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Oxygen delivery by Hb is essential for vertebrate life. Three amino
acids in Hb are strictly conserved in all mammals and birds, but
only two of those, a His and a Phe that stabilize the heme moiety,
are needed to carry O2. The third conserved residue is a Cys within
the β-chain (βCys93) that has been assigned a role in S-nitrosothiol
(SNO)-based hypoxic vasodilation by RBCs. Under this model, the
delivery of SNO-based NO bioactivity by Hb redefines the respira-
tory cycle as a triune system (NO/O2/CO2). However, the physio-
logical ramifications of RBC-mediated vasodilation are unknown,
and the apparently essential nature of βCys93 remains unclear.
Here we report that mice with a βCys93Ala mutation are deficient
in hypoxic vasodilation that governs blood flow autoregulation,
the classic physiological mechanism that controls tissue oxygena-
tion but whose molecular basis has been a longstanding mystery.
Peripheral blood flow and tissue oxygenation are decreased at
baseline in mutant animals and decline excessively during hyp-
oxia. In addition, βCys93Ala mutation results in myocardial is-
chemia under basal normoxic conditions and in acute cardiac
decompensation and enhanced mortality during transient hyp-
oxia. Fetal viability is diminished also. Thus, βCys93-derived SNO
bioactivity is essential for tissue oxygenation by RBCs within the
respiratory cycle that is required for both normal cardiovascular
function and circulatory adaptation to hypoxia.
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In vertebrates, life requires the delivery to tissues of O2 con-
veyed by RBC Hb. O2 binds to iron within the heme prosthetic

group of Hb and, within monomeric Hb subunits, the proximal
His residues that coordinate the heme moiety and the distal Phe
residues that stabilize the heme group are highly conserved (1,
2); without them, Hb cannot carry O2. Remarkably, only one
other residue, βCys93, is fully conserved across birds and mam-
mals, that is, across vertebrate species that possess cardiovascu-
lar systems evolved to support enhanced aerobic exercise-related
metabolic demand (2, 3). βCys93 undergoes oxidative modifica-
tion by NO to form an S-nitrosothiol (SNO) that retains NO
bioactivity in blood (4) (whereas oxygenated hemes in Hb in-
activate NO). However, the basis of the apparently essential
nature of βCys93 and, more generally, the physiological role of
RBC-derived NO vasoactivity remain unknown.
Classically, O2 delivery to tissues has been identified simply

with the O2 content of RBCs, transported by Hb from lungs to
tissues (2, 5, 6). However, it now is well understood that O2
delivery within the respiratory cycle also is regulated sub-
stantially by changes in local blood flow (tissue perfusion) that
are coupled to metabolic demand [O2 delivery = (ΔO2 content ×
blood flow)] (refs. 7 and 8 and reviewed in ref. 6). Thus, delivery
of O2 to tissues is a function not only of the O2 content of RBC
Hb but also is determined critically by the physiological response
known as “blood flow autoregulation” (6, 7), mediated by hyp-
oxic vasodilation that couples blood flow to tissue O2 require-
ments. Although described more than half a century ago by
Guyton and colleagues (7), and accepted as a core principle of

cardiovascular and respiratory physiology, the molecular mech-
anism of blood flow autoregulation remains in question.
Although the essential function of heme-associated Hb resi-

dues (His and Phe) may be understood in the context of the O2
content of RBCs, an extensive body of experimental in vitro data
supports a model in which βCys93 may subserve blood flow
autoregulation by titrating the release of NO bioactivity (4, 6, 8–
12). Under this model, βCys93 is oxidatively modified by NO to
form an SNO in R-state (oxy) Hb, and the allosteric structural
transition of the Hb tetramer to T-state upon deoxygenation
promotes the graded release from βCys93 of SNO-based vaso-
dilatory bioactivity (6). Interestingly, an O2-coupled allosteric
mechanism also may operate in the generation and release of
NO bioactivity from myoglobin in cold-blooded vertebrates (13).
Additional findings show that the export of βCys93-derived NO
bioactivity is based on an SNO cascade that involves the transfer
of NO groups to RBC membrane proteins and to external sites
that include small-molecular-weight thiols (10, 14–17). S-nitro-
sohemoglobin (SNO-Hb) thus may provide a molecular mecha-
nism for hypoxic vasodilation by RBCs and thereby for blood
flow autoregulation. However, although SNO-Hb within RBCs
actuates hypoxic vasodilation in vitro (9, 14, 18), it has not been
possible to manipulate endogenous SNO-Hb selectively in vivo
to assess its physiological role.
The creation of mice in which RBCs contain human Hb sub-

