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Abstract

Aims: Hemoglobin-based oxygen carriers (HBOC) provide a potential alternative to red blood cell (RBC)
transfusion. Their clinical application has been limited by adverse effects, in large part thought to be mediated by
the intravascular scavenging of the vasodilator nitric oxide (NO) by cell-free plasma oxy-hemoglobin. Free
hemoglobin may also cause endothelial dysfunction and platelet activation in hemolytic diseases and after
transfusion of aged stored RBCs. The new soluble guanylate cyclase (sGC) stimulator Bay 41-8543 and sGC
activator Bay 60-2770 directly modulate sGC, independent of NO bioavailability, providing a potential thera-
peutic mechanism to bypass hemoglobin-mediated NO inactivation. Results: Infusions of human hemoglobin
solutions and the HBOC Oxyglobin into rats produced a severe hypertensive response, even at low plasma heme
concentrations approaching 10 lM. These reactions were only observed for ferrous oxy-hemoglobin and not
analogs that do not rapidly scavenge NO. Infusions of L-NG-Nitroarginine methyl ester (L-NAME), a com-
petitive NO synthase inhibitor, after hemoglobin infusion did not produce additive vasoconstriction, suggesting
that vasoconstriction is related to scavenging of vascular NO. Open-chest hemodynamic studies confirmed that
hypertension occurred secondary to direct effects on increasing vascular resistance, with limited negative cardiac
inotropic effects. Intravascular hemoglobin reduced the vasodilatory potency of sodium nitroprusside (SNP) and
sildenafil, but had no effect on vasodilatation by direct NO-independent activation of sGC by BAY 41-8543 and
BAY 60-2770. Innovation and Conclusion: These data suggest that both sGC stimulators and sGC activators
could be used to restore cyclic guanosine monophosphate-dependent vasodilation in conditions where cell-free
plasma hemoglobin is sufficient to inhibit endogenous NO signaling. Antioxid. Redox Signal. 19, 2232–2243.

Introduction

In several clinically relevant conditions, such as hemo-
lytic diseases (e.g., sickle cell disease [SCD]) (25), during the

infusion of hemoglobin-based oxygen carriers (HBOCs) and

after blood transfusion (2, 5), plasma levels of free hemoglobin
are increased. Hemoglobin not only binds and transports
oxygen in the circulation, but is also a potent scavenger of
nitric oxide (NO) (6). Besides being a potent vasodilator (12,
22), NO also inhibits platelet aggregation, plays a role in
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neurotransmission, and acts as an antioxidant and host de-
fense molecule (18). The signaling functions of NO within
the vessel wall are maintained in the presence of large con-
centrations of intravascular hemoglobin, because the com-
partmentalization of hemoglobin in red blood cells (RBCs)
greatly limits the rate of NO-scavenging reactions. The NO-
scavenging rate of red cell hemoglobin is reduced by a red cell
free zone along the endothelium in laminar flowing blood,
extracellular diffusion of NO to the RBC, and reduced NO
diffusion over the RBC membrane (13, 15). However, all three
of these mechanisms that limit NO scavenging by intra-
erythrocytic hemoglobin are eliminated during red cell
hemolysis or during the direct intravascular infusions of
hemoglobin and HBOCs. The amount of bioavailable NO
will, therefore, be lower in the presence of free plasma
hemoglobin and cause vasoconstriction and hypertension,
increased platelet aggregation, and other clinical side effects
related to NO depletion (27).

Until recently, the link between NO scavenging by cell-free
plasma hemoglobin and clinical complications has been dis-
regarded, as cell-free plasma hemoglobin levels in patients
were very small (25). However, changes in vascular function
have been demonstrated in SCD patients with plasma
heme concentrations as low as 6 lM (25). NO scavenging by
hemoglobin inhibits NO signaling, leading to acute endothe-
lial cell dysfunction and NO resistance, and with lifelong
disease a proliferative vasculopathy evolves, which is char-
acterized by both systemic and pulmonary hypertension (7,
10, 25, 28, 41).

Acute systemic hypertension during infusion of HBOCs
has been appreciated for more than a decade, while a recent
meta-analysis of clinical trials suggests a higher risk for
myocardial infarction and death (20). The serious adverse
event profiles among these products suggest a common un-
derlying mechanism or mechanisms of toxicity, and one of the
candidates is NO scavenging (31).

We have recently suggested that increases in cell-free
plasma hemoglobin after the transfusion of stored RBCs could
be a new mechanism for endothelial injury and impaired
vascular function associated with the most fundamental of
blood storage lesions, hemolysis (5).

Previous studies in SCD patients and patients receiving
HBOCs have attempted to counteract the NO-scavenging ef-
fects using direct NO donor medications, such as sodium ni-
troprusside (SNP), and the endogenous NO-dependent

phosphodiesterase-5 (PDE-5) inhibitors, such as sildenafil.
However, the potencies of these agents are reduced due to NO
reactions with high levels of intravascular hemoglobin (25).
To overcome the reduced potency of NO donors, such ther-
apies should be dosed in a higher concentration, which po-
tentially results in additional adverse effects and off-target
reactions that may drive nitration reactions and methemo-
globin formation. Although a PDE-5 inhibitor such as silde-
nafil acts more downstream in the NO signaling pathway by
preventing the breakdown of cyclic guanosine monopho-
sphate (cGMP) formed after soluble guanylate cyclase (sGC)
activation, sGC initially still needs to be activated by endog-
enous NO.

Since the emergence of sGC as a therapeutic target for
cardiovascular disease, two classes of molecules have been
developed: sGC stimulators and sGC activators. sGC stimu-
lators, such as BAY 41-2272 and Riociguat (BAY 63-2521), act
directly on native, ferrous sGC that sensitizes sGC to low
levels of bioavailable NO by stabilizing the nitrosyl-heme
complex, maintaining the enzyme in its active configuration
(4, 34). In contrast, recently discovered sGC activators, such as
BAY 60-2770 and BAY 58-2667 (cinaciguat), effectively acti-
vate sGC even when it is in an oxidized or heme-free state (16,
23, 29, 34, 37).

