepatic necrosis in endotoxemia,
whereas inhibitors that block ¢tNOS do cause increased liver injury. We have
shown that although iNOS inhibitors do not promote necrosis, they do induce
apoptosis. Thus, NO generated by cNOS may block necrosis, whereas NO derived
from iNOS may function to suppress apoptosis in acute hepatic injury.

5.5. Inhibition of Antioxidant Enzymes

Cellular antioxidant enzymes such as catalase, SOD, GSH reductase, and GSH
peroxidase are important in host defense against oxidative injury. Superoxide is
produced by activated phagocytes during infection, and xanthine oxidase is pro-
duced in ischemia/reperfusion as a by-product of mitochondrial respiration. Super-
oxide is dismutated to H,O, either spontaneously or by superoxide dismutase.
H,0, is then dismutated to water and molecular oxygen by catalase or converted
to water by GSH-peroxidase and glutathione. These activated species can also
react with transition metals to produce another highly reactive oxygen radical,
*OH, which has been implicated as the predominant cause of oxygen radical-
induced cytotoxicity.

Oxygen radical-mediated damage is enhanced by inhibiting the antioxidant
enzymes that normally function to inactivate these radicals. NO can interfere
with the catalytic activity of many antioxidant enzymes though the transition
metals or sulfhydryl groups found in these enzymes. NO can directly interact
with heme iron in the catalytic site of catalase, inhibiting the enzymatic activity
[40]. NO can also inactivate catalase activity indirectly via the induction of heme
oxygenase which degrades heme in hemoproteins [39]. GSH peroxidase is also
inactivated by both endogenous and exogenous NO [145]. The mechanism by
which NO inhibits GSH peroxidase may be through an interaction with a thiol



36 / Young-Myeong Kim, Edith Tzeng, and Timothy R. Billiar

group in the active site of the enzyme. Peroxynitrite interacts with the transition
metal in the catalytic site of SOD and generates a highly reactive nitronium ion
(NO;", which can then nitrate tyrosine residues in superoxide dismutase as
well as other proteins. Self-nitration of tyrosine residues inactivates Mn- and
Fe—superoxide dismutase but not Cu/Zn—superoxide dismutase [30]. GSH reduc-
tase is a dimeric flavoprotein and is the key enzyme of the GSH redox metabolism
involved in the reduction of GSSG to GSH. NO can inhibit GSH reductase by
nitrosylating Cys63 and/or CysS58 located in the catalytic site of the enzyme
[146]. The ability of NO and peroxynitrite to inhibit major antioxidants may, at
least in part, explain the cytotoxicity of NO in some cells or tissues.

5.6. Effects of NO on Apoptosis

Cell death occurs by either apoptosis or necrosis. Apoptosis is a morphologically
and biochemically distinct form of cell death that occurs in many different cell
types. It occurs in response to a variety of stimuli, including DNA damage, growth
factor deficiency, ligation of cell surface receptors, heat shock, microorganism
infection, and oxidative stress [147,148]. Although activated macrophages utilize
NO to destroy microorganisms and tumor cell targets, they themselves are not
immune to the NO they synthesize and have been shown to undergo apoptosis
in a NO-dependent manner [149]. NO-mediated apoptosis has been associated
with the overexpression of the cell death gene p53 [150,151] or the activation
of proteases (including interleukin-1B-converting enzyme; ICE) [152] in macro-
phages. ICE-like proteases such as ICE and CPP32 inactivate the nuclear DNA
repair enzyme, poly (ADP-ribose) polymerase by proteolysis [153,154], resulting
in p53 induction or enhanced DNA fragmentation. NO generated from NO donors
or synthesized by NOS induces cell death via apoptosis in a variety of different
cell types [155-157].

Nitric oxide, nonenzymatically synthesized from azide and hydroxyamine,
has been suggested to prevent apoptosis of human eosinophils during cytokine
deprivation [158]. This protective effect was enhanced by the phosphodiesterase
inhibitor 3-isobutyl-1-methylxanthine and mimicked by membrane-permeable
c¢GMP analogs. Moreover, a soluble guanylate cyclase inhibitor reversed the
effects of the NO donors in a dose-dependent manner. NO synthesized by LPS-
stimulated hepatocytes protected the cells from apoptosis induced by treatment
with transforming growth factor [159], which has been known to activate ICE-
like protease [160]. This evidence suggests that NO may inhibit ICE-like protease-
induced apoptosis. This protection can also be elicited by NO donor at concentra-
tions between 2 and 100 pM, whereas higher concentrations of NO promoted
both apoptosis and necrotic cell death. Recently, another study showed that
cytokine-induced NO production and a cGMP analog protected rat ovarian folli-
cles from apoptotic cell death [161]. Also, production of NO delays programmed
cell death (apoptosis) in splenic B lymphocytes as determined by DNA fragmenta-
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tion and flow cytometric analysis of DNA [162]. This effect was reproduced
with membrane-permeable analogs of cGMP. The antiapoptotic effect of NO/
c¢GMP may be associated with increased expression of the protooncogene bcl-2
at both the mRNA and protein levels. The protective role of NO against apoptosis
in B cells contrasts with the NO-dependent induction of apoptosis observed in
other cell types such as macrophages [157], indicating the existence of different
cell-specific pathways in the response to NO. Similarly, cGMP can increase the
sensitivity of tumor cells to TNFa-induced cytotoxicity but protects normal cells
from TNFa toxicity [163].

5.7. Effect of NO on the Nervous System

Nitric oxide is an important neuromodulator in both central and peripheral neurons
[164]. NO stimulates the release of neurotransmitters by stimulating guanylate
cyclase to increase intracellular cGMP, which activates cGMP-dependent protein
kinases to augment the phosphorylation of synaptic vesicle proteins associated
with neurotransmitter release. In contrast, excessive NO is neurotoxic [165] via
the massive release of glutamate. Glutamate activates the NMDA receptor and
causes excessive exitation, thereby resulting in neuronal death [166]. NO-induced
toxicity, like NMDA neurotoxicity, may play a role in neurodegenerative diseases
such as Alzheimer’s and Huntington’s diseases. Furthermore, NO might exert a
dual function, exhibiting either neurotoxic or neuroprotective effects, depending
on its oxidation-reduction status [70]. The interaction of NO with O, to form
peroxynitrite may be the final neurotoxic species. On the other hand, NO* gener-
ated from the reaction of NO with transition metals nitrosylates the thiol group
of the NMDA receptor and blocks glutamate neurotransmission [167].

5.8. Other Cytotoxic Effects

In contrast to the several beneficial or cytoprotective roles of NO in sepsis,
neurodegeneration, and apoptosis, NO can be toxic to cultured pancreatic [3 cells
exposed to interleukin-1B. This is a proposed mechanism for B-cell disruption
that leads to diabetes [168]. The overproduction of NO damages the B-cell
mitochondria by inactivating iron—sulfur-containing enzymes and also inhibits
DNA synthesis which is believed to ultimately contribute to B-cell death. This
cytotoxicity is inhibited by aminoguanidine, an inhibitor of iNOS. Other studies
show, however, that low concentrations of NO increase insulin secretion from
pancreatic islets by inducing Ca®* release from mitochondria [168]. After organ
transplantation, NO production can be detected during rejection of allogeneic
heart grafts, but not in syngeneic grafts, by the EPR technique [169]. NO inhibition
prolongs cardiac allograft survival, suggesting that NO may mediate organ injury
in transplant rejection. Based on results of studies using the NOS inhibitor, NO
may also mediate tissue injury in graft-versus-host disease [170,171], rheumatoid
arthritis [172], and systemic lupus erythematosus [173].
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Figure 2-2. Intracellular targets for NO and pathophysiological consequences.
6. Summary

Nitric oxide is involved in signaling, cytotoxicity, and cytoprotection by interact-
ing with different types of intracellular molecules. Figure 2-2 shows the simple
correlation between NO concentration and pathophysiological events. At low
concentrations, NO activates ferrous heme-containing guanylate cyclase to gener-
ate cGMP, which may be involved in vascular homeostasis and antiapoptotic
effects. Higher doses of NO, as produced by iNOS, interact with thiol compounds
and transition metals (e.g., Fe—S-containing proteins) and can induce cytoprotec-
tive proteins such as stress proteins. Even higher concentrations of NO may
cause nonspecific DNA damage and activate PARP or p53, resulting in nonspecific
cell death. Other factors, such as the presence of other radicals, antioxidant
system, and NO scavengers, will have profound influences on NO actions.
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Nitric Oxide Synthases and Their Cofactors

Steven S. Gross

1. Introduction

Production of the free radical NO via a five-electron oxidation of a guanidino
nitrogen from arginine is no small enzymatic task. To this end, nature has invented
a complex chemistry, not yet fully understood, that is catalyzed by proteins of
the NO synthase (NOS) gene family. In mammals, three distinct NOS genes
have been cloned and shown to encode highly related enzyme isoforms (see
Chapter 4). Nomenclature to describe the NOS gene products derives from the
tissues in which isoforms were first recognized: neuronal NOS (nNOS), endothe-
lial NOS (eNOS), and inducible NOS (iNOS, from immunostimulant-activated
macrophages). Although these gene products share only 50-60% identity with
one another, they all possess a common genomic organization, are homodimeric,
catalyze an identical chemistry, and display identical cofactor requirements [1].
Molecular, anatomical, and functional distinctions among these three NOS iso-
forms are discussed in this chapter and throughout the volume.

A fundamental difference between NOS isoforms lies in their mechanisms of
regulation [2]; NO is either synthesized by a constitutively expressed enzyme
that lies dormant and is activated on a moment-to-moment basis in response to
transient increases in levels of intracellular Ca* (nNOS and eNOS) or NO is
produced by a transcriptionally induced enzyme that possesses full activity at all
levels of intracellular Ca** (iNOS). The latter isoform, iNOS, is responsible for
the “high-output” NO pathway that can be induced in perhaps all nucleated cells
following exposure to an appropriate immunostimulant. Once induced, iNOS
may become limited by substrate availability (see Chapter 23) or subject to
autoinactivation by the NO it produces [3-5]. iNOS is devoid of a 45 amino
acid insert found in constitutively expressed NOSs, which we speculate to be
autoinhibititory to activity at resting intracellular levels of Ca* [6] (see below).
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It is notable that each of the three mammalian NOS genes are expressed within
the kidney in specific cell types (Chapter 7); in the case of constitutive NOSs,
subcellular localization is conferred by N-terminal protein binding motifs (nNOS
[7,8]) or myristoylation (eNOS [9,10]). Prevailing views regarding the enzymatic
function of NOS cofactors and how they regulate NOS activity in tissues are
presented below.

2. An Overview of NOS Structure and Function

Nitric oxide synthase stereospecifically converts L-arginine to NO and L-citrulline;
this involves two successive monooxygenation reactions which, in total, consume
1.5 moles of reduced pyridine nucleotide and 2 moles of molecular oxygen and
yield N®-hydroxy-L-arginine as an isolatable intermediate [11] (Fig. 3-1). A
balanced reaction would require unitary consumption of reduced pyridine nucleo-
tide, thus, more properly, two molecules of NO are produced in coupled synthetic
reactions which use electrons derived from three molecules of reduced pyridine
nucleotide. To accomplish and regulate catalysis, NOSs rely on a variety of
cofactors and prosthetic groups: reduced nicotine adenine dinucleotide phosphate
(NADPH), flavin adinine dinucleotide (FAD), flavin mononucleotide (FMN),
iron protoporphrin IX (heme), tetrahydrobiopterin (BH4), and calmodulin (CaM).
Although each of these factors are individually utilized by other mammalian
enzymes, NOSs are unique in requiring all simultaneously. The present under-
standing of NOS catalytic mechanisms was spurred by the recognition of require-
ments for specific cofactors and an appreciation of how these species function
within other enzymes.

Analysis of the deduced amino acid sequence of nNOS cDNA, the first cloned
member of the NOS gene family, immediately suggested a bidomain protein
structure [12]. A canonical 25-35 residue CaM binding motif was observed to

NHa 4 _NH, NH, NOH NH, 0
il 1NADPH NaDP* Y, NADPH ', NADP*
NH o, H,0 0, ;0 NH
o M—)Bm + NO
nitric  oxide
*+NH, Ccoo" +NHg coo- +NH, coo-
L-arginine NG-hydroxy-L-arginine L-citrulline

Figure 3-1. Reaction mechanism and stoichiometry for the two-step oxidation of
L-arginine by the NOS protein family.
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bridge a C-terminal reductase-related polypeptide with a presumed N-terminal
substrate-binding (oxygenase) polypeptide. This pattern was preserved in the
subsequently cloned iNOS [13] and eNOS [14,15] isoforms. Later, functionality
of the isolated reductase and oxygenase domains from nNOS was established
[16-18]. The bidomain structure of NOSs could be further dissected into a series
of functional subdomains, discrete structural “modules” which are likely to have
originated through a process of duplication, rearrangement, and fusion of ancestral
genetic building blocks. The modular structure of NOS proteins is consistent
with intron/exon boundaries identified within the cloned NOS genes [19-21].
Alignment of domains and subdomains within the three mammalian NOS iso-
forms and some related homologs are depicted in Fig. 3-2.

It is now understood that the reductase domain serves to funnel reducing
equivalents from NADPH, through the flavins, to heme—iron within the oxygenase
domain, where molecular oxygen is activated for catalysis. Binding of CaM to the
“bridge” between reductase and oxygenase domains is essential for interdomain

MODULAR STRUCTURE OF NITRIC OXIDE SYNTHASES

Figure 3-2. Linear schematics which depict the domain structure of the three mammalian
NOS proteins and their relationship to protein homologs. Numbers beneath the modules
in NOS and cytochrome P-450 reductase indicate their respective exon origins. Target D
refers to an N-terminal targeting domain identified in nNOS and eNOS, which has not
yet been examined for function in iNOS.



Nitric Oxide Synthases and Their Cofactors / 55

electron flux [22]. The perpetual activation of iNOS is explained by its remarkably
high affinity for CaM; CaM binding to iNOS is sustained at all levels of intracellu-
lar Ca** concentration and is even stable to boiling in SDS/PAGE sample loading
buffer [23].

As isolated, NOSs are predominantly homodimeric proteins comprising sub-
units of 160 kD (nNOS [24-26], 130 kD (iNOS [27]), and 133 kD (eNOS [28]).
In vitro dissociation of iNOS into subunits has been shown to result in a complete
loss of activity, concomitant with the dissociation of heme and BH4 [29]. Al-
though it is likely that a similar quaternary structure is also required for activity
of nNOS and eNOS, this has not formally been established. Interestingly, the
activity and the dimeric structure of iNOS can be reconstituted upon incubation
of subunits with L-arginine, heme, and BH4 [29]. Because analytical ultracentrifu-
gation studies reveal an equilibrium in the distribution of monomer/dimer (nNOS)
and monomer/dimer/tetramer (eNOS) (P. Martasek and B.S.S. Masters et al.,
unpublished communication), subunit assembly could be a significant site for
regulation of NOS activity in vivo. The posttranslational sequence of events
culminating in subunit assembly, and factors which modulate this important
process, await clarification.

Bacterial expression of NOS fragments and tryptic cleavage studies of holo-
NOSs reveal the presence of dimerization sites within the oxygenase domains
of nNOS, eNOS, and iNOS [17,18]. Although the isolated reductase domain of
nNOS and iNOS appears incapable of dimerization, dimerization of the reductase
domain of eNOS may be possible [30]. Thus, NOSs probably assemble in a
head-to-head manner. Complementation studies, where one subunit of a chimeric
iNOS heterodimer has its reductase domain deleted and the other subunit pos-
sesses a dysfunction in its oxygenase domain that precludes BH4 binding, raise
the possibility that electron flux can crisscross between subunits [31]. If correct,
this mechanism offers a clear basis for the observed reliance of activity on dimer-
ization.

3. NOS Cofactors and Prosthetic Groups
3.1. NADPH and Flavins

The reductase domain of the NOSs comprises the C-terminal 600—700 amino
acids, encoded by NOS gene exons 15-29 (nNOS), 14-26 (iNOS), and 13-26
(eNOS). Residing within this domain are identified consensus binding sites for
NADPH (both ribose and adenine moieties), FAD, and FMN (both isoalloxazine
ring and pyrophosphate moieties). In NOS-containing cytosol from immunostimu-
lant-activated murine macrophages, even before NO was established as the pri-
mary product of the arginine-derived nitrite pathway, NADPH was appreciated
as the sole reductant that could support this pathway. The presumptive NADPH
binding site on NOS and mode for transmission of reducing equivalents from
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NADPH was deduced after cloning of the neuronal NOS (nNOS) gene [12]. The
amino acid sequence of the C-terminal half of nNOS was noted to be homologous
with only one mammalian protein, cytochrome P-450 reductase (CPR; 58%
identity). CPR is a FAD/FMN-containing enzyme which serves mammalian cells
by providing NADPH-derived reducing equivalents to the evolutionarily diverse
and extensive P-450 monooxygenase gene family. Whereas CPR and P-450
monooxygenases carry distinct reductase and oxygenase activities in their respec-
tive polypeptide sequences, the NOSs possess both activities in a single polypep-
tide, making them catalytically self-sufficient. Prior to the discovery of NOSs,
CPR was the only mammalian enzyme known to contain both FAD and FMN
within a single polypeptide, although precedent was found in several bacterial
enzymes which additionally contain NOS-like oxygenase domains (i.e., nitrite
reductase, sulfite reductase, and the unusual P-450 monooxygenase BM-3 from
Bacillus (B.) megatarium [32]).

Cytochrome P-450 reductase itself has been dissected into two subdomains
based on a remarkable degree of homology with FMN-containing electron trans-
ferases (e.g., bacterial flavodoxins) and FAD/NADPH-containing transhydro-
genases (e.g., plant ferredoxin-NADP" reductase; FNR) [32,33]. Because high-
resolution three-dimensional crystal structures have been obtained for flavins in
complex with FNR and flavodoxins [34], binding sites and structure of these
single flavin-containing enzymes have been established with rigor. Fusion of
such ancestral flavoproteins within a single polypeptide, initially appreciated as
the evolutionary origin of CPR [32], more recently NOS, is affirmed by identifica-
tion of the distinct boundaries between FMN and FAD/NADPH subdomains.
Moreover, homology with CPR and ancestral flavoproteins defines the specific
amino acid residues within NOSs which are most certainly engaged in binding
of pyrophoshate groups and isoalloxazine rings of NADPH, FAD, and FMN. It
is notable that FMN ring-shielding aromatic residues are also 100% conserved
among the flavodoxins, CPR (Tyr-140 and Tyr-178), and all NOSs; these serve
to maintain a hydrophobic environment for effective interflavin electron tunneling
and may participate in 7-w stacking [35]. Also conserved between NOSs and
CPR is a =120 amino acid insertion within the FAD subdomain that is not present
in proteins containing a single flavin and which likely provides the needed
orientation for efficient electron flux between flavin subdomains [32].

By analogy with CPR, whose enzymology has been studied in detail [36], the
reductase domain of NOSs has evolved to accomplish at least two pivotal func-
tions. One is to deliver electrons to the oxygenase domain’s heme—iron, one-by-
one, from an obligate two-electron donor, NADPH. This is made possible by
the unusual ability of flavins to accept two electrons and donate them singly.
Studies of CPR establish that electrons flux from NADPH through FAD to FMN,
in that order [36], a sequence which is assuredly preserved in NOSs. Second,
the capacity of the flavins to store up to four electrons (two per flavin) provides
a reservoir for the odd electron which remains after an initial cycle of NO
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generation, for use in the subsequent cycle (appreciate that three NADPH mole-
cules donate six electrons; however, only three electrons are used per mole of
NO formed). It is not surprising therefore that, as isolated, NOS has been shown
to contain a stable flavin radical, presumably FMNHe [37].

