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Abstract: Two of the proposed mechanisms by which red blood cells (RBC) mediate hypoxic vasorelaxation by coupling hemoglobin deoxygenation to the activation of nitric oxide signaling involve ATP-release from RBC and Snitrosohemoglobin (b93C(SNO)Hb) dependent bioactivity. However, different studies have reached opposite conclusions regarding the aforementioned mechanisms. Using isolated vessels, hypoxic vasorelaxation induced by
human, C57BL/6 or mouse RBC which exclusively express either native human hemoglobin (HbC93) or human
hemoglobin in which the conserved b93cys was replaced with Ala (HbC93A) were compared. All RBCs stimulated
hypoxic vasodilation to similar extents suggesting the b93cys is not required for this RBC-mediated function. Hypoxic
vasorelaxation was inhibited by co-incubation of ATP-pathway blockers including L-NAME (eNOS inhibitor) and Apyrase. Moreover, we tested if modulation of adenosine-dependent signaling affected RBC-dependent vasorelaxation
using pan- or subtype specific adenosine receptor blockers, or adenosine deaminase (ADA). Interestingly, ADA and
adenosine A2 receptor blockade, but not A1 receptor blockade, inhibited HbC93, HbC93A dependent hypoxic vasorelaxation. Equivalent results were obtained with human RBC. These data suggest that using isolated vessels, RBC
do not require the presence of the b93cys to elicit hypoxic vasorelaxation and mediate this response via ATP- and a
novel adenosine-dependent mechanism.
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Introduction
Red blood cells (RBC) are integral players in
vascular nitric oxide (NO) homeostasis mechanisms [1-7]. Many studies over the last two
decades have demonstrated that as RBC deoxygenate, NO-signaling cascades can be activated [8-11]. This coupling between hemoglobin oxygen sensing and NO-signaling is
proposed to underlie hypoxic blood flow, and
other NO-dependent processes in the vascular
compartment. Moreover, dysfunction in this
coupling has been recently proposed to contribute to various disease states [12-20].
The mechanisms by which hemoglobin deoxygenation is linked to activation of NO-signaling
remain under investigation with three pathways
receiving the most attention involving ATP
release, S-nitrosohemoglobin (SNOHb) bioac-

tivity and nitrite-reduction to NO [4, 6, 9, 21-24].
The b93cys residue (b93cys) is conserved on
hemoglobin in vertebrates but its function
remains unclear. One proposed role is that a
small fraction of b93cys residues in RBC, provide the site for S-nitros(yl)ation with the resulting SNOHb mediating hypoxic vasorelaxation [1,
4, 10, 25, 26]. Our previous study described
formation of knock-in mice in which RBC were
modified to express exclusively human wild type
(HbC93) hemoglobin or human hemoglobin in
which the b93cys residue was replaced with an
Ala (HbC93A) and showed that isolated RBC
dependent hypoxic vasorelaxation responses
were not dependent on the presence or absence
of the b93cys residue, in turn suggesting that
SNOHb is not a critical modulator [27]. We also
reported that isolated RBC hypoxic vasorelaxation responses are in fact due to ATP release
indicated by loss of vasorelaxation by inhibition
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of eNOS, inhibition of P2Y receptors or metabolism of ATP using apyrase (ATP degrading
enzyme) [27, 28]. However, subsequent studies
showed compelling data that isolated human or
C57BL/6 murine hemoglobin containing RBCdependent hypoxic vasorelaxation responses
were similar in endothelial intact or denuded
rings as well as in eNOS replete or deficient aortic rings suggesting that ATP-release was not a
primary mediator in such ex-vivo vessel bioassay experiments [29]. Interestingly, the observation of a hypoxia and RBC-dependent stimulation of vasorelaxation of isolated vessel
segments does not differ. What does however,
are conclusions regarding the mechanisms for
this effect [3]. We hypothesized that one possible factor confounding comparison of studies
is the use of RBC or isolated vessels from different species and different vascular beds. In
this study therefore, we took a systematic
approach and tested hypoxic vasorelaxation
responses of isolated murine, rat or rabbit vessels (from pulmonary artery or aorta) elicited by
human or murine (containing murine hemoglobin or human HbC93 or HbC93A hemoglobin)
with a focus on understanding mechanisms
intrinsic to RBC, by which hypoxic vasorelaxation may occur. We find significant species
and vessel source dependence to hypoxic vasorelaxation responses and also present data
showing that adenosine can play a previously
unrecognized, and significant role in these exvivo experiments, which may in turn explain
how RBC can stimulate hypoxic vasorelaxation
when ATP-dependent mechanisms have been
inhibited and provide one mechanism unifying
disparate conclusions regarding the role of the
b93cys residue.
Materials and methods
Ethical approval
All studies involving animals or humans were
performed according to Institutional Animal
Care and Use Committee or Institutional Review
Board approved protocols respectively.
Materials
All reagents were purchased from Sigma (St.
Louis, MO, USA). Male Sprague–Dawley rats
(250 - 300g) and male C57BL/6 mice were purchased from Harlan (Indianapolis, IN). Rabbits
were purchased from Myrtles Rabbitry Inc (TN,