We hypothesized that a drug which directly activates sGC
independent of the presence of NO, and is not scavenged by
hemoglobin, would be advantageous in the presence of
HBCOs, intravascular hemolysis, or during transfusion of
aged blood. We, therefore, have tested whether both the sGC
stimulator BAY 41-8543 and sGC activator BAY 60-2770 could
be used to restore vasodilation in the presence of intravascular
hemoglobin.

Results

Effect of human hemoglobin and HBOC on mean
arterial pressure

Intravenous infusion of 175 mg/kg purified human he-
moglobin in anaesthetized rats immediately increased mean
arterial pressure (MAP) from a baseline value of 97 – 4 mm Hg
to 155 – 4 mg Hg (54% increase; paired t-test, p < 0.0001, n = 6)
(Fig. 1A). After infusion had been discontinued, the MAP
slowly dropped to 119 – 7 mm Hg (21% decrease) over an
hour. To confirm that this effect was likely mediated by NO
scavenging, and similar to effects of HBOCs, we compared the
hypertensive effects in this top-load model to Oxyglobin, a
HBOC with similar intrinsic NO-scavenging reaction rates as
human hemoglobin. Oxyglobin elicited a similar effect on
blood pressure (Fig. 1B), and both human hemoglobin and
Oxyglobin produced an effect on blood pressure at concen-
trations as low as 8 lM (heme concentrations, Fig. 1C). Con-
sistent with our earlier studies (5), conversion of hemoglobin
to methemoglobin or cyano-methemoglobin inhibited the
vasoconstriction effects and the ability of plasma to consume
NO, suggesting that direct NO scavenging was responsible
for the vasoconstriction observed in this model (Fig. 1C).

Plasma NO consumption was determined after the hemo-
globin infusion experiments. A typical example of raw data is
displayed in Figure 1D. L-NG-Nitroarginine methyl ester
(L-NAME) infusion and hemoglobin infusion were com-
pared. In Figure 1E, the plasma NO consumption was mea-
sured after either L-NAME or hemoglobin was infused.

Innovation

Hemoglobin-based oxygen carriers (HBOC) provide a
potential alternative to red blood cell transfusion. Their
clinical application has been limited by adverse effects,
largely thought to be mediated by the intra-vascular
scavenging of the vasodilator nitric oxide (NO) by cell-free
plasma oxy-hemoglobin.

We show that both the soluble guanylate cyclase (sGC)
stimulator Bay 41-8543 and the sGC activator Bay 60-2770
restore cyclic guanosine monophosphate-dependent va-
sodilation when cell-free plasma hemoglobin is sufficient
to inhibit endogenous NO signaling. These results imply
that these drugs could be used to bypass hemoglobin-
mediated NO inactivation and provide a potential therapy.

SGC ACTIVATION BYPASSES HEMOGLOBIN NO SCAVENGING 2233



Hypertensive effects of acute administration
oxy-hemoglobin are mediated primarily by systemic
vasoconstriction and not changes in cardiac output

In order to determine the mechanism for increases in mean
arterial blood pressure in the rat model after hemoglobin in-
fusions, we performed open heart hemodynamic assessments
(Fig. 2A). The right and left ventricle pressures and volumes
were assessed during the cardiac cycle in situ, allowing for

direct determination of systolic, diastolic, vascular, and
ventricular-vascular performance. As shown in Figure 2B, the
left ventricular pressure-volume relationship changes after the
infusion of oxy-hemoglobin. The preload did not change, and
the left ventricular systolic pressure increased significantly. In
the left ventricle, contractility did not change as determined by
three modalities: the slope of the end-systolic pressure-volume
relation (Ees), preload recruitable stroke work, and the slope of
the dP/dtmax-end diastolic volume (dP/dtmax-EDV). The lack

FIG. 1. Effect of hemoglobin and
Oxyglobin infusion on mean ar-
terial pressure (MAP). (A) Aver-
age change in MAP over time after
infusion of 175 mg/kg purified
human hemoglobin (Mean – SEM,
n = 6). (B) Average change in MAP
over time after infusion of 175 mg/
kg Oxyglobin (Mean – SEM, n = 5).
(C) Percentage increase in MAP
after infusion of 175 mg/kg hemo-
globin analogs. Plasma concentra-
tion was estimated to be *8, 25, 50,
75, 100, 125, and 150 lM. Human
hemoglobin (L), methemoglobin
( ), cyano-methemoglobin ( ),
and Oxyglobin ( ). (Mean – SEM,
n = 5). *Significantly different
( p < 0.05) from hemoglobin by two-
way ANOVA with Bonferroni cor-
rection. (D) Raw data for plasma
NO consumption after experiment
as analyzed by triiodide chemilu-
minescence. L-NAME infusion and
hemoglobin infusion were com-
pared. (E) Plasma NO consumption
determined at the end of experi-
ments in which either L-NAME or
hemoglobin was infused. Mean –
SEM (n = 5). *Significantly different
( p < 0.0001) from L-NAME group.
L-NAME, L-NG-Nitroarginine me-
thyl ester; NO, nitric oxide.