Oxidoreductases, to varying degrees, all engage in uncoupled electron transfer
(i.e., delivery of electrons to acceptors other than the natural substrate). For
nNOS, this “inefficiency” in utilization of reducing equivalents is exaggerated
under conditions where L-arginine or BH4 are limiting [38], resulting in substan-
tial production of superoxide anion from O, [39,40]. Notably, uncoupled genera-
tion of superoxide by iNOS is less pronounced than for nNOS (one-sixth [40]).
Because superoxide reacts at a near-diffusion-limited rate with NO to form the
reactive metabolite peroxynitrite, NOS uncoupling may contribute significantly
to NOS-mediated pathophysiology. Uncoupled electron transfer also confers
NOSs with the ability to reduce cytochrome c, ferricyanide, and dyes such as
dichlorophenolindopenol (DCIP) and nitrobluetetraziolium (NBT), typically at
rates far exceeding those observed for maximal NO formation. The selective
ability of NOSs in aldehyde-fixed tissues to reduce NBT to an insoluble blue
dye, formazan (i.e., NADPH diaphorase activity), has been used as an effective
histochemical stain for NOS localization [41,42] (Chapter 7).

Potentially, NADPH-derived electrons may “leak” to alternate acceptors from
either FAD, FMN, or heme. In actuality, however, heme appears to be the only
significant site of superoxide generation as this can be blocked by arginine analogs
[43,44] and iron-binding agents [45]. Just as coupled electron transfer to arginine
requires CaM, the ability of nNOS to reduce O, has been shown to be accelerated
100-fold by CaM [40]. In contrast to O,, several other electron acceptors appear
to be directly reduced by the flavins, principally FMN, in a manner which is
either CaM dependent (cytochrome ¢ [16,44,46]) or CaM independent (DCPIP
and NBT [47]).

It is unlikely that flavin availability ever serves to limit NOS activity in a
physiological setting. Although not covalently bound, FAD and FMN are bound
tightly to NOS and typically copurify in equimolar quantities with NOS subunits
from mammalian cells. The site, timing, and binding constants for insertion of
flavins into maturing NOS subunits remains to be elucidated.

3.2. Calmodulin

The NOSs are the first enzymes in which CaM has been shown to gate electron
flux [40]. This presumably reflects the ability of CaM to align the reductase and
oxygenase domains of NOSs for productive interdomain electron transfer, from
FAD to heme. Nonetheless, CaM has also been shown to promote interflavin
electron transit [22], which may be essential for heme reduction. CaM binding,
initiated by increased levels of intracellular Ca*, serves as the principal means
for activating eNOS and nNOS activity; in contrast, iNOS is perpetually active
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by virtue of its ability to bind CaM in a Ca**-independent manner. An appreciation
that nNOS requires calmodulin for activity was enabling for the first purification
of a NOS isoform by Bredt and Snyder [24].

Calmodulin-binding domains in NOSs are prototypic in their canonical content
of basic and lipophillic amino acids. They span 25-35 amino acids and each
arises from two exons, the second of which contributes the N-terminal aspect of
the FMN subdomain. Thus, it is likely that CaM binding has evolved from an
ancestral FMN-containing flavoprotein. Alignment of the CaM-binding domains
in NOS isoforms suggests that eNOS has a 4 amino acid deletion near its
N-terminus, conceivably resulting in reduced affinity for calmodulin relative to
nNOS. Nonetheless, using a solution phase ['*1]-CaM-binding assay, performed
in the presence of Ca®, we have found comparable equilibrium dissociation
constants for equilibrium binding to purified rat nNOS and bovine eNOS (3-5
nM; Q. Liu and S. Gross, unpublished). Based on measurements of fluorescence
quenching, nNOS was previously reported to bind CaM with a 1 nM Kd [16].
In another study, a 23 amino acid peptide from the binding site of nNOS was
found to bind CaM in a 1 : 1 ratio and 2-3 nM Kd in the presence of calcium
[48]. Two-dimensional NMR and circular dichroism measurements suggest that
upon interaction with CaM, the nNOS CaM-binding site assumes an o-helical
conformation, essentially identical to that previously shown for the CaM site of
myosin light-chain kinase [48].

Calmodulin is a 17-kD protein composed of an eight-turn central o-helix,
flanked by globular N- and C-terminal Ca*-binding lobes. Upon Ca** binding,
these globular lobes compact, exposing sequestered hydrophobic and acidic amino
acids that engage in binding to target sites [49]. It is notable that each lobe of
CaM has been shown to independently bind to nNOS [50]. Although the C-lobe
of CaM binds Ca** with =10-fold greater affinity than the N-lobe [51], and thus
should bind first in response to rising levels of intracellular Ca*, binding of the
N-lobe is essential for nNOS activation [52]. Based on kinetic studies of CaM
binding and activation of purified nNOS and eNOS (Weissman, Jones, Liu,
Persechini, and Gross, unpublished), the following sequential steps are proposed:
(1) Ca* binds to CaM’s C-lobe, exposing hydrophobic and acidic binding resi-
dues, (2) the C-lobe of CaM binds NOS, (3) Ca* binds to the N-lobe of NOS-
bound CaM, exposing N-lobe NOS-binding residues, and (4) the N-terminal lobe
of CaM binds NOS. Notably, NOS activation would occur only after Step 4.
Deactivation of nNOS, upon intracellular Ca* sequestration, would proceed in
reverse order, allowing for some CaM to be bound to inactive nNOS solely via
the C-lobe. Whether occupancy of one or both of the CaM sites on NOS dimers
is a minimum requirement for NOS activation remains to be ascertained.

Studies of CaM binding to chimeric eNOS and iNOS, in which isoform-specific
CaM-binding sites have been exchanged, reveal that the Ca* dependence of
binding is contributed largely by the cognate CaM-binding sequence; however,
the protein backbone in which the CaM site resides is also a determinant [53].
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A possible clue as to the role of the NOS backbone in CaM binding (i.e., sites
external to the CaM-binding site itself) is provided by comparative alignment of
amino acid sequences in NOSs and related flavoproteins. Unique to the Ca*
dependent isoforms of NOS (both nNOS and eNOS), a =45 amino acid peptide
insert is observed in the FMN-binding domain; this peptide is conspicuously
absent from iNOS and all otherwise homologous flavoproteins. Because CaM-
dependent enzymes protypically contain an autoinhibitory sequence which is
disengaged upon CaM binding, we examined whether the unique peptide serve
an analogous function for cNOSs [6].

Computer-assisted three-dimensional modeling of the FMN domain of nNOS
and eNOS, based on homology to bacterial flavodoxins with crystal structures
that have been solved at high resolution, suggests domain overlap between the
peptide insert and NOS-bound CaM. This predicts that CaM binding to nNOS
(and eNOS) would be sterically hindered by the putative autoinhibitory domain.
Consistent with this view, synthetic peptides contained within the FMN domain
polypeptide insert of both eNOS and nNOS were found to potently block ['*I]-
CaM binding and activation of NOS. Binding of CaM is thus suggested to displace
the autoinhibitory peptide to elicit NOS activation. This view is also consistent
with studies of limited NOS proteolysis. Although tryptic cleavage of nNOS in
the absence of CaM results almost exclusively in the bissection of NOS at its
CaM-binding site, tryptic cleavage in the presence of CaM occurs predominantly
within the putative autoinhibitory peptide. Some pressing questions await an-
swers: Where does the autoinhibitory peptide bind within NOS? Is dysinhibition
the sole function of calmodulin? Does the phosphorylation status of the autoinhibi-
tory peptide regulate its ability to bind and, hence, restrict catalysis (as is the
case for CaM kinases [54])?

3.3. Heme

Macmillan et al. were first to show a heme prosthetic group in NOSs, as revealed
by a CO-induced 445-nm chromophore that is characteristic of the ferrous—
carbonyl complex [55]. Several labs have shown that heme is present in purified
nNOS and that stoichiometric quantities of heme are needed to obtain full catalytic
activity [37,55,56]. Moreover, NOS activity can be abolished by exposure to
heme-binding ligands such as CO in the presence of NADPH [56], imidazoles
[57], and arginine analogs known to additionally bind heme [44], suggesting
heme to be the site of oxygen activation for oxidation of substrate. The interaction
of arginine with heme in nNOS is indicated by an arginine-induced “type I”
difference spectrum [58], arising from a shift in the iron from low-spin to high-
spin states. Resonance Raman spectra demonstrate that heme coordination is
pentavalent and verify that thiolate serves as a fifth axial ligand [59]. Heme
function in NOS catalysis of L-arginine to N®-hydroxy-L-arginine is considered
to be mechanistically analogous to P-450c,y, whereas the precise function of heme
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in the second oxygenation step is more speculative [1]. Mutation complementation
studies raise the possibility that both hemes on dimeric NOS may function as a
single active site [31].

Inasmuch as NO has extremely high avidity for heme, it is not surprising that
NO has been reported to inactivate NOS by serving as a sixth axial ligand to
heme [3-5]. The real dilemma is to explain how NOS largely manages to escape
permanent inactivation by its own product. Speculations include that heme reactiv-
ity is prevented by water (as hydroxy-heme), prior to the diffusion of NO from
the enzyme active site [1] and that nitroso-heme is formed, but reactivation
rapidly ensues by a mechanism involving BH4 [3].

Tentative identification of the specific cysteine residues in NOS isoforms
involved in heme coordination was based on the observed correspondence to the
consensus motif FXXGXXXCXG found in P-450s and related enzymes [55].
Confirmation that Cys415 of rat nNOS serves as the axial heme-thiolate ligand
was obtained by site-directed mutagenesis [60]. A similar mutational analysis
supports the view that the homologous cysteine in bovine eNOS (Cys186) also
provides the fifth ligand to heme [61]. This cysteine is conserved in all isoforms
of NOS and in human iNOS and eNOS, corresponds to Cys200 and Cys184,
respectively. Exons encoding the heme-thiolate-containing sequence of NOSs
are also highly conserved; each encodes a 54 amino acid sequence corresponding
to exon 6 (nNOS and iNOS) or exon 4 (eNOS) (see Fig. 3-2).

3.4. BH4

Prior to the discovery of NOS’s heme cofactor, BH4 was identified as an absolute
catalytic requirement [62,63]. By analogy with all known enzymes that use
this pterin cofactor, phenylalanine hydroxylase being the best studied [64], the
prediction was that BH4 would prove to be redox active in NOSs, serving to
activate O, for catalysis. This view was challenged by a striking difference in
BH4 function for NOSs and the aromatic amino acid hydroxylases: Whereas
aromatic amino acid hydroxylation requires stoichiometric quantities of BH4,
NO production can be sustained with catalytic quantities of BH4, in the absence
of a dihydropteridine reductase for continued regeneration of reduced pterin
cofactor [65]. Thus, either NOS possesses an inherent dihydropteridine reductase
activity of its own or NOSs use a BH4-independent mechanism to activate O,.
Although the former possibility remains untested, the identification of heme’s
presence and function in NOSs support the latter view. The precise function for
BH4 has been elusive and is perhaps the least understood aspect of NOS catalysis.

That the oxygenase domain of NOSs contains the BH4 binding site was first
shown in studies of isolated domains. As discussed above, trypsin preferentially
cleaves a site within the CaM site of nNOS [16], iNOS [17], and eNOS (Q. Liu
and S. Gross, unpublished). Spectral characterization of the N-terminal heme-
containing tryptic fragment of nNOS by Sheta et al. [16] (rat nNOS, ) and the
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homologous recombinant peptide expressed in bacteria [60], revealed a type 1
difference spectra upon addition of either arginine or BH4, confirming the pres-
ence of respective binding sites. Tryptic fragments of iNOS were similarly shown
to bind arginine, CO, and imidazole [17].

One, but perhaps not the only, role for BH4 in NOS appears to be as an allosteric
effector. Radioligand-binding studies with [*H] N®-nitro-L-arginine (NNA), a
selective NOS inhibitor, have been used to probe the arginine site of rat nNOS
[66,67]. Because BH4 is largely retained in NOS after its purification, the impor-
tance of BH4 for modulation of the arginine-binding site was not fully appreciated
in these initial reports. However, studies of NNA binding to BH4-depleted iNOS
revealed that BH4 is an absolute requirement for specific NNA binding to occur
[33]. It is notable that the potency of tetrahydropterin analogs for eliciting NNA
binding correlates with their relative abilities to support catalysis by iNOS (S.
Gross, unpublished). Similar results were obtained using a truncated oxygenase
domain comprising nNOS,y 7, expressed in Escherichia coli. This NOS fragment
bound NNA with a similar high affinity to that observed with native holo-nNOS
(50 nM) and, again, BH4 was found to be essential for binding [18]. This confirms
by direct measurement that binding sites for BH4 and arginine reside within
nNOS; 71 and homologous sequences of other NOS isoforms. Recognition of
a 160 amino acid sequence within the oxygenase domain of nNOS with apparent
homology to the pterin-binding enzyme dihydrofolate reductase [18] raised the
possibility that this “DHFR module” (rat nNOSsss_751, see Fig. 3-2) was the site
of BH4 binding. Such a localization of the BH4-binding site is also suggested
by mutational studies of iNOS performed by Nathan and colleagues [68]. Nonethe-
less, although the putative DHFR module was observed to bind NNA, albeit at
lower affinity than holo-nNOS, binding was observed to be BH4 independent
[18]. These findings suggest that some additional N-terminal amino acid sequence
is needed for high-affinity substrate binding and to confer modulation of the
arginine site by BH4.

Itis notable that E. coli cannot synthesize BH4; thus, in contrast to NOS purified
from mammalian cells, bacterial-expressed NOSs are pterin-free. Consistent with
this distinction, binding of NNA to bacterial expressed nNOS [69] and eNOS
[70] have been shown to depend on BH4, at least in part. Additional evidence
for an allosteric modulation of NOS by BH4 comes from studies by Stuehr and
colleagues, who show that reassembly of iNOS subunits into dimers requires
BH4 (in addition to heme and L-arginine). Although these studies clearly define
BH4 as an allosteric modulator of NOSs, an additional redox role cannot be
ruled out.

Induction of iNOS by cytokines and immunostimulants occurs concommitantly
with induction of BH4 synthesis in many cell types. Indeed, studies in fibroblasts
[71], endothelial cells [72], vascular smooth muscle [73], and various other cell
types have shown that induced BH4 synthesis is essential for the activity of co-
induced iNOS. This requirement for de novo BH4 synthesis to support the high-
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output NO pathway has similarly been observed in vivo. It is noteworthy that BH4
availability may be rate limiting to the high-output NO pathway. Accordingly, NO
production by immunostimulant-activated cells can be further increased twofold
to threefold upon supplementation with excess BH4 [73]. Induction of BH4
synthesis by immunostimulants occurs, at least in part, by transcriptional upregula-
tion of the gene-encoding GTP cyclohydrolase I (GTPCH), the first of three
enzymes involved in conversion of GTP to BH4 [74]. The molecular basis
for coordinate induction of iNOS and GTPCH gene transcription remains to
be explored.

4. Conclusions

Nitric oxide synthases represents perhaps the most complex class of enzymes
yet identified. Their ability to catalyze a five-electron oxidation of a nitrogen,
leading to a free radical, is unprecedented in biochemistry. A remarkable modular
structure hints at their evolutionary heritage, and the cofactors that drive their
function offer clues to catalytic mechanisms. It is only the immense importance
of NOSs to biology which could have provoked such progress in understanding
their structure/function, during the brief period since discovery. These insights
will undoubtedly assist in disclosing roles for NO and its regulation in the kidney,
during health and disease.
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Regulation of the NOS Gene Family

Andreas Papapetropoulos and William C. Sessa

1. Introduction

The nitric oxide synthase (NOS) family of proteins catalyze the five-electron
oxidation of L-arginine to generate nitric oxide (NO) and L-citrulline [1]. The
three prototypical NOS isoforms, neuronal NOS (nNOS or NOS 1), inducible
NOS (iNOS or NOS 2), and endothelial NOS (eNOS or NOS 3) are coded for
by three distinct genes in the mammalian genome [2—4]. The recent discoveries
of genes for new NOS isoforms in lower species [S] suggest that NO plays a
role in basic cellular processes, in addition to the complex functions attributed
to NO in mammalian cell biology. As there are several excellent reviews discuss-
ing the historical perspectives, pharmacology, and biochemistry of NOS and NO,
this chapter will focus on recent advances in the molecular regulation of NOS
expression [1,6—8].

2. General Features and Nomenclature of NOS Isoforms

In general, NOS 1 and NOS 3 are basally expressed and activated by elevations
in cytoplasmic calcium in specific cells types, and NOS 2 is transcriptionally
induced by immune activators such as cytokines and is not further activated by
increases in cytoplasmic calcium [6]. This paradigm led researchers to group
NOS 1 and NOS 3 as “constitutive and calcium-dependent NOSs” and NOS 2
as “inducible or calcium-independent NOS.” However, because recent data show
that NOS 2 in certain cell types is “constitutively” expressed whereas NOS 1
and NOS 3 can be induced transcriptionally (see below) and, under certain
conditions, calcium-dependent NOS 3 can become activated independent of rises
in cytoplasmic calcium [9-11], this old nomenclature is misleading and should
be replaced either with historical nomenclature based on the cell type used for
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the original cDNA cloning of the representative NOS isoforms (nNOS, iNOS,
and eNOS) or a less cell-based nomenclature, based on the genetic isoform
expressed (NOS 1, 2, and 3). The latter nomenclature will be used throughout
the text.

3. Cloning and Organization of NOS Genes

After the cloning of cDNAs for NOS isoforms from several species between
1991 and 1993 [12-23], it became evident that the NOS family of proteins would
comprise a gene family. NOS proteins share approximately 50% amino acid
sequence identity with NOS 1 and NOS 3 (isoforms dependent on exogenous
calcium and calmodulin for activation), sharing the highest degree of identity
(60%). Within each isoform group, there is a high degree of amino acid identity
(80-94%) across species, demonstrating that the differences in each group are
species related and not due to the existence of different enzymes or genes.
Within cofactor-binding regions of NOSs (i.e. heme, calmodulin, FMN, FAD,
and NADPH) domains, there is a very high degree of conservation among the
proteins [8].

The similarity in primary protein structure also transcends to similar genomic
organization. The cloning and mapping of the three representative NOS genes
demonstrate distinct loci for NOS 1 (12q24.2), NOS 2 (17q11.2—-q12), and NOS 3
(7935-q36) in the human genome [4,24,25]. Although on separate genes, the
intron/exon boundaries of the three genes and number of exons are very similar,
suggesting a recent gene duplication event and subsequent translocation of NOS
DNA to different chromosomes. The molecular reasons for such similarity in
gene structure yet such diversity in chromosomal location of related proteins are
not known. For readers interested in detailed organization of NOS genes, a
comprehensive review of the molecular diversity of NOS gene structure has
recently been provided [26].

4. NOS 1

The neuronal type of nitric oxide synthase (NOS 1) was the first of the three
isoforms to be cloned [12]. Although its name implies restricted expression of
this isoform to neuronal tissues, it is now well established that NOS 1 is expressed
outside the central and peripheral nervous system. NO in the central nervous
system has been implicated in long-term synaptic depression, long-term potentia-
tion, and glutamate neurotoxicity and is implicated as a nonadrenergic noncholin-
ergic neurotransmitter in the peripheral nervous system [27]. The expanding list
of neurons that express NOS 1 include basket and granule cells in the cerebellum,
interneurons in the striatum, cortex, and hippocampus, and neurosecretory neurons
in the hypothalumus [27]. Extraneuronal tissues displaying NOS 1 immunoreac-
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tivity, mRNA transcripts, and/or activity are the skeletal muscle, pancreatic §
cells, the pituitary gland, the adrenal medulla, epithelial cells, the macula densa,
and distal nephron in the kidney and the male sex organ [26]. In addition, we
have recently detected the presence of NOS 1 mRNA and protein in cultured rat
macrovascular and microvascular endothelial cells (A. Papapetropoulos and W.C.
Sessa, unpublished observations). As is a common theme for all NOS isoforms,
the mRNA and protein is found in cells types where the functional role of NO
is not yet discovered.