22

USA). All animal studies were performed following Institutional Animal Care and Use approved
procedures. HbC93 and HbC93A male mice
were used for all studies and generated as
described previously [27].
Aorta or pulmonary artery vessel studies
All animals were anesthetized using ketamine /
xylazine. Aorta from rabbit, rat or mice and pulmonary artery from rabbit or rats were isolated,
cut into ~3-5mm sections then suspended
between two hooks connected to a force transducer and placed within a water jacketed vessel bath chamber (Radnoti, Monrovia, CA) as
described previously [30]. Vessels were bathed
with 10 ml Krebs Henseleit buffer perfused
with 21% O2, 5% CO2 balanced with N2 and
maintained at 37°C and allowed to equilibrate
for ~30min. A basal tension of 1.5g (rat pulmonary artery, mouse thoracic aorta), 2g (rat thoracic aorta) and 3g (rabbit thoracic aorta and
pulmonary artery) was applied and the rings
equilibrated for 20 min. A hyperpolarizing concentration of KCl (70mM) was added to the
baths to check for viability and assess maximum contraction. The vessel rings were washed
3-times, allowed to rest for 15 min before the
KCl dose was repeated. Any vessel segment
that was unresponsive to KCl was excluded
from experiments.
After KCl contractions, vessels were washed
and either oxygen perfusing the buffer maintained at 21% O2 or decreased to 1% O2, 5% O2
balanced with N2. Vessel rings were allowed to
acclimate to hypoxic conditions for 15 minutes
treated with indomethacin (50nM) and then
pre-contracted with phenylephrine (PE) to
achieve 50-75% maximal contraction (300nM
at 21% O2 and 1µM at 1% O2). Both 21% O2 and
1% O2 were only used for data shown in Figure
1. All subsequent studies were performed at
1% O2 only. For these latter studies, after equilibration and precontraction with PE, ATP or adenosine dose dependent vasorelaxation was
assessed. Vessels were subsequently washed
3-times and rested at 21% O2 for 15-30min.
Vessels were re-exposed to 1% O2 for 15 min
and treated with indomethacin and PE as
described above and upon reaching a stable
tone (5-6 min for rat pulmonary artery). RBC
(60µl of 50% Hct stock) was added (0.3% Hct
final) to assess hypoxic vasorelaxation.
Compounds used to inhibit ATP or adenosine-
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Figure 1. Effects of vessel and RBC source on hypoxic vasorelaxation responses. A. Shown are representative vessel
tension vs. time traces for indicated vessel segments exposed to RBC (0.3% Hct final concentration) from human
or C57BL/6 mice at 21% O2 (dashed (---) line) or 1% O2 (solid (-) line). RBC suspended in room air equilibrated PBS
were added at time 0 to vessels that were pre-contracted and pre-equilibrated to either 21% or 1% O2 as described
in methods. B. Average percent hypoxic (1% O2) vasorelaxation responses (measured 20sec after RBC addition) in
response to human or mouse C57BL/6 RBC. Source of vessels are indicated on x-axis. Data are mean ± SEM. nvalues are denoted in parentheses and correspond to individual vessel segments (with segments collected from 2-7
animals). Indicated P-values are from 1-way ANOVA or unpaired t-test.

phenyl]-1,3-di(n-propyl)xanthine
20nM).