FIG. 2. Representative pressure-
volume loops at baseline and after
infusion of Oxyglobin. (A) Ex-
perimental timeline. Rats were
stabilized for 30 min after surgery
before cardiac performance was
measured. Blood gasses were drawn
as indicated (BG1 and BG2). Purified
human hemoglobin (8.1 mM) was
infused until a target dose of
175 mg/kg was attained. Rats were
monitored for 1 h after hemoglobin
infusion. Pressure-volume loops
were measured in (B) right ventri-
cles and (C) left ventricles in situ.
Steady-state loops from a control
(black) and with hemoglobin infu-
sion (gray) are shown. The lines
represent the ESPVR. RV, right
ventricles; LV, left ventricles.
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of effect of hemoglobin infusion on cardiac contractility suggests
that acute infusions of oxy-hemoglobin do not affect ventricular
inotropy. A significant reduction was observed in left ventric-
ular ejection fraction. However, ejection fraction is directly
related to afterload, which was increased with the infusion.
Measurements of left ventricular function and left ventricular-
aortic vascular coupling efficiency at baseline and after oxy-
hemoglobin infusion are summarized in Table 1.

A significant increase in systolic pressure in the right ven-
tricle was observed (Table 2). In the right ventricle, there was a
significant increase in the isovolumic relaxation time constant
1 h after infusion, suggesting the development of increased
right ventricular chamber stiffness. In addition, there was a
significant reduction in right ventricle ejection fraction at the
1-h time point. As with the left ventricle, ejection fraction is
related to afterload. With these acute infusions, there was a
trend toward decreased right ventricular function as noted by
reductions in cardiac output, dP/dtmax, and a trend toward
increased right ventricular and diastolic pressure. However,
the dominant effect of acute infusion involves vasoconstric-
tion in both the pulmonary vascular bed and the systemic
vascular bed. The trends of these data for both systolic and
diastolic function raise the question as to a potential direct
effect of hemoglobin on myocardial performance with long-
term exposure. This will be the subject of future studies.

Effect of NO synthase inhibition on changes
in MAP during oxy-hemoglobin infusions

To investigate the role of scavenging of NO in the increase
in MAP after hemoglobin infusion, we infused the non-

specific nitric oxide synthase (NOS) inhibitor L-NAME. A dose
of L-NAME (1 mg/kg) was chosen such that it resulted in
comparable increases in MAP as with infusion of 175 mg/kg
Hb. MAP increased to 162 – 8 mm Hg (n = 3), and subsequent
infusion of 175 mg/kg Hb did not change MAP (158 – 5 mmHg,
paired t-test, p = 0.42; n = 3) (Fig. 3A). Conversely, after infusion
of 175 mg/kg Hb, which increased MAP to 162 – 4 mm Hg
(n = 3), infusion of 24 mg/kg L-NAME did not significantly
further increase blood pressure (164 – 3 mm Hg, paired t-test,
p = 0.36; n = 3) (Fig. 3B). These data show that both L-NAME and
hemoglobin produce significant hypertensive effects in the rat
and do not produce additive vasoconstriction, thus supporting
the hypothesis that vasoconstriction is related to a lowering of
endothelial NO synthase (eNOS)-derived vascular NO.

Effect of pre-infusion of vasodilators
on Hb-induced vasoconstriction

We determined whether inhibition of the NO signaling
pathway due to NO depletion after Hb infusion could be
counteracted by NO donors or sGC activators. The effect of four
different NO pathway-activating drugs was studied. The drugs
were infused for 15 min before Hb infusion. Pre-infusion with
control Ringer’s solution had no effect on baseline MAP (96 – 2
vs. 97 – 4 mm Hg paired t-test p = 0.54, n = 6). The doses of all
four drugs were chosen such that they produced a comparable
baseline vasodilation. Pre-infusion with SNP (0.4 lg/kg/min)
or sildenafil (10lg/kg/min) decreased baseline MAP by 10%
and 19% (Fig. 4B), respectively. Bolus administration of BAY 41-
8543 (10 lg/kg) and BAY 60-2770 (1 lg/kg) decreased baseline
MAP by 13% and 17% (Fig. 4B), respectively.

Table 1. Hemodynamic Parameters and Indexes of Systolic and Diastolic Function

Derived from Left Ventricular Pressure-Volume Relationships During Baseline (n = 10),

Oxy-Hemoglobin Infusion (n = 6), and 1 h After Infusion (n = 4) (Mean – SEM)

Parameter Baseline Oxy-hemoglobin Oxy-hemoglobin 1 h

Heart rate [beats/min] 280.6 – 10.2 276.3 – 16.4 297 – 10
LV- Systolic pressure [mmHg] 80.5 – 5.7 105.7 – 6.8a 95.0 – 8.1
LV- Diastolic pressure [mmHg] 4.8 – 0.6 8.14 – 1.8 7.0 – 0.33
EDV [ll] 216.6 – 20.9 212.0 – 31.2 160.0 – 38.1
Contraction time [ms] 20.9 – 0.5 21.0 – 0.3 22.0 – 0.6
Relaxation time [ms] 42.9 – 1.6 45.0 – 2.6 54.3 – 7.4
Stroke work [mmHg ll] 8967.5 – 975.4 8994.0 – 1722.4 6402.7 – 1636.4
Cardiac output [ll/min] 46594.5 – 5863.8 40137.9 – 7312.8 26368.7 – 6565.8
Chamber compliance [ll/mmHg] 2.34 – 0.3 1.55 – 0.3 1.16 – 0.3
Systemic vascular resistance [mmHg/ml] 1.17 – 0.1 1.58 – 0.2a 1.64 – 0.2
Pulmonary wedge pressure [mmHg] 1.80 – 0.2 3.14 – 0.7 4.00 – 0.6b

Systolic indices
Ejection fraction [%] 63.2 – 3.8 55.3 – 4.6a 53.0 – 2.2a

dP/dtmax [mmHg/s] 5051.1 – 288.0 5736.4 – 372.1a 4610.3 – 308.8
dP/dtmax- EDV [mmHg/s/ll] 13.7 – 3.5 18.7 – 4.2 23.7 – 10.0
Ventricular end-systolic elastance (Ees) [mmHg/ll] 1.10 – 0.2 1.12 – 0.2 3.00 – 1.9
Preload recruitable stroke work [mmHg] 59.0 – 13.0 49.5 – 9.5 31.6 – 14.6

