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Deconstructing endothelial dysfunction:
soluble guanylyl cyclase oxidation
and the NO resistance syndrome

Mark T. Gladwin

Vascular Medicine Branch, National Heart, Lung, and Blood Institute, and Critical Care Medicine Department,
Clinical Center, National Institutes of Health, Bethesda, Maryland, USA.

In this issue of the JCI, Stasch and colleagues suggest that a novel drug, BAY
58-2667, potently activates a pool of oxidized and heme-free soluble guanylyl
cyclase (sGC; see the related article beginning on page 2552). The increased
vasodilatory potency of BAY 58-2667 the authors found in a number of animal
models of endothelial dysfunction and in human blood vessels from patients
with diabetes suggests that there exists a subphenotype of endothelial dys-
function characterized by receptor-level NO resistance. Diseases associated
with NO resistance would appear to be ideally suited for therapies directed at
restoring redox homeostasis, sGC activity, and NO sensitivity.

Our molecular understanding of the
pathogenesis of diabetes mellitus crystal-
lized with the discovery of insulin and the
catastrophic failure to produce insulin in
type 1 disease. It would take decades to
unravel the mechanisms underlying type
2 diabetes, a more common disease associ-
ated with preserved insulin production but
resistance to insulin at the receptor level.
A similar march to discovery character-
izes most endocrinopathies; e.g., the iden-
tification of a failure to produce thyroid
hormone in hypothyroidism and later the
discovery of the more unusual generalized
resistance to thyroid hormone. If we con-
sider the diatomic free radical NO, a para-
crine and endocrine signaling molecule (1),
we should not be surprised by the ultimate
discovery of “NO resistance syndromes.”
Endothelial NO is produced by the
endothelial isoform of NOS, eNOS, via
a 5-electron oxidation of L-arginine to
form L-citrulline and NO. eNOS is acti-
vated following stimulation with calcium
ionophore, muscarinic receptor activation
by acetylcholine, delivery of excess sub-
strate arginine, and shear stress. NO then
diffuses as a paracrine signaling molecule

Nonstandard abbreviations used: BAY 58-2667,
4-[((4-carboxybutyl){2-[(4-phenethylbenzyl)oxy]
phenethyl}amino) methyl [benzoic|acid; cGMP, cyclic
GMP; DEA/NO, donor 2-(N,N-diethylamino)-diazeno-
late-2-oxide; sGC, soluble guanylyl cyclase.
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to albuminal smooth muscle and binds
to the hemes on the a/f heterodimer
soluble guanylyl cyclase (sGC), which in
turn converts GTP to cyclic GMP (cGMP)
and activates cGMP-dependent protein
kinases (Figure 1) (2-4). On the heels of the
discovery of this pathway, it became clear
that patients with coronary artery disease
or its risk factors — diabetes, hypercho-
lesterolemia, hypertension, atherosclero-
sis, increasing age, and tobacco smoking
— develop endothelial dysfunction. The
observed impairments in stimulated and
basal NO production are now classic: The
expected blood flow responses to infusion
with acetylcholine, an endothelium-depen-
dent vasodilator, are reduced, and the nor-
mal decrease in blood flow during NG-
monomethyl L-arginine infusion, a direct
NOS inhibitor, are blunted (5). However,
it is important to note that in all of these
pathologies the vasodilatory responses to
endothelium-independent exogenous NO,
typically assessed by the infusion of sodium
nitroprusside, are preserved.

This relatively simple signaling paradigm
becomes increasingly complex as we begin
to consider factors that modulate substrate
transport and availability for NOS, phos-
phorylation, and posttranslational modi-
fications of NOS; oxidative uncoupling of
the enzyme; and downstream stability of
the secondary messenger cGMP. Indeed,
the enzymes arginase I and II can degrade
arginine, and oxidative stress can uncou-
ple eNOS, leading to a state of L-arginine
resistance (6-8). Once again, we must note
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that in all of these pathologies the vasodi-
latory responses to authentic NO are gen-
erally preserved.

Is there a subphenotype

of endothelial dysfunction
characterized by NO resistance?