hydrate,

RBC preparation
RBC were collected from healthy humans by
venipuncture using UAB Institutional Review
Board approved protocols, or from C57BL/6,
HbC93 or HbC93A mice by cardiac puncture
after isoflurane induced anesthesia. Blood was
collected in ACD coated tubes and 1ml immediately centrifuged (in a mini centrifuge for 45
sec). Plasma was discarded and RBC washed
3-times in 500µl ice-cold, room air-equilibrated
PBS. After the final wash, RBC were resuspended in an equal volume of ice-cold, room airequilibrated PBS to achieve 50% Hct. 60µl of
this suspension was then added to vessels
bath to get a final concentration of 0.3% RBC.
The time taken from blood collection to addition of RBC to vessels was <5min.
Isoelectric gel focusing
Figure 2. Effect of the b93cys on hypoxic vasorelaxation of rat pulmonary arteries: Panel A: RBC were
collected from either wild type C57BL/6 mice, humanized HbC93 or HbC93A containing mice or from
healthy humans and maximal hypoxic vasorelaxation
(1%) response (20-30sec after addition) of isolated
rat pulmonary arterial segments determined as
described in methods. Data show mean ± SEM (n
values are indicated in figure and correspond to individual vessel segments). P = 0.17 by one-way ANOVA. Panel B shows a representative IEF gel of blood
collected from HbC93 (n=3) or HbC93A (n=4) mice.
Also shown is a positive control for fetal Hb expression (HbF) detected by IEF in blood from a transgenic
mouse model of sickle cell disease.

dependent vasorelaxation were added to vessels 5min prior to addition of RBC or initiation
of ATP or adenosine dose responses at the following final concentrations L-NAME (L-NGNitroarginine methyl ester, 200µM), CSC
(8-(3-Chlorostyryl)caffeine,
1µM),
DPCPX
(Dipropylcyclopentylxanthine, 200nM), theophylline (100µM), Apyrase (2U/ml), MRS 1754
(8-[4-[((4-Cyanophenyl)carbamoylmethyl)oxy]
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50µl of whole blood from HbC93, HbC93A or
HbS expressing mouse [31, 32] was washed in
500 µl PBS. Cell pellets were resuspended in
100µl lysis solution (5 mM sodium phosphate,
0.5 mM EDTA, pH 7.4) and incubated on ice for
15 minutes. One tenth volume of 10% NaCl was
added and the sample was centrifuged at maximum speed in an Eppendorf microfuge
(Hamburg, Germany). 1µl of the supernatant
was analyzed on an isoelectric focusing (IEF)
gel. IEF was performed using the Isothermal
Controlled Electrophoresis system (Fisher
Scientific, Pittsburgh, PA) with precast agarose
IEF gels (RESOLVE from PerkinElmer, Helsinki,
Finland) as previously described [31].
Results
Effects of vessel type and RBC source on
hypoxic vasorelaxation
We suggest that differences in conclusions
about the mechanisms involved in RBC induced
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Figure 3. Role of ATP in RBC-mediated hypoxic vasorelaxation: Rat pulmonary arterial segments were exposed to
HbC93 or HbC93A RBC in the presence or absence of A) Apyrase or B) LNAME. Also shown are effects of each
inhibitor on ATP and adenosine dose-dependent vasorelaxation. Hypoxic vasorelaxation was measured 20-30sec
after RBC addition. Data are shown as fold change relative to RBC alone and are mean ± SEM, n= 6-10 vessel segments from 2-7 rats. Indicated p-values were calculated by unpaired t-test. For ATP and adenosine dose dependent
vasorelaxation lines shown are best fit using sigmoidal dose response (variable slope) fitting algorithm, *P<0.05,
**P<0.01, ***P<0.001, #P<0.0001 by 2-way RM-ANOVA with Bonferonni post test.

hypoxic vasorelaxation of isolated vessels may
result from differences in responses of vessels
from various vascular beds (e.g. aorta vs. pulmonary artery) or species (rat, mice, rabbit).
Potential differences in responses elicited by
RBC from different species (human, mice) may
also contribute to conflicting conclusions. To
examine these issues, we measured hypoxic
vasorelaxation responses using various combinations of vessels and RBC. Figure 1A shows
representative tension vs. time traces after
addition of RBC to PE-constricted vessels at
21% or 1% O2 and shows that vasorelaxation
was not observed with all vascular preparations, and in instances when it was, the
response only occurred at 1% O2 and was transient (over ~10-30sec). Moreover, no vasodilation occurred in the absence of RBC addition
(not shown). These results are consistent with
previous studies and with the requirement for
hemoglobin deoxygenation [17, 26-28, 33].
Figure 1B presents mean hypoxic vasorelaxation responses and interestingly, demonstrates a marked dependence on the source of
either the vessel and / or RBC. Notable obser25