The human NOS 1 gene occupies more than 160 kb of DNA and consists of
29 exons and 28 introns [2]. Sequencing of the 5’-flanking region of the NOS 1
gene expressed in neurons reveals the presence of multiple potential cis-acting
elements such as AP-2, TEF-1/MCBF, CREB/ATF/c-fos, NRF-1, Ets, NF-1 and
NF-kB binding motifs. However, its still unclear which of these elements in the
promoter/enhancer region, if any, contribute to the transcriptional regulation of
nNOS expression. In the only published report on the regulation of promoter
activity, phorbol esters increase luciferase activity in reporter constructs transfec-
ted into HeLa cells [28].

Few examples of the regulation of NOS 1 expression induced by pharmacologic
agents, second messenger pathways, and physiologic or pathophysiologic states
exist. To date, most of the studies have focused on the regulation of NOS 1 in
intact animals without investigating the cellular and molecular basis for this
regulation. In a study by Herdegen et al. [29], transection of the medial forebrain
bundle and mamillothalamic tract of rats led to increases in NOS 1 mRNA levels;
80% of the NOS 1 immunoreactive neurons stained for the transcription factor
c-jun. In a different study, occlusion of the middle cerebral artery in rats increases
NADPH-diaphorase activity, nNOS immunoreactivity, and mRNA levels [30].
The mechanism of this increase is not known. Estrogen administration increases
calcium-dependent NOS activity in the heart, kidney, skeletal muscle, and cerebel-
lum of female guinea pigs as well as steady-state levels of NOS 1 mRNA levels
in skeletal muscle [31]. Kadowaki et al. [32] reported that salt loading led
to increases in NOS 1 mRNA levels and NOS activity in the supraoptic and
paraventricular nuclei in the hypothalamus and in the posterior pituitary gland.
Finally, exposure of rats to hypoxia enhances NOS 1 and NOS 3 gene expression
in the lung [33]. All of the above-mentioned studies demonstrated that NOS 1
expression is dynamically regulated in the context of the intact organism. How-
ever, the molecular mechanisms of induction in all the studies need further
elucudation, perhaps in vitro or in transgenic animals.

An alternative form of molecular diversity found in the NOS 1 gene is the
appearance of multiple transcripts. Some of them result from the usage of different
transcriptional start sites, whereas others are generated by alternative splicing of
pre-mRNA. Heterogeneity in exon 1 is observed in NOS 1 transcripts isolated
from human tissues [2,34]. Seven different first exons are spliced to a common
second exon. As the translational start site is found within exon 2, all of these
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transcripts should give rise to the same protein. Each of the alternative forms of
exon 1 is flanked by its unique 5’-upstream sequence; thus, there is the possibility
of unique promoters driving the NOS 1 expression. Xie et al. identified two
separable promoter elements that drive luciferase expression in transfected cells
[35]. The advantage of such complexity is not obvious, but it may facilitate
tissue-specific and/or developmental regulation of NOS 1 expression. Differences
in the 5’-untranslated region (5" UTR) in the NOS 1 mRNAs may regulate mRNA
processing, localization, stability, or translational efficiency. It should be noted
that NOS 1 expression appears to be developmentally regulated in the rat lung
[36]. In addition to the differences in the 5° UTR of NOS 1 mRNA, cassette
deletions of exons 9/10 and 10 have been demonstrated in human and murine
tissues and human cell lines [2,34,37]. Alternative splicing results in an mRNA
species that is 315 bps (base pairs) shorter (exons 9/10). This form is expressed
at lower levels in many areas of the nervous system and gives rise to a protein
lacking 105 amino acids located at the amino terminal of the calmodulin-binding
domain. This shorter NOS protein retains NADPH—diaphorase activity, although
it is unable to convert arginine to citrulline [38]. Splice variants lacking exon
10 have also been described but are expected to yield an inactive protein because
a premature stop codon is introduced. Whether these alternatively spliced NOS
I mRNAs are translated in vivo remains to be elucidated. Recently, Silvagano
et al. [39] reported a novel NOS 1 protein that they termed nNOSp, which is
expressed only in differentiated skeletal muscle. nNOSp contains an extra 102
bps between exons 16 and 17. Although it carries 34 additional amino acids at
the carboxy side of the calmodulin-binding domain, it has similar catalytic activity
with that expressed in the rat cerebellum. The neuronal isoform of NOS has been
previously localized in skeletal muscle, and under normal conditions is membrane
associated via a PDZ domain found in the amino terminus [40,41]. The PDZ
domain contains the signature amino acid motif, GLGF, and is found in a diverse
series of proteins such as protein tyrosine phosphatases and junctional proteins
like ZO-1. This motif facilitates NOS 1 interaction with ol-syntrophin and
dystrophin and recruits the protein into the sarcolemma of skeletal muscle. The
sarcolemmal membrane association of NOS 1 is lost in humans who have Du-
chenne muscular dystrophy and in a mouse model of the disease [42]. The
functional relevance of such an interaction is not clear but may relate to the
ability of NO to influence the mechanical properties of skeletal muscle.

5. NOS 2

Unlike NOS 1 and NOS 3, the expression of NOS 2 has been documented in
almost all cells studied so far. NOS 2 is transcriptionally regulated and can be
detected following cytokine or bacterial lipopolysaccharide (LPS) stimulation
[7]. Cells capable of expressing NOS 2 include, but are not limited to, neutrophils,
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macrophages, vascular smooth muscle, endothelium, messangial cells, cardio-
myocytes, hepatocytes, lympocytes, glia and neurons, chondrocytes, platelets,
and epithelial cells, as well as tumor cells [43-45]. In general, cells de-
rived from rodents are more easily stimulated to produce NO than human cells,
at least in vitro. Recently, there is increasing evidence for “constitutive” expres-
sion of NOS 2 in certain cells (airway and renal epithelium, microvascular
endothelium, and cell lines such as PC-12, T84, AM) both in vivo and in vitro
[46-48].

Proinflammatory cytokines that increase NOS 2 transcription and NO produc-
tion are tumor necrosis factor-o. (TNF-q), interleukin-1 (IL-1), IL-2, and inter-
feron-y (IFN-7). It should be noted that cytokine potency and efficacy differ with
the cell type studied, and frequently cytokine combinations, with or without LPS,
exert a synergistic effect. Many different classes of molecules can either increase
or decrease steady-state iNOS mRNA and/or protein levels. Among them are
inhibitory cytokines (IL-4, IL-8, IL-10, IL-13), peptides, and growth factors
platelet-derived growth factor, transforming growth factor-B; (TGF-p), angioten-
sin-II], redox-based transcription factor inhibitors (pyrrolidine dithiocarbamate),
tyrosine kinase inhibitors (genistein, tyrphostins, erbstatin A), cytoskeleton-modi-
fying agents (colchicine, nocodazole, taxol), second messengers and second-
messenger pathway activators (CAMP, cGMP, phorbol esters, and phosphatase
inhibitors), hormones, glucocorticoids (dexamethasone), immunosuppressant
(cyclosporin A), and anti-inflammatory drugs (aspirin). The above list is by no
means complete and readers are referred to recent reviews [43,44,49,50]. Herein,
we will discuss only agents for which the molecular mechanisms have been
elucidated in some detail. Moreover, as many agents may act differently depend-
ing on the species studied and/or cell type used, the regulation of NOS 2 expression
will be discussed in a cell-specific context (for example, TGF-§ inhibits LPS
and cytokine-induced NOS 2 expression in murine macrophages and rat aortic
smooth muscle cells but potentiates the induction in 3T3 fibroblasts and bovine
retinal pigmented epithelial cells [51-53]). Regulation of NOS 2 expression will
be discussed in murine macrophages, rat vascular smooth muscle cells, and human
epithelial cells.

Most of the work on the regulation of NOS 2 expression has been performed
using freshly isolated murine macrophages or macrophage cell lines. Expression
of NOS 2 in these cells mediates their cytotoxic actions and plays an important
role in the immune response [6]. Cloning of a 1.7-kb fragment flanking the
transcriptional start site of the murine gene reveals several putative transcription
factor binding sequences including ten IFN-y response elements (IFN-RE), three
v-activated sites (GAS), two consensus sequences for nuclear factor-kB (NF-kB)
binding, and four for NF-IL6, two TNF-o-response elements (TNFo.-RE), two
activating protein-1 binding motifs (AP-1), three interferon-o-stimulated response
elements (ISRE), and a basal transcription recognition site (TATA box [54,55]).
Many of these elements are also present in the human NOS 2 promoter [56]. Initial
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experiments using deletion constructs of the murine promoter placed upstream of
a luciferase reporter gene revealed two regions (—48 to —209 and —1029 to —913)
containing cis-acting elements important for regulation of NOS 2 transcription
[55]. The —48 to —209 region is responsible for transcriptional regulation in
response to LPS, whereas the —1029 to —913 region, in spite of not being able
to increase luciferase activity by itself, potentiates luciferase activity by 10-fold
in response to IFN-y. These data help explain the synergy afforded by LPS and
IFN-y in the induction of NOS 2 at the molecular level. Additional studies,
confirmed the finding that the proximal region of the promoter (-85 to —76) is
essential for LPS-induced NOS 2 transcription and identified p50/c-rel and p50/
RelA heterodimers as components of the NF-kB-trans acting factor [57]. A
different series of experiments, confirmed that a cluster of four enhancer elements
known to bind IFN-yresponsive transcription factors (—951 to —911) are important
for NOS 2 transcription [58]. Mutations in two nucleotides in the interferon-
regulatory binding factor site (IRF; —913 to —923) in the context of the full-
length promoter ablated the synergistic action of IFN-v in the transcription of
NOS 2. Electrophoretic mobility gel shift assays reveal a binding complex recog-
nized by an anti-IFN-y regulatory factor-1 (IRF-1) antibody in the nuclei of
IFN-y-treated macrophages. In yet another study, macrophages from mice with
targeted disruption of the IRF-1 gene fail to respond to stimulation by increasing
NOS 2 mRNA and nitrite production [59]. In addition to the positive data obtained
about the involvement of the above-mentioned binding sites and transcription
factors in NOS 2 expression, experiments using promoter constructs with the
AP-1 consensus sequence deleted show that this site is not necessary for NOS 2
induction. Melillo et al. recently identified a functionally important hypoxia
responsive enhancer in the murine promoter located at —227 to —209 [60].
Posttranslational regulation of NOS 2 expression also has been described. The
3’ untranslated region of the NOS 2 mRNA contains a “AUUUA” motif which
can potentially destabilize mRNAs. This is reflected by the short half-life of the
NOS 2 mRNA in freshly isolated murine macrophages (approximately 3 h);
however, direct demonstration that this motif affects mRNA destabilization is
lacking. Weisz et al. reported that potentiation of IFN-y-induced NOS 2 gene
expression in RAW 264.7 cells by LPS is due to an increase the half-life of NOS 2
mRNA from 1.5 h in cells stimulated with IFN-y to 6 h in cells treated with both
LPS and IFN-y [61]. In contrast to the stabilizing action of LPS on NOS 2 mRNA
levels in IFN-y-stimulated macrophages, TGF-3 was shown to decrease NOS 2
expression by decreasing mRNA stability [52]. In addition, TGF-§ decreases
translation of mRNA without affecting the rate of transcription, and increases
NOS protein degradation. These actions of TGF-} collectively led to a decrease
in NOS activity even after the protein was expressed. Although the exact mecha-
nism of action of IL-4 is not known, this cytokine decreases NOS 2 steady-state
mRNA levels [62]. There are yet additional means of regulating NOS 2 expression
posttranscriptionally. Expression of a maximally active NOS 2 requires an efficient
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arginine transport mechanism and availability of cofactors such as tetrahydrobi-
opterin (BH, [50]). In particular, BH, is required for the formation of an active
NOS 2 dimer [63]. Most of the enzymes responsible for the synthesis of the
substrate and cofactors are concomitantly induced with NOS 2 following cytokine
treatment. Interference with the induction of either the y* transporter (increases
the uptake of arginine) or GTP-cyclohydrolase I (responsible for the increased
BH, synthesis after cytokine treatment) would decrease the amount of the NO
formed. Although moderatively selective pharmacologic inhibitors for NOS 2
have been developed [64—66], specific inhibition of the NOS activity can be
achieved by modulating the transcriptional and postranscriptional events responsi-
ble for NOS 2 expression.

Another cell type frequently used to study the regulation of NOS 2 expression
is rat vascular smooth muscle (RVSM). The function of NO in this cell type is
not as clear as with macrophages, and the interest of modulating NOS 2 induction
lies primarily in the potential benefits of inhibiting its expression in pathological
states such as septic shock [67]. Although a battery of substances have been
shown to modulate NOS activity (as reflected by arginine to citrulline conversion
and nitrite accumulation), the molecular mechanism of action has been studied
for only a few of them. Analogous to NOS 2 in other cells, its expression in
RVSM is under transcriptional control [68]. Treatment with proinflammatory
cytokines or LPS induces NOS 2 mRNA. However, the exact signal transduction
pathways by which extracellular signals lead to increased gene transcription are
not clear. In RVSM cells, as well as in a variety of other cell types, tyrosine
kinase inhibitors reduce NOS 2 activity, mRNA, and protein levels [69,70]. The
proteins phosphorylated by these kinases in response to cytokines or LPS remain
largely unidentified. A potential mechanism linking cytokine-induced NOS 2
activation to tyrosine phosphorylation has recently been elucidated in rat ventricu-
lar myocytes [71]. Incubation of ventricular myocytes with IL-1 or IFN-y leads
to activation of mitogen-activated protein kinases (ERK1/ERK2) and the tran-
scription factor STAT-1a that binds to a cis-acting element in the promoter region.
Blockade of ERK1/ERK?2 activation inhibits NOS 2 induction by IFN-y and
IL-1B; however, phosphorylation of STAT-1a in the absence of ERK1/ERK2
activation is not sufficient for NOS 2 induction. A similar mechanism for activa-
tion for NOS 2 in macrophages and RVSM is likely. Other second-messenger
pathways, such as cAMP and cGMP, can induce NOS 2 directly or potentiate
the actions of cytokines [72-74]. Many of these pathways, at least in 3T3
fibroblasts, were shown to converge in the activation of NF-xB [75].

Modulators of protein kinase C (PKC) activity and microtubule-depolymerizing
agents also influence NOS 2 expression [76,77]. The latter decrease steady-state
NOS 2 mRNA and protein levels in RVSM, whereas the former act in a cell-
specific manner. Phorbol esters induce NOS 2 in macrophages, fibroblasts, and
hepatocytes, whereas in one report they reduced NOS 2 mRNA in RVSM [75,77-
79]. The precise level of regulation of NOS 2 expression (transcriptional or
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posttranscriptional) by pharmacologic agents affecting the aforementioned signal
transduction pathways is currently unknown.

Recently, Spink et al. [68] reported on the transcriptional control of NOS 2
expression in the RVSM cell line A7r5 using promoter/reporter gene constructs.
A 1.7-kb 5" upstream fragment of the NOS 2 murine gene functions as a promoter
within RVSM but not as efficiently as in murine macrophages. The combination
of IL-1, TNF-a, and IFN-y increase transcriptional activation of the reporter gene
construct in RVSM by 8-fold as compared to the 44-fold increase afforded by
LPS and IFN-y in murine macrophages. In RVSM, a 112-bp region (=890 to
—1002) containing NF-kB, GAS/ISRE, and IRF-1 sites is required for full pro-
moter activity. A major difference in the behavior of the NOS 2 promoter between
RVSM and murine macrophages was shown using promoter constructs that
carried mutations in one or both NF-xB sites: the NF-kB site that was more
important for NOS induction in RVSM was the upstream site (<971 to —962),
whereas, as mentioned earlier, in murine macrophages, the site responsible for
the LPS response was the downstream sequence (-85 to —76). Deletion of both
sites practically abolished induction by the cytokine mixture in RVSM. It should
be noted that the RVSM cell line used was unresponsive to LPS. In addition,
the protein binding to the necessary NF-xB site in RVSM was identified as a
p65 together with an unidentified 50-kDa protein. Postranscriptional regulation
of NOS 2 expression has also been demonstrated in RVSM cells. Imai et al. [74]
showed that the NOS mRNA half-life is 2—3 h in RVSM (comparable to murine
macrophages and endothelial cells) and that treatment with cycloheximide causes
a superinduction of NOS mRNA levels by prolonging its half-life to more than
12 h. Caution should, however, be used when extrapolating these results in
vivo, as neither the synergy between LPS and IFN-y nor the superinduction by
cycloheximide was found in rat aortic strips [80]. TGF-B, similarly to murine
macrophages, inhibits NOS induction in RVSM [81]. However, the only proven
action of TGF-B in RVSM is through a reduction in NOS 2 transcription, a
mechanism different from that observed in the murine macrophages (see above).

Considerably less work on the regulation of NOS 2 expression has been done
using epithelial cells, but there are some important observations made in the
human cell line A549 that are noteworthy. Glucocorticoids are known to inhibit
NOS 2 induction in almost all cell types. However, the mechanism through
which dexamethasone inhibits NOS was only recently described. Dexamethasone
inhibits the binding of the transcription factor NF-kB, but not of AP-1, to the
NOS 2 promoter, thereby inhibiting its transcription [82]. It should be noted that
dexamethasone did not increase the mRNA for the NF-xB inhibitor, I-xB, and
does not reduce the nuclear content of the NF-kB proteins p65 and p50, suggesting
that dexamethasone inhibits NOS 2 transcription through a protein—protein inter-
action between the activated glucocorticoid receptor and the active NF-kB com-
plex. As mentioned earlier, although the human and murine NOS 2 promoters
contain similar putative, concensus sequences for the binding of transcription
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factors, it is more difficult to induce NOS 2 in human cells. As recently described,
transfection of a human kidney epithelial cell line (AKN) with a luciferase
reporter constructs containing a 3.8-kb fragment upstream of the human NOS 2
gene did not exhibit activation in the presence of cytokines, whereas the produc-
tion of nitrite/nitrate, products of endogenous NOS activation, are increased [83].
Unlike results obtained with the murine promoter, at least 5.8 kb of the human
promoter is required for minimal cytokine induction (threefold) and a 16-kb
fragment is necessary for a 10-fold induction. These data demonstrate that consid-
erable differences exist in the regulation of the human and murine promoters.

Another important observation made in a human epithelial cell line and in
primary cells is the presence of transcripts with considerable diversity in the 5
untranslated region (UTR) of the mRNA [48]. Although the majority of NOS 2
mRNA transcripts originate downstream of the TATA box, approximately 6%
of them originate upstream of the TATA box. This, in combination with the fact
that some mRNAs lack exon 1 as a result of alternative splicing, increases the
complexity of the 5 UTR of human iNOS. The significance of this finding with
respect to regulation of gene expression remains to be elucidated.

6. NOS 3

The NOS 3 protein was originally purified and the corresponding cDNA cloned
from endothelial cells (EC) and is the NOS isoform responsible for producing
the classic endothelium-derived relaxing factor as described by Furchgott et al.
[84]. Direct evidence for the importance of NOS 3-derived NO stems from the
recent generation of mice with targeted disruption of the NOS 3 gene locus [85].
F2-generation NOS 3 knockout mice (—/-) are hypertensive relative to wild-type
littermate control mice (+/+) of the same generation. Importantly, the pressor
effect of nitro-L-arginine, a NOS inhibitor, is attenuated in the —/— mice and
endothelium-dependent relaxation in response to acetylcholine is abrogated in
vessels isolated from the —/— mice. This fundamental finding is direct “proof of
principal” for the major contribution of NO in vasomotor control.