In this issue of the JCI, Stasch and col-
leagues present provocative findings that
clinical states of endothelial dysfunction
can be associated with the accumulation of
oxidized and heme-free sGC that cannot be
activated by NO (9). Indeed, the oxidation
of purified sGC enzyme, endothelial cells,
platelets, or aortic ring bioassay prepara-
tions with 1H-[1,2,4]oxadiazolo [3,4-a]quin-
oxalin-1-one (ODQ) or peroxynitrite pro-
duces a state of NO resistance in which
both NO-dependent cGMP accumulation
and vasodilation are impaired. Remark-
ably, the authors provide extensive and
compelling experimental evidence that
the NO- and heme-independent activa-
tor of sGC, 4-[((4-carboxybutyl){2-[(4-
phenethylbenzyl)oxy] phenethyl}amino)
methyl [benzoic]acid (BAY 58-2667), can
potently bind to and activate these oxi-
dized and/or heme-free sGCs, producing
selective sGC activation and vasodilation
of diseased blood vessels (Figure 1). This
binding also appears to inhibit ubiquitin-
dependent sGC protein degradation. The
thesis that oxidized and heme-free sGC
contributes to endothelial dysfunction in
clinical conditions is further supported by
in vivo and vascular ring experiments in the
spontaneously hypertensive rat, Watanabe
hyperlipidemic rabbits, and ApoE~/~ mice
on a high-fat diet as well as in isolated
human mesocolon arteries from patients
with type 2 diabetes.

While these studies suggest that ath-
erosclerosis and its risk factors would be
associated with impaired sGC function
and resistance to exogenous NO, we know
that patients with endothelial dysfunction
have preserved responses to nitroprusside
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and nitroglycerin. As described above, the
sine qua non of endothelial dysfunction
is impaired vasodilatory response to ace-
tylcholine but normal response to sodium
nitroprusside or nitroglycerine. In fact, in
the current study by Stasch et al. (9), while
responses to donor 2-(N,N-diethylamino)-
diazenolate-2-oxide (DEANO; an NO
donor) were blunted after treatment with
peroxynitrite, the blood flow responses to
sodium nitroprusside were similar in the
Watanabe hyperlipidemic rabbits to those
of the control New Zealand rabbits, and
there was little difference in nitroglycerin-
dependent vasodilation between ApoE~/-
mice on high- and low-fat diets. These
models indicate a more profound effect of
BAY 58-2667 in the ApoE 7/~ mice and Wata-
nabe rabbits than the severity of resistance
to NO. In order to reconcile these results
we must consider 3 issues relevant to the
subject of NO resistance.

One possibility is that the increased
potency of BAY 58-2667 amplifies the
c¢GMP production from a small subpopu-
lation of oxidized or heme-free sGCs.
Indeed, the 50% effective concentration for
DEANO, nitroglycerin, and sodium nitro-
prusside all approximate 1 x 1077 g/ml,
while BAY 58-2667 ranges from 1 x 10~ g/ml
to 1 x 10710 g/ml for normal and oxidized
vessels, respectively. If true, this would
suggest that intra-arterial infusions of
BAY 58-2667 should be added to our
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classic tests of endothelial dysfunction
to quantify the severity of sGC oxidation
and NO resistance.

A second possibility is that we have failed
to completely deconstruct endothelial
dysfunction subphenotypes. Is it possible
that buried within the error of the mean
of blood flow responses to NO donors are
subpopulations of patients with blunted
responses to nitroglycerin and sodium
nitroprusside? Consistent with this possi-
bility, in sickle cell disease and other hemo-
lytic conditions, intravascular hemolysis
releases hemoglobin into plasma, which
reacts with and inactivates NO, produc-
ing a state of NO resistance (10-12). These
hemolytic diseases are also associated with
significant oxidant stress, which would
oxidize sGC (13). While results of an exami-
nation of a group of sickle cell disease
patients, regardless of clinical severity, sug-
gests that the blood flow responses to sodi-
um nitroprusside are normal, a subgroup
analysis of male patients and those with
a high degree of intravascular hemolysis
revealed a state of NO resistance (10, 14).
Indeed, the patients with sickle cell disease
with high-level hemolysis and the trans-
genic mouse models of sickle cell disease
exhibit profound resistance to infusions of
nitroglycerin, sodium nitroprusside, and
the direct NO donors, the NONOates (like
DEANO and DETANO; refs. 10, 15-18).
Cleatly, more study is required to determine

