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Abstract
Vasoconstriction is a major adverse effect of HBOCs. The use of a single drug for attenuating
HBOC-induced vasoconstriction has been tried with limited success. Since HBOC causes
disruptions at multiple levels of organization in the vascular system, a systems approach is helpful
to explore avenues to counteract the effects of HBOC at multiple levels by targeting multiple sites
in the system. A multi-target approach is especially appropriate for HBOC-induced
vasoconstriction, because HBOC disrupts the cascade of amplification by NO-cGMP signaling
and protein phosphorylation, ultimately resulting in vasoconstriction. Targeting multiple steps in
the cascade may alter the overall gain of amplification, thereby limiting the propagation of
disruptive effects through the cascade. As a result, targeting multiple sites may accomplish a
relatively high overall efficacy at submaximal drug doses. Identifying targets and doses for
developing a multi-target combination HBOC regimen for oxygen therapeutics requires a detailed
understanding of the systems biology and phenotypic heterogeneity of the vascular system at
multiple layers of organization, which can be accomplished by successive iterations between
experimental studies and mathematical modeling at multiple levels of vascular systems and organ
systems. Towards this goal, this article addresses the following topics: a) NO-scavenging by
HBOC, b) HBOC autoxidation-induced reactive oxygen species generation and endothelial barrier
dysfunction, c) NO- cGMP signaling in vascular smooth muscle cells, d) NO and cGMP-
dependent regulation of contractile filaments in vascular smooth muscle cells, e) phenotypic
heterogeneity of vascular systems, f) systems biology as an approach to developing a multi-target
HBOC regimen.
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INTRODUCTION
Hemoglobin-based oxygen carriers (HBOCs) are designed to carry oxygen to all organ
systems via the circulation. Unfortunately, HBOCs also scavenge nitric oxide (NO) with
high affinity - an important relaxing factor released by endothelial cells, and thereby reduces
the availability of NO to vascular smooth muscle cells, disrupts NO-mediated cascade of
signaling pathways in vascular smooth muscle cells, and causes vasoconstriction [1–3].
Furthermore, in the presence of oxygen, HBOCs can undergo autoxidation with the
generation of reactive oxygen species (ROS), which can lead to endothelial barrier
dysfunction. HBOCs can then permeate through the leaky endothelial cell-cell junctions to
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the interstitial space near vascular smooth muscle cells, thereby further reducing the
bioavailability of NO to vascular smooth muscle cells and causes vasoconstriction.

This article proposes that HBOC-induced vasoconstriction is a systems problem, because the
effect of NO-scavenging by HBOC is experienced by multiple organ systems at multiple
layers of organization from hemoglobin reactions in solution to activation of contractile
proteins in vascular smooth muscle cells (Fig. 1). As elaborated in this article, the
endothelium-vascular smooth muscle system is highly heterogeneous and complex, rich in
interconnected signaling pathways and feedback regulation. Predicting the behavior of such
heterogeneous and complex system by intuition is extremely difficult, if not impossible.
Systems biology is an approach that combines experimental studies with mathematical
modeling for quantitative and multi-scale understanding of complex systems [4, 5]. This
article proposes that systems biology approach is needed for understanding HBOC-induced
vasoconstriction in a complex and highly heterogeneous vascular system, in order to develop
an efficacious multi-target combination HBOC regimen for oxygen therapeutics.