units in which βCys93 either is present or is replaced by Ala (19)
has provided an opportunity to explore this role. The results of our
analysis indicate that βCys93-derived NO bioactivity mediates the
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autoregulation of blood flow that is a fundamental component
of the respiratory cycle. βCys93 thus is essential for normal
cardiovascular function.

Results
Initial Characterization of Mutant Mice. The mice used in our
analyses included three genetically engineered strains expressing
“humanized” RBC Hb (19), which we designate “γβC93” (control
mice), “γβC93A,” and “βC93A,” as well as C57BL/6J mice
representative of the wild type. In all engineered strains, the murine
α- and β-subunits of RBC Hb were replaced with the human ver-
sions. In γβC93 and γβC93A mice (genetically matched with the
exception of βCys93), RBCs also contained the human γ (fetal)-
subunit, which was introduced to enhance fetal viability but remains
a minor species (Fig. S1) (20), consistent with measurements of O2
affinity that indicate minimal changes in mutant mice (19); in all
three strains, RBCs retain the murine γ-subunit. βCys93 was
replaced with Ala in βC93A and γβC93A mice. We confirmed
that total Hb concentration and blood O2 content of the mutant
strains are unchanged from wild type at baseline (room air), as
reported (Fig. S2 A and B) (19, 20), and that plasma nitrite
levels, a direct measure of circulatory NO production by en-
dothelial nitric oxide synthase (eNOS), was similar in all strains
(Fig. S2C). We also determined by telemetry in awake, freely
moving mice that blood pressure and heart rate did not differ
among the strains used (Fig. S2 D and E).

Reduced Fetal Viability. Direct evidence of the evolutionary se-
lection pressure underlying phylogenetic conservation of βCys93
was provided by our finding that embryonic/fetal viability was
greatly compromised in the absence of βCys93: Litter size
(assessed shortly after birth) was diminished by about 50% in
γβC93A and βC93A mice as compared with γβC93 control mice
(Fig. 1), and maintaining these lines, particularly the βC93A line,
was a significant challenge. This finding is consistent with pre-
vious studies that have suggested a role for SNO-Hb in the
regulation of fetal blood flow (21) and in the perinatal circula-
tory transition (22).

Hb S-Nitrosylation in Mutant Mice. To characterize the status of Hb
S-nitrosylation in the strains used, we assessed both overall levels
of SNO-Hb and the distribution of SNO across Hb subunits.
Analysis of freshly drawn blood by mercury-coupled photolysis-
chemiluminescence (23) revealed that absolute levels of SNO-
Hb (and of total Hb-bound NO including heme-bound NO) did
not differ significantly in samples prepared from βC93A, γβC93,
or γβC93A mice (Fig. 2A). Analysis by SNO–resin-assisted cap-
ture (SNO-RAC) (24) coupled to Western blotting with subunit-
specific antibodies demonstrated S-nitrosylation of the α- and
γ-subunits as well as the β-subunit in all engineered strains (Fig.
2B), as also seen in C57BL/6J mice (Fig. 2B).

