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The respiratory system has traditionally been
thought of as a two-gas model: hemoglobin
(Hb) within red blood cells (RBC) binds
oxygen in the lungs, delivers the oxygen to
peripheral tissues, and binds carbon dioxide,
which is returned to the lungs, released, and
expired. However, fine-tuning of the system
is required so that blood flow is preferentially
shunted to tissues that have a greater need for
oxygen. This mechanism, hypoxic vasodila-
tion, is defined as the prompt vascular re-
sponse to increased local demand for oxygen
because of a change in metabolic activity in
the absence of injury or disease (1, 2). This
process involves detection of blood oxygen
content by sensors and then a rapid transduc-
tion of the signal into a vasodilatory bioactiv-
ity (2). Emerging data suggest that Hb in the
RBC not only functions as a vehicle to carry

adequate amounts of oxygen to tissues, but
also functions as an oxygen sensor and oxy-
gen-responsive nitric oxide (NO) signal trans-
ducer, thereby regulating vascular tone (2, 3).
In the past several decades, emerging

findings suggest that the respiratory system is
mediated by a third gas, NO, which regulates
hypoxic vasodilation (2). This concept remains
controversial, and three mechanisms have
been proposed for RBC-dependent hypoxic
vasodilation: adenosine triphosphate (ATP)
release and subsequent activation of endo-
thelial nitric oxide synthase (eNOS) (4–7);
nitrite reduction to NO by deoxyhemoglo-
bin (8, 9); and S-nitrosohemoglobin (SNO-
Hb)-dependent bioactivity (1, 2, 10) (Fig. 1).
In PNAS, Zhang et al. (11) present novel
information adding a definitive genetic layer
of proof supporting the third mechanism,

the SNO-Hb pathway in RBC-dependent
hypoxic vasodilation. Importantly, the phe-
notype of the mouse model used in this
work illustrates the critical physiological im-
portance this mechanism has in regulating
tissue oxygenation.

ATP Regulation
Release of the endothelium-dependent vaso-
dilator, ATP, was one of the first mechanisms
proposed for hypoxic vasodilation (6, 7). In
vivo studies support that ATP release con-
tributes to increased local blood flow during
hypoxia and exercise in tissues, such as
skeletal muscle (4) and heart (5). However,
the release of ATP in response to these sus-
tained changes in oxygen saturation happens
within minutes, whereas the effects of SNO-
Hb occur within seconds, commensurate with
the time it takes blood to transit the capillary
bed (2). Thus, SNO-Hb and ATP may serve
complementary roles in acute local and pro-
longed systemic hypoxia, respectively.

Nitrite Reductase
One hypothesis for the involvement of NO in
hypoxic vasodilation is the nitrite reductase
mechanism where nitrite is transformed
to NO by a deoxyhemoglobin (deoxyHb)-
mediated reduction. This mechanism involves
the transport of nitrite into RBC, where it
reacts with both oxyHb and deoxyHb, but it
is only the reaction with deoxyHb that pro-
duces NO in hypoxic conditions (8, 9). NO is
then eased out of the RBC via a localized
reaction with deoxyHb and nitrite at the
membrane (12) or by forming intermediate
neutral or anion species, such as N2O3 (13).
Several studies in humans (8, 9) have sup-
ported the involvement of a nitrite-dependent
mechanism in hypoxic vasodilation. However,
there are several studies that have reported
that both Hb and RBC in fact block nitrite-
mediated vasodilation (14). One major issue
with this mechanism is that free NO is highly
reactive and has a short half-life in blood,

Fig. 1. Three proposed mechanisms underlying hypoxic vasodilation. ATP release: Activation of Gi results in increased
adenylyl cyclase activity, resulting in increased cAMP followed downstream by increased ATP release. ATP binds to en-
dothelial purinergic receptors on endothelial cells and activates eNOS to stimulate NO-dependent vasodilation. Nitrite re-
duction: Nitrite entering RBCs reacts with both oxyHb (forming nitrate and metHb) and deoxyHb (forming NO and metHb).
The reaction with deoxyHb is favored at low oxygen saturation. Formation of dinitrogen trioxide (N2O3) allows for NO-
bioactivity to escape the RBC and mediate vasodilation. SNO-hemoglobin pathway: Hemoglobin becomes S-nitrosylated on
a specific and conserved cysteine residue on the β-chain (β93Cys) as RBCs get oxygenated in the lungs. In the R-state, the
SNO-Hb remains relatively stable. Upon deoxygenation, SNO-Hb reacts with RBC thiols, such as GSH and anion exchanger-1,
to transmit a vasodilatory signal out of the RBC leading to vasodilation. AE-1, anion exchanger-1; ATP, Adenosine
triphosphate; cAMP, Cyclic adenosine monophosphate; CFTR, Cystic fibrosis transmembrane regulator; eNOS, endothelial
nitric oxide synthase; GSH, glutathione; GSNO, S-nitrosoglutathione; NO, nitric oxide; NO2

−, nitrite; NO3
−, nitrate; N2O3,

dinitrogen trioxide; P2Y, purinergic receptors; PKA, Protein Kinase A.
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because of scavenging molecules in the
RBC (oxyHb and deoxyHb) and the plasma.
Accordingly, this finding suggests that a
nitrite reductase mechanism is unlikely to
be the primary pathway involved in hypoxic
vasodilation.