NO-SCAVENGING BY HBOC
HBOC, being an acellular protein, can diffuse freely in plasma, in direct proximity to the
endothelial surface, and scavenge NO released by endothelial cells. Indeed, NO-scavenging
is generally recognized as an important mechanism underlying HBOC-induced
vasoconstriction [1, 6]. Similarly, disruption in NO homeostasis caused by hemolysis is
recognized to be a major mechanism underlying vasculopathy in sickle cell disease.
However, sickle cell disease is a complex and chronic vasculopathy, and is therefore not
fully applicable as a model for a single administration of an HBOC in a normal subject.
Also, normal recipients of an HBOC are also different from those with endothelial
dysfunction. The physiological significance of endothelial release of NO is further suggested
by the experimental observation that abolishing endothelial release of NO by genetic
deletion of endothelial nitric oxide synthase (eNOS) is sufficient to cause hypertension in
mice [7–11]. Therefore, in principle, HBOC administration may provide the benefit of
oxygen delivery, but also carry the risk of NO scavenging. A mathematical modeling study
analyzed HBOC-mediated O2 transport and NO consumption in the microcirculation [12].
Furthermore, mathematical modeling of O2 transport from capillary to muscle in the absence
or presence of HBOCs has led Patton and Palmers [13] to conclude that HBOC normalizes
O2 transport to muscle in hypoxemia and anemia. Another modeling study actually
suggested that hemoglobin solutions induce oversupply of O2 to arteriolar walls and causes
vasoconstriction in arterioles [14]. Oxygen transport has two phases: a convective and a
diffusive. The former depends on blood flow (both velocity and bulk flow). The latter two
studies did not consider the vasoconstrictive effect of HBOC-induced changes in bulk flow
and NO consumption.

Kavdia et al. [15] modeled NO diffusion and consumption in the presence of HBOC in an
arteriole, and concluded that HBOC would significantly reduce [NO] near vascular smooth
muscle cells, especially when extravasation of HBOC was considered. A similar conclusion
was reached by Gundersen et al. [16], who modeled the transport of NO and O2 in an
arteriole containing a mixture of HBOC and erythrocytes. Gundersen et al. [16] further
concluded that significant NO-scavenging by HBOC is an unavoidable consequence of
HBOC transfusion and probable cause of HBOC-induced vasoconstriction. Consistent with
the latter findings, Jeffers et al. [17] modeled NO-scavenging by hemoglobin in hemolytic
anemia, and concluded that as little as 1 µM heme is sufficient to reduce NO bioavailability
significantly, especially when extravasation of hemoglobin is considered, perhaps because
of the high binding affinity and rapid reaction rate of NO with hemoglobin. Altogether,
these studies indicate that: a) HBOC enhances diffusive O2 transport in the microcirculation,
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b) HBOC significantly reduces NO bioavailability, especially when HBOC extravasation is
considered, and c) a relatively low [HBOC] – 1 µM heme - can significantly reduce NO
bioavailability to vascular smooth muscle cells.

HBOC AUTOXIDATION-INDUCED ROS GENERATION AND ENDOTHELIAL
BARRIER DYSFUNCTION

Autoxidation refers to the spontaneous oxidation of hemoglobin (the heme iron Fe++) to
methemoglobin (heme iron Fe+++) in the presence of oxygen, accompanied by the
generation of ROS such as superoxide ions [1]. Superoxide can undergo dismutation to
produce hydrogen peroxide, which reacts with methemoglobin to produce ferryl
hemoglobin, a highly reactive species that can cause oxidant damages to cells. Within the
circulation, HBOC-derived ROS can lead to endothelial barrier dysfunction and allow
macromolecules, including HBOCs, to permeate across the endothelium to the interstitial
space near vascular smooth muscle cells, where HBOCs can further reduce the availability
of NO to vascular smooth muscle cells, and induces vasoconstriction [18]. Indeed, Baldwin
[19] showed that intravascular injection of polyethylene glycol-hemoglobin induced the
formation of endothelial junctional gaps and caused the leakage of albumin in the rat
mesentery. Furthermore, Dull et al. [20] showed that hemoglobin, hemoglobin-Polytaur
(molecular mass: 500 kDa), and hemoglobin-(Polytaur)n (molecular mass: ~ 1,000 kDa)
increased permeability of microvascular endothelial cell monolayers to large molecules,
including the three hemoglobin molecules. These findings suggest that, despite the relatively
large molecular size, HBOCs can extravasate to the interstitial space by inducing endothelial
barrier dysfunction. Recently, Yu et al. [21] reported that diabetic mice having endothelial
dysfunction exhibited exaggerated HBOC-induced vasoconstriction. This finding suggests
that patients having vascular diseases associated with compromised endothelial function
such as atherosclerosis and diabetes mellitus are also likely to have elevated risks of HBOC
extravasation and HBOC-induced vasoconstriction. Endothelium-derived NO appears to be
essential for maintaining endothelial barrier integrity [22]; therefore, NO-scavenging by
HBOC may be sufficient to induce endothelial barrier dysfunction. Endothelial cell-cell
junctions are regulated by multiple signaling pathways involving Ca2+, protein kinase C,
tyrosine kinases, myosin light chain kinase, and small Rho-GTPases [23]. Understanding the
mechanisms by which HBOCs perturb these signaling pathways may reveal molecular
targets for preserving endothelial barrier function during HBOC administration and
ameliorating the HBOC-related side effects.