Synthesis in vitro of Hb that is S-nitrosylated at the single
αCys105 has been reported (25), but endogenous S-nitrosylation
of the α-subunit or of the single conserved Cys93 within the
γ-subunit has not been observed previously. The human β-sub-
unit also contains a second Cys, βCys112, which can be
S-nitrosylated in vitro (25). However, it has been established
by previous mutagenic (26), mass spectrometric (27, 28), and X-ray
crystallographic analyses (29) that βCys93 is the predominant site
of human β-subunit S-nitrosylation, consistent with the oxygen-
regulated disposition of NO within Hb in vivo (4, 30, 31). Ad-
ditionally, the export of βCys93-derived NO bioactivity is based
on an SNO cascade that involves the transfer of NO groups to
RBC membrane proteins and to external sites that include small-
molecular-weight thiols (10, 14–17). We verified directly that the
hypoxia-regulated transfer of NO groups from RBCs to extra-
cellular glutathione (GSH), which forms the potent vasodilator
S-nitrosoglutathione (GSNO) (11) and which requires S-nitro-
sylated βCys93 (SNO-βCys93) (6, 9, 11), was compromised in
mutant RBCs (Fig. 2C). Therefore, our results (Fig. 2 A and B)
suggest that S-nitrosylation of βCys112 is promoted in the ab-
sence of βCys93. Enhanced S-nitrosylation of a closely spaced,
alternative Cys in the absence of a preferred site also has been
observed in other SNO-proteins (32), including invertebrate Hb
(33), and a similar shift in the site of other regulatory post-
translational modifications when preferred sites are mutated is
well documented. In addition, although γ-subunits reportedly
constitute only ∼1% of Hb in γβC93 and γβC93A mice (20)
(percentages that we have confirmed qualitatively; Fig. S1), Hbγ
concentrations nonetheless far exceed endogenous amounts of
SNO-Hb, and all strains will, in fact, retain some SNO-(γ)Cys93.
In sum, our analysis of Hb-bound NO indicates that absolute
SNO-Hb levels are similar in γβC93, βC93A, and γβC93A mice.
However, the overall disposition of Hb SNO is likely different in
control and mutant strains in the absence of βCys93, which has
been implicated in vasoregulation that is allosterically regulated (6).

Impaired Peripheral Blood Flow and Tissue Oxygenation in Vivo. To
assess vasoregulation by RBCs replete with SNO-Hb but with
selective absence of SNO-βCys93, we measured peripheral blood
flow and tissue oxygenation in vivo using a combined laser
Doppler and reflectance spectroscopy probe inserted into the
hindlimb gastrocnemius muscle of anesthetized mice breathing
room air. Blood flow (Fig. 2D) and tissue partial pressure of
oxygen (pO2) (Fig. 2E) were diminished significantly in βC93A
and γβC93A mice as compared with γβC93 mice under these
baseline conditions. Thus, although overall levels of SNO-Hb are
unaltered, tissue perfusion and pO2 are compromised in the
absence of βCys93, indicating that the absence of βCys93 creates
a deficit that is not compensated by either S-nitrosylation of an
alternative site within the β-subunit or the presence of S-nitro-
sylated γCys93. Our data point to a major impairment in the
autoregulation of blood flow, because tissue hypoxia normally is
countered by increases in blood flow (hypoxic vasodilation) (7,
34–36). Indeed, impairments in oxygenation that accompany
decreases in blood flow directly reflect diminished perfusion. [Of
note, substitution of βCys93 results in only very minor increases
in the O2-binding affinity of Hb (3, 19) that would, if anything,
conduce to increased blood flow (36).]