Diastolic indices
dP/dtmin [mmHg/s)] - 3939.9 – 243.1 - 5141.4 – 609.9a - 3528.7 – 241.8
Relaxation factor tau (s) [ms] 5.8 – 0.3 6.3 – 0.6 8.7 – 1.8

Aortic vascular indices
Effective arterial elastance (Ea) [mmHg/ll] 0.8 – 0.6 1.4 – 0.8 2.7 – 0.96

Coupling efficiency
Ees/Ea [-] 1.38 – 0.2 0.79 – 0.3a 1.11 – 1.1

aSignificantly different ( p < 0.05) from baseline by paired t-test.
bSignificantly different ( p < 0.05) from oxy-hemoglobin infusion by paired t-test.
EDV, end diastolic volume; LV, left ventricles.
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Infusion of human hemoglobin after SNP, sildenafil, and
BAY 41-8543 increased hemoglobin peak MAP to a similar
extent as Ringer’s control (Fig. 4B). Infusion of BAY 60-2770
before hemoglobin infusion reduced peak MAP by 16%
(130 – 7 mm Hg vs. 155 – 4 mm Hg for Ringer’s, p < 0.05 two-
way ANOVA) (Fig. 4B). As shown in Figure 4C, only pre-
infusion with BAY 60-2770 was able to significantly reduce
the area under the curve for the rise in blood pressure after
hemoglobin infusion. These studies indicate that SNP and
sildenafil have limited vasodilatory activity in the presence of
plasma hemoglobin, while direct sGC activation has the po-
tential to maintain sGC/cGMP signaling and vasodilation in
the presence of high concentrations of plasma hemoglobin. In

these experiments, the BAY 60-2770 was the most potent in
the presence of hemoglobin. While we observed clear vaso-
dilation, there were no changes in in vivo cGMP levels in
plasma or liver tissue (data not shown). As further explained
in the discussion, this is likely based on primary cGMP for-
mation in vascular smooth muscle.

Effect of vasodilator infusion during steady-state
hemoglobin or L-NAME vasoconstriction

In separate experiments, the same doses of vasodilators
(SNP, sildenafil, BAY 41-8543, and BAY 60-2770) infused be-
fore Hb infusion were also infused after reaching a peak in

Table 2. Hemodynamic Parameters and Indexes of Systolic and Diastolic Function Derived

from Right Ventricular Pressure-Volume Relationships During Baseline (n = 10),

Oxy-Hemoglobin Infusion (n = 6), and 1 h After Infusion (n = 4) (Mean – SEM)

Parameter Baseline Oxy-hemoglobin Oxy-hemoglobin 1 h

Heart rate [beats/min] 290.6 – 12.7 307.2 – 17.4 277.3 – 11.8
RV- Systolic pressure [mmHg] 21.8 – 1.3 25.7 – 1.0a 28.3 – 3.5
RV- Diastolic pressure [mmHg] 1.8 – 0.3 2.3 – 0.4 3.8 – 0.8
EDV [ll] 208.2 – 15.8 202.5 – 15.4 214.0 – 31.8
Contraction time [ms] 15.4 – 0.4 16.3 – 0.3 18.3 – 2.3
Relaxation time [ms] 34.3 – 1.4 36.5 – 1.3 47.8 – 7.4
Stroke work [mmHg ll] 2635.3 – 205.7 2543.2 – 192.5 1899.3 – 235.5
Cardiac output [ll/min] 51596.9 – 4070.1 46437.2 – 3952.2 35867 – 6216.3
Chamber compliance [ll/mmHg] 9.2 – 0.9 6.5 – 0.5 5.6 – 1.3
Pulmonary vascular resistance [mmHg/ml] 0.26 – 0.03 0.29 – 0.05 0.37 – 0.08
LVEDP [mmHg] 4.80 – 0.5 6.83 – 1.2 7.50 – 0.65a

Systolic indices
Ejection fraction [%] 73.9 – 2.8 63.8 – 4.2 53.3 – 7.7a

dP/dtmax [mmHg/s] 1585.0 – 75.2 1613.2 – 78.0 1251.0 – 184.0
dP/dtmax- EDV [mmHg/s/ll] 6.3 – 1.3 5.8 – 0.9 3.8 – 0.3
Ventricular end-systolic elastance (Ees) [mmHg/ll] 0.5 – 0.1 0.7 – 0.2 0.6 – 0.2
Preload recruitable stroke work [mmHg] 19.1 – 2.2 14.7 – 3.6 16.0 – 2.2

Diastolic indices
dP/dtmin [mmHg/s)] - 1231.7 – 100.3 - 1288.3 – 82.3 - 1116.3 – 256.0
Relaxation factor tau (s) [ms] 3.8 – 0.4 4.8 – 0.4 7.8 – 2.1a

aSignificantly different ( p < 0.05) from baseline by paired t-test.
RV, right ventricles; LVEDP, left ventricular end diastolic pressure.

FIG. 3. Effect of hemoglobin and L-NAME infusion on MAP. (A) Baseline MAP (‘‘baseline’’), MAP after infusion of 175 mg/kg
purified human hemoglobin (‘‘peak Hb’’), and MAP after infusion of 175 mg/kg purified human hemoglobin followed by infusion
of 24 mg/kg L-NAME (‘‘L-NAME after Hb’’) (Mean – SEM, n = 3). Paired t-test showed no difference between ‘‘peak Hb’’ and ‘‘L-
NAME after Hb’’( p = 0.42; n = 3) (B). Baseline MAP (‘‘baseline’’), MAP after infusion of 1 mg/kg L-NAME (‘‘peak L-NAME’’) and
MAP after infusion of 1 mg/kg L-NA followed by infusion of 175 mg/kg purified human hemoglobin (Hb after L-NAME’’)
(Mean– SEM, n = 3). Paired t-test showed no difference between ‘‘peak L-NAME’’ and ‘‘Hb after L-NAME’’ ( p = 0.36; n = 3).
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MAP after Hb infusion (post-infusion). No differences in peak
MAP levels during hemoglobin infusions between groups
before the infusions of vasodilators were present (data not
shown). The vasodilatory efficacy of SNP and sildenafil was
diminished in the presence of hemoglobin (175 mg/kg)
compared with the vasodilatory effect in the absence of he-
moglobin. The percentage decrease in MAP after SNP without
Hb was 10.4% – 1.1% versus 2.2% – 1.2% in the presence of Hb