NO- cGMP SIGNALING in VASCULAR SMOOTH MUSCLE CELLS
Soluble guanylyl cyclase and phosphodiesterase-5 are the two major enzymes of NO-cGMP
signaling in vascular smooth muscle cells. Soluble guanylyl cyclase is the intracellular NO
receptor-enzyme that catalyzes the generation of cGMP for initiating the cascade of protein
phosphorylation that leads to vascular smooth muscle relaxation [24–26]. A recent report
indicates that smooth muscle-specific deletion of NO-sensitive guanylyl cyclase was
sufficient to induce hypertension in mice, suggesting that NO-dependent guanylyl cyclase
activity is essential for maintaining normal vasoregulation and blood pressure in mice [27].
Phosphodiesterase-5 is the enzyme that catalyzes the degradation of cGMP to GMP [28].
Therefore, the level of intracellular [cGMP] is determined by the guanylyl cyclase/
phosphodiesterase-5 activity ratio.

NO-cGMP signaling is regulated by both negative and positive feedback mechanisms in
vascular smooth muscle cells [29]. One negative feedback mechanism is cGMP-dependent
inhibition of guanylyl cyclase via phosphorylation [30]. Another negative feedback
mechanism is cGMP-dependent activation of phosphodiesterase -5 either directly via
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binding or indirectly via phosphorylation by cGMP-dependent kinase [31–34]. In addition,
cGMP-dependent activation of eNOS functions as a positive feedback mechanism in NO-
cGMP signaling [35, 36]. NO-scavenging by oxyhemoglobin has been shown to decrease
the level of cGMP significantly in vascular smooth muscle cells [37]. However, relatively
little, if any, has been published on the effect of HBOCs on cGMP levels in vascular smooth
muscle cells. This knowledge gap is important for differentiating the effect of HBOC on
NO-cGMP signaling from other adverse effects of HBOC on vascular smooth muscle.

Some mathematical studies have tried to resolve the temporal dynamics of activation and
inactivation of guanylyl cyclase and phosphodiesterase-5 that underlie the complex temporal
dynamics of cGMP transients during NO administration in solution and cells [38]. For
example, by modeling the kinetics of NO-induced guanylyl cyclase activation in vitro,
Condorelli and George [39] resolved the Michaelis constant and Hill coefficients for NO-
induced cGMP generation, and concluded that activation of guanylyl cyclase is more rapid
than its inactivation. By measuring and modeling the kinetics of both NO-dependent cGMP
generation and downstream protein phosphorylation in platelets, Mo et al. [40] concluded
that dynamics of both guanylyl cyclase desensitization and phosphodiesterase-5 activation
contribute to the cGMP transients. Furthermore, by varying parameters in the NO-cGMP
signaling pathways, Mo et al. [40] showed that the model could also explain the different
temporal dynamics of cGMP transients in different cell types.