Recent experimentation demonstrating that NOS 3 in EC can be regulated and
that cells other than EC express NOS 3 including cardiac myocytes, hippocampal
neurons, certain epithelial cells, and platelets suggests that NO may subserve
other functions in addition to being an endothelium-derived vasodilator [26].
However, because the identification of other cell types that express NOS 3 is a
relatively new finding, the functional significance of NOS 3 in nonendothelial
cell types is less clear. The best characterized, nonendothelial source of NOS 3
is cardiac myocytes [86,87]. In myocytes, locally produced NO may modulate
the inotropic and chronotropic state of the heart as NOS inhibitors influence the
force of contraction and spontaneous rate of beating in isolated myocytes. Because
the regulation of NOS 3 expression in this cell type has not been examined, the
regulation of NOS 3 will be discussed in the context of EC.
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The regulation of NOS 3 expression in EC is a relatively recent area of NO
biology for the following reasons: (1) Basal expression of NOS 3 mRNA and
protein is seen in most primary isolates of EC and was not suspected to be
regulated; (2) the induction process that occurs in vivo and in vitro is usually
never greater than twofold to fourfold, making detailed molecular characterization
difficult and tedious. Activators that increase NOS 3 mRNA levels are mechanical
forces (shear stress and cyclic strain [23,88,89]) and their in vivo correlate,
exercise training [90], cell proliferation [91], lysophosphotidylcholine (LPC [92]),
TGF-B [93], and basic fibroblast growth factor [94]. All these agents (except
LPC, which increases NOS 3 expression more than fourfold in human umbilical
vein EC) induce NOS 3 by twofold to fourfold. Although small in magnitude
relative to the induction of NOS 2, the functional relevance of a twofold to
fourfold induction of NOS 3 should not be discounted due to the steep dose-
response relationship to NO in blood vessels (i.e., small changes in NO concentra-
tion have dramatic effects on vascular tone [95]). This is supported by data
demonstrating that chronic exercise training in dogs increases endothelium-depen-
dent relaxations in vivo, and NO release and NOS 3 expression in vitro [90].
Conversely, decompensated heart failure in dogs decreases endothelium-depen-
dent relaxations in vivo, NO release, and NOS 3 expression [96] supporting the
concept that changes in blood flow influence EC gene expression and that such
changes have a functional consequence on EC control of vasomotor tone.

Cloning of the human and bovine NOS 3 genes revealed a 5’ regulatory region
containing a “TATA-less” promoter and a variety of cis elements for the putative
binding of transcription factors [4,97]. TATA-less promoters are commonly found
in genes that are under tight transcriptional control and not cytokine activated.
In these genes, other sequences in the absence of a TATA box can serve as
binding sites for RNA polymerase II and the basal transcriptional machinery.
Specific sites that may influence basal transcription found in the NOS 3 gene
include Sp1 and GATA sites, whereas potential sites for stimulated transcription
include a sterol regulatory element (SRE), activator proteins 1 and 2 elements
(API1, AP2), a nuclear factor-1 element (NF-1), partial estrogen responsive ele-
ments (ERE), a cAMP response element (CRE), and a shear-stress response
element (SSRE). The presence of such sites gives the investigator a molecular
“road map” to examine gene regulation by substances that activate known tran-
scription factors that can bind to putative elements.

Initial experiments using reporter gene constructs of the NOS 3 promoter
reveals that the proximal Sp1 is necessary for basal transcription [97-99]. Deletion
or site-directed mutagenesis of this site reduces promoter activity by 90-95%
when transfected into EC. Incubation of an oligonucleotide probe encompassing
the Spl site with nuclear extracts from human or bovine EC demonstrates the
specific binding of three nuclear protein complexes, one of which that can be
“supershifted” with a Sp1 antibody. This suggests that Sp1 does bind to the Spl
element in the NOS 3 gene and that other Sp1 family members may also participate
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in coordinating basal transcription. In addition to Spl regulating basal transcrip-
tion, GATA-2, a transcription factor highly expressed in EC, also modulates
basal activity [98]. Mutation of the GATA-binding site in the context of the full-
length NOS 3 promoter reduces reporter gene activity by 25%. Recombinant
GATA can bind to the NOS 3 element and can be depleted with GATA-2 antisera.
Considering the relative hierarchy of these two basal transcription factors needed
for constitutive NOS 3 activation, Spl is necessary for basal expression and
GATA-2 regulates the level of expression.

Very little is known about the molecular mechanisms of NOS 3 induction by
mechanical forces or growth factors. Shear stress and cyclic strain, in vitro,
increase NOS 3 mRNA and protein levels. Such an effect is the most likely
mechanism for increased NOS 3 expression with exercise training and high flow
states. For cyclic strain, activation is due to increases in NOS 3 transcription,
not to mRNA stabilization. Transcriptional activation is most likely occurring in
response to shear stress via the SSRE; however, there are no reports yet demonstra-
ting this. Interestingly, the mechanism of induction by cyclic strain is unrelated
to the SSRE because deletion of this region does not influence the ability of
NOS 3 reporter constructs to be activated by cyclic strain (B.E. Sumpio and
W.C. Sessa, unpublished observations). Understanding the similarities and differ-
ences of NOS 3 gene expression via mechanotransduction (shear and strain) is
a new, exciting area with far-reaching implications in the fields of vascular
biology and medicine.

Molecular analysis for TGF- activation of NOS 3 has recently been reported
[93]. TGF-B induces NOS 3 mRNA, protein, and NOS activity in bovine aortic
EC. Transient transfection assays using bovine NOS 3 promoter reporter con-
structs demonstrates that the TGF-3 responsive element resides between —935
and —1269 nucleotides (nt) upstream of the transcriptional start site. Gel shift
assays and point mutation analysis show that TGF-B increased the binding of
the CCAAT transcription factor/nuclear factor-1 to the NF-1 site (—~1014 to ~1026
nt) in the NOS 3 promoter. However, this site is necessary but not sufficient
for TGF-P activation of NOS 3, suggesting that additional factors are most
likely required.

The most recent and unexpected activator of NOS 3 is LPC. LPC content of
atherosclerotic blood vessels is higher than that of normal vessels and is a major
phospholipid found in oxidized low-density lipoproteins. Treatment of human
umbilical vein EC with LPC initiates a dose- and time-dependent induction of
NOS 3 mRNA [92]. The magnitude of the mRNA induction is 11-fold with a
consistent, but not equal, increase in the transcription rate of the NOS 3 gene,
as measured in nuclear runoff studies. NOS protein levels, activity, and biologi-
cally active NO are all increased with LPC treatment. However, there is a clear
discrepancy between the levels of NOS 3 mRNA (11-fold), protein (5-fold), and
activity (2-fold), suggesting complex posttranscriptional and posttranslational
regulation. These data are consistent with higher levels of NOS 3 protein found
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in atherosclerotic rabbits [100]. However, what is the relevance of greater NOS 3
expression in atherosclerosis? Perhaps, during the development of atherosclerosis
prior to lesion formation, LPC induction of NOS 3 affords protection against
proatherosclerotic mechanisms [recruitment of mononuclear cells and oxidation
of low-density lipoproteins (LDL)] required for the lesion development.

In contrast to the stimulatory effects of LPC on NOS 3, Liao et al. reported
that oxidized LDL decreases NOS 3 expression in human EC [101]. At early
time points, the suppression appears to be mediated through a partial decrease
in the rate of transcription and a destabilization of the NOS 3 mRNA. However,
at later time points, the rate of transcription increases paradoxically relative to
the reduction in steady-state mRNA levels. The ability of lipids derived from
LDL and oxidized LDL, per se, to influence NOS 3 expression and activity
clearly merits further evaluation before one can extrapolate these in vitro findings
to observations made in human atheromas.

7. Summary and Future Directions

The recent cloning of the NOS family of genes will allow investigators to elucidate
the plenitude of factors that have the capacity to influence NOS gene expression.
Elucidation of the mechanisms of NOS 1 and NOS 3 expression will no doubt lead
to novel strategies that will influence the basal expression of these physiologically
relevant genes. Insights into the complexities of NOS 2 regulation will be gleaned
from examining its expression in human tissues and comparing and contrasting
its regulation to other genes activated by inflammatory stimuli. Finally, the
potential identification of relevant polymorphisms in NOS loci and misense
mutations that influence protein function in human diseases will shed light on
the role of NO in health and disease.
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Role of NO in Cell Locomotion
Michael S. Goligorsky and Eisei Noiri

1. Introduction

Among various pleiotropic actions of nitric oxide discussed in the preceding
chapters, its effects on different aspects of cell motility have been by and large
neglected. Undoubtedly, this is due to the subtlety of these phenomena [especially
when compared to the overtness of other NO-dependent processes (e.g., smooth
muscle relaxation)], rather than to the lack of interest or insight into the biological
significance of locomotion.

Cell migration is one of the hallmarks of morphogenesis; this function is
maintained throughout the development and during the life cycle of organisms,
thereby forming and protecting the structural integrity and functional plasticity
of various tissues. Ontogenetic programs such as compartmentalization of bodily
fluids through development of epithelial barriers or functionally guided meander
of vascularization are two classical examples of processes governed by cell
migration. Perpetual occurrence of breaks in the integrity of epithelial or endothe-
lial layers by exfoliated cells does not seriously compromise barrier functions
because of arapid reestablishment of integrity by migrating cells. Many pathologi-
cal situations are accompanied by a more challenging loss of epithelial integrity
or requirement for angiogenesis. Initial stages of processes like these strongly
depend on cell migration, whereas cell proliferation lags behind this process
[1,2]. Release of various growth factors and proinflammatory mediators under
these conditions may affect the rate of epithelial wound healing or growth of new
vessels. Not surprisingly, therefore, the process of cell migration is thoroughly
regulated. The role of growth factors [3—6], as well as matrix proteins, cytokines,
cytoskeleton, and integrin receptors, has been comprehensively studied and re-
viewed [7-11].

The descriptive term “movement” or “locomotion” is comprised of several
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mechanistic elements, and some of them, under appropriate conditions, may
become a target for NO regulation or modulation, as we shall show later. The
unitary mechanics of changing position of a cell relative to its substratum consists
of (1) local cytoskeletal rearrangements (e.g., gel-sol cytoplasmic transition
and extension of lamellipodia, (2) nondirectional micromotions (or podokinesis)
which result in accordionlike fluctuations in the distance between the ventral cell
surface and the substratum (see below), (3) establishment, dissociation, and
reestablishment of focal adhesions, and (4) generation of chemical gradients
within a moving cell and the acquisition of directional movement. Although these
components of locomotion are spatially and temporally integrated, each of them
has autonomic functions. The most obvious example of effects of NO on one
such function is presented by platelet aggregation via the olIbB3 integrins, as
discussed later. In this chapter, we shall examine the mechanisms of locomotion,
provide available evidence on NO regulation of each, speculate on some other
possible targets of NO action, and illustrate them with pertinent physiological
and pathophysiological phenomena.

2. A Panoramic View on the Participation of NO in Cell Adhesion
and Locomotion

The spectrum of known effects of NO on various functions involving cell adhesion
and migration is broadening. Figure 5-1 illustrates some of these actions. The
best studied among them are the effects of NO on transendothelial migration

Stimulation Inhibition

PMN chemotaxis Platelet aggregation

Smooth muscle cell mig-

Endothelial cell ration and proliferation

migration and

angiogenesis PMN and monocytes
g1°9 . . NO adhesion to endothelial
Angiogenic cells
activity of .
PMN adhesion to
monocytes collagen matrix
ITumor Neovascu- B, integrin in PMN
arization
! . . VCAM-1 induction in
Epithelial cell endothelial cells

migration and

wound healing Osteoclast adhesion and

bone resorption

B Recruitment of A .
Low concentration s<——— .. infiltration —* High concentration

of L-arginine by macrophages of L-arginine

Figure 5.1 Nitric oxide elicits pleiotropic effects by acting on basic mechanisms of cell
adhesion and migration.
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of neutrophils, platelet aggregation, angiogenesis, neointimal formation after
endothelial cell injury, osteoclastic bone resorption, and epithelial wound healing.
Despite apparent distinctions between these processes, the common denominator
in each and every case is the effect of NO on cell adhesion and motility.

2.1. Neutrophil-Endothelial Cell Adhesion

Studies of inflammation using intravital videomicroscopy and superfusion of cat
mesenteric preparation with inhibitors of nitric oxide synthase (NOS), L-NMMA,
or L-NAME, revealed that the number of adherent and immigrated leukocytes
increased 15-fold [12]. This process was partially reversed by L-arginine but not
by D-arginine. The investigators argued that the effects of NOS inhibitors were
confined mostly to the venular endothelium, resulting in the increased adhesive-
ness through the CD11/CD18 leukocyte adhesion molecule. In vitro studies
utilizing primary cultures of human umbilical vein endothelial cells reinforced
these findings. L-NAME-treated endothelial cells exhibited increased leukocyte
adhesiveness [13]. This was due to the enhanced neutrophil binding through the
interaction of the B2 integrin CD18 with ICAM expressed on the endothelium.
The similar inhibition of neutrophil B2 integrin function is elicited by platelet-
released NO [14]. Furthermore, leukocyte adhesion to type I collagen is also
inhibited by NO in a cyclic GMP-independent manner [15]. In addition, NO
inhibits monocyte adhesion to the endothelial cells [16]. These effects of NO
can be due in part to its effect on adhesion molecules in endothelial cells. De
Caterina et al. [16] have demonstrated decreased cytokine-induced expression
of vascular cell adhesion molecule-1 (VCAM-1), E-selectin, and intercellular
adhesion molecule-1 (ICAM-1) on endothelium pretreated with the NO donor,
whereas inhibition of NO production resulted per se in the induction of VCAM-
1 expression. NO-induced repression of VCAM-1 occurs at the level of VCAM-
1 gene transcription, in part due to the inhibition of NF-xB activation. On the
other hand, NO serves as a chemotactic signal for neutrophils and may be involved
in their recruitment to the sites of inflammation [17]. In addition, although the
chemotaxis of peritoneal macrophages induced by the zymosan-activated serum
was inhibited by 1-10 mM L-arginine, it was also stimulated by lower concentra-
tions of the amino acid [18].

2.2. Angiogenesis

Formation of new blood vessels, driven by the morphogenetic program and/or
by the functional demand for increased blood supply, is initiated by the budding
of endothelial cells off the microcirculatory bed. The possible role of NO in the
formation of capillary circuits has recently been considered by several investiga-
tive teams. In the in vivo model of the chick embryo chorioallantoic membrane,
both sodium nitroprusside and L-arginine inhibited, whereas L-NMMA stimulated
angiogenesis [19]. In contrast, Leibovich et al. [20] have provided solid evidence
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that the production of angiogenic activity by activated monocytes (assayed by
chemotaxis of endothelial cells and corneal angiogenesis) is absolutely dependent
on L-arginine and NO synthase. These observations are in concert with findings
reported by Ziche et al. [21] who detected the potentiation by sodium nitroprusside
of angiogenic effect of substance P in the rabbit cornea. These investigators
hypothesized that endogenous NO production induced by vasoactive agents serves
as an autocrine mediator of angiogenesis. Our own observations expand this
function to the classical angiogenic signal, the vascular endothelial growth factor.
We demonstrated that endogenous NO production by the endothelial cells is a
prerequisite for the motogenic and angiogenic effects of this factor [22]. These
findings gain in significance when applied to the pathophysiological situations
(see below).

2.3. Neointimal Formation After Endothelial Denudation

After endothelial denudation, migration and proliferation of vascular smooth
muscle cells, exposed to the vessel lumen, initiate neointimal formation which
represents an early event in atherogenesis. NO effects on vascular smooth muscle
cells seem to have certain peculiarities, distinguishing them from the endothelial
cells. Dubey et al. [23] studied migration of rat aortic smooth muscle cells in a
modified Boyden chamber. When angiotensin II was used to promote transwell
migration, the addition of sodium nitroprusside or S-nitroso-N-acetylpenicilla-
mine inhibited this process. The effect of NO donors was mimicked by a cell-
permeant form of cyclic GMP and counteracted by the pretreatment of cells with
LY83583 (an inhibitor of soluble guanylyl cyclase) and by KT5823 (an inhibitor
of cGMP-dependent protein kinase). This, as well as the known antiproliferative
effect of NO [24], may have a prominent function in preventing neointimal
formation. In fact, in vivo transfer of Sendai virus/liposome-encapsulated cDNA
encoding endothelial NOS after denudation by balloon injury of rat carotid artery
resulted in 70% inhibition of neointimal formation by day 14 after the procedure
[25]. Similar results were obtained after balloon angioplasty of femoral artery
in rabbits with the application of long-lived NO adducts [26].

2.4. Epithelial Wound Healing

The integrity of epithelial barriers is continuously challenged during their physio-
logic function and, especially, in the course of pathophysiologic events. Migration
of epithelial cells is the major mechanism of wound healing. Studies of wound
healing in epithelial cells or barriers provided a set of observations consistent
with the promoting effects of NO on cell migration and restitution of barrier
integrity. Our findings in cultured epithelial cells, BSC-1 cells, showed that
several growth factors (EGF, IGF-I, HGF, b-FGF) exerted a motogenic effect
which was abrogated by pretreatment with L-NAME [106]. L-Arginine or NO
donor, S-nitroso-N-acetylpenicillamine (SNAP), exerted motogenic effect in epi-
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thelial cells. Inhibition of NOS with L-NAME or a selective knockout of inducible
NOS (iNOS) with antisense oligodeoxynucleotides reduced the rate of spontane-
ous or EGF-induced BSC-1 cell migration. Although the constitutive endothelial
NO synthase (ecNOS) did not show any detectable spatial or temporal changes
associated with wounding, the iNOS became expressed 3 h after wounding and
showed higher abundance at the edges of epithelial wounds (Fig. 5-2). Consistent
with this dynamics of NOS expression, NO release from migrating epithelial
BSC-1 cells displayed a biphasic response to the inflicted wounds: An initial
transient release of nitric oxide is followed by a delayed sustained elevation.
Based on above observations, we hypothesize that NO serves as a switch from
stationary to locomoting epithelial phenotype.

2.5. Platelet Aggregation

Platelet aggregation is governed by the fibrinogen receptor belonging to the
integrin family, activation-dependent oIIbP3, whereas adhesion of platelets to
the basement membrane of deendothelialized vascular wall is mediated through
other members of the same family which are constitutively active. Radomski et
al. [27,28] have provided evidence that platelets produce NO by a calcium-
dependent mechanism which requires L-arginine. Direct monitoring of NO release
with a porphyrinic microsensor showed that resting platelets do not release it,
whereas platelet activation results in a rapid NO production [29]. Platelet aggrega-
tion induced by collagen is inhibited by L-arginine and potentiated by L-NMMA,
whereas the release of NO follows the inverse relationship with platelet aggrega-
tion. Different aggregating agents (collagen, adenosine diphosphate, thrombin,
epinephrine) act on specific receptors and trigger the elevation of intraplatelet
[Ca®]. This event is critical for the activation of the fibrinogen receptor, usually
dormant, and initiation of aggregation cascade. The process has a built-in mecha-
nism of self-termination: this is achieved via the simultaneous stimulation of
NO production which inhibits intraplatelet [Ca?*] transients and counteracts the
activation of the olIbP3 integrin receptor and platelet aggregation. This process
can be pharmacologically regulated by organic nitrates [30].