Impaired Hypoxic Vasodilation in Vitro. To confirm that compro-
mised tissue perfusion and pO2 could be ascribed to deficient
RBC-derived, SNO-βCys93–based hypoxic vasodilation, we used
a well-established method of in vitro RBC bioassay (9). Some of
the mechanisms of local vasoregulation differ among mamma-
lian species and among blood vessels in a given species. In mice,
unlike humans (9), RBC-mediated vasodilation in vitro involves
a significant contribution from eNOS, which reflects, at least in
part, the release of ATP by RBCs, resulting in the activation of
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Fig. 1. Diminished viability in the absence of βC93. Embryonic/fetal viability
is greatly diminished in βC93A and γβC93A mice versus γβC93 control mice:
The average litter size is reduced by ∼50%. Data are presented as mean ±
SD; n = 28–56; *P < 0.001 by one-way ANOVA.
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eNOS-coupled endothelial purinergic receptors (37). To elimi-
nate the contribution of this mechanism in assessing SNO-based
hypoxic vasodilation, we used aortic ring segments obtained from
eNOS-knockout mice (9). In addition, because βCys93-derived
NO bioactivity is exported via transfer from T-state Hb to ac-
ceptor thiols (9, 15, 16, 18), we isolated the contribution of
βCys93 to SNO-based vasoactivity by evaluating the effects on
RBC-mediated vasodilation of extracellular GSH at low pO2, as
described previously (6, 11). We found that, although GSH (1 mM)
had no intrinsic vasodilatory activity, vasorelaxation by RBCs at low
pO2 (1%O2) was significantly potentiated by GSH in γβC93 control
mice (as in wild-type C57BL/6J mice) but not in mutant βC93A or
γβC93A mice (Fig. 2 F and G), fulfilling the criterion of allosteric
potentiation that is uniquely identified with βCys93 (6, 11). This
finding is consistent with the failure of βC93A or γβC93A RBCs to
support the transfer of NO groups to extracellular thiol (GSH) il-
lustrated above (Fig. 2C). In addition, we found that hypoxic va-
sodilation by RBCs from γβC93A versus γβC93 mice was
significantly diminished in bioassays of endothelium-intact wild-type
aortic rings (Fig. 2H), verifying a role for βC93-derived, NO-based
bioactivity in the presence of mouse-specific, endothelium-
dependent mechanisms. Thus, the SNO-based mechanism of hypoxic
vasodilation by RBCs (4, 6, 11, 14) requires βCys93, and the deficits
in tissue perfusion and pO2 observed in the absence of βC93 (Fig. 2
D and E) likely may be ascribed to impaired SNO-based vaso-
relaxation by RBCs.

Impaired Blood Flow Autoregulation and Tissue Oxygenation in Vivo.
To examine directly the role of βCys93 in the response to changes in
blood oxygenation (Hb O2 saturation), we examined peripheral
blood flow and tissue oxygenation, measured in the gastrocnemius
muscle as in Fig. 2, in individual mice breathing room air followed
by a progressively lower inhaled fraction of O2 (FiO2), i.e., pro-
gressive global hypoxia. At baseline (room air, FiO2 = 0.21), blood
O2 content, as measured in samples drawn from the left ventricle,
was comparable across engineered strains (Fig. S2B). In control
(γβC93) mice, blood flow was increased and then was maintained at
initial levels as blood O2 content was diminished progressively at
FiO2 of 0.15, 0.10, and 0.05 (with 5 min at each O2 level, by which
time the measured variables had stabilized), whereas blood flow was
diminished progressively in βC93A and γβC93A mice (Fig. 3 A and
B). The rate of change of blood flow upon transition to lower FiO2

also was attenuated significantly in βC93A and γβC93A mice as
compared with γβC93 mice (Fig. 3 A and C). In addition, tissue pO2
was progressively diminished at FiO2 of 0.15, 0.10, and 0.05, and
these decreases were significantly greater in βC93A and γβC93A
mice than in γβC93 mice (Fig. 3D).

Impaired Reactive Hyperemia in Vivo. To assess further the par-
ticipation of RBC-derived and SNO-based bioactivity in the
response to acute, local tissue hypoxia, we measured flow-
mediated perfusion (reactive hyperemia), which represents the
compensatory increase in blood flow following the release of
a temporary, flow-disrupting ligature. Flow-mediated perfusion
generally is thought to reflect principally activation of eNOS by
shear stress induced by restored flow (38, 39). Surprisingly, after
compression of the femoral artery for 5 min, we observed a large
(greater than 50%) decrease in the magnitude of flow-mediated
perfusion of the gastrocnemius muscle in βC93A and γβC93A
mice as compared with γβC93 mice (Fig. 3E), indicating a pre-
viously unappreciated influence of RBC-derived and NO-based
bioactivity in hypoxic vasodilation under these conditions and
suggesting that responses to hypoxia in situ integrate both en-
dothelial and RBC components.
Taken together, our findings that, in the absence of βCys93,