To understand the function of cGMP transients in vascular smooth muscle cells during NO-
induced vasorelaxation, Tsoukias et al. [41] modeled the frequency and amplitude effects of
NO production by endothelial cells on cGMP formation in vascular smooth muscle cells in
the presence of NO scavengers in an arteriole, and concluded that burst-like NO production
by endothelial cells minimizes NO-scavenging by hemoglobin, and maximizes NO delivery
to vascular smooth muscle cells. The same authors [41] further suggested that the frequency
of Ca2+ oscillations in endothelial cells may be a limiting factor in cGMP formation in
vascular smooth muscle cells. This concept of frequency-dependent modulation of NO-
cGMP signaling is intriguing, because it suggests the possibility that cGMP transients may
also be efficient in maintaining cGMP-dependent protein phosphorylation and relaxation in
vascular smooth muscle cells. A potential clinical implication of this concept is that
oscillatory delivery of NO donors may be an effective approach to attenuating
vasoconstriction during HBOC administration. However, for this approach to be realistic,
the frequency, delivery means, and synchronization need to be considered.

NO AND cGMP-DEPENDENT REGULATION OF CONTRACTILE FILAMENTS
IN VASCULAR SMOOTH MUSCLE CELLS

Ca2+, calmodulin-dependent activation of myosin light chain kinase (MLCK) for catalyzing
phosphorylation of the 20 kDa myosin light chains is a well documented mechanism of
smooth muscle contraction. The reverse of this reaction – myosin light chain
dephosphorylation – is catalyzed by myosin light chain phosphatase (MLCP). Thus, the
level of crossbridge activation, as measured by myosin light chain phosphorylation, is
determined by the MLCK/MLCP activity ratio in vascular smooth muscle cells.
Accordingly, NO may induce vascular smooth muscle relaxation by down-regulating Ca2+-
calmodulin- MLCK activity and/or up-regulating MLCP activity [42]. Some but not all
investigators have reported down-regulation of intracellular [Ca2+] during NO-induced
vascular smooth muscle relaxation [43–47]. One mechanism of NO-dependent down-
regulation of intracellular [Ca2+] is NO-dependent direct inhibition of voltage-gated Ca2+

channels. Another mechanism is NO-induced hyperpolarization via activation of calcium-
sensitive potassium channels [48]. Several investigators have reported NO-dependent up-
regulation of MLCP activity [46, 49–52]. Specific mechanisms of NO-dependent MLCP
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activation include inhibition of PKC and RhoA/Rho kinase, which normally function to
inhibit MLCP in agonist-induced vascular smooth muscle contractions [53–56]. In addition,
NO has also been shown to inhibit assembly and activation of actin filaments, thereby
decreasing the number of functional cross-bridge binding sites on actin filaments and
decreasing force-generating capacity of vascular smooth muscle cell [42, 57–60].
Contractile filament activation in vascular smooth muscle cells is the final step of HBOC-
induced vasoconstriction. However, relatively little, if any, has been published on the effect
of HBOCs on contractile filament activation in vascular smooth muscle cells. This
knowledge gap is important for differentiating actin and myosin as the molecular targets of
HBOC-induced vascular smooth muscle contraction.

Some mathematical modeling studies have contributed to the understanding of the
integration of multiple mechanisms in NO-induced vascular smooth muscle relaxation. By
modeling norepinephrine and NO-induced intracellular Ca2+ dynamics in vascular smooth
muscle cells, Kapela et al. [61] concluded that intracellular Na+ may play a modulatory role
in intracellular Ca2+ dynamics. By integrating NO-cGMP signaling, intracellular Ca2+
dynamics, myosin light chain phosphorylation, and actomyosin interactions, Yang et al. [62]
explored the following hypotheses: a) rapid inactivation of guanylyl cyclase is caused by
cGMP-dependent negative feedback, b) NO activates calcium-dependent potassium
channels via cGMP-dependent and independent mechanisms, and c) Ca2+-desensitization of
contractile filaments is distinct from Ca2+-sensitivity of myosin phosphorylation. This
integrative model is potentially useful as a framework for building a systems model of
HBOC-induced vasoconstriction; however, new experimental data on the effects of HBOC
at multiple levels are needed for constraining model parameters and boundary conditions.