2.6. Osteoclastic Bone Resorption

Another example of NO action on cell adhesion resulting in profound functional
changes is seen in osteoclasts. These bone-resorbing cells of monocytic lineage
form tight focal adhesions with the matrix proteins. Upon stimulation, H* pumps
are recruited to the basal cell surface which permits the generation of a low-pH
subcompartment underneath the cell, leading to bone resorption [31]. MacIntyre
et al. [32] demonstrated that NO donors caused retraction of osteoclasts and
reduced their adhesion to the matrix and motility. The physiological consequence
of this NO effect is the inhibition of bone resorption, as judged by the extent of
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Figure 5.2 Nitric oxide and epithelial BSC-1 cell wound healing. (a) Nitric oxide release
from wounded epithelial cells (upper tracing) shows two phases—the first is a rapid and
variable in its amplitude phase and the second is a delayed and highly reproducible.
Lower tracing represents a recording of no release by time-matched intact monolayer. (b)
Immunocytochemical detection of eNOS in epithelial cells shows no spatial or temporal
changes after disruption of monolayer integrity. (c) Immunocytochemical staining of iNOS
in epithelial cells shows its appearance by 3 h after wounding, and prevalence of iNOS
at wound edges. Panel D shows that cells peripheral to the wound are stained less intensely
foriNOS. (Compiled from Ref 106 with permission of the American Physiological Society)
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excavations (resorption pits) on the bone surface. These findings were reconfirmed
by Kasten et al. [33] who also showed in vitro that inhibitors of NOS dramatically
increased both the number of pits and the resorption area per pit. In a model of
osteoporosis, NOS inhibitors accelerated the loss of bone. Because osteoclasts
express a constitutive and an inducible forms of NOS, and the NO produced
modulates cell function [34], this autocrine mechanism is currently considered
as an important regulator of bone remodeling and mineral homeostasis. An
additional level of regulatory complexity can be provided by osteoblasts and
osteocytes releasing NO in response to mechanical stress [35]. Thus, acting in
an autocrine or paracrine mode, NO inhibition of osteoclast adhesion to the bone
matrix results in both the regulation of local bone accretion—resorption as well
as profound systemic effects on mineral metabolism.

In conclusion, the data presented in this section convincingly demonstrate that
NO participates in the regulation of distinct physiological processes based on its
ability to interfere with cognate mechanisms of cell adhesion and migration. To
gain further insights into the mode(s) of NO action, we shall next focus on the
general mechanisms governing cell attachment and detachment from the substrate
in the process of locomotion, defining along these lines some established or
hypothetical targets for NO.

3. Components of Cell Locomotion and Their Regulation by NO

3.1. Unitary Elements: Extension of a Lamellipodium and Micromotion

The mechanics of cell migration has been described in a series of studies by
Abercrombie et al. [36—38] and considerably expanded in later years [7,10]. The
key element of cell movement is the extension of a lamellipodium. The force
required for the protrusion of a certain portion of a cell is derived from the
reversible cytochalasin B-inhibitable polymerization of G- to F-actin. According
to the Brownian ratchet model [39], a thermally vibrating plasma membrane is
displaced a distance sufficient to accommodate the addition of an actin monomer
to the barbed end of F-actin, thus preventing the elastic recoil of the membrane.
Determination of flicker spectra of erythrocytes, indeed, showed that the mem-
brane oscillates over a distance of ~0.1 um at a frequency of 5 Hz [40]. Thus
formed, membrane protrusions represent a unitary element of motility with the
vector of generated protrusive force directed toward the lamellipodium and tan-
gential to the substratum.

When a directional signal is absent, the ostensibly stationary confluent cells
nevertheless undergo yet another type of spontaneous shape change referred to
as micromotions [41], probably distinct from the above protrusion of lamellipodia.
Originally, these micromotions were detected with a sensitive impedance registra-
tion and analysis in cells growing on the surface of a miniature gold electrode
in tissue culture. These experiments showed the existence of spontaneous microos-
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cillations in cell monolayer resistance which had fractal characteristics. Giaever
and Keese proposed a mathematical model ascribing changes in the electrical
resistance to either of two parameters: Rb—resistance of the paracellular pathway;
o—resistance of the slit space between the ventral cell surface and the substratum.
We have recently analyzed the changes in endothelial cell impedance, and again
detected spontaneous fluctuations (unpublished observations). Exogenous NO
significantly enhanced the amplitude of oscillations (Fig. 5-3). Analysis of compo-
nents responsible for this effect of NO showed that it was due primarily to the
broadening of the distance between the ventral cell surface and the substratum,
hence suggesting a second type of micromotional activity, already with unitary
displacement occurring in the direction perpendicular to the substratum, which
we termed podokinesis. Important for this discussion is the fact that this type of
micromotions was significantly accentuated by NO. The relation between the
ratchet movements and podokinesis, though possible, remains unexplored.

3.2. Function of Focal Adhesions

The above unitary elements of cell movement are functioning autonomously but
may become a part of a cooperative, spatially and temporally well-coordinated
process of directional cell migration. The process is initiated by extending lamelli-
podia in the direction of a void or a chemoattractant signal and eventual “pulling”
of the cell body. There is a considerable amount of data showing the importance
of establishing new focal contacts between the leading edge and the matrix in
cell migration. Understanding these phenomena will require an excursus into
structure and function of focal adhesions and their key elements, integrins.

The integrins are noncovalently bound heterodimeric glycoproteins composed
of o and B subunits. Members of this large family of receptors share several
common features. Both subunits have a single hydrophobic transmembrane do-
main, relatively short cytoplasmic tails, and massive extracellular domains. The
extracellular domains are compactly folded by virtue of disulfide bonding, associ-
ated together, and both chains contribute to the formation of the binding domain.
All o subunits contain a sevenfold repeat of a homologous segment, the last
three or four repeats of which are likely to contribute to divalent cations binding.
The P subunits contain four cysteine-rich repeats responsible for the folding via
internal disulfide groups. Cytoplasmic domains of the B subunits are indispensable
to connecting the receptors to the cytoskeleton via talin and a-actinin [42], as
detailed below.

Extracellular Domain: Ligand Recognition and Interaction
The arginine-glycine-aspartic acid (RGD) motif in matrix proteins turned to

be one of several key integrin recognition sequences. Three contact sites on the
integrin are needed to bind ligand: one on the B subunit and two on the o subunit
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Figure 5.3 Spontaneous and NO-induced oscillations in the resistance of endothelial
monolayers. The resistance was measured with a sensitive miniature electrode technique,
as detailed in the text. Note the existence of spontaneous oscillations in endothelial
resistance (upper panel). After the application of 100 pM SNAP (lower panel), the ampli-
tude of oscillations has increased.
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[43]. As indicated earlier, all o subunits contain sequences homologous to the
EF-hand of Ca-binding proteins, with the common distinction that integrins lack
the essential aspartic acid residue which is present in position 12 of EF-hand
Ca-binding site. It has been hypothesized, therefore, that the aspartic acid on
integrin ligands, by providing the missing cation-coordinating residue, forms a
ternary complex with the receptor-bound divalent ion [44]. The cation displace-
ment model emphasizes the role of initial receptor—ligand binding via coordinat-
ing aspartic residue, followed by destabilization of a divalent ion bond to the
EF-hand, extrusion of a divalent ion, and completion of ligand—receptor interac-
tion. Recent demonstration of cation binding to the B3 (118-131) fragment,
assessed by terbium luminescence and mass spectrometry, and its displacement
by RGD-containing ligands supports this hypothesis [45]. This mechanism, in
addition to the cytoplasmic domain-triggered conformational changes of the
extracellular integrin domain (see below) may be responsible for the affinity
modulation and the conversion from dormancy to active state of integrin receptors.

Intracellular Domain: Cytoskeletal Interactions

In contrast to the extended extracellular domains, the cytoplasmic tails of
integrins are short (except for the B4 subunit). Numerous studies with truncated
cytoplasmic domains of integrins have demonstrated the essential role of the 3
subunit in establishing integrin—cytoskeletal interactions [46—48]. Using the 1
subunit as a prototype, three potentially important cytoplasmic regions have
been identified. The sequence HDRREFAKFEKE, denoted as the cyto-1 region,
appears to be essential for the targeting of the B1 subunit to focal adhesions [49].
Four amino acid sequences NPIY and NPKY (cyto-2 and cyto-3, respectively)
not only participate in localizing the integrin to focal adhesions but also, quite
unexpectedly, represent a concensus signal for clathrin-coated pit-mediated inter-
nalization of membrane proteins [50]; the significance of this finding awaits
elucidation. Above all, the NPxY motif has been found to represent an alternative
binding site for Shc (Margoulis, personal communication). Interestingly, these
three regions are conserved in many integrin’s 3 subunits. LaFlamme et al. [51]
constructed chimeric receptors consisting of the extracellular and transmembrane
domains of the human interleukin-2 (IL-2) receptor connected to the intracellular
domain of either B1, B3, B3B, or B5 subunit. Although the P3B-containing
chimera was expressed diffusely on the cell surface, other chimeric receptors
were localized at focal adhesions of transfected human fibroblasts. Expressed at
higher levels, B1 and B3 chimeras functioned as dominant negative mutants and
inhibited endogenous integrins function in cell spreading and migration. These
elegant studies convincingly demonstrate the role of cytoplasmic domains of 3
subunits in regulating integrin clustering at focal adhesions and mediating cell
spreading and locomotion.

The functions of o subunits cytoplasmic domains have been extensively studied
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using genetic engineering approaches. Using the 02p31 collagen/laminin receptor,
Chan et al. [52] constructed chimeras with cytoplasmic domains of the 04 and
o5 subunits. These studies revealed a different role of individual cytoplasmic
domains in cell migration and contraction of collagen gel.

Focal Adhesions and Involvement of Integrins in Signal Transduction

Focal adhesions are highly specialized domains of the plasma membrane which,
on the extracellular side, form the closest contact between integrin receptors and
matrix proteins, and, on the cytoplasmic face, represent the sites where converging
actin filaments terminate and interact with integrins. In these complex structures,
several cytoskeletal proteins are participating in anchoring actin to integrins:
vinculin, talin, a-actinin, fimbrin, tensin, paxillin, and zyxin [53], whereas several
other focal adhesion-associated components express enzymatic or yet unidentified
activities. Several proteins are substrates for PKC phosphorylation (vinculin,
talin, tensin, filamin) and tyrosine kinase phosphorylation (vinculin, talin, tensin,
paxillin). Using shearing and quick-freezing procedures, Samuelsson et al. [53]
evaluated cytoplasmic surface and the three-dimentional organization of focal
contacts and associated actin bundles and observed that type I aggregates con-
tained B1 integrins, vinculin, talin, and anchoring actin filaments, whereas type
II aggregates did not contain vinculin and talin and were not associated with the
actin cytoskeleton. These findings suggest that type I aggregates are relatively
stable and represent the classical focal adhesions, whereas type II aggregates
containing the B1 integrin subunits are unanchored, significantly more mobile,
and represent the pool of integrins that can be recruited to form new focal
adhesions. Engagement of these integrins with the particular epitopes on the
extracellular matrix triggers distinct cell signaling events and remodeling of
cell shape.

The establishment of focal adhesions via integrin—extracellular ligand binding
initiates a cascade of signaling events (Fig. 5-4). The formation of cell-matrix
and cell—cell contacts triggers cellular responses as diverse as the rapid activation
of the Na*/H* exchanger and cell alkalinization [54,55], the elevation of cytosolic
calcium concentration (possibly, due to the activation of a 50-kDa B3 integrin-
associated protein, presumed to represent an integrin-regulated calcium channel
in endothelial cells and neutrophils [56,57]), the delayed stimulation of a K*
current [58], and a series of tyrosine phosphorylation reactions mediated via
activation of focal adhesion kinase (FAK) [59,60]. Conversely, the reduction of
cell-substrate adhesion and eventual detachment of cells from their matrix is
associated with the activation of a phosphotyrosine phosphatase and decreased
tyrosine phosphorylation of focal adhesions [61]. The diversity of signaling
mechanisms triggered by the establishment or dissolution of focal adhesions can
provide a means for the conformational changes of proteins comprising the focal
adhesions (e.g., the B1 integrin, paxillin, and tensin, all containing phosphotyro-
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sine) and explain the phenomenon of affinity modulation of integrins toward the
extracellular matrix proteins, outside the cell, and toward the cytoskeletal ele-
ments, inside the cell [47].

The list of the substrates for tyrosine kinase phosphorylation is growing and
presently includes vinculin, talin, tensin, paxillin, integrins, pp125¥, cadherins,
and catenins. Pp125™¥ represents, so far, the best studied tyrosine kinase associ-
ated with focal adhesions. This protein is autophosphorylated during cell adhesion
(the cytoplasmic domain of B subunits is necessary for this reaction), but it also
undergoes autophosphorylation in response to pp60***, bradykinin, endothelin,
and sphingosine, resulting in the increase in its tyrosine kinase activity. Dephos-
phorylation of pp125F4% may be accomplished in part via activation of the SH2
domain-containing protein tyrosine phosphatase Syp (SHPTP2) which is activated
by the insulin receptor substrate-1 (IRS-1). In turn, Grb2 and PI(3)-kinase are
two known substrates of pp125™¥ [62,63]. Collectively, these studies interconnect
integrins with receptors for hormones and growth factors and implicate the state
of pp125F¥ phosphorylation in modulation of the Ras/MAPK and PIP, signal
transduction pathways, which are all indispensable for the process of cytokinesis.

3.3. Chemical Gradients Within a Moving Cell

When cells receive a directional motogenic signal, either in the form of an
impaired integrity of a monolayer or of a chemotactic gradient, vectorial move-
ment ensues. Thus targeted, protrusion of lamellipodia at a leading edge coincides
with the formation of new focal adhesions; simultaneously, the developing traction
of a trailing edge is accompanied by the dissolution of previously formed focal
contacts [64,65]. These coordinated activities ensure attachment of the leading
edge to the substratum and “pulling” of the cell body in the direction of the
movement. For these reciprocal processes to occur in synchrony, the cytoplasmic
microenvironment at the leading and trailing edges should be efficiently compart-
mentalized to accommodate the simultaneous action of opposing signaling cas-
cades. Indeed, several investigators observed the development of chemical gradi-
ents within a moving cell, as schematically depicted in Fig. 5-5. Singer and
Kupfer [8] have provided evidence that the microtubule-organizing center and
the Golgi apparatus rapidly reorient themselves in the direction of movement in
cultured endothelial cells or fibroblasts rendered motile by inflicting wound to
the monolayers. This polarization of organelles within cells destined to migrate
occurs with a half-time of several minutes and long before a leading edge has
been formed. In many cells, application of microtubule-depolymerizing agents
inhibits migration, in agreement with a role for the microtubule-organizing center
and microtubules in cytokinesis. The leading edge is characterized by actin
polymerization and gelation of the cytoplasm, whereas F-actin depolymerization
and solation of the cytoplasm occur predominantly at the trailing end. Moreover,
myosin is excluded from the lamellipodium and actin is concentrated within this
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Chemical gradients within a moving cell

Figure 5.5 Established and hypothetical chemical gradients within a moving cell. Solid
lines represent the established gradients; dotted lines show hypothetical gradients. MTOC =
microtubule-organising center; GA = Golgi apparatus. Reprinted from Experimental Ne-
phrology 4: 314-321, 1996 with permission by S. Karger AG.

structure [8]. Uncapping the barbed ends of actin filaments, paralleled by the
release of actin monomers from the tymosin B4 and increased availability of
actin, result in the nucleated growth of actin filaments at the leading edge [10].
Newly growing actin filaments undergo bundling and cross-linking, leading to
cytoplasmic gelation and volume expansion by osmotic gel force, thus providing
mechanical thrust to form and extend cell protrusions.

In view of the role of actin filaments in cytoskeletal structure and function,
several investigators addressed the question of NO effects on F-actin. In subcellu-
lar fractions of neutrophils, NO caused ADP ribosylation of a 43-kDa cytosolic
protein identified as actin but not the Gou protein which is the substrate for
pertussis toxin [66]. The functional significance of these in vitro observations is
unclear. In intact cultured endothelial cells, however, neither L-arginine nor
L-NAME elicited any changes in actin cytoskeleton [67]. Pretreatment of endothe-
lial cells with a phorbol ester revealed that L-arginine elicits the increased phalloi-
din staining of the peripheral band and prevents the increase in permeability to
40-kDa dextran, whereas L-NAME produces the opposite effect. These data are
consistent with an NO-induced increase in F-actin. In contrast, the polymerization
of actin was decreased after application of a long-acting NO donor S-nitroso-N-
acetylpenicillamine [15]. Hence, these discrepant observations demonstrate that
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the elucidation of the role played by NO in actin cytoskeleton is far from be-
ing resolved.

It has been observed that migrating neutrophils or newt eosinophils are charac-
terized by a gradient in cytosolic free calcium concentration ([Ca?*];): itis elevated
at the trailing end and decreased in the front of a cell [68,69]. When a cell
changes its direction of movement, in response to a repositioned chemotactic
target, the [Ca*); gradient reestablishes with enhanced levels at the newly formed
trailing end [68]. This gradient may be responsible for the uneven activation of
calcium-dependent potassium channels, as it was observed in transformed MDCK
cells [70], although the exact mechanistic role of these channels in locomotion
is unknown. It appears that this [Ca%]; gradient is important for cell locomotion.
Chelation of cytosolic calcium or pretreatment of neutrophils with an inhibitor
of calcium—calmodulin-sensitive protein phosphatase 2B, calcineurin, abolished
cell migration by interfering with the release of cells from sites of attachment
while preserving the ability to form lamellipodia [69]. Given the role of integrins
in the formation of focal adhesions, the participation of these molecules in the
above reciprocal processes can be envisaged. Indeed, the activity of calmodulin
and the phosphorylation of myosin II at the trailing end are increased compared
to the leading edge, thus providing a motor force in the tail [71]. It is highly
possible that several Ca-dependent enzymes are also activated at the rare portion
of the cell; among them, the activation of actin-severing proteins, like gelsolin,
would be of great pertinence. Activation of these proteases will lead to actin
depolymerization, liberation of focal adhesions from anchorage to actin filaments,
and the loss of attachment to a substrate at the trailing end. This hypothetical
mechanism can explain the predominant solation of the trailing portion of the
migrating cell and the localized destabilization of focal adhesions. In fact, when
elevations of cytosolic calcium are inhibited, neutrophils become stuck to fibro-
nectin or vitronectin [72].

The puzzling question is: What keeps the low [Ca®]; at the leading edge?
Although the answer to this puzzle is unknown, some observations may suggest
a possible mechanism. Recent findings in migrating epithelial cells showed that
iNOS becomes preferentially polarized to the front portion, where the Golgi
apparatus is located [106]. We postulated, therefore, that NO production follows
this iNOS gradient from the leading edge, where it is highest, to the trailing end
of the cell. If this inference is correct, the NO cyclic GMP-GMP kinase signaling
cascade, activated in the cell front, should result in the inhibition of calcium
release from the endoplasmic reticulum. This inference is based on the previously
reported action of protein kinase G on G proteins, inhibiting the inositol 1,4,5-
trisphosphate production [73] (although it may also act by accelerating the extru-
sion or compartmentalization of the released calcium). In CHO cells transfected
with cGMP-dependent protein kinase, thrombin-induced formation of inositol
trisphosphate and calcium release were blunted by pretreatment with 8-bromo-
c¢GMP. Such a mechanism would explain the observed paradoxical generation
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and maintenance of a low-[Ca*]; microenvironment at the leading edge, against
the principle of the propagating calcium-induced calcium release from the intracel-
lular [Ca**] stores. Obviously, these speculations are awaiting experimental proof.