(t-test; p = 0.0002; n = 7–8). The percentage decrease in MAP
after sildenafil without Hb was 18.5% – 1.7% versus
8.0% – 1.7% in the presence of Hb (t-test; p = 0.0003; n = 9, Fig.
5). No significant decrease in vasodilatory efficacy in the
presence of Hb was observed for BAY 41-8543 (t-test; p = 0.55;
n = 9) and BAY 60-2770 (t-test; p = 0.94; n = 9 (Fig. 5).

In order to more directly test the potency of these vaso-
dilators in the presence and absence of hemoglobin while
controlling for baseline vasoconstrictor state, we compared
vasodilator potencies in the presence of steady-state vaso-
constriction with hemoglobin or L-NAME (1 mg/kg). As
displayed in Figure 6, the potency of SNP was significantly
reduced in the presence of hemoglobin compared with L-
NAME infusion, consistent with scavenging of the NO in the
presence of hemoglobin. In these series of experiments, sil-
denafil exhibited equal potency in the presence of hemo-
globin and L-NAME, although sildenafil exhibited reduced
potency in another experimental model (9). This is likely
attributable to the equivalent reduction of NO and sGC ac-
tivation with L-NAME and hemoglobin, such that inhibition
of PDE-5 has lesser effects on vasodilation. Both an sGC
activator and an sGC stimulator exhibited more potent va-
sodilation overall in the presence of L-NAME and hemo-
globin. Based on molecular weight and reduction in MAP,
BAY 60-2770 was the vasodilator with the most potency in
the presence of hemoglobin and L-NAME (Fig. 6).

Discussion

In this article, we demonstrate that a top-load infusion of
human hemoglobin as well as the HBOC Oxyglobin results
in an immediate and significant increase in MAP. The

FIG. 4. Effect of pre-infusion of vasodilators on hemoglobin-induced vasoconstriction. (A) Experimental timeline.
Rats were stabilized for 30 min after surgery, and blood gases were drawn as indicated (BG1 and BG2). After deter-
mining a baseline (BL), vasodilators were infused, followed by infusion of purified human hemoglobin (8.1 mM) until an
end concentration of 175 mg/kg was reached. MAP at T = 15, 30, and 45 min after hemoglobin infusion is displayed. (B)
Effect of pre-infusion with Ringer’s (n = 6) (–), SNP (0.4 lg/kg/min, n = 7) (–), or sildenafil (10 lg/kg/min, n = 8) (–) and
bolus administration of BAY 41-8543 (10 lg/kg, n = 8) (–) and BAY 60-2770 (1 lg/kg, n = 9) (–) on basal MAP and peak
MAP after infusion of hemoglobin. *Significantly different ( p < 0.05) from Ringer’s by two-way ANOVA with Bonferroni
correction. (C) Area under the curve (AUC) values from the graphs in Fig. A expressed as percentage from Ringer’s
values. *Significantly different ( p < 0.001) from Ringer’s by one-way ANOVA with Bonferroni correction. SNP, sodium ni-
troprusside. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

FIG. 5. Difference between pre-infusion and post-infusion
of vasodilators on hemoglobin-induced vasoconstriction.
Difference in percentage change in MAP between pre-
infusion and post-infusion of SNP (0.4 lg/kg/min) or silde-
nafil (10 lg/kg/min) and bolus administration of BAY
41-8543 (10 lg/kg) and BAY 60-2770 (1 lg/kg) (Mean – SEM,
n = 7–9). *Significantly different ( p < 0.05) from pre-infusion
values by t-test (without correction for multiple comparisons).
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dependency of the pressure increase on scavenging of en-
dothelial NO was demonstrated in two ways: by either in-
fusing hemoglobin analogs that do not react with NO
(methemoglobin and cyano-methemoglobin) or inhibiting
endothelial NO production with L-NAME. In addition, we
used an open heart hemodynamic assessment to determine
systolic, diastolic vascular, and ventricular-vascular perfor-
mance. Under these experimental conditions, the dominant
effect of acute infused hemoglobin involved vasoconstric-
tion in both the pulmonary vascular bed and the systemic
vascular bed. No significant effect on acute cardiac con-
tractility was found, further enforcing our finding that the
observed increase in MAP is primarily mediated by systemic
vasoconstriction.

We were unable to show differences in plasma and liver
cGMP levels between the four vasodilator groups. The
levels of cGMP levels in plasma and tissue are known to
offer only a limited amount of information. cGMP values in
plasma are difficult to interpret, as the half-life is very long
and, importantly, plasma levels of cGMP are more regu-
lated by natriuretic peptides via particulate guanylate cy-
clase than by sGC stimulation (8, 33). However, the
vasodilatory effects of BAY 41-8543 and BAY 60-2770 have
been previously established to be mediated by the increase

in cGMP in vascular smooth muscle cells. In separate
studies, the in vitro efficacy of the sGC stimulator BAY 41-
8543 and sGC activator BAY 60-2770 was demonstrated,
which stimulates sGC directly to increase cGMP produc-
tion and vasodilation (16, 17, 23, 30, 38). In addition, it was
shown in other studies that this type of sGC stimulators
(BAY 41-2272), indeed, directly stimulates sGC, hence en-
hancing renal cGMP production that results in an improved
renal NO-cGMP signaling and limited progression in anti-
Thy-1-induced chronic renal fibrosis (40). Therefore, our
observed effects of the sGC stimulator and sGC activator on
blood pressure in the present study are consistent with an
increase in vascular cGMP.