PHENOTYPIC HETEROGENEITY OF VASCULAR SYSTEMS
Phenotypic heterogeneity of vascular systems is a well established concept in physiology.
For example, hypoxic vasoconstriction is a unique characteristic of pulmonary circulation,
whereas hypoxic vasodilation is a general characteristic of systemic circulation [63–65].
Normal capillary permeability also varies widely among various organs, and converting
enzyme activity (for both angiotensin and bradykinin) is specific to the endothelium of the
pulmonary vasculature. Similarly, adverse effects of HBOC appear to be organ-specific [3].
For example, findings from one clinical trial showed that intravenous infusion of HBOC-201
to patients resulted in systemic and pulmonary hypertension without significant coronary
vasoconstriction [66]. Consistent with this finding, a recently published ex vivo study
indicated differential sensitivities of isolated pulmonary and coronary vessels to HBOCs and
nitrovasodilators [67], suggesting that phenotypic differences between pulmonary and
coronary vascular smooth muscle cells or endothelial function could explain the observed
differential hypertensive effects of HBOC on pulmonary and coronary circulation in
patients. Furthermore, pulmonary and coronary circulations exhibit differential
compensatory responses to the loss of eNOS function. In eNOS-deficient mice, up-
regulation of neuronal NO synthase (nNOS) appears to compensate fully for the loss of
eNOS for the coronary circulation, but not in the pulmonary circulation [68–70].

Endothelial and vascular smooth muscle cells are the major cell types in a vascular system,
and therefore major contributors to the phenotypic heterogeneity of vascular systems.
Molecular heterogeneity of endothelial cells is indicated by data on organ-specificity of gene
expression as measured by DNA arrays, membrane protein expression as measured by gel
electrophoresis, and surface epitope expression as measured by in vivo screening of phage-
displayed peptide libraries [71–73]. Functional heterogeneity of endothelial cells is indicated
by data on organ-specificity of basal endothelial permeability, inducible endothelial
permeability, inflammatory cell transmigration, vasomotor tone, and others [74]. Site-
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specific epigenetics and local environment have been proposed as major determinants of the
phenotypic heterogeneity of endothelial cells [75–78].

If NO-scavenging by HBOC induces vasoconstriction in a vascular system, then endogenous
NO release must contribute to the regulation of vascular resistance in this particular vascular
system. For example, NO-scavenging by HBOC causes significant vasoconstriction in the
pulmonary circulation, probably because endogenous NO release is responsible for
maintaining the low vascular resistance in pulmonary circulation. Conversely, if endogenous
NO release is absent in a vascular system, then NO-scavenging by HBOC cannot occur in
this particular vascular system. This analysis suggests that phenotypic heterogeneity in the
expression and function of eNOS (and possibly nNOS) is an important determinant of the
organ-specificity of HBOC-induced vasoconstriction. However, relatively little, if any, has
been published in this important area. In addition to releasing NO as a relaxing factor, some
endothelial cells are capable of releasing hyperpolarizing factors (EDHFs) for inducing
vascular smooth muscle relaxation [79–81]. The term EDHF includes multiple mediators,
but Ca2+-activated potassium channels appear to be a common target that mediates the
relaxing effect of EDHF in vascular smooth muscle cells [82]. Thus, EDHF is a potential
compensatory mechanism in HBOC-induced vasoconstriction.