3.4. Cell Adhesion and Motility: Potential Targets of NO

Based on the previous discussion, it is clear that cell migration proceeds by
virtue of coordinated establishment of focal adhesions at the leading edge, thus
preventing its slippage, and dissociation of focal adhesions at the cell’s trailing
end, thus permitting forward movement. It is not surprising, therefore, that both
the excessive cell adhesion, as well as prevention of cell attachment should cause
inhibitory effects on cell motility, thus conforming with the classical meden
agan—nothing in excess—oprinciple. Indeed, experimental evidence shows that
agents which only mildly destabilize focal adhesions (e.g. hyaluronate or low
concentrations of RGD peptides [65,69]), enhance cell migration, whereas exces-
sive deposition of matrix proteins inhibits it. Several integrin receptors contribute
to locomotion. Receptors responsible for cell motility are occasionally distinct
from those responsible for cell adhesion and spreading, as it was convincingly
demonstrated for smooth muscle cells expressing B1 receptors involved in adhe-
sion and B3 integrins governing migration [74]. In endothelial cells, the atVB3
receptor is responsible for adhesion, spreading and migration on vitronectin; but
when cells are cultured on collagen, all these functions are handled by the o231
integrin [75]. Monoclonal antibodies directed to the o chain of collagen receptor,
021 integrin, in endothelial cells cultured in collagen gels converted them from
a proliferative phenotype toward locomotive phenotype, resulting in enhanced
capillary tube formation [76]. When endothelial cells were cultured in collagen
gels of increased density, the capillary tube formation, however, was decreased.
Inin vivo studies, Friedlander et al. [77] demonstrated the involvement of predom-
inantly atVP3 in bFGF-induced angiogenesis, and atVP5 in the VEGF-induced
process. In view of the role of protein tyrosine kinase FAK in the formation of
focal adhesions, as discussed above, the recent studies in FAK-deficient mice
(FAK gene was mutated by inserting the neomycin phosphotransferase gene in
the beginning of its kinase domain) revealed reduced cell motility and enhanced
focal adhesion formation in primary-cultured fibroblasts [78]. These data impli-
cate FAK in the turnover of focal adhesions during cell locomotion, thus reinforc-
ing the above notion on the relationship between adhesion and migration.

In this vein, the observed effects of NO on cell migration should be gauged.
As shown in Fig. 5-6, endothelial cell migration is enhanced by stimulation of
NO production [106]. We have next determined the effects of NO on endothelial
cell attachment and detachment. When suspended cells were allowed to attach
to fibronectin in the presence of SNAP, cell adhesion was decreased. Conversely,
when SNAP was added to confluent endothelial cell monolayers, cell attachment
to fibronectin was decreased. These findings suggest that the observed enhance-
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Figure 5.6 Transwell migration of microvascular endothelial cells. Endothelial cell mi-
gration was initiated by the addition of 10 ng/ml EGF (control). In the presence of
L-arginine, the number of migrated cells was increased, whereas L-NAME blocked migra-
tion. Experiments were performed in arginine-free culture medium. * denotes p<.05 versus
control; ** denotes p<.05 versus L-arginine + L-NAME. (Modified from Ref. 106.)

ment of endothelial cell migration by NO is due in part to its effect on integrins,
most probably oiV33 integrins, which are responsible for endothelial cell adhesion
and locomotion. The exact mechanism whereby NO acts on integrins and/or
formation of focal adhesions remains elusive. The potential sites of NO action
are summarized in Fig. 5-7. As discussed above, extracellular domains of integrins
are folded by disulfide bonding and 3 subunits contain four cysteine-rich repeats.
These SH— and S-S groups may represent targets for nitrosylation [79], resulting
in conformational changes of heterodimeric receptors. Although this mechanism
is plausible, its existence awaits experimental proof.

The second potential target for NO is located on the cytoplasmic domain of
focal adhesions and is related to tyrosine phosphorylation of components of focal
contacts. Tyrosine phosphorylation is critical for cell motility [80]. It is important
to emphasize, therefore, that integrins and growth factor receptors converge within
the focal adhesion complex [81], thus providing a spatial compartmentalization for
tyrosine kinase and its substrates. As mentioned earlier, formation of focal con-
tacts is accompanied by tyrosine phosphorylation of several constituents of focal
adhesions [82], and the dissociation of focal contacts results in activation of
phosphotyrosine phosphatases [61]. Because phosphotyrosine protein phospha-
tases contain two highly reactive thiol groups within the active site, Caselli et
al. [83] explored the hypothesis that NO may regulate the activity of the enzyme.
Using a low-molecular-weight phosphotyrosine protein phosphatase as a model
representing a common reaction mechanism and active site motif, these investiga-
tors demonstrated its inactivation by NO donors. In view of the possible head-
to-tail NO gradient in migrating cells, the above NO-induced mechanism of
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Figure 5.7 Potential sites of NO action within the focal adhesion complex (see text for
the details). Reprinted from Experimental Nephrology 4: 314-321, 1996 with permission
by S. Karger AG.

phosphotyrosine phosphatase inactivation has a potential to facilitate formation
of focal adhesion at the leading edge and promote locomotion.

4. Pathophysiological Implications of Disturbances in NO Regulation of
Adhesion and Migration

4.1. NO and Atherosclerosis

Studies by DeCaterina et al. have demonstrated an increase in monocyte adhesion
to endothelial cells treated with NOS inhibitors [16]. Neointimal formation is
NO dependent and is enhanced after endothelial injury, but NO prevents it [16].
It has been shown that NO exerts antiproliferative effect on vascular smooth
muscle cells [24]. Based on these findings, it was suggested that NO exerts an
antiatherogenic effect [84].

Endothelial production of NO is inhibited in hypercholesterolemia and athero-
sclerosis, in some forms of hypertension, and after tissue ischemia and reperfusion
[85-90]. Indeed, it has been recently found that oxidized low-density lipoprotein
decreases the expression of endothelial NO synthase [91]. Collectively, these
observations shed light on the additional beneficial mechanisms of therapy with
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organic nitrates and justify the search for means of targeted NOS gene delivery
[25] and/or development of long-lasting NO adducts [92].

4.2. NO and Platelet Thrombi

As detailed earlier, platelet activation by collagen, thrombin, or ADP elicits an
increase in platelet [Ca®*] which, in turn, transforms the fibrinogen receptor from
a dormant to the active conformation [93], thus triggering platelet aggregation.
The process is self-limited by virtue of concomitant stimulation of NOS and
production of NO. It has been shown that NO-induced inhibition of platelet
aggregation is due to a decrease in affinity for fibrinogen binding to its receptor,
explaining the decrease in number of fibrinogen molecules bound to the platelet
surface [94]. Exogenous NO donors have been used as antithrombotic agents for
a long time. Probably, in pathophysiological situations accompanied by increased
platelet aggregability, the endogenous NO generation is insufficient, advocating
the use of NO or S-nitrosothiol donors [30]. It has been observed by Loscalzo
[92] that both nitroglycerin and nitroprusside inhibit platelet aggregation, and
this process was accompanied by the elevation of intraplatelet cGMP levels.
Conversely, inhibition of NO production is complicated by excessive thrombogen-
esis and vascular occlusion, as has been demonstrated by Westberg et al. [95].
Most recently, an NO-releasing aspirin derivative, acetylsalicylic acid 4-(nitroxy)-
butylester, with vastly enhanced antiplatelet activity has been synthesized and
tested in vitro and in vivo [96]. Thus, the deficient generation of endogenous NO
can be overcome with various NO donors, resulting in the therapeutic inhibition of
platelet aggregation.

4.3. Angiogenesis and Its Targeted Stimulation or Inhibition

Angiogenic stimuli fall into one of two categories: They are either beneficial,
providing supplemental circulation to functioning organs, or they are pathological,
emanating from neoplastic tissues. In the first case, ischemic myocardium or
other tissue is the source of angiogenic growth factors (e.g., vascular endothelial
growth factor) [97]. Despite the local presence of angiogenic stimuli, their efficacy
may be diminished due to an inadequate generation of NO by the endothelial
cells. As demonstrated earlier, production of NO is a prerequisite for endothelial
cell migration induced by vascular endothelial growth factor [22] or substance P
[21]. This scenario would call for a means to enhance NO generation. Conversely,
inhibition of tumor angiogenesis and growth [98,99] or enhanced vascularization
in diabetic retinopathy may require local suppression of NO production.
Occasionally, the need to therapeutically enhance and inhibit angiogenesis
exists simultaneously, as in atherosclerosis. On the one hand, stimulation of
vascularization of ischemic tissues is in demand, whereas, on the other, prevention
of developing vasa vasorum within the atherosclerotic vascular wall (the frequent
site of hemorrhage and thrombosis) represents a therapeutic goal. Because it is



Role of NO in Cell Locomotion / 105

rather difficult to accomplish both, strategies for the targeted gene therapy, like
Sendai virus transfer of the eNOS gene to denuded arteries [25], are under intense
investigation [100].

4.4. NO and Wound Healing

Studies of L-arginine metabolism in wound fluid revealed an early pattern of
NOS activation, as judged by the increase in NO and L-citrulline generation,
followed by activation of arginase and a significant decrease in the local L-arginine
availability, accompanied by an increase in L-ornithine, a substrate for synthesis
of polyamines [101-103]. It was therefore surmised that the latter arginase-L-
ornithine-polyamines pathway is essential for wound healing, and the stimulatory
effect of polyamines on migration has been demonstrated in two intestinal epithe-
lial cell lines [104]. Similarly, in a randomized double-blind study, L-arginine
stimulated wound healing in elderly patients [105]. The above-mentioned observa-
tions from our laboratory [106] suggest that, in addition to the stimulation of
polyamines pathway in the process of wound healing, L-arginine is utilized for
the synthesis of NO which is required for the epithelial wound healing.

5. Conclusions

We have summarized herein available information on adhesion and migration
of diverse cells as they are affected by NO, discussed the mechanics of cell
adhesion and locomotion, delineated some established or possible targets of NO
action, and outlined the pathophysiological consequences of inappropriate NO
regulation of adhesion and migration. The gestalt of this chapter implies that
archaic functions such as adhesion and migration utilize an archaic regulatory
mechanism, NO production, and that disregulation of these fundamental proper-
ties of a living matter brings about ominous sequelae.

Several potential sites for NO regulation of adhesion and migration have been
proposed. It appears that NO affects integrin receptor affinity toward its ligands.
This mode of NO action is crucial for the effect on platelet aggregation, osteoclas-
tic bone resorption, and neutrophil or monocyte adhesion to the endothelium.
Directional migration of many cells consists of a turnover of focal adhesions
creating a nonvectorial “tap dancing,” which we termed podokinesis, and vectorial
protrusion of lamellipodia accompanied by the traction of cell body along a
gradient in the concentration of a chemoattractant. Recent findings show that
NO increases the turnover of focal adhesions, thus agitating cellular “tap dancing.”
Furthermore, in some moving cells, a head-to-tail gradient in NO production
may be responsible for the decreased cytosolic calcium concentration at the
leading edge. This intracellular calcium gradient, in turn, seems to be critical for
the development of gel-sol anisotropy and coordinated attachment—detachment
of focal adhesions in the locomoting cell. Finally, NO may act on protein tyrosine
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phosphatases, G-proteins, and F-actin, thus modulating cell-matrix adhesion
and migration. The typical examples of NO participation in cell migration are
represented by its effects on angiogenesis and epithelial wound healing. Disregula-
tion of these NO-linked functions is associated with either a deficient angiogenesis
in atherosclerosis or excessive neovascularization of some tumors, as well as a
defective wound healing.

A more profound future understanding of the role played by NO in processes
of cell adhesion and migration should open new vistas in therapeutic use of its
donors or inhibitors. The seeds of such approaches (e.g., NO adducts or selective
inhibitors of NOS) have already been planted. However, the rational use of this
universal cell messenger or inhibitors of its synthesis will require additional efforts
in designing strategies for their effective targeting to a selected cell population.

Note Added in Proof

Studies from authors laboratory were supported by NIH grants DK45695 and
DK45462. Permissive role of NO in endothelin-induced migration of endothelial
cells has been described most recently by Noiri et al. in J. Biol. Chem. 272:
1747-1752, 1997.
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Metabolic Pathways and Cycles of L-Arginine
Synthesis and Utilization

Saulo Klahr

In addition to its role in the synthesis of proteins, the amino acid L-arginine
is essential for the synthesis of urea, creatine, nitric oxide, agmatine, and poly-
amines and influences the release of hormones and the synthesis of pyrimidine
bases [1]. Arginine was identified and isolated from proteins more than a century
ago [2,3]. It was not until the 1930s that its prominent role in normal metabolism
began to unfold. This chapter summarizes available information on the synthesis
of L-arginine and various pathways of its utilization: arginase-catalyzed synthesis
of urea and ornithine, production of agmatine through L-arginine metabolism
by arginine decarboxylase, and nitric oxide synthase-catalyzed conversion of
L-arginine to citrulline and NO.

1. Synthesis of L-Arginine

It has been known for more than 50 years that the kidney has a significant
capacity for converting citrulline to arginine [4,5]. The small intestine is the
principal source of circulating citrulline in adult mammals [6]. The synthesis of
citrulline in the intestine is catalyzed by carbamoyl phosphate synthetase and
ornithine transcarbamoylase, which are located in mucosal epithelial cells [7,8].
The regulation of carbamoyl phosphate synthetase and ornithine transcarbamo-
ylase in the intestine differs from that in the liver. The activity of these two
enzymes in the small intestine is either unaffected or decreased by increases in
dietary protein, whereas, in the liver, the activity of most of the enzymes of the
urea cycle is increased in response to high protein diets. [9] The roles of the
small intestine and the kidney with regard to arginine biosynthesis change during
development. Whereas levels of argininosuccinate lyase are relatively high in
the liver and kidney, they are very low in the small intestine of adults. Activities
of carabamoyl phosphate synthase and arginosuccinate synthase and lyase are
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relatively high in small intestine but low in the kidney for the first week or two
after birth [10]. This finding is consistent with the virtual absence of arginase
activity in small intestine during the first two weeks after birth, followed by a
rapid increase in the activity of this enzyme to adult levels [10—-12]. Thus, the
small intestine appears to be the principal biosynthetic organ for arginine at and
shortly after birth, whereas this function is divided between the small intestine
and kidney in adults.

In 1941, the synthesis of L-arginine from L-citrulline and a nitrogen donor,
usually L-aspartic acid, in the kidney was reported. Subsequent studies by Wind-
mueller and Spaeth [6] demonstrated that the intestine is the major, almost
exclusive source of L-citrulline for the renal synthesis of L-arginine. As shown
in Fig. 6-1 approximately 28% of the glutamine, an end product of amino acid
catabolism in muscle, is removed by the intestine from the circulation and released
into the bloodstream as L-citrulline [13]. Smaller amounts, less than 0.025%, of
the L-citrulline is taken up by the liver and 83% is converted to L-arginine in
the kidney [6]. In vitro studies revealed that endothelial cells incubated with
glutamine concentrations about one-third [14] to one-half [15] those found in
normal plasma, significantly inhibit the recycling of L-citrulline into L-arginine
and thus may affect the production of nitric oxide [14].

It has also been reported that the renal proximal tubule is the major site of
synthesis of L-arginine in rat [16], mouse, and rabbit [17]. Although arginase is
present in other segments of the nephron, this metabolic pathway accounts for
only 6% of the metabolism of L-arginine in the proximal tubule [18]. Arginase
activity, as described above, has also been observed in glomeruli obtained from
rats with nephrotoxic nephritis [19], in fibroblasts [20], and in macrophages [21].
Most of the L-arginine synthesized in the proximal tubule enters the systemic
circulation and only a small portion is utilized and metabolized to urea in the
kidney. Thus, the kidney has a key role in maintaining a constant supply of
L-arginine for utilization by other organs, as demonstrated by Featherson et al.
[22]. These investigators administered labeled L-citrulline intravenously to rats
and studied its conversion to L-arginine in muscle, liver, brain, and kidney. They
found significantly lower levels of labeled L-arginine in animals with bilateral
nephrectomy performed 1 h prior to the administration of the labeled citrulline
than in similar animals with intact kidneys with or without hepatectomy [22]. In
the rat [23] and in humans [24], the conversion of L-citrulline to L-arginine in
the kidney is constant and independent of the intake of L-arginine or protein. As
a result, L-arginine homeostasis is achieved by a balance between dietary intake
and L-arginine degradation. When L-arginine degradation and/or utilization is
increased (such as in growth, wound healing, trauma, injury, and sepsis), L-argin-
ine becomes an essential amino acid [24] and its dietary intake should be increased.
Under physiological conditions, the plasma levels of L-arginine and the utilization
of L-arginine by extrarenal organs depend on the synthesis of this amino acid in
the kidney by a mechanism that appears to be independent of the level of the
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Figure 6-1. Sources and synthesis of L-arginine: intestine and kidney. [From Reyes,
A.A., Karl, I.E., and Klahr, S. Role of arginine in health and in renal disease. Am. J. Physiol.
267 (Renal Fluid Electrolyte Physiol. 36), F331-F346 (1994). Used with permission.]

dietary intake of L-arginine or the dietary intake of protein. However, homeostasis
of L-arginine is related to the net difference between the metabolic turnover of
L-arginine and its supply in the diet. The normal plasma levels of arginine are
approximately 80—100 puM and intracellular concentrations are even greater (up
to 1 mM).

The role of the kidney in maintaining plasma levels of L-arginine has been
examined in normal humans and in patients with chronic renal failure. Tizianello
et al. [25] found an arteriovenous renal gradient for L-citrulline and for L-arginine
in normal humans indicating renal uptake of L-citrulline and renal release of
L-arginine. Both processes (i.e., net uptake of L-citrulline and net release of
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Table 6-1. Plasma Levels of Free L-Citrulline and L-Arginine in Healthy Subjects
and in Patients with Varying Degrees of Renal Insufficiency

Creatinine Clearance

- - , Hemodialysis
25-60 ml/min  10-25 ml/min <10 ml/min

Controls (n=33) (n = 46) (n =59 (n=152) (n=32)
L-Cit, pmol/L 30+ 14 57 +£20 73 £ 27 85+ 41 106 £ 52
L-Arg, pmol/L 8121 67 £ 24 67 £ 21 76 + 30 77+ 35
L-Arg/L-Cit 2.70 1.18 0.92 0.89 0.73

Note: Values are means + SE.

Source: Adapted from Jungers, P., Chauveau, P., Ceballos, I., Bardet, J., Parvy, P., Hannedouche,
T., and Kamoun, P. Plasma free amino acid alterations from early to end-stage chronic renal failure.
J. Nephrol. 7, 48-54 (1994).

L-arginine) were of similar magnitude, suggesting that the L-citrulline entering
the kidney was converted to arginine, which was then released into the renal
vein. The same group [26] reported that L-citrulline uptake and L-arginine released
by the kidneys of patients with chronic renal insufficiency decreased to approxi-
mately 40% of values found in normal controls. Jungers et al. [27] found an
inverse relationship between renal function and plasma levels of citrulline (Table
6-1). A progressive decrease in renal function (creatinine clearance) was associ-
ated with higher plasma levels of citrulline. Other investigators have reported
similar findings [28,29].