vations include i) the magnitude of human RBC
dependent hypoxic vasorelaxation of aorta
decreases from mouse > rat > rabbit, ii)
C57BL/6 RBC eliciting significant hypoxic vasorelaxation of aortic segments from rat, but not
from mouse or rabbit, iii) similar hypoxic vasorelaxation responses of rat pulmonary artery
were observed to both human RBC and
C57BL/6 RBC; and iv) a decreased sensitivity
of rabbit pulmonary artery to both human RBC
and C57BL/6 RBC relative to rat pulmonary
artery.
Effects of the b93cys on RBC dependent hypoxic vasorelaxation
To determine whether b93cys is essential for
hypoxic vasorelaxation in isolated vessels, we
utilized isolated rat pulmonary artery segments
since the degree of hypoxic vasorelaxation
stimulated by mouse or human RBC was similar
(Figure 1B); this precluded potential effects of
mouse vs. human RBC. Figure 2A shows that
murine RBC containing either human HbC93 or
HbC93A elicited hypoxic vasorelaxation to the
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Figure 4. Role of adenosine in RBC-mediated hypoxic vasorelaxation: Rat pulmonary arterial segments were exposed to HbC93 or HbC93A RBC in the presence or absence of A) theophylline, B) DPCPX, C) CSC, D) MRS1754, or
E) adenosine deaminase (ADA). Also shown are effects of each receptor antagonist / inhibitor on ATP and adenosine
dose-dependent vasorelaxation. Hypoxic vasorelaxation was measured 20-30sec after RBC addition. Data for RBC
hypoxic vasorelaxation are shown as fold change relative to RBC alone and are mean ± SEM, n= 4-14 vessel segments from 2-7 rats. Indicated p-values were calculated by unpaired t-test. For ATP and adenosine dose dependent
vasorelaxation lines shown are best fit using sigmoidal dose response (variable slope) fitting algorithm, *P<0.05,
**P<0.01, ***P<0.001, ***P<0.0001, #P<0.0001 by 2-way RM-ANOVA with Bonferonni post test.
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Figure 5. LNAME and CSC inhibit human RBC dependent hypoxic vasorelaxation. Rat pulmonary arterial segments
(Panel A) or rat thoracic aorta (Panel B) were exposed to human RBC (0.3% Hct) at 1% O2, in the presence or absence L-NAME or CSC. Hypoxic vasorelaxation was measured 20-30sec after RBC addition. Data are mean ± SEM
(n = 4-11 vessel segments from 4-5 rats). #P < 0.05 and *P < 0.02 relative to RBC alone.