Vascular smooth muscle is another element of phenotypic heterogeneity of vascular
systems. Molecular heterogeneity of vascular smooth muscle cells is indicated by data on
tissue-specific protein expression of myosin (light and heavy chain) isoforms, and muscle
mechanics, which are the criteria for classifying smooth muscles into phasic and tonic
phenotypes [83]. For example, the portal vein contains phasic vascular smooth muscle cells,
which predominantly express the SM-B myosin heavy chain isoform, and have a capacity
for high shortening velocity. In contrast, the aorta contains tonic smooth muscle cells, which
predominantly express the SM-A myosin heavy chain isoform, and have a capacity for low
shortening velocity. Lineage mapping studies indicated that vascular smooth muscle cells in
different organ systems are derived from differential embryonic origins [84]. For example,
the ascending aorta develops from the neural crest, whereas the descending thoracic aorta,
coronary arteries, and pulmonary arteries develop from non-neural crest regions of an
embryo. Indeed, the concept of phenotypic heterogeneity of vascular smooth muscle is
important for understanding the clonal nature of vascular smooth muscle cells in human
atherosclerotic plaques [85]. For example, cross-transplantation of atherosclerosis-resistant
and atherosclerosis-susceptible aortic segments in animal studies indicated that transplanted
vascular segments retain the same resistance to atherosclerosis, independent of the site of
transplantation. This observation suggests that intrinsic cell phenotype is more significant
than regional hemodynamic environment in determining the atherosclerosis-susceptibility of
a given vascular segment [86]. In addition to having innate phenotypic diversity, vascular
smooth muscle cells are capable of phenotypic modulation from contractile to synthetic
phenotype in inflammatory vascular diseases such as atherosclerosis [87]. Thus, phenotypic
modulation of vascular smooth muscle cells in diseased organs represents another element
of organ-specific phenotypic heterogeneity of HBOC-induced vasoconstriction.

It is conceivable that phenotypic heterogeneity in the expression and function of guanylyl
cyclase and phosphodiesterase-5 in vascular smooth muscle cells may contribute to organ-
specificity of HBOC-induced vasoconstriction, because these two enzymes determine the
level of cGMP in vascular smooth muscle cells in response to NO and HBOC. For example,
vascular smooth muscle cell (or activity) of guanylyl cyclase are likely to produce high
levels of cGMP and robust vasorelaxation in response to NO. Conversely, vascular smooth
muscle cells expressing low levels (or activity) of guanylyl cyclase may be more likely to
produce low levels of cGMP and weak vasorelaxation in response to NO. Therefore, NOS
function in endothelial cells and NO-cGMP signaling in vascular smooth muscle cells are
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both necessary for NO-induced vasorelaxation. It is intriguing to speculate that matched
phenotypic heterogeneity of endothelial and vascular smooth muscle cells as an integrated
system determines organ-specificity of HBOC-induced vasoconstriction.

A clear understanding of organ-specific phenotypic heterogeneity of endothelial and
vascular smooth muscle cells is necessary for predicting organ-specificity of HBOC-induced
vasoconstriction. Systematic studies are particularly needed in the following areas of
research: a) organ-specific expression and function of eNOS and nNOS, b) organ-specificity
of EDHF function, and c) organ-specific expression of guanylyl cyclase and
phosphodiesterase-5 in vascular smooth muscle cells.

SYSTEMS BIOLOGY AS AN APPROACH TO DEVELOPING A MULTI-
TARGET HBOC REGIMEN

Vasoconstriction is a major adverse effect of HBOCs. To overcome the vasoconstriction,
one approach would be multi-targeted combination therapeutics. The other is to create a new
HBOC that does not induce vasoconstriction. Many researchers are struggling for the latter
one. The use of a single drug in combination with HBOC for attenuating HBOC-induced
vasoconstriction has been tried with limited success. For example, the administration of
inhaled NO and NO donor before and/or during HBOC infusion has been used to attenuate
HBOC-induced vasoconstriction in animal studies with some success [88, 89]. However,
there is some concern that the maintenance of HBOC-NO reactions by exogenous NO may
sustain the production of ROS. Other candidate drugs for co-administration with HBOC
include phosphodiesterase-5 inhibitors and guanylate cyclase activators [90–93]. However, a
clinical trial for testing the efficacy of the phosphodiesterase-5 inhibitor - sildenafil - for the
treatment of pulmonary hypertension in patients with Sickle Cell Disease has been stopped
early due to safety concerns
(http://public.nhlbi.nih.gov/newsroom/home/GetPressRelease.aspx?id=2650).