SNO-Hemoglobin
In 1996, Jia et al. proposed a third mecha-
nism, an elegant three-gas model for hypoxic
vasodilation (10). Hb undergoes covalent
S-nitrosylation on a specific and conserved
cysteine residue on the β-chain (βCys93) as
the RBC becomes oxygenated in the lungs,
forming SNO-Hb (1, 2, 10). The highly
conserved nature of this cysteine throughout
evolution (10) provides strong support for
the central role of SNO-Hb in hypoxic va-
sodilation. S-nitrosylation of Hb is governed
in part by the state of the Hb molecule,
which undergoes an allosteric shift from an
R, or relaxed state, to the T, or tense state,
during passage in the circulatory system. In
the R-state, SNO-Hb remains relatively
unreactive. When blood is subsequently
deoxygenated in the microcirculation, Hb
switches to the T-state, which triggers the
release of NO from SNO-Hb. The formation
of SNO-Hb is facilitated in the R-state by
the internal orientation of βCys93, whereas
βCys93 points out toward the protein sur-
face in the T-state, facilitating the release of
NO from SNO-Hb (15). The export of NO
activity from the RBCs is not via free NO, but
involves NO group transfer from SNO-Hb to
other low-molecular or protein-bound thiols
(transnitrosation), such as glutathione (GSH)
or anion exchanger-1, respectively (10).
Using a knockin mouse model, where RBCs

contained eitherWT human Hb or human Hb
in which the βCys93 residue was replaced with
alanine, Isbell et al. (16) concluded that SNO-
Hb was not essential for hypoxic vasodilation
based on the systemic blood pressure and
time-to-fatigue in exercise not significantly
changing in the βCys93 mutant and WT mice.
This conclusion has been disputed (17) be-
cause neither blood pressure nor time to fa-
tigue has any bearing on hypoxic vasodilation.
Furthermore, these in vitro experiments ex-
amined pulmonary arteries in which hypoxia
normally causes vasoconstriction, whereas
systemic vessels would have been a better
model (17). Further analysis suggests that these
mice show defects in tissue perfusion, in that
the concentration of Hb and S-nitrosothiols
were elevated, which correlates with impaired
hypoxic vasodilation. Thus, the study by Isbell
et al. (16) does not rule out the possibility of
βCys93 and SNO-Hb being major players in
RBC-mediated hypoxic vasodilation.

This controversy is addressed by Zhang
et al. (11), who advance the understanding
of the role of βCys93 and SNO-Hb in hyp-
oxic vasodilation by RBCs and thereby for
blood flow autoregulation. Using the βCys93-
mutant mice, but this time examining both
local blood flow and tissue oxygenation, Zhang
et al. clearly demonstrate that βCys93 plays
an essential role in hypoxic vasodilation.
Mice deficient in βCys93 showed impaired
hindlimb peripheral blood flow and tissue
oxygenation at baseline and when exposed to
progressive global hypoxia. To confirm that
the primary mechanism was through the
SNO-Hb pathway, aortic rings from eNOS
knockout mice (to eliminate the direct effect
of ATP, NOS, and nitrite) were used to as-
sess vasodilation at 1% oxygen by RBC from
WT and βCys93-mutant mice in the presence
or absence of GSH. GSH-mediated vaso-
relaxation was not different with the control
RBCs, but was eliminated when RBCs from
βCys93-mutant mice were used, further sug-
gesting a primary role for SNO-Hb and
βCys93 in local blood flow regulation. The
authors next examined the effect of hypoxia
on cardiac structure and function. βCys93-
mutant mice showed left ventricular dilation
and impaired myocardial contractility and
cardiac output under hypoxia, and a greater
and higher frequency of ST-wave elevation
(indicative of acute ischemic injury) follow-
ing transient progressive hypoxia. Further-
more, in room air, T-wave amplitude was
significantly reduced in βCys93-mutant mice,
indicating myocardial ischemia, a change
that, (under normoxia) reflects a decrease
in coronary blood flow. These findings
establish an essential role for βCys93-

derived NO bioactivity in both hypoxia-
and flow-coupled response, and illustrate
that SNO-Hb plays a central role in blood
flow autoregulation.
What is the clinical relevance of these

findings? Disordered delivery or release of
NO bioactivity from RBC into microvessels
because of defects in S-nitrosylation has
been implicated in a variety of diseases, in-
cluding diabetes, sepsis, sickle cell disease,
preeclampsia, pulmonary hypertension, con-
gestive heart failure, and as a major un-
derpinning of the complications of blood
transfusion, all of which have been charac-
terized by impairments in tissue blood flow
(1, 2, 18). βCys93 mutant mice had litters
with approximately half as many pups as
WT mice (11), suggesting a role for SNO-Hb
in the regulation of fetal blood flow. Fur-
thermore, βCys93 mutant mice exhibited
myocardial infarction and cardiogenic shock
under hypoxic conditions, suggesting that
alterations in SNO-Hb and RBC play a role
in ischemic coronary syndromes and heart
failure (11). Thus, by understanding the
mechanisms by which SNO-Hb mediates
hypoxic vasodilation, better diagnostic strat-
egies and therapeutic interventions for these
pathological conditions can be gained.
Myocardial ischemia at rest in this model
shows the central physiologic role SNO-Hb
plays in blood flow autoregulation and
solidifies the notion of a three-gas model of
the cardiovascular and respiratory systems.
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