same extent, recapitulating our previous results
[27]. Moreover, human RBC and murine RBC
containing normal mouse hemoglobin stimulated a similar degree of hypoxic vasorelaxation
suggesting that human Hb in murine RBC does
not compromise basal hypoxic vasorelaxation
responses. Use of the knock-in mice have been
questioned on the basis of potential compensatory increases in fetal hemoglobin (hence
potential hemoglobin thiol substrate for
S-nitrosothiol formation) [34, 35] However, no
fetal Hb was detected in blood collected from
HbC93 nor HbC93A mice RBC (Figure 2B) by
IEF; a positive control for HbF is shown by comparing to HbS blood. These data are consistent
with our previous biochemical measurements
characterizing hemoglobin chain and thiol content in this experimental system [27].
Role of ATP and adenosine in hypoxic RBC
dependent vasorelaxation
Figure 3A and 3B demonstrates that apyrase
(an ATP degrading enzyme), or L-NAME (inhibitor of eNOS), respectively, both inhibited HbC93
and HbC93A RBC dependent hypoxic vasorelaxation, consistent with previous results using
human RBC [28] and suggesting a role for ATP
release in RBC-dependent hypoxic vasorelaxation. As a positive control to ensure that the
Apyrase and L-NAME selectively inhibit the targeted pathways, Figure 3 also shows the
effects of each inhibitor on reagent ATP and
adenosine-dose dependent vasorelaxation. As
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expected Apyrase inhibited ATP, but not adenosine-dependent vasorelaxation. However,
L-NAME inhibited both ATP and adenosine
dependent vasorelaxation, although the potency of inhibition was much lower for the latter. To
test if adenosine-dependent vasorelaxation
could be playing a role in hypoxic RBC responses, the effects of theophylline (a pan adenosine
receptor antagonist, Figure 4A); DPCPX (A1 adenosine receptor antagonist, Figure 4B), CSC
(A2a adenosine receptor antagonist, Figure 4C)
and MRS1754 (A2b adenosine receptor antagonist, Figure 4D), were determined. Theophylline,
CSC, MRS1754 all inhibited HbC93 and
HbC93A dependent hypoxic vasorelaxation.
These inhibitors also attenuated adenosinedependent, but not ATP-dependent vasorelaxation, demonstrating specificity for adenosinedependent signaling. DPCPX had no effect on
HbC93, HBC93A nor on adenosine dependent
vasorelaxation suggesting the lack of expression/function of the adenosine A1 receptor.
Collectively these data suggest a role for adenosine A2a and A2b receptors in mediating RBCdependent hypoxic vasorelaxation of isolated
rat pulmonary arteries. A role for adenosine
was confirmed by ~60% inhibition of RBCdependent vasorelaxation by addition of adenosine deaminase (ADA, Figure 4E), which
metabolizes adenosine to inosine. Finally,
Figure 5A and 5B show that both L-NAME and
CSC inhibit human RBC dependent hypoxic
vasorelaxation of rat pulmonary arteries and
rat thoracic aorta, respectively, suggesting that
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a role for adenosine is not an artifact associated with humanized mouse RBC.
Discussion
How red cells control vascular nitric oxide (NO)signaling is the topic of much interest, with
implications ranging from understanding of
physiologic mechanisms of blood flow control
to how inflammatory diseases characterized
aberrant NO-signaling develops. The hemoglobin b93cys residue has been proposed to be a
key modulator of RBC dependent hypoxic vasorelaxation. However, data presented herein
show no differences between hypoxic vasorelaxation responses stimulated by HbC93 vs.
HbC93A RBC suggesting no significant role for
the b93cys. Our previous data suggest that ATP
release from deoxygenated RBC mediated
vasorelaxation of isolated aortic or pulmonary
arterial ring preparations [27, 28]. However,
other studies using aorta from eNOS deficient
mice showed no loss of hypoxic RBC-dependent
vasorelaxation, suggesting little role for ATP
release [29].
Therefore we undertook a systematic approach
to assess mechanisms of RBC-mediated hypoxic vasorelaxation using isolated aorta and pulmonary artery segments. These vessels were
chosen as they offer convenient experimental
models and importantly have been used extensively to elucidate hypoxic vasorelaxation
mechanisms intrinsic to RBC [17, 19, 26-29,
36], thereby allowing direct comparison with
previous data. Significant differences in the
hypoxic vasorelaxation response were observed
based on the source of the RBC and the vessel
segment used (Figure 1). Our primary goal was
to determine mechanisms intrinsic to the RBC
and not on differences between aorta and pulmonary artery per se; although we note that
this could reflect differences between the magnitude of hypoxic vasorelaxation responses
observed in previous studies [26, 27, 33]. With
this in mind, we opted to utilize the rat pulmonary artery system further since there were no
differences in hypoxic vasorelaxation of these
vascular rings stimulated by human or mouse
RBC (in contrast to mouse aorta for example)
thus allowing direct comparison of human,
mouse and humanized mouse RBC. We recognize that pulmonary arteries constrict during
hypoxia, and therefore verified key findings with
aortic vessels (Figure 5) and note that RBC
28

were only added after stable PE-induced contractile tone was achieved. Using pulmonary
arterial segments also allowed direct comparison of our results with previous studies that
suggest a role for b93 S-nitrosylation in RBCdependent hypoxic vasodilation [26, 33]. Using
these systems, no difference was observed
between HbC93 and HbC93A RBC confirming
the lack of requirement for the b93cys residue.
Moreover the hypoxic vasorelaxation response
was the same as observed with human and
murine (mouse Hb containing) RBC demonstrating the expression of human hemoglobin
in mouse RBC does not result in dysfunctional
RBC-dependent
hypoxic
vasorelaxation
responses and validates the use of these
knockin RBC.
Having established no role for b93cys, we then
asked how RBC mediate hypoxic vasorelaxation. Previous studies suggested a role for ATP
[5, 8, 18, 27, 28, 37] and consistent with this
hypothesis, Apyrase or L-NAME inhibited both
HbC93 and HbC93A dependent effects.
However, L-NAME also prevented adenosine
dependent dilation consistent with studies
showing adenosine dependent vasorelaxation
is eNOS and NO-dependent [38, 39]. Moreover,
we have noted previously that theophylline can
also attenuate HbC93 and HbC93A RBC dependent hypoxic vasorelaxation of rabbit pulmonary artery segments [27] suggesting a potential role for adenosine. The effect of theophylline
was confirmed in the current study and extended upon by demonstration that adenosine A2A
and A2B receptors are involved in RBC hypoxic
vasorelaxation. Furthermore, the inhibitory
effect of adenosine deaminase verified that
hypoxic RBC utilized adenosine to stimulate
vasorelaxation. Importantly, human RBC
dependent hypoxic vasorelaxation was also
attenuated by inhibition of adenosine signaling,
and this was observed with both rat pulmonary
arterial and thoracic aorta segments indicating
that a role for adenosine was not exclusive to
humanized mouse RBC, nor to pulmonary arterial segments only. Since adenosine can dilate
smooth muscle directly, we hypothesize that
experimental protocols employing vessel denudation or eNOS inhibition are not sufficient to
exclude ATP-dependent effects. Coupled with
the fact that L-NAME can also attenuate adenosine-dependent vasorelaxation, and that
there was no difference in responses between
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HbC93A vs. HbC93 RBC, we posit that adenosine dependent vasorelaxation offers an alternative mechanism to SNO-Hb in explaining how
RBC dependent vasorelaxation may occur
when ATP-signaling has been ablated.