Erythrocyte hemoglobin is physically separated from the endothelial surface by the red cell
membrane and unstirred layers on endothelial cells and erythrocytes; therefore, there is
minimal consumption of endothelium-derived NO by hemoglobin within erythrocytes in
circulation [94–97]. Based on this observation, shielding of HBOC chemically by
polyethylene glycol conjugation or physically by encapsulation is being developed to
minimize NO-scavenging by HBOC [98–100]. However, chemical stability of polyethylene
glycol-conjugated hemoglobin is an important issue to be addressed [101–102].

One potential problem in the single drug-HBOC combination approach is the necessity of
using a relatively high dose of drug in order to counteract completely the effect of HBOC at
a single site, because even a small residual effect of HBOC at a single site may be amplified
by a cascade of enzymatic reactions. High drug doses are likely to have large side effects.
This article proposes that HBOC-induced vasoconstriction is a systems problem, somewhat
analogous to vasculopathy caused by hemolysis in sickle cell anemia, which is also
becoming recognized as a systems problem [103]. From the systems point of view, since
HBOC causes disruptions at multiple levels of organization in the vascular system (Fig. 1),
then a systems approach is useful to explore pathways to counteract the effects of HBOC at
multiple levels by targeting multiple sites in the system. A multi-target approach is
especially appropriate for HBOC-induced vasoconstriction, because HBOC disrupts the
cascade of amplification by NO-cGMP signaling and protein phosphorylation, where the
product of one enzymatic reaction activates the enzyme for the next reaction. Targeting
multiple steps in the cascade may alter the overall gain of amplification, thereby limiting the
propagation of disruptive effects through the cascade. As a result, targeting multiple sites
may accomplish a relatively high overall efficacy at submaximal drug doses.
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The concept of multi-target combination therapeutics has led to the successful development
of a highly active antiretroviral therapy (HAART) for treating AIDS patients [104]. This
example suggests that the development of a multi-target combination HBOC regimen for
oxygen therapeutics may also be achievable. In principle, finding a solution to a systems
problem requires understanding of the complexity of the biological system at multiple layers
or organization [105–106]. Therefore, identifying targets and doses for developing a multi-
target combination HBOC regimen for oxygen therapeutics requires a detailed
understanding of the systems biology and phenotypic heterogeneity of the vascular system
within the context of HBOC-induced vasoconstriction, which can be accomplished by
successive iterations between experimental studies and mathematical modeling at multiple
levels of vascular systems and organ systems.
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Figure 1.
Systems model of HBOC-induced vasoconstriction. HBOC scavenges NO produced by
endothelial NO synthase (NOS) and mediates the production of reactive oxygen species
(ROS), which can induce endothelial barrier dysfunction. As a result, HBOC may
extravasate into the interstitial space, and further reduce the bioavailability of NO to
vascular smooth muscle cells. The loss of NO lowers the activity of guanylate cyclase (GC),
relative to phosphodiesterase (PDE) activity, and leads to a decrease in intracellular [cGMP]
for inhibiting smooth muscle contraction. In addition, ROS, contractile agonists
(neurotransmitters and hormones), and mechanical stretch exert stimulatory effects on
smooth muscle contraction. A major regulatory mechanism of smooth muscle contraction is
phosphorylation of the 20,000 dalton myosin light chain, which is determined by the myosin
light chain kinase (MLCK) / phosphatase (MLCP) activity ratio. Phosphorylated myosin
crossbridges (Mp) then interact with actin (A) to form attached crossbridges (AMp) for
contraction.
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