Our experiments suggest that an sGC stimulator or sGC
activator by directly stimulating sGC can bypass the effect of
NO scavenging. These vasodilator agents remain potent
even in the presence of high concentrations of plasma he-
moglobin, while both sildenafil and SNP exhibit reduced
vasodilatory activity. Thus, one could conclude from this
study that an sGC stimulator or a sGC activator could po-
tentially be applied to counteract hypertension, enhanced
platelet aggregation, and other NO-scavenging-induced side
effects encountered after HBOC administration. Two recent
studies using either the sGC stimulator BAY 41-2272 (19) or

FIG. 6. Dose responses of vasodilators after steady-state hemoglobin versus L-NAME infusions. (A) Experimental
timeline. Rats were stabilized for 30 min after surgery, and blood gases were drawn as indicated (BG1 and BG2). Subse-
quently, purified human hemoglobin (8.1 mM) was infused until an end concentration of 175 mg/kg was reached. After
steady-state vasoconstriction, a dose response with vasodilator was performed. Rats were followed for approximately
45 mins after hemoglobin infusion. Effect of dose response of (B). SNP (0.4, 1.2, 4, and 12 lg/kg/min, n = 6) or (C). sildenafil
(10, 30, 100 and 300 lg/kg/min, n = 5) and (D). bolus administration of BAY 41-8543 (10, 30, 100, and 300 lg/kg, n = 5)
and (E). BAY 60-2770 (1, 3, 10, and 30 lg/kg, n = 5) on steady-state MAP after human hemoglobin (175 mg/kg) infusions
(- C -closed dots) compared with effects of the same vasodilator infusions after steady-state L-NAME (1 mg/kg) infusion
(- B -open dots). Asterisks indicate significant difference from hemoglobin at same dose (*p < 0.05, **p < 0.01, ***p < 0.001) by
two-way ANOVA with Bonferroni correction.
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Riociguat (BAY 63-2521) (21) in eNOS knockout mice dem-
onstrated a decrease in blood pressure of these compounds.
These results further indicate that both BAY 41-2272 and
Riociguat can activate sGC independent of the presence of
NO. Administration of BAY 41-8543 has been shown to have
an antiplatelet effect activity in a low NO, high renin rat
model of hypertension (32). BAY 58-2667, a close analog
of BAY 60-2770, has been shown to be a relevant anti-
aggregating agent when the sGC is oxidized (26). In addi-
tion, an sGC stimulator or an sGC activator could potentially
be useful in other clinical conditions where plasma cell-free
hemoglobin is elevated, such as hemolytic diseases (27),
malaria, cardiopulmonary bypass (39), and transfusion of
aged-stored RBCs (2, 5).

In contrast to SNP, sildenafil, and the sGC stimulator BAY
41-8543, the sGC activator BAY 60-2770 was the only com-
pound that was able to reduce peak pressure as well as the
total area under the curve in the presence of hemoglobin
measured for approximately 1 h after infusion. The NO
generated by SNP infusion is immediately scavenged by the
infused hemoglobin as is also shown by the 4-fold reduction
in vasodilatory potency when given after the hemoglobin
infusion. Although a PDE-5 inhibitor such as sildenafil acts
further downstream in the NO signaling pathway by pre-
venting the breakdown of cGMP formed after sGC activa-
tion, sGC initially still needs to be activated by endogenous
NO to form cGMP. Therefore, scavenging of NO by hemo-
globin still decreased vasodilatory potency by a factor of
two, explaining why peak pressure was not reduced with
sildenafil. We currently cannot explain why pre-infusion
with BAY 41-8543 did not lower the peak pressure after
hemoglobin infusion, as the presence of hemoglobin did not
have an inhibitory effect on vasodilation as was shown in
Figure 5. BAY 41-8543 has been shown to activate sGC in-
dependent of NO (35). A study by Badejo et al., however, has
shown an effect of lowering endogenous NO on the potency
of BAY 41-8543 when L-NAME was administered (1). In our
experiments, we saw no significant effect of L-NAME on the
potency of BAY 41-8543. This could be due to the 25-fold lower
dose of 1 mg/kg L-NAME that we used to obtain a comparable
vasoconstriction as during hemoglobin infusion. Furthermore,
NOS inhibition is known to increase the potency of NO through
a mechanism that is still not completely understood. A recent
in vivo study suggests that the increased vasoconstriction after
L-NAME is related to a shift in the balance of endothelin-1 and
NO levels (3). Depending on the exact in vivo conditions,
L-NAME could have opposing results on the vasodilatory ef-
fects of BAY 41-8543.

The vasodilatory effect of BAY 60-2770 on peak pressure
may be due to the presence of hemoglobin that has oxidized a
part of the total sGC present which is known to potentiate the
vasodilatory effect of BAY 60-2770 (16). Activators of sGC,
such as BAY 60-2770 and the structurally closely related Ci-
naciguat, are the first tools to functionally analyze the oxi-
dation state of sGC in vivo under physiological and
pathophysiological conditions. It would clearly be desirable
to directly measure the intracellular molar ratio of reduced,
oxidized, and heme-free sGC. However, even under well-
defined and controlled experimental settings, it is currently
technically impossible to determine this ratio given the small
amounts of oxidized/heme-free sGC and the major popula-
tion of reduced sGC within a given enzyme preparation (36).

The in vivo vasodilatory activity of the sGC activator BAY
60-2770 is more pronounced in the presence of L-NAME. Si-
milar results have already been shown in isolated rat aortas
and small mesenteric arteries with the sGC activator BAY 58-
2667 in the presence of L-NAME, confirming the protection of
native sGC from oxidation by endogenous NO (14). There-
fore, this enhanced vasodilatory effect might be a conse-
quence of sGC oxidation, which results in a potentiation of
sGC activity as already shown at the isolated enzyme by BAY
60-2770 and BAY 58-2667 (16, 35).