tissue perfusion is diminished in the setting of tissue hypoxia in
vivo and that hypoxic vasodilation is diminished in vitro un-
equivocally demonstrate a role for βCys93 in local blood flow
regulation. Our findings are not consistent with the conclusion
that βCys93 plays no role in hypoxic vasodilation, reached in
earlier analyses by other investigators who used these humanized
mice (19), but, as explicated elsewhere (40, 41), the experiments
adduced as support for that conclusion did not actually assess
hypoxic vasodilation or the role of SNO-based mechanisms in
particular. Notably, our studies provide, to our knowledge, the
first assessments in βCys93-mutant animals of tissue blood flow
and tissue oxygenation, which represent the pathognomonic
hallmarks of hypoxic vasodilation, as well as the first assessment
of SNO-based vasoactivity of RBCs containing mutant Hb.

Impaired Myocardial Contractility Under Hypoxia.We then extended
this analysis to examine the effects of hypoxia on princi-
pal hemodynamic parameters, including direct measurements
of cardiac function using both a pressure–volume catheter in

A B C

E F G H

DFig. 2. Diminished SNO generation, vaso-
relaxation, and blood flow in the absence
of βC93. (A) The quantity of endogenously
S-nitrosylated Hb (SNO-Hb) does not differ
significantly in RBCs obtained from C57BL/6J,
βC93A, γβC93, or γβC93A mice. Data are pre-
sented as mean ± SD; n = 6–12; P < 0.05 by one-
way ANOVA. (B) Basal S-nitrosylation of Hbα,
Hbβ andHbγ in βC93A, γβC93, and γβC93Amice
as well as in C57BL/6J mice. Ascorbate is omitted
as a control for specificity of the SNO-RAC pro-
cedure. (C) Deoxygenation of RBCs from γβC93
(control) but not γβC93A or βC93A mice in
the presence of GSH formed GSNO. Data
are shown as mean ± SEM; n = 3 mice per
strain. (D) Basal blood flow and (E) basal
pO2 in the gastrocnemius muscle of mice
breathing room air demonstrate that tissue
perfusion and oxygenation are deficient in
βC93A and γβC93A mice versus γβC93 control
mice. Data are presented as mean ± SEM; n =
18–23. (F) Representative bioassays of aortic rings (derived from eNOS−/−mice) to assess vasodilation at 1%O2 by RBCs from γβC93 mice and isogenic γβC93Amice.
GSH (1 mM) was added before contraction with phenylephrine (PE). (G) GSH-mediated potentiation of vasorelaxation does not differ between wild-type C57BL/6J
and γβC93 RBCs but is eliminated in RBCs from βC93A and γβC93Amice. Data are presented as mean ± SEM; n = 4–5; (H) Hypoxic vasodilation by RBCs from γβC93A
versus γβC93 mice was significantly diminished in bioassays of endothelium-intact wild-type aortic rings. Data are presented as mean ± SEM; n = 14–17. *P < 0.05
by one-way ANOVA in C–E and G and by Student’s t test in H.
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the left ventricle and direct assessment by echocardiography.
Mean blood pressure (Fig. 4A), rate of change of left ventricular
pressure (dP/dt) (Fig. 4B and Fig. S3A), cardiac output (Fig. 4C),
and stroke work (Fig. 4D) were diminished substantially with
progressive hypoxia in βC93A and γβC93A mice but not in
γβC93 control mice. Similarly, progressive decreases in inspired
O2 resulted in progressive diminishment of echocardiographic
measures of cardiac function that were significantly greater in
βC93A and γβC93A mice than in γβC93 mice (Fig. 4 E and F and
Fig. S3), including left ventricular ejection fraction (Fig. S3B),
fractional shortening (Fig. S3C), end systolic volume (Fig. 4E),
and left ventricular inner dimension (Fig. 4F and Fig. S3D). It is
important to emphasize that, when analyzed by individual strain,
decrements in both hemodynamic and cardiac parameters were
observed in βC93A and γβC93A mice at all levels of transient
hypoxia, whereas no significant decrement in any measured pa-
rameter was seen in γβC93 control mice except for relatively minor
changes at 5% O2; that is, βC93-bearing mice were uniquely able to
compensate for all but extreme hypoxia (Fig. 4 and Fig. S3).