References

Many cells can release adenosine in response
to hypoxia, we note that in the studies performed here however, hypoxic vasorelaxation
was absolutely dependent on addition of RBC.
This raises the question of how RBC elicit adenosine-dependent effects. Adenosine influx
into RBC has been studied extensively [40] but
little is known about whether adenosine may
also be released from RBC. Hypoxemic RBC
may stimulate adenosine release by endothelial or smooth muscle cells and a final alternative
is that adenosine is derived from ATP metabolism; the latter is also indicated since Apyrase
almost completely ablated the hypoxic vasorelaxation response. These possibilities remain
to be tested. We note that in terms of hypoxic
blood flow in vivo, convincing evidence that
adenosine does not play a role in coupling RBC
deoxygenation with NO-signaling in human
skeletal muscle has been presented [41].
Therefore, the biological function for adenosine
signaling induced by RBC-deoxygenation
remains to be determined. Nevertheless this
provides a novel mechanism through which
RBC may affect various vascular processes and
underscores that adenosine effects must be
considered when evaluating RBC-dependent
effects ex-vivo. Moreover, we note that further
studies are needed to test these mechanisms
using resistance vessels, where hypoxic vasodilatation occurs, as opposed to large conduit
vessels used in this study. In summary, we confirm that the b93cys residue is not required for
RBC dependent hypoxic vasorelaxation and
demonstrate that both ATP and adenosine may
play significant roles in coupling RBC deoxygenation to stimulation of vasorelaxation.

[2]

[1]

[3]

[4]

[5]

[6]

[7]
[8]

[9]

[10]

[11]

Acknowledgments
We acknowledge grant funding from the NIH
(HL09264) to RPP.
Address correspondence to: Dr. Rakesh Patel,
Department of Pathology, University of Alabama at
Birmingham, 901 19th St. South, BMRII 532,
Birmingham, AL 35294, USA. Phone: 205-9759225; Fax: 205-934-7447; E-mail: rakeshp@uab.
edu

29

[12]

[13]

Allen BW, Stamler JS and Piantadosi CA. Hemoglobin, nitric oxide and molecular mechanisms of hypoxic vasodilation. Trends Mol Med
2009; 15: 452-460.
Gladwin MT, Raat NJ, Shiva S, Dezfulian C,
Hogg N, Kim-Shapiro DB and Patel RP. Nitrite
as a vascular endocrine nitric oxide reservoir
that contributes to hypoxic signaling, cytoprotection, and vasodilation. Am J Physiol Heart
Circ Physiol 2006; 291: H2026-2035.
Owusu BY, Stapley R and Patel R. Nitric Oxide
formation versus scavenging: The Red Blood
Cell balancing act. J Physiol 2012; 590: 49935000.
Singel DJ and Stamler JS. Chemical physiology
of blood flow regulation by red blood cells: the
role of nitric oxide and S-nitrosohemoglobin.
Annu Rev Physiol 2005; 67: 99-145.
Sprague RS, Bowles EA, Achilleus D and Ellsworth ML. Erythrocytes as controllers of perfusion distribution in the microvasculature of
skeletal muscle. Acta physiol 2011; 202: 285292.
Rifkind JM, Salgado MT and Cao Z. Regulation
of oxygen delivery by the reaction of nitrite with
RBCs under hypoxic conditions. Adv Exp Med
Biol 2012; 737: 183-189.
Wan J, Forsyth AM and Stone HA. Red blood
cell dynamics: from cell deformation to ATP release. Integr Biol (Camb) 2011; 3: 972-981.
Gonzalez-Alonso J, Olsen DB and Saltin B.
Erythrocyte and the regulation of human skeletal muscle blood flow and oxygen delivery:
role of circulating ATP. Circ Res 2002; 91:
1046-1055.
Sprague RS and Ellsworth ML. Erythrocyte-derived ATP and perfusion distribution: Role of
intracellular and intercellular communication.
Microcirculation 2012; 19: 430-9.
Stamler JS, Jia L, Eu JP, McMahon TJ, Demchenko IT, Bonaventura J, Gernert K and Piantadosi CA. Blood flow regulation by S-nitrosohemoglobin in the physiological oxygen
gradient. Science 1997; 276: 2034-2037.
Pinder AG, Rogers SC, Morris K and James PE.
Hemoglobin saturation controls the red blood
cell mediated hypoxic vasorelaxation. Adv Exp
Med Biol 2009; 645: 13-20.
Sprague RS, Stephenson AH, Bowles EA,
Stumpf MS and Lonigro AJ. Reduced expression of G(i) in erythrocytes of humans with type
2 diabetes is associated with impairment of
both cAMP generation and ATP release. Diabetes 2006; 55: 3588-3593.
Sprague RS, Stephenson AH, Ellsworth ML,
Keller C and Lonigro AJ. Impaired release of
ATP from red blood cells of humans with pri-