There may be several advantages of the use of an sGC ac-
tivator such as BAY 60-2770 compared with NO donors or
PDE inhibitors to counteract the vasoconstrictive effects of
HBOCs. Since BAY 60-2770 does not generate NO similar to
SNP, but still activates sGC, it might be feasible in the future to
add the drug along with a HBOC, resulting in an effect that
does not cause vasoconstriction after infusion. Furthermore,
there is no risk of NO-induced formation of methemoglobin
or peroxynitrite formation as observed with NO donors. sGC
activators (such as BAY 60-2770 and Cinaciguat) can even
activate oxidized sGC or heme-deficient sGC (23, 37). There-
fore, patients with cardiovascular disease who have reduced
endothelial function due to oxidative stress and are expected
to have more oxidized sGC might additionally benefit from
the use of sGC activators along with the administration of
HBOCs.

SCD is a chronic hemolytic disease that is characterized by
acute vaso-occlusive complications, pain, acute chest syn-
drome, and the development of pulmonary hypertension (41).
Cell-free plasma hemoglobin levels in SCD patients are ele-
vated due to saturation of hemoglobin scavenging systems
(haptoglobin), and plasma NO consumption values are much
higher than controls (25). Subpopulations of SCD patients
demonstrate blunted responses to nitroglycerin and SNP (25,
41). Patients with SCD are, therefore, another potential patient
group that may benefit from treatment with sGC stimulators
and sGC activators. Future experiments with sGC stimulators
or sGC activators in transgenic sickle cell mice will have to
confirm whether the beneficial effects of these agents are
maintained in chronic models of increased vascular cell-free
hemoglobin.

In conclusion, not only sGC stimulators but especially sGC
activators, which activate oxidized sGC and are independent
of NO, may represent promising new approaches to bypass
the NO-scavenging effects that result in hypertension and
platelet aggregation after infusion of HBOC solutions, or after
hemolysis in hemolytic diseases or transfusion of stored
RBCs.

Materials and Methods

Animals

This study was reviewed and approved by the ethi-
cal committee for animal subjects of the Erasmus MC—
University Medical Center Rotterdam, Rotterdam, The
Netherlands and the University of Pittsburgh, Pittsburgh,
PA, the United States. Care and handling of the animals
were in accordance with the guidelines for Institutional and
Animal Care and Use Committees. A total of 102 experi-
ments with Wistar male rats (Charles River) with a body
weight of 338 – 26 g (mean – SD) were included in this

SGC ACTIVATION BYPASSES HEMOGLOBIN NO SCAVENGING 2239



study. For the open chest hemodynamic measurements, 10
Wistar male rats (Charles River) with a body weight of
385 – 49 g (mean – SD) were used.

Materials

SNP was prepared at a concentration of 25 mg/ml by the
pharmacy of the Erasmus University. Sildenafil citrate
was obtained from Santa Cruz Biotechnology. BAY 41-8543
(2-[1-[2-fluorophenyl)methyl]-1H-pyrazolo[3,4-b]pyridin-3-yl]-5
(4-morpholinyl)-4,6-pyrimidine-diamine) and BAY 60-2770 (4-
({(4-carboxybutyl)[2-(5-fluoro-2-{[4¢-(trifluoro-methyl) biphenyl-
4-yl]methoxy}phenyl)ethyl]amino}methyl) benzoic acid were a
gift from Bayer Healthcare Wuppertal. BAY compounds
were dissolved in three steps. First, Transcutol was added;
subsequently, Cremophor EL was added; and finally,
Ringer’s was added. In each step, the mixture was heated to
45�C and sonicated for 10 min. The final solution contained
10% Transcutol, 10% Cremophor EL, and 80% Ringer’s.
Hemoglobin was purified as previously described (11).
Briefly, RBCs were washed, lysed with deionized water,
separated from the membrane fraction by sedimentation,
and pelleted in liquid nitrogen for storage at - 80�C. For
preparation of hemoglobin and cyano-methemoglobin, he-
moglobin solutions were incubated with a fivefold molar
excess (vs. heme) of either potassium ferricyanide (for met-
hemoglobin) or potassium ferricyanide/potassium cyanide
(for cyano-methemoglobin) and incubated for 30 min at
4�C. After incubation, the hemoglobin samples were run
through a G-25 column (PD-10, GE Healthcare Life Sciences)
equilibrated with Ringer’s solution to remove the excess of
ferricyanide and cyanide. The collected samples were con-
centrated with Amicon Ultra centrifugal devices (50 kDa
MW cutoff, Millipore) a concentration around 8.1 mM.
Ringer’s was obtained from Baxter, and Voluven was ob-
tained from Fresenius-Kabi. Oxyglobin was purchased from
Dechra.

Surgical preparation

Rats were mechanically ventilated, and four vessels were
cannulated, as described in detail in a previous study (5, 24)
with some modifications; while body temperature was
maintained between 36.5�C and 37.5�C. Rats were anesthe-
tized with an intraperitoneal injection of a mixture of 90 mg/kg
ketamine (Alfasan), 0.5 mg/kg medetomidine (Sedator�;
Eurovet Animal Health), and 0.05 mg/kg atropine sulfate
(Centrafarm). A fluid-filled catheter was inserted into the
right carotid artery catheter and connected to a pressure
transducer (AD instruments) that was connected to a data
acquisition system (Powerlab 8/30; AD Instruments) for
continuous monitoring of mean arterial pressure (MAP)
and heart rate. MAP was calculated with the use of the for-
mula: (systolic blood pressure - diastolic blood pressure)/
3 + diastolic blood pressure. In addition, the jugular vein was
cannulated to infuse maintenance anesthesia (ketamine,
58 mg/kg/h in Ringer’s solution). The femoral artery was
cannulated for blood withdrawal and arterial blood-gas
sampling. The femoral vein was cannulated for the infusion
of the hemoglobin solutions and drugs. Inspiratory pressure
(range 15–18 mbar) was adjusted to keep arterial PCO2 values
between 35 and 45 mm Hg (4.7–6.0 kPa) during surgery
and baseline and were left unmodified during the rest of the

experiment. An inspiratory/expiratory ratio of 2, a breathing
rate of *60 breaths per minute, and a positive end-expiratory
pressure of 4 mbar were used.