Myocardial Ischemia Under Normoxia and Hemodynamic Collapse and
Enhanced Mortality Under Transient Hypoxia.Myocardial function is
exquisitely sensitive to ischemia. We monitored the heart by
electrocardiography, which provides a clinically relevant mea-
sure of tissue oxygenation, and analysis of those measurements

demonstrated that, during progressive hypoxia (5 min at each
O2 level, as above), the frequency and magnitude of hyperacute
T-wave and ST-wave elevation, electrocardiographic signatures of
acute myocardial ischemic injury (42), were significantly greater in
βC93A and γβC93A mice than in γβC93 mice (Fig. 5 A and B and
Fig. S4). Strikingly, analysis of electrocardiographic recordings at
baseline (room air) demonstrated that T-wave amplitude was
decreased significantly in βC93A and γβC93A mice as compared
with γβC93 mice (Fig. 5C). Decreased T-wave amplitude is a sig-
nature of myocardial ischemia, which, under normoxia, reflects
diminished coronary blood flow. Therefore, these findings in room
air indicate a chronic, uncompensated inadequacy of myocardial
perfusion in the absence of βC93.
The ischemic injury, decrement in blood pressure, and decline

in direct measures of cardiac function during transient hypoxia
constitute a signature of cardiogenic shock—a clinical state with very
high mortality. We found that a proportion of mice could not be
recovered after transient exposure to 5% O2 and that mortality was
much greater in βC93A and γβC93A mice than in γβC93 control
mice (Fig. 6). Thus, the exacerbated decrement in cardiac function
under transient hypoxia in the absence of βC93 frequently is fatal.

Discussion
The ability of hemes of Hb to bind and inactivate NO in vitro,
thereby constricting blood vessels, played a substantial role in the

A B

C D E

Fig. 3. Autoregulation of blood flow and reactive
hyperemia are dependent on βC93. (A) Representative
continuous recordings of muscle blood flow during pro-
gressive hypoxia in γβC93 and γβC93A mice. (B) Blood
flow is significantly compromised in βC93A and γβC93A
mice versus γβC93 control mice. (C) The rate of change of
blood flow upon transition to lower FiO2 is significantly
greater in βC93A and γβC93A mice than in γβC93 mice.
(D) Muscle pO2 was significantly lower in βC93A and γβC93A
mice than in γβC93 mice. In B, C, and D, data are presented
asmean± SEM; n = 18–23; *P < 0.05 by one-way ANOVA for
differences between βC93A and γβC93A mice versus
γβC93 mice. (E) Enhancement of flow-mediated perfusion
(blood flow) in gastrocnemius muscle is deficient in βC93A
and γβC93A mice versus γβC93 mice. Data are presented as
mean ± SEM; n = 14–23; *P < 0.05 by one-way ANOVA.

A B C

FED

Fig. 4. Impaired hemodynamic and cardiac
responses to hypoxia in βCys93-deficient
mice. (A–D) Invasive hemodynamic monitoring.
Changes in (A) mean blood pressure, (B) rate of
change of left ventricular pressure (dP/dt) (di-
astolic is shown), (C) cardiac output, and (D)
stroke work during progressive hypoxia [FiO2