Int J Physiol Pathophysiol Pharmacol 2013;5(1):21-31

Erythrocyte hypoxic vasorelaxation mechanisms

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

30

mary pulmonary hypertension. Exp Biol Med
2001; 226: 434-439.
Bennett-Guerrero E, Veldman TH, Doctor A,
Telen MJ, Ortel TL, Reid TS, Mulherin MA, Zhu
H, Buck RD, Califf RM and McMahon TJ. Evolution of adverse changes in stored RBCs. Proc
Natl Acad Sci U S A 2007; 104: 17063-17068.
Datta B, Tufnell-Barrett T, Bleasdale RA, Jones
CJ, Beeton I, Paul V, Frenneaux M and James P.
Red blood cell nitric oxide as an endocrine vasoregulator: a potential role in congestive
heart failure. Circulation 2004; 109: 13391342.
Donadee C, Raat NJ, Kanias T, Tejero J, Lee JS,
Kelley EE, Zhao X, Liu C, Reynolds H, Azarov I,
Frizzell S, Meyer EM, Donnenberg AD, Qu L, Triulzi D, Kim-Shapiro DB and Gladwin MT. Nitric
oxide scavenging by red blood cell microparticles and cell-free hemoglobin as a mechanism
for the red cell storage lesion. Circulation
2011; 124: 465-476.
Reynolds JD, Ahearn GS, Angelo M, Zhang J,
Cobb F and Stamler JS. S-nitrosohemoglobin
deficiency: a mechanism for loss of physiological activity in banked blood. Proc Natl Acad Sci
U S A 2007; 104: 17058-17062.
Zhu H, Zennadi R, Xu BX, Eu JP, Torok JA, Telen
MJ and McMahon TJ. Impaired adenosine-5’triphosphate release from red blood cells promotes their adhesion to endothelial cells: a
mechanism of hypoxemia after transfusion.
Crit Care Med 2011; 39: 2478-2486.
Crawford JH, Chacko BK, Pruitt HM, Piknova B,
Hogg N and Patel RP. Transduction of NO-bioactivity by the red blood cell in sepsis: novel
mechanisms of vasodilation during acute inflammatory disease. Blood 2004; 104: 13751382.
Rother RP, Bell L, Hillmen P and Gladwin MT.
The clinical sequelae of intravascular hemolysis and extracellular plasma hemoglobin: a
novel mechanism of human disease. JAMA
2005; 293: 1653-1662.
Patel RP, Hogg N and Kim-Shapiro DB. The potential role of the red blood cell in nitrite-dependent regulation of blood flow. Cardiovas
Res 2011; 89: 507-515.
Sonveaux P, Lobysheva II, Feron O and McMahon TJ. Transport and peripheral bioactivities
of nitrogen oxides carried by red blood cell hemoglobin: role in oxygen delivery. Physiology
2007; 22: 97-112.
Doctor A, Platt R, Sheram ML, Eischeid A, McMahon T, Maxey T, Doherty J, Axelrod M, Kline
J, Gurka M, Gow A and Gaston B. Hemoglobin
conformation couples erythrocyte S-nitrosothiol content to O2 gradients. Proc Natl Acad Sci
U S A 2005; 102: 5709-5714.