2. Metabolism of L-Arginine
2.1. Urea Cycle

Studies on the synthesis of urea in liver slices incubated with arginine, citrulline,
or ornithine, which allowed Krebs and Henseleit to postulate the existence of
the urea cycle in 1932 [30], also established the key role of arginine in a major
metabolic pathway. The urea cycle is an essential metabolic pathway for disposal
of the toxic metabolite ammonia in most terrestrial vertebrates. On the other
hand, in marine elasmobranchs, the urea synthesized by this pathway is used for
osmoregulation [31]. The reactions and intermediates in the biosynthesis of 1
mole of urea from 1 mole each of ammonia and carbon dioxide and of the alpha
amino nitrogen of aspartate are shown in Fig. 6-2. The overall process requires
3 moles of ATP and the successive participation of five enzymes catalyzing the
numbered reactions shown in Fig. 6-2. Of the six amino acids involved in urea
synthesis, one, n-acetyl-glutamate, functions as an enzyme activator rather than
as an intermediate. The remaining five amino acids, aspartate, arginine, ornithine,
citrulline, and arginosuccinate, all function as carriers of atoms which ultimately
become urea. Two of these amino acids (aspartate and arginine) occur in proteins;
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Figure 6-2. Reactions and intermediates of urea biosynthesis. Reactions 1 and 2 occur
in the matrix of liver mitochondria and reactions 3-5 in liver cytosol. CO, (as bicarbonate),
ammonium ion, and ornithine and citrulline traverse the mitochondrial matrix via specific
carriers (*) present in the inner membrane of liver mitochondria. (From Rodwell, V.W.
Catabolism of proteins and of amino acid nitrogen. In: Harper’s Biochemistry, 23rd ed.
Eds. Murray, R.K., Granner, D.K., Mayes, P.A., and Rodwell, V.W. Appleton & Lange,
Norwalk, CT, 1993. Used with permission.)
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the remaining three (ornithine, citrulline, and arginosuccinate) do not. The major
metabolic role of these latter three amino acids in mammals is urea synthesis.
As noted in the Fig. 6-2, urea formation is in part a cyclical process. The ornithine
used in reaction 2 is regenerated in reaction 5. Thus, there is no net loss or
gain of ornithine, citrulline, arginosuccinate, or arginine during urea synthesis;
however, ammonia, CO,, ATP, and aspartate are consumed. Both enzymes,
carbamoyl phosphate synthetase (reaction 1) and L-ornithine transcarbamoylase
(reaction 2), are located in liver mitochondria. Reaction 5, the cleavage of arginine
to ornithine and urea, completes the urea cycle and regenerates ornithine as a
substrate needed for reaction 2. Hydrolytic cleavage of the guanidino group of
arginine is catalyzed by a cobalt- or manganese-activated enzyme, arginase,
which is present in the livers of all ureotelic organisms. Smaller amounts of
arginase are also present in renal tissue, brain, mammary gland, testicular tissue,
and skin. Arginase is also present in macrophages. Ornithine and lysine are potent
competitive inhibitors of arginase. Although the full complement of enzymes of
the urea cycle is expressed only in the liver, some of the enzymes of this metabolic
pathway are expressed also in the kidney and small intestine, thereby constituting
an independent arginine biosynthetic pathway.

The urea, formed mainly in the liver, is not further metabolized; it is distributed
in total body water and is excreted by the kidney. Since the beginning of this
century, it has been known that urea production in adult humans varies as a
function of dietary protein intake [32]. Changes in liver arginase activity related
to changes in dietary protein intake were reported in 1939 [33]. This study
represents one of the earliest examples of metabolic adaptation at the level of
enzyme activity in mammals. In the 1960s, it was demonstrated that activities
of all five urea cycle enzymes in rat liver varied as a function of dietary protein
intake [34-36]. Activities of the urea cycle enzymes are highest in response to
starvation and high-protein diets and are reduced in response to low-protein or
protein-free diets [37-43].

2.2. Synthesis of Creatine and Creatinine

L-Arginine is also involved in the synthesis of creatine and creatinine (Fig. 6-3).
Creatine is present in muscle, brain, and blood, both in the free state and as
phosphocreatine. Creatinine is the anhydride of creatine [44]. Three amino acids—
arginine, glycine, and methionine—are directly involved in the synthesis of
creatine. L-Arginine is initially converted to guanidino acetic acid by the addition
of L-glycine and, subsequently, guanidino acetic acid undergoes methylation in
the liver to form creatine, which is then transported to muscle and actively taken
up by this organ. Creatine undergoes a nonenzymatic and irreversible dehydration
to form creatinine at a constant rate of 1-2% per day. The amount of creatinine
formed is dependent on muscle mass [45]. Creatinine is not retained in muscle
and may be further metabolized [46] and even recycled to creatine [47]. Creatinine
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Figure 6-3. Biosynthesis of creatine and creatinine. (From Rodwell, V.W. Conversion
of amino acids to specialized products. In: Harper’s Biochemistry, 23rd ed. Eds. Murray,
R.K., Granner, D.K., Mayes, P.A., and Rodwell, V.W. Appleton & Lange, Norwalk, CT,
1993. Used with permission.)

is distributed in total body water and eliminated by the kidney by filtration and
tubular secretion.

2.3. Synthesis of Nitric Oxide

A metabolic pathway that utilizes L-arginine as an exclusive precursor is the synthe-
sis of nitric oxide with the release of L-citrulline (Fig. 6-4) by cells containing the
enzyme(s) nitric oxide synthase [48—50]. The formation of nitric oxide, one of the
smallest (30 Da) and simplest biosynthetic products, is catalyzed by enzymes that
are among the largest (300 kDa) and most complicated. Nitric oxide synthases are
homodimers whose monomers are themselves two enzymes fused, a cytochrome
reductase and a cytochrome, that require three cosubstrates [L-arginine, nicotin-
amide adenine dinucleotide phosphate (NADPH), and oxygen] and five cofactors
of prosthetic groups [flavin adenine dinucleotide (FAD), flavin mononucleotide
(FMN), calmodulin, (6R)-tetrahydrobiopterin, and heme). The Michaelis-Menton
constant (Km) for arginine use as a substrate for NO synthase is on the order of
1-10puM. Thus, there would appear to be a vast surplus of substrate (plasma concen-
tration of L-arginine is 80—100 pM). Nitric oxide has a half-life of only a few sec-
onds, but its biological activity may last 1-2 min because of the in vivo formation
of complexes of nitric oxide with S-nitroso adducts [51].
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Figure 6-4. Major pathways of L-arginine metabolism. L-Arginine may be metabolized
by the urea cycle enzyme arginase to L-ornithine and urea, by arginine decarboxylase to
agmatine and CO,, or by nitric oxide synthase to nitric oxide (NO) and L-citrulline.

As described elsewhere in this book, nitric oxide has a key role in the regulation
of vascular tone [52], immune system function [53], neurotransmission [54,55],
and platelet aggregation and adhesion [56], among other processes (Fig. 6-5 and
Chapters 2, 5, and 8). Most of the effects of NO are mediated by second messen-
gers, mainly cyclic GMP and protein kinases. Nitric oxide is synthesized from
L-arginine in a reaction catalyzed by one of a family of nitric oxide synthase
enzymes [57-59]. There are three major isoforms of nitric oxide synthase, which
are encoded by three separate genes (see chapters 3 and 4). It is now known that
all nitric oxide synthase (NOS) isoforms require L-arginine, oxygen, and NADPH
as cosubstrates and FAD, FMN, heme, and (6R)-tetrahydro-L-biopterin as cofac-
tors [60—-62 and Chapter 3). Constitutively expressed NOS depends on an addi-
tional cofactor, calmodulin [63-65]. Elevated calcium levels lead to the binding
of calmodulin to NOS and subsequent activation of the enzyme. A calmodulin
consensus sequence also has been found in the inducible form of NOS (iNOS),
thus pointing to a calcium—calmodulin dependence in the macrophage type iNOS,
which requires much less calcium than constitutive NOS (¢cNOS). Once generated,
NO is not very reactive under physiologic pH, but its paramagnetic properties
(odd number of electrons) account for its strong binding affinity for the heme
iron and thereby its inactivation by hemoglobin and other hemoproteins [66].
The same mechanism applies for the activation of soluble guanylate cyclase,
because NO binds to the heme group of this enzyme. Reduced iron (Fe?*) in the
form of heme is required for the activation of soluble granylate cyclase, which
represents the main molecular target of NO, although NO also interacts with a
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Figure 6-5. Synthesis and functions of nitric oxide. CNS, central nervous system; PNS,
peripheral nervous system; NOS, nitric oxide synthase; GC, guanylate cyclase. [From
Reyes, A.A., Karl, LE., and Klahr, S. Role of arginine in health and in renal disease. Am.
J. Physiol. 267 (Renal Fluid Electrolyte Physiol. 36) F331-F346 (1994). Used with per-
mission. ]

variety of other iron-sulfur enzymes [50] and promotes adenosine diphosphos-
phate ribosyl transfer [67].

2.4. Nitric Oxide Synthases

The expanding family of NOS isoforms can be divided into inducible and constitu-
tive isoforms. The first isoform purified and cloned was discovered in neurons
but is also present in skeletal muscle, neutrophils, pancreatic islets, endometrium,
and respiratory and gastrointestinal epithelium. The isoform purified and cloned
from endothelial cells is also expressed in neurons [68]. The isoform first purified
and cloned from macrophages is inducible in cell types from all branches of the
histogenetic tree, among them neurons and endothelial cells [69]. Thus, cell-type
designations can be exceedingly confusing. Ambiguity is minimized by a one-
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to-one correspondence between names and genes, achieved by simplifying an
earlier numerical nomenclature. However, most workers in the field use descrip-
tive terms. A useful classification discriminates NO synthases on the basis of a
physiological critical biochemical feature, dependence on a calcium transient
(greater than 100 nM) in the whole cell to sustain the binding of calmodulin,
signified by the letter “c,” versus independence of elevated calcium to bind
calmodulin [70], denoted by the letter “i.” These terms have led to some confusion
when chelation of virtually all the calcium in cell lysate has partially inactivated
iNOS in some species; such results do not imply that the activity of the enzyme
is dependent on calcium above the concentration present in the resting cell. The
two cNOS are generally constitutive in the developed mammalian organism,
whereas iNOS is generally inducible.

Nitric oxide synthases can be characterized also as low versus high output. A
determinant of these phenotypes is the duration of NOS activity in natural host
cells under physiological conditions. Because activity of the constitutive NOS
is triggered by agonists that increase calcium, it is transient (seconds to minutes).
Effective agonists are many, ranging from bradykinin, thrombin, and sheer stress
in endothelial cells, to glutamate, human immunodeficiency gp virus (HIVGP)
120 [71], and a PB-amyloid peptide in neurons [72]. In addition, the V. of
endothelial ¢cNOS is reportedly far less than the V,,, of neuronal cNOS and
iNOS. Hence, constitutive NOSs comprise the low-output pathway involved in
homeostatic processes such as regulation of blood pressure, neurotransmission,
and peristalsis. Nonetheless, in some circumstances, such as stimulation of neu-
rons in vitro, neuronal cNOS can contribute to cellular toxicity. In contrast, iNOS
lies on the high-output path. Some normal tissue may express iNOS antigens,
such as the uterus of the pregnant rabbit [73] and large airways in humans [74].
However, expression of iNOS is more often related to infection or inflammation
and involved in host defense. Inductive signals include a wide range of microbes
and microbial products, some tumor cells, and numerous cytokines, often in
synergistic combinations [50]. The stimuli which lead to the upregulation of
iNOS vary with cell type and species and in some cases an array of cytokines
is necessary for induction. In rodent macrophages, interferon gamma is a potent
inducer and this effect is potentiated by tumor necrosis factor o, (TNFa), interleu-
kin-1 (IL-1), and lipopolysaccharide [50,75—77]. There are a number of agents
that are also capable of suppressing iNOS induction, including glucocorticoids,
macrophage deactivating factor, isoforms of transforming growth factor beta
(TGF-B), platelet-derived growth factor (PDGF), epidermal growth factor, IL-4
and IL-10 [50,75,76]. For reasons which are not understood, inducible NOS
appears to be particularly sensitive to changes in extracellular arginine [78].

2.5. Regulation of Nitric Oxide Synthases

Different physiologic agents may upregulate or downregulate the activity of NOS.
Agonists may increase the synthesis of NO within seconds or a few minutes by
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acting on constitutive NOS (cNOS) without affecting transcription or translation.
This effect requires calmodulin binding, an event controlled by the level of
intracellular calcium. Agonists in this category include bradykinin, acetylcholine,
leukotrienes, platelet-activating factor, excitatory amino acids, and calcium iono-
phores. “Stretch” and electric stimulation have an important role in endothelium-
dependent vasodilatation [50,79]. Other cells which respond with a rapid and
transitory release of NO in response to such agonists include peripheral blood
neutrophils, mast cells, and some neurons [50,66,80]. No evidence for downregu-
lation of cNOS, once these enzymes are activated, is available. However, at the
mRNA level, tumor necrosis factor oo (TNFa) may downregulate cNOS protein
expression activity in endothelial cells by shortening the mRNA half-life [81,82].
It has been shown that NO per se can downregulate NOS in the cerebellum [83].
Agents that increase NO synthesis through inducible nitric oxide synthases (iNOS)
do so within hours. Their action may be prevented by inhibiting transcription
and translation using drugs such as actinomycin D and cycloheximide.

2.6. Mechanism of Action of Nitric Oxide

Nitric oxide is a highly diffusable gas within and between cells and exerts its
actions by binding to a diversity of target molecules. The major target sites are
metal- and thiol-containing proteins. Nitric oxide has a higher affinity for iron,
both heme and nonheme iron in the prosthetic groups of protein. It is the affinity
for heme groups which leads to the activation of soluble guanylyl cyclase and
the synthesis of cyclic GMP. Other heme enzymes to which nitric oxide binds
include cyclooxygenase, the activity of which is increased [84], and nitric oxide
synthase itself, which may be inhibited. The binding of NO to iron-containing
enzymes is also a major mechanism of cytotoxicity; it binds to iron—sulfur
clusters and enzymes of the mitochondrial electron transport chain, inhibiting
mitochondrial respiration and cis-aconitase. A reaction of NO with thiol groups
may also regulate protein functions. Some thiol-containing proteins, such as
plasminogen activator, are upregulated by nitrosylation, whereas several enzymes,
such as protein kinase C, cathepsin B, aldolase, and glyceraldehyde 3-phosphate
dehydrogenase, are inhibited. Formation of S-nitroso thiols may also be a mecha-
nism by which the activity of NO, as, for example, a vasodilator, is maintained
for longer periods than would be expected for free NO [85].

2.7. Synthesis of Agmatine

Agmatine [4-amino butyl guanidine] has long been known to be a biochemical
component in bacteria, but it was not recognized as a product in mammalian
systems until recently. Agmatine and arginine decarboxylase, which catalyzes
the formation of agmatine from arginine (Fig. 6-6), were recently shown to be
present in mammalian brain [86]. Previous studies had identified a component
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Figure 6-6. Synthesis of agmatine from arginine catalyzed by the enzyme arginine
decarboxylase (ADC).

of calf brain that competed with clonidine for binding to a,-adrenergic receptors
[87] and which also bound to imidazoline receptors [88,89]. The latter class of
receptors is found in the central nervous system, but an endogenous ligand for
these receptors had not previously been identified. This “clonidine-displacing
substance” was a candidate molecule for the endogenous imidazoline receptor
ligand. Li et al. [86] purified a derivatized form of clonidine-displacing substance
which on high-performance liquid chromatographic (HPLC) analysis coeluted
with the derivatized form of agmatine. Agmatine and the clonidine-displacing
substance exhibited closely similar properties of binding to imidazoline and 0,-
adrenoreceptors in vitro and closely similar abilities to stimulate epinephrine or
norepinephrine release in a dose-dependent manner in a o,-adreno receptor activ-
ity assay. This evidence suggests that agmatine may be the endogenous imidazo-
line receptor ligand and that it is also a noncatecholamine ligand for o,-adrener-
gic receptors.

Using homology-based polymerase chain-reaction amplification, we have dem-
onstrated the presence of arginine decarboxylase mRNA (Table 6-2) in tissues
involved in arginine metabolism (brain, kidney, gut, adrenal gland, and liver of
the rat) but not in organs (lung, heart) in which arginine metabolism is low or
absent [90]. The polymerase chain-reaction product from the kidney had a nucleo-
tide sequence 61% identical to that of the Escherichia coli biosynthetic arginine
decarboxylase. On a whole-tissue basis, kidney homogenates were three times
more active than brain homogenates at decarboxylating ['*C]-labeled arginine.
Subcellular fractionation localized the arginine decarboxylase activity of the
kidney to the mitochondrial fraction. L-Agmatine, the product of arginine decar-
boxylation, was found to inhibit nitric oxide formation by postmitochondrial
supernatants of the brain or kidney. Thus, it appears that arginine is metabolized
to two structurally different signaling molecules, nitric oxide and agmatine.
Furthermore, preliminary evidence indicates that agmatine can influence the nitric
oxide synthase pathway. Measurements of the levels of agmatine using stable
isotope dilution gas chromatography and negative-ion chemical ionization mass
spectrometry have revealed that the highest concentration of agmatine per unit
protein mass is present in the kidney. As mentioned above, the mRNA for
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Table 6-2. Arginine Decarboxylase Activity of Rat
Brain and Kidney

Activity

Tissue (pmol COyh/mg protein)
Whole brain 7413
Whole kidney 245 + 21, p < .004
Kidney cortex 199 + 38

Glomeruli 41x2

Tubules 165+ 24, p < .02
Kidney outer medulla

Outer stripe 240 £ 70

Inner stripe 184 £ 18
Kidney inner medulla Not greater than blank values

Note: Values shown are the mean *+ SD of three separate
determinations. A heat-inactivated blank “activity” was routinely
subtracted from each value. This blank usually amounted to
10-15 pmol/h/mg protein.

Source: From Morrissey, J., McCracken, R., Ishidoya, S., and
Klahr, S. Partial cloning and characterization of an arginine
decarboxylase in the kidney. Kidney Int. 47, 1458-1461 (1995);
used with permission.

mammalian arginine decarboxylase was characterized and found to be abundant
in rat kidney compared to other rat tissues [90]. Endogenous production of
agmatine may contribute to the regulation of kidney function through binding to
imidazoline and o, adrenergic receptors. Indeed, imidazoline receptor agonists
increased urinary flow and sodium excretion in rats [91]. The effects on sodium
excretion may result from inhibition of a renal tubular sodium-proton ex-
changer [92].

Early work in plants demonstrated that agmatine was avidly degraded by the
enzyme diamine oxidase, which converts agmatine to guanidino butylaldehyde
[93]. Novotny et al. isolated diamine oxidase and found that the amino acid
sequence was identical to that of amiloride-binding protein [94]. Amiloride and
amiloride analogs significantly inhibit diamine oxidase by binding at the active
site of the enzyme. It is of interest that aminoguanidine, a structurally simplified
version of agmatine which is known to inhibit inducible NOS [95,96], is also a
potent inhibitor of diamine oxidase. Agmatine is a biologically active substance,
but the mode and site of its action have not been fully defined. Recent studies
suggest that this alternate pathway of arginine metabolism is of physiological
importance to renal function [97]. The perfusion of agmatine into the renal
interstitium and into the urinary space of surface glomeruli of Wistar-Fromter rats
produced reversible increases in nephron filtration rate and in absolute proximal
reabsorption [97]. Renal denervation did not alter the effects on nephron filtration
rate but prevented the changes in absolute proximal reabsorption.
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2.8 The Metabolism of L-Arginine Through the Arginase Pathway

In addition to the L-arginine—nitric oxide pathway and the L-arginine decarboxyl-
ation-agmatine pathway, L-arginine is also metabolized to L-ornithine and urea
(Fig. 6-4) by the enzyme arginase [98,99]. L-Ornithine is further metabolized to
polyamines—putrescein, spermin, spermadine—and L-proline (see Fig. 6-7) [99].
Polyamines play an important role in the regulation of cellular proliferation and
DNA and RNA synthesis, and L-proline is a substrate for collagen synthesis;
both pathways may be involved in tissue repair [100—103]. However, little is
known about the influence of cytokines on these pathways. The rate-limiting
enzyme for the polyamine synthesis, ornithine decarboxylase, and the first enzyme
of L-proline synthesis, ornithine aminotransferase, are partially controlled by
hypophyseal hormones and their activity follows a circadian rhythm. Thus, it is
possible that insulinlike growth factor 1, which is a mediator of growth hormone
effects in tissues, might play a role in the activation of these enzymes [104].
Recently, it was shown that cultured mesangial cells expressed ornithine decar-
boxylase activity following stimulation with the platelet-derived growth factor
and that the increased ornithine decarboxylase activity caused mesangial cells to

r(i#t? S.L 1PNy (+).
-1, +).
TGF.—:'.PDGF(-)]

> Nitric Oxide (NO

L-Arginine —{ §'°S

opc > Polyamines

{POGF, TGF-87, IGF-12,
(angiotensin If) (+)]

“Arginase —> L-Ornithine
Y]

OAT > L-Proline

[TGF-87]

Figure 6-7. Schematic overview of pathways of L-arginine metabolism. Cytokines in-
volved in enzyme regulation are shown in brackets. iNOS, inducible NO synthase; cNOS,
constitutive, calmodulin-dependent NO synthase; ODC, ornithine decarboxylase; OAT,
ornithine aminotransferase; TNF-a., tumor necrosis factor-a; IL-1, interleukin-1; IFN-y,
interferon-y, TGF-P, transforming growth factor-f§; PDGF, platelet-derived growth factor;
IGF-1, insulinlike growth factor 1. +, stimulation; —, inhibition. [From Ketteler, M., Border,
W.A., and Noble, N.A. Cytokines and L-arginine in renal injury and repair. Am. J. Physiol.
267 (Renal Fluid Electrolyte Physiol. 36), F197-F207 (1994). Used with permission.]
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proliferate [105]. Little is known about the effects of cytokines on arginase
expression or activity [106].