of 0.21 (room air), 0.10, and 0.05]. Declines in
all measures (A–D) are significantly greater in
βC93A and γβC93A mice versus γβC93 control
mice. (E and F ) Echocardiography demon-
strates that ventricular function is significantly
compromised during progressive global hyp-
oxia in βC93A and γβC93A mice versus γβC93
mice (see Fig. S3 for additional measures). (E )
Left ventricular end systolic volume. (F ) Rep-
resentative recordings from mice at FiO2 =
0.21 and FiO2 = 0.05 that illustrate left ven-
tricular dilation in βC93A and γβC93A versus
γβC93 control mice. Data are quantified in Fig.
S3. (In F, the vertical scale bar represents 2
mm, and the horizontal scale bar represents 100 ms.) Data in A–E are presented as mean ± SEM; n = 9–12; *P < 0.05 by one-way ANOVA for differences
between βC93A and γβC93A mice versus γβC93 mice; †P < 0.05 by one-way ANOVA for differences between γβC93A mice versus γβC93 mice.
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identification of NO as the endothelium-derived relaxing factor
(EDRF) and catalyzed recognition of the central role of NO in
vasoregulation. However, the demonstration that, in RBCs un-
der physiological conditions, the heme iron within the β-subunit
could transfer the NO group allosterically to βCys93 to generate
an SNO that retains NO bioactivity (4, 26) supported a recon-
ceptualization of the interactions of NO and Hb and, more
broadly, of the chemical biology of NO. This reconceptualization
foreshadowed S-nitrosylation as a ubiquitous redox-based post-
translational protein modification (43, 44) with diverse roles
throughout the cardiovascular system (and, more broadly, across
phylogeny and cell type). Notably this analysis included a role for
sequential transnitrosylation (NO group transfer) among SNOs
in the delivery of NO bioactivity (4). However, the physiological
or signaling role played by SNO-Hb–derived NO bioactivity has
remained unclear. Our results establish a central role for SNO-
Hb in the classic physiology of blood flow autoregulation, which
subserves tissue oxygenation within the integrated cardiovascular
system. Our findings also provide a new perspective of the vas-
cular unit according to which RBC-derived SNO contributes to
vasoregulation previously ascribed to endothelial mechanisms.
The findings presented here demonstrate the essential role

played by βCys93 in mammalian respiratory cycle physiology,
where O2 delivery by Hb depends not only on blood O2 content
but also, importantly, on tissue perfusion (7). The results support
the model in which hypoxia shifts the equilibrium between SNOs
in RBCs and vasculature by off-loading NO groups from βCys93
in T-structured Hb to autoregulate blood flow (4, 8). Mecha-
nistically, hemoglobin allostery mediates both the sensing of O2
concentration and the transduction of O2-coupled SNO-based
signaling. Our observation that Cysβ93-derived NO bioactivity
participates in both hypoxia- and flow-coupled responses, ascribed
previously to endothelium-derived NO, provides a unifying expla-
nation for the recent findings that GSNO and other SNOs in
equilibrium with SNO-Hb are exported from RBCs under hypoxia

(4, 10, 15, 17) and that, at least in part, EDRF is identified in vivo
with GSNO (by strict genetic criteria) (45, 46). Thus, RBC–endo-
thelium interactions that regulate microvascular blood flow and
tissue oxygenation, and thereby maintain organ function, are best
understood in terms of coupled equilibria that govern SNO-based
bioactivity in blood and vasculature viewed as an integrated system.
Cells rarely rely on single mechanisms to effect important

functions. Thus, endothelium-dependent vasodilation may involve
prostacyclin, H2S, CO, and H2O2 in addition to NO/SNO (47).
Similarly, in some contexts, RBC-mediated vasodilation may
involve release of ATP (48) or NO bioactivity derived from
erythrocytic eNOS (including SNO or nitrite) (49). Our work does
not exclude roles for SNO-Hb–independent mechanisms of RBC
bioactivity. However, it is important to recognize that autoregulation
of blood flow is largely unaffected by eNOS inhibition (which would
exclude a direct role for ATP, erythrocytic NOS, and nitrite) (6)
and that the physiological roles of alternative mediators remain to
be established.
Altered levels of SNO in RBCs and of SNO-Hb in particular