Experimental protocol

After surgery, the rats were allowed to stabilize for 30 min,
after which 0.2 ml of blood was drawn for blood gas analysis
(ABL 800; Radiometer). As replacement for the drawn
blood, 0.2 ml of Voluven was infused and the rats were
allowed to stabilize for 10 min, after which the experiments
were started. In case of pre-infusion with vasodilators,
infusion of SNP (0.4 lg/kg/min) or sildenafil (10 lg/
kg/min) was started at an infusion speed of 7.5 ml/kg/hr
and continued for the whole duration of the experiment.
BAY 41-8543 and BAY 60-2770 were infused as a bolus dose
of 10 lg/kg (200 ll of 0.5 mg/ml stock solution) or 1 lg/kg
(200 ll of 0.1 mg/ml stock solution), respectively, for
*5 min at an infusion speed of 7.5 ml/kg/h. Ringer’s so-
lution was used as a control. Fifteen minutes after admin-
istration of the vasodilatory drugs when the MAP had
reached a plateau, 175 mg/kg purified human hemoglobin
(13 g/dl; 1.35 ml/kg) was infused at 7.5 ml/kg/h for
*10 min. Responses in blood pressure and heart rate were
recorded continuously for approximately an hour after the
end of the hemoglobin infusion. In another set of experi-
ments, a volume of 1.35 ml/kg of purified human hemo-
globin was infused at 7.5 ml/kg/hr for *10 min. When
a plateau in MAP was reached, the various vasodilators
were infused in four stepwise escalating doses, starting at
the dose used at pre-infusion. Doses were increased by a
factor of 3, 10, and 30, respectively. 175 mg/kg purified
human hemoglobin, methemoglobin, cyano-methemoglo-
bin, and Oxyglobin, all of which were at 13 g/dl and
1.35 ml/kg, were infused at a speed of 7.5 ml/kg/h for
*10 min. Plasma heme concentrations were estimated
based on the dilution of the hemoglobin stock (heme
concentration 8.1 mM) in the blood volume of the rat
(60 ml/kg).

Open chest hemodynamic assessments in vivo

In separate experiments, rats were prepared and an-
esthetized as described in the surgical preparation sec-
tion. Once the baseline blood gases were established, the
thorax was entered via an incision at the lower costal
margin of the eighth rib. The pericardium was opened at
the apex, and an apical incision was made to place a
1.9 Fr or smaller high-fidelity micromanometry pressure-
volume conductance catheter (Scisense, Inc.) along the
long axis of the right ventricle. Initial pressure-volume
measurements were obtained; then, the vena cava was
isolated and briefly occluded to reduce venous return for
determination of end-systolic pressure relationships.
Right ventricular pressure, volume, and pulmonary ar-
tery pressure data were recorded. After data had been
recorded from the right ventricle, the catheter was re-
moved with direct visualization of hemostasis, and the
micromanometer catheter was placed in the left ventricle
for pressure-volume acquisition. These data and heart
rate were continuously displayed, recorded, and saved
with commercially available software (Iox2; Emka). After
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right and left ventricle pressure, volume, and pulmonary
and aorta pressures had been established, infusion of the
hemoglobin solutions was initiated. Hemodynamic pa-
rameters were recorded during the whole infusion and
when the infusion was finished, the vena cava was oc-
cluded with the catheter in the left and right ventricle.
After recording of hemodynamic parameters for an ad-
ditional 60 min, occlusion of vena cava was performed in
order to obtain the end-systolic pressure relations at the
end point in the left and right ventricle.

Hemodynamic data analysis

At least 10 consecutives cardiac cycles were recorded
and used in the analysis from each baseline and oxy-
hemoglobin condition. Heart rate, systolic and diastolic
pressures were measured. Parameters of systolic and dia-
stolic ventricular function such as cardiac output, ejection
fraction, relaxation factor, chamber compliance, and pa-
rameters of arterial afterload compliance (i.e., effective
arterial elastance) were calculated from the hemodynamic
data.

Statistical analysis

Values are presented as mean – SEM. Differences in
MAP between hemoglobin infusion preinfused with
Ringer’s (control) and prefusion with the drugs were an-
alyzed by t-test. Differences in MAP between infusion of
drugs before and after hemoglobin infusion were analyzed
by t-test without correction for multiple comparisons.
Differences in MAP between infusion with hemoglobin
followed by infusion with L-NAME and infusion of
L-NAME followed by hemoglobin were analyzed by a
paired t-test. Differences of various doses of drugs in MAP
after Hb infusion or L-NAME infusion were analyzed by a
two-way ANOVA with Bonferroni correction for multiple
comparisons. Differences in hemodynamic variables after
Ringer’s and hemoglobin infusion in the open chest ex-
periments were determined by paired t-test. We consid-
ered p < 0.05 to be significant.
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Abbreviations Used

cGMP¼ cyclic guanosine monophosphate
eNOS¼ endothelial NO synthase

HBOC¼hemoglobin-based oxygen
carriers

L-NAME¼L-NG-nitroarginine methyl
ester

MAP¼mean arterial pressure
NO¼nitric oxide

PDE-5¼phosphodiesterase-5
RBC¼ red blood cell
SCD¼ sickle cell disease
sGC¼ soluble guanylate cyclase
SNP¼ sodium nitroprusside
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