2.9. Synthesis of Orotic Acid

L-Arginine levels may also influence the synthesis of pyrimidines necessary for
cell and tissue growth by modulating the generation of orotic acid, the first
precursor in this metabolic pathway [107-109]. The nitrogen generated from
protein metabolism is converted to urea in the liver, a metabolic pathway in
which L-arginine has a key role as a donor of the two nitrogen atoms of urea
[107]. A relative deficiency of L-arginine may impair the disposal of nitrogen
through urea generation. When the amount of protein metabolized generates
nitrogen in excess of the L-arginine available in the liver, this may lead to
retention of ammonia in plasma and accumulation of carbamoyl phosphate, the
mitochondrial precursor of urea. Carbamoyl phosphate may diffuse into the
cytoplasm and eventually leak out of the hepatocyte to promote the synthesis of
orotic acid [107-110], the initial step in the synthesis of pyrimidine nitrogen
bases and RNA [111-114]. Greater availability of orotic acid stimulates the
synthesis of nucleic acid pyrimidines and their sugar-containing derivatives [ 108],
all of which may promote growth [111]. Increased excretion of orotic acid in
the urine suggests a deficiency of L-arginine. Increased production and excretion
of orotic acid in the urine may also occur as a result of enzymatic defects in the
urea cycle. Interestingly, plasma levels of orotic acid are increased sevenfold in
patients with end-stage renal disease, compared with normal subjects, and de-
creased to only 60% of normal levels after hemodialysis [115]. The pathophysio-
logical implications of the increased levels of orotic acid in this setting remain
to be explored.

3. Effect of L-Arginine on the Release of Hormones

L-Arginine has a marked effect on the release of hormones. Administration of
L-arginine stimulates the secretion of insulin, glucagon, growth hormone, and
endogenous steroids [116—120], all of which can, alone or in combination, affect
a vast array of biological processes. Thus, the mechanisms of a given response
observed after L-arginine administration may reflect interactions between the
different pathways in which L-arginine has a key role and/or the multiple effects
these amino acids have on hormonal release. Glucocorticoids exert their anti-
inflammatory actions through a variety of effects including inhibition of cytokine
release. In addition, glucocorticoids have been shown to inhibit directly the
induction of iNOS [121] via downregulation of protein expression [122]. Thus,
the action of glucocorticoide can be similar to that achieved with substrate
inhibition of cNOS, with the difference that glucocorticoids prevent the induction
of the enzyme, whereas ¢cNOS inhibitors inhibit activity [123]. In vivo, the
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metabolism of L-arginine may be assessed by determination of plasma levels of
L-arginine, L-citrulline, ammonia, urea, and creatinine, and by the determination
of the excretion in the urine of cyclic GMP, nitrate plus nitrite, orotic acid, urea,
and creatinine.
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Distribution of NOSs in the Kidney

Sebastian Bachmann

1. Nitric Oxide Synthase Isoforms in the Kidney

A variety of renal cell types are capable of synthesizing nitric oxide (NO). Three
isoforms have been identified to date. There are the constitutive isoforms NOS
I [also termed neuronal (n) or brain (b) type NOS based on its first identification
in the brain of various species] and NOS III [or endothelial (ec) NOS, although
this isoform is not solely expressed in endothelia but has now also been detected
in epithelial cells, see below], and the inducible isoform NOS II (or iNOS) which
appears to occur in the kidney as a macrophage-type and a vascular smooth muscle
cell-type NOS 1II [1]. NOS I and NOS 111, although constitutively expressed, are
quiescent until activated by increased Ca*; levels that sustain calmodulin binding
[2-6]. In contrast, NOS II, the inducible form, is present after transcriptional
activation by cytokines or lipopolysaccharide (LPS), the principal component of
bacterial endotoxin [7-11]. This NOS isoform remains active for longer periods
and does not require Ca*; levels for its activation; exceptions to this definition
were reported for the kidney as detailed below.

2. Techniques to Localize NOS Isoforms

Localization of NOS isoforms in the kidney may be performed with a variety
of techniques. NOS protein may be measured simply in kidney homogenates
with isoform-specific antibodies using dot blots, Western blots, or ELISA. With
the help of specific molecular probes, RNAase protection assay, Northern blots,
or dot blot techniques have been applied to determine isoform-specific NOS
mRNA expression. By separating renal zones, the regional distribution of NOS
isoforms can be studied with these techniques [12]. The same techniques may
be used for the analysis of renal cell lines or primary cell cultures [13,14]. In a
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highly sensitive approach, relative levels of specific NOS mRNA have been
analyzed in glomeruli and single microdissected segments of the renal tubule
using polymerase chain reaction (PCR) coupled to reverse transcriptase (RT-
PCR) [15,16]. Histochemical demonstration of NOS isoforms can be performed
on renal tissue sections by the NADPH-diaphorase (NADPH-d) reaction, immu-
nohistochemistry, and in situ hybridization [17]. The NADPH-d reaction detects
an enzyme associated with the NOS molecule but does not distinguish between
the isoforms of NOS [18,19]. Of note, the intensity of the NADPH-d reaction
varies with the NADPH-d activity of NOS, thereby indicating NOS enzyme
activity at a given time point of fixation or freezing of the tissue. The reaction
with NADPH is specific to NOS only if no other NADPH-requiring enzymes
are present in a given cell. Immunocytochemical methods have been applied
using isoform-specific monoclonal and polyclonal antibodies that were raised
against purified NOSs and biochemically characterized [3,20-26]. Molecular
cloning of NOS isoforms has provided specific sequences used for biochemical
and histochemical probing. The cytosolic detection of specific mRNAs coding
for NOS isoforms has been achieved using nonisotopically labeled riboprobes
for in situ hybridization [25,27,28].

3. NOS in the Renal Vasculature

3.1. General Aspects of Vascular NOS

The formation of nitric oxide from L-arginine in blood vessels is catalyzed
predominantly by the endothelial NOS III isoform [3,29-31]. In addition, the
formation of NO can be elicited in most vascular cell types when mediators of
vascular injury or inflammation such as interleukin-1f (IL-1f) and tumor necrosis
factor oo (TNFo), or bacterial endotoxin are present [31-33]. Most often, the
vascular smooth muscle cells were reported to produce NOS 1II on the effect of
inducing stimuli, and NOS II has also been demonstrated in tumor vessels [35-37].
Likewise, evidence has been presented that induction of NOS II also occurs in
the endothelium and that such an induction is dependent on the same factors that
trigger the high-output pathway for NO in vascular smooth muscle cells. The
constitutively expressed endothelial NOS III isoform normally acts in a Ca*/
calmodulin-dependent manner, and regulation is thought to be governed mainly
by changes in the intracellular concentration of calcium [3,38,39]; major factors
that increase endothelial NOS activity in a calcium-dependent manner are physical
stimuli (shear stress) or endocrine/paracrine substances such as bradykinin and
acetylcholine [2,40,41]. In addition, recent studies examining the expression of
NOS III under chronic stimuli such as exercise [2] and flow exposure [38,42,43]
have provided evidence for a sustained elevation of NOS III gene expression in
a cytokine-independent manner, and putative sheer stress-responsive elements
have now been described in the NOS III promoter sequence [44—47]. Similarly,
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lysophosphatidylcholine, a component of atherogenic lipoproteins and atheroscle-
rotic lesions, induced an elevation of NOS III mRNA levels and a concomitant
increase of NOS III protein [48].

Subcellular localization of NOS III in endothelial cells has been the focus of
several investigations. Biochemically, 90-95% of NOS III has been found in
the particulate fraction of endothelial cells [2,3,44,49], but upon stimulation,
phosphorylation and translocation may occur, leading to a shift toward the cyto-
solic fraction. High-resolution localization of endothelial NADPH-d activity has
demonstrated reaction product in the endoplasmic reticulum and/or Golgi appara-
tus [25,50,51]. Ultrastructural analysis of NOS III immunostaining showed a
clear association of both NADPH-d and NOS III immunoreactivity with perinu-
clear Golgi stacks and associated vesicles; NOS III was suggested to be exterior-
ized by fusion of these vesicles with the plasma membrane [52]. Others have
shown the enzyme to be associated with the plasma membrane and membranes
of cytoplasmic vesicles [53] or to be present within the cytoplasm [51,53]. A
recent study described the presence of NOS III in renal mitochondria, where
the enzyme was suggested to control oxidative phosphorylation; however, the
particular origin of the mitochondria has not been given [54]. As an unexpected
observation, also NOS I immunoreactive cells were described in endothelia [25];
in rabbit aorta, a small subpopulation of endothelial cells revealed NOS I staining
in the cytoplasm and in association with ribosomes [24].

3.2. Renal Vasculature and Glomerular Tuft—Morphology

A brief morphological overview of the renal vasculature is given to cover the
topographical background for NOS localization in renal blood vessels. The renal
artery is dividing near the hilum and establishes interlobar arteries which then
enter the renal parenchyma at the border between the cortex and medulla, where
they are called arcuate arteries [55]. The latter give rise to the interlobular
(cortical radial) arteries. Interlobar, arcuate, and interlobular veins accompany
the corresponding arteries. From the interlobular arteries, the afferent arterioles
arise to the glomerular tufts of the renal corpuscles (Fig. 7.1).

Within the glomerular tuft, three cell types may be encountered—endothelial
cells, mesangial cells, and visceral epithelial cells. Their numerical ratio has been
estimated to be 3:2:1 [56]. Endothelial cells consist of a body and large
fenestrated peripheral parts; the fenestrations lack a diaphragm. The mesangium
is established by mesangial cells and the mesangial matrix.

Mesangial cells are thought to be contractile cells; processes contain microfil-
aments that attach to the glomerular basement membrane by the interposition of
extracellular microfibrils [55,57]. The mesangial matrix contains a variety of
collagen types (type III-VI [55,58]). The mesangium is thought to form a support-
ing framework which maintains the structural integrity of the glomerular tuft.
The visceral epithelium, which principally belongs to the nephron (see below),
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Figure 7-1. Distribution of endothelial constitutive NOS (indicated in black) in the renal
vasculature. Vessels with positively stained endothelia are the arcuate interlobular and
afferent arterioles, the glomerular capillaries, the afferent arterioles, and, originating from
juxtamedullary efferent arterioles, the descending vasa recta. The remaining vessels and
capillaries are negative. The broken lines are delineating cortex, medullary rays, outer
and inner stripe of the outer medulla, and inner medulla. Results from Ref. 25. (Modified
from Ref. 22.)

is constituted by the highly differentiated podocytes which give rise to long
primary cell processes. The latter possess numerous foot processes forming the
filtration slits. Podocytes contain the cytoskeletal components, vimentin, and
bundles of microfilaments [55,59]. Both mesangium and podocytes are regarded
as structure-stabilizing systems that maintain the folded pattern of the glomerular
basement membrane and counteract the expansion of glomerular capillaries [58].
Failure of one system will lead to an involvement of the other so that these are
considered the key events in glomerular pathology.

The efferent arterioles drain the glomerular capillary tufts, and those of superfi-
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cial, midcortical, and juxtamedullary glomeruli must be distinguished. Whereas
superficial and midcortical efferent arterioles supply the cortical peritubular capil-
laries, the efferent arterioles of juxtamedullary glomeruli turn toward the renal
medulla where they divide into the descending vasa recta, which, together with
the ascending vasa recta, form the vascular bundles of the medulla. The descend-
ing vasa recta traverse the inner stripe of the outer medula in cone-shaped vascular
bundles from which single vasa recta branch off successively to supply the
interstitium with capillaries. Ascending venous vessels of the medulla empty into
the arcuate and interlobular veins.

The intrarenal arteries and proximal portions of the afferent arterioles are
similar to vessels of equal size from elsewhere in the body [55]. Terminal portions
of the afferent arterioles contain the granular (renin producing) cells which,
together with the adjacent macula densa and extraglomerular mesangium, consti-
tute the juxtaglomerular apparatus (JGA). The granular cells are transformed
vascular smooth muscle cells, but normally contain relatively few myofilaments.
Like the afferent arterioles, efferent arterioles possess a proper media of smooth
muscle cells. Compared to the afferent arteriole, endothelial cells of the efferent
arteriole show more profiles per cross section and are protruding into the lumen
[55]; this pattern is particularly well developed in juxtamedullary efferent arteri-
oles. In the descending vasa recta, the smooth muscle cells are gradually replaced
by pericytes forming an incomplete layer of contractile cells. Ascending vasa
recta have a fenestrated capillary wall structure; also, the walls of the large
interlobular and arcuate veins are constituted accordingly and can therefore be
classified as wide capillaries [55,60]

3.2. Constitutive NOS in the Renal Vasculature, Glomerular Tuft,
and Interstitium

A comprehensive overview of vascular localization of NOS is given in Table 7-1.
Despite the critical importance of NO in the regulation of renal microcirculation
[40,61,62], relatively few studies are making reference to the particular localiza-
tion and local activity of NOS isoforms in the kidney. At the mRNA level,
constitutive NOS expression has been localized to the interlobular arteries [63]
and arcuate arteries [15] after microdissection using RT-PCR. In the glomerulus,
the presence of a constitutive NOS has been reported [15], and glomerular NOS
III mRNA abundance in vivo was shown to be modulated by L-NAME, suggesting
that not only the enzyme activity but also the amount of enzyme was downregu-
lated by the NOS inhibitor [63]. At the histochemical level, NOS III localization
in the renal vasculature has been performed with the aid of NADPH-d reaction
and specific antibody staining [25,26,53]. In several mammalian species, includ-
ing man, renal interlobar, arcuate, and interlobular arteries show significant
NADPH-d staining, which, apart from a subpopulation of accompanying vascular
nerves (see below), has been located exclusively in the endothelium [26], and



*SON JO UO0T09)ap I0J pasn sAeSSe oy} 01 SI9JY,

8¢C - ST - sore[des renqmiueg
8L + 8T - ST + ST + B109I BSBA
8¢ - €9 S1 +) (o4 + snniowo[3/saue[ides IenIswWoD)
S8 )
¥8-T8 ‘1 + L8 + ST - wni3uesapy
8C - ST + 9[OLIAME JUAIHH
8¢C -
9¢ + 9t ‘ST + S[OLIALIE JUSIKY
[ + 8¢C - €9 + €6 ‘6T + £1911® IRINQOIAIUY
I + 8¢ - S1 + ST + £1311e 91ENOIY
8T - ST + £1911e TR[NQOLIU]
A2 s[BITWAYS01Y Jd »[BOTWIAYI0ISTH o J[eonuayoorg ‘4 L[BOTWISYO0ISTH UOT)BZI[BO0] JE[NOSBA

SON!

SONP

2UmDnISPA [ouay 241 ut [} SON (1) 21qronpuj puv (y30g 10 JI] SON 40 [ SON 40f 2ouap1azy) SON () 2aunisuo) fo uounqrusiq [-£ 2199

138



Distribution of NOSs in the Kidney / 139

staining was colocalized with specific NOS III immunostaining [25,53] (Figs. 7-
2 and 7-3). Both signals were present also in the glomerular afferent and efferent
arterioles [25,26], with preferential NADPH-d staining found in the efferent
arteriole [25] (Fig. 7-4). Surprisingly, selective NOS I immunoreactivity was
detected additionally in the efferent arteriolar endothelium; this finding was
particularly clear in guinea pig kidney [25]. Regarding the particular microana-
tomy of the efferent arteriolar endothelium (see above), a shear stress-mediated
activation of NOS could possibly be well accomplished in the efferent arteriole,
so that high levels of NOS might be related with a well-developed susceptibility
for flow changes in this segment. In rat and in other species, endothelial NADPH-
d and NOS I and III signals are present already in the intraglomerular initial part
of the efferent arteriole where NO may have a regulatory function in glomerular
blood flow as well [64]. The preferential occurrence of NOS in the efferent
arteriole is, however, somewhat controversial to functional studies which have
indicated a preferential role for the afferent, and not the efferent arteriolar NO
synthesis [65-67], but it is in agreement with another study on the microvascula-
ture in the hydronephrotic kidney, where a preferential efferent reaction in re-
sponse to NOS inhibition was registered [68].

In the glomerular capillaries, significant NADPH-d staining was obvious, and
moderate antibody staining for NOS III was detected as well [25]. Together with

Figure 7-2. Vascular localization of NOS activity in human kidney. NADPH-diaphorase
staining is present in the endothelia of one interlobular artery (center) and two glomerular
afferent arterioles. Magnification: 740 X.
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Figure 7-3. Vascular localization of NOS III immunoreactivity in the endothelium of
an interlobular artery of rat kidney (arrowheads). Specific antibody against NOS III was
applied (Ref. 53). Note that the smooth muscle layer is unreactive. Bound antibody was
detected by Texas red epifluorescence. Magnification: 420 X.

the results on glomerular constitutive NOS expression [15,63], a role for NOS with
NO serving as alocal regulator of intraglomerular capillary pressure appears possi-
ble; NO-induced effects could be mediated either by the mesangium or the podo-
cytes [69]. In cell processes of the latter, significant immunoreactivity for the o,
subunit of the NO “receptor,” soluble guanylate cyclase, was detected [70]. Apart
from glomerular capillaries, no other renal cortical capillaries have been shown to
contain a signal indicating synthesis of NO; in the cortical interstitium, histochemi-
cal staining ends with the terminal branching of the efferent arteriole.

Regulation of endothelial NOS in the cortical renal vasculature could also be
established with histochemical methods [71]. In two-kidney, one-clip- Goldblatt
hypertension in rats, a marked increase in NADPH-d signal was observed in
interlobular and glomerular afferent arterioles of the contralateral, nonclipped
kidney, whereas a decrease in signal was seen in the stenotic kidney [71]. The
increase in NADPH-d signal was paralleled by an enhanced immunoreactivity
for nitrotyrosine in the arteriolar wall, indicating a footprint for an enhanced
release of NO from the endothelium into the vascular media [71,72]. It is currently
thought that NO-dependent vasodilation in the Goldblatt condition serves to
maintain contralateral renal perfusion despite elevated angiotensin <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>