have been found in a spectrum of cardiovascular and blood
disorders, including sickle cell disease (18), diabetes (50), sepsis
(51), and congestive heart failure (52), as well as in pulmonary
hypertension (31), and have been implicated in the deleterious
consequences of blood transfusion (12). Notably, these appar-
ently diverse conditions are characterized by impairments of
tissue blood flow. However, the conventional view holds that
blood flow regulation is the purview of eNOS and that the de-
ficiency of NO-based vasoactivity that characterizes these con-
ditions primarily reflects endothelial dysfunction (53). Because
the NO processed by RBCs derives in part from eNOS (4), as-
signment of a specific role for RBCs in deficient blood flow
regulation has not been possible until now. Thus, our results
support a causal role for altered SNO-Hb levels in impaired
tissue blood flow that impacts multiple pathophysiologies. More
directly, our finding that mice lacking βCys93 are subject to
myocardial infarction and cardiogenic shock under hypoxia rai-
ses the possibility that RBCs may play a general role in ischemic
coronary syndromes and heart failure, the most common causes
of death in Western societies. A role for RBC-derived NO bio-
activity in protection from myocardial damage also has been
described in the context of an ex vivo model of ischemia–
reperfusion injury (49). That NO deficiency may be a common
contributing factor in myocardial injury and death is, in fact, well
accepted (54); however, current tenets hold that endothelial cells
(rather than RBCs) are the root cause.
The selective pressure underlying conservation of βCys93 (2,

3) is demonstrated by our findings that mice lacking βCys93 are
ischemic in room air and are much less likely to survive in utero
or in the face of transient hypoxia. It should be noted that, de-
spite a long list of human Hb mutants (55), which include muta-
tions that markedly affect Hb O2 affinity, function, and stability,

A

B C

Fig. 5. Cardiac ischemia and myocardial injury in βCys93-deficient mice.
(A) Representative electrocardiographic recordings in a γβC93 (control)
mouse (Upper) and a γβC93A mouse (Lower) at FiO2 = 0.21 and FiO2 = 0.05.
T- and ST-waves are indicated. (B) During transient progressive hypoxia,
ST-wave elevation (and hyperacute T-waves), indicative of acute ischemic injury,
are significantly greater and far more frequent in βC93A and γβC93A mice than
in γβC93 control mice (see also Fig. S4). (C) At FiO2 = 0.21 (room air), T-wave
amplitude is significantly reduced in βC93A and γβC93A mice versus γβC93 mice,
indicative of myocardial ischemia. In B and C data are presented as mean ±
SEM; n = 13–21 mice; *P < 0.05 by one-way ANOVA for differences between
βC93A and γβC93A mice versus γβC93 mice; †P < 0.05 by one-way ANOVA for
differences between βC93A mice versus γβC93 mice.

Fig. 6. Increased hypoxia-induced mortality in βCys93-deficient mice. βC93A
and γβC93Amice are significantly more likely than γβC93 (isogenic control) mice
to die during or following brief hypoxic challenge, i.e., respiration at FiO2 =
0.05. n = 27–35 per strain as indicated; *P < 0.05 by Fisher’s exact test.
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homozygous mutation of human βCys93 (which minimally
affects traditional Hb functions) has never been reported, and
no other mutation of Hb (or any other protein of which we are
aware) is known to cause myocardial ischemia in normoxia.
Recently, it has been shown that the ventilatory response to
hypoxia is abnormal in βC93A-mutant mice, implicating SNO-Hb
in the central control of breathing (15, 20). Further, SNO-Hb
levels in humans increase with ascent to altitude and are corre-
lated strongly with exercise performance under hypoxia (34). Our
findings, in combination with these results, suggest that βCys93
integrates both central and peripheral responses to hypoxia and
thus support a key role for RBC-derived, SNO-based bio-
activity in the respiratory cycle. This role for SNO-Hb may
have broad implications for the understanding of heart, lung,

and blood function and may offer new approaches for the treat-
ment of the many pathophysiological conditions characterized by
impaired blood flow and tissue oxygenation.

Materials and Methods
Detailed materials and methods, including in vivo assay of cardiovascular
function, in vitro assay of vasoactivity, and biochemical methods, can be
found in SI Materials and Methods.

All experimental procedures were approved by the Institutional Animal
Care and Use Committee of Case Western Reserve University School of
Medicine and were conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (56).
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