htep://www.jci.org  Volume 116

Number 9

commentaries

Figure 1

Oxidized and heme-free sGC is unresponsive
to NO but activated by BAY 58-2667. Upon
activation by shear stress or acetylcholine
(ACh), endothelial NO is produced by eNOS.
NO then diffuses to smooth muscle and binds
to the reduced hemes (Fe?* ferrous heme) on
the o/ heterodimer sGC, which in turn con-
verts GTP to cGMP and leads to downstream
smooth muscle relaxation and vasodilation.
Clinical states of endothelial dysfunction can
be associated with the accumulation of oxidized
(Fes+ ferric heme) and heme-free sGC that can-
not be activated by NO. A study in this issue of
the JCI demonstrates that the NO-and heme-
independent activator of sGC, BAY 58-2667,
can potently bind to and activate the oxidized
and heme-free sGC, producing vasodilation
of diseased blood vessels, while the porphyrin
ligand protoporphyrin IX (PPIX) only binds to
heme-free sGC (9). M, muscarinic receptor.

whether these conditions reflect an unusual
form of endothelial dysfunction or whether
subgroups of patients with endothelial dys-
function exhibit blunted responses to nitro-
glycerin or sodium nitroprusside.

A final, more confusing issue must be
addressed. Not all NO-dependent vasodila-
tions and not all NO donors are the same.
This was recently highlighted by a provoca-
tive study by Adachi and colleagues, which
suggested that NO-dependent vasodilation
occurs via the intermediate formation of
peroxynitrite, which in turn oxidizes and
S-glutathionylates a reactive thiol on sar-
coplasmic reticulum Ca?* ATPase (SERCA;
ref. 19). In this study, scavengers of super-
oxide and peroxynitrite inhibited vasodi-
lation of aortic rings to acetylcholine and
authentic NO (in solution), while respons-
es to sodium nitroprusside were normal.
The authors speculated that nitroprusside
directly activated sGC, while authentic NO
reacted with superoxide to form peroxyni-
trite and oxidize SERCA. Regardless of the
specific mechanism, this study highlights
the fact that within an experimental sys-
tem, the vasodilatory responses to sodium
nitroprusside can be normal even as the
responses to authentic NO are impaired.

Indeed, sodium nitroprusside and nitro-
glycerin, which are both used clinically to test
endothelial responses to exogenous NO, are
irregular NO donors. Nitroprusside is “dirty”
in thatit can release iron and cyanide, which
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in turn produces oxidant stress. Further-
more, nitroprusside actually generates NO*,
the nitrosonium cation, which in addition to
reducing NO can form nitrite and S-nitroso-
thiols, both physiologically active vasodila-
tors in their own right (20, 21). Nitroglycerin
must be enzymatically converted to NO and
nitrite, and the role of NO formation in the
mechanism of nitroglycerin-dependent vaso-
dilation is debatable. Sustained exposure to
nitroglycerin (nitrates) results in pharmaco-
logical tolerance or resistance within days;
the mechanisms of tolerance are incom-
pletely understood, but a contributing role
of increased oxidant stress and superoxide
production has been proposed (22). It is
intriguing to speculate that sGC oxidation
might contribute, at least in part, to nitrate
tolerance. All of these issues highlight the
remarkable uncertainty about the chemistry
and mechanisms underlying our most basic
tools used to test endothelial function and
even the precise mechanisms of “NO-depen-
dent” vasodilation.

In conclusion, the increased biological
activity of ligands that potently activate a
pool of oxidized and heme-free sGC sug-
gests that there exists a state of receptor-
level NO resistance. In order to understand
whether NO resistance represents a real
subphenotype of endothelial dysfunction,
more work is required to characterize the
capacity of blood vessels in such patients to
respond to drugs like BAY 58-2667 and to a
range of NO donors. Patients with enhanced
vasodilatory responses to BAY 58-2667 but
blunted vasodilator responses to NO donors
would appear to be ideally suited for thera-
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pies directed at restoring redox homeostasis,
sGC activity, and NO sensitivity.
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