[24] Kirby BS, Crecelius AR, Voyles WF and Dinenno
FA. Vasodilatory responsiveness to adenosine
triphosphate in ageing humans. J Physiol
2010; 588: 4017-4027.
[25] Jia L, Bonaventura C, Bonaventura J and Stamler JS. S-nitrosohemoglobin: a dynamic activity
of blood involved in vascular control. Nature
1996; 380: 221-226.
[26] McMahon TJ, Moon RE, Luschinger BP, Carraway MS, Stone AE, Stolp BW, Gow AJ, Pawloski JR, Watke P, Singel DJ, Piantadosi CA and
Stamler JS. Nitric oxide in the human respiratory cycle. Nat Med 2002; 8: 711-717.
[27] Isbell TS, Sun CW, Wu LC, Teng X, Vitturi DA,
Branch BG, Kevil CG, Peng N, Wyss JM, Ambalavanan N, Schwiebert L, Ren J, Pawlik KM,
Renfrow MB, Patel RP and Townes TM. SNOhemoglobin is not essential for red blood celldependent hypoxic vasodilation. Nat Med
2008; 14: 773-777.
[28] Crawford JH, Isbell TS, Huang Z, Shiva S,
Chacko BK, Schechter AN, Darley-Usmar VM,
Kerby JD, Lang JD Jr, Kraus D, Ho C, Gladwin
MT and Patel RP. Hypoxia, red blood cells, and
nitrite regulate NO-dependent hypoxic vasodilation. Blood 2006; 107: 566-574.
[29] Diesen DL, Hess DT and Stamler JS. Hypoxic
vasodilation by red blood cells: evidence for an
s-nitrosothiol-based signal. Circ Res 2008;
103: 545-553.
[30] Isbell TS, Koenitzer JR, Crawford JH, White CR,
Kraus DW and Patel RP. Assessing NO-dependent vasodilatation using vessel bioassays at
defined oxygen tensions. Methods Enzymol
2005; 396: 553-568.
[31] Wu LC, Sun CW, Ryan TM, Pawlik KM, Ren J
and Townes TM. Correction of sickle cell disease by homologous recombination in embryonic stem cells. Blood 2006; 108: 1183-1188.
[32] Ryan TM, Ciavatta DJ and Townes TM. Knockout-transgenic mouse model of sickle cell disease. Science 1997; 278: 873-876.
[33] McMahon TJ, Ahearn GS, Moya MP, Gow AJ,
Huang YC, Luchsinger BP, Nudelman R, Yan Y,
Krichman AD, Bashore TM, Califf RM, Singel
DJ, Piantadosi CA, Tapson VF and Stamler JS. A
nitric oxide processing defect of red blood cells
created by hypoxia: deficiency of S-nitrosohemoglobin in pulmonary hypertension. Proc
Natl Acad Sci U S A 2005; 102: 14801-14806.
[34] Palmer LA, Doctor A and Gaston B. SNO-hemoglobin and hypoxic vasodilation. Nat Med
2008; 14: 1009; author reply 1009-1010.
[35] Stamler JS, Singel DJ and Piantadosi CA. SNOhemoglobin and hypoxic vasodilation. Nat Med
2008; 14: 1008-1009; author reply 10091010.
[36] James PE, Lang D, Tufnell-Barret T, Milsom AB
and Frenneaux MP. Vasorelaxation by red

Int J Physiol Pathophysiol Pharmacol 2013;5(1):21-31

Erythrocyte hypoxic vasorelaxation mechanisms
blood cells and impairment in diabetes: reduced nitric oxide and oxygen delivery by glycated hemoglobin. Circ Res 2004; 94: 976983.
[37] Ellsworth ML, Ellis CG, Goldman D, Stephenson AH, Dietrich HH and Sprague RS. Erythrocytes: oxygen sensors and modulators of vascular tone. Physiology 2009; 24: 107-116.
[38] Wyatt AW, Steinert JR, Wheeler-Jones CP, Morgan AJ, Sugden D, Pearson JD, Sobrevia L and
Mann GE. Early activation of the p42/
p44MAPK pathway mediates adenosine-induced nitric oxide production in human endothelial cells: a novel calcium-insensitive mechanism. FASEB J 2002; 16: 1584-1594.
[39] Lynch FM, Austin C, Heagerty AM and Izzard
AS. Adenosine and hypoxic dilation of rat coro-

31

nary small arteries: roles of the ATP-sensitive
potassium channel, endothelium, and nitric
oxide. Am J Physiol Heart Circ Physiol 2006;
290: H1145-1150.
[40] Ford DA, Sharp JA and Rovetto MJ. Erythrocyte
adenosine transport: effects of Ca2+ channel
antagonists and ions. Am J Physiol 1985; 248:
H593-598.
[41] Mortensen SP, Gonzalez-Alonso J, Bune LT,
Saltin B, Pilegaard H and Hellsten Y. ATP-induced vasodilation and purinergic receptors in
the human leg: roles of nitric oxide, prostaglandins, and adenosine. Am J Physiol Regul Integr
Comp Physiol 2009; 296: R1140-1148.

Int J Physiol Pathophysiol Pharmacol 2013;5(